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Abstract 

 

Molecules from nature have played an important role in the drug-discovery process for 

millennia. Recently the scientific community’s intensifying interest in marine natural 

products has led to the isolation and synthesis of a growing number of molecules with 

potential as clinical agents against many conditions including cancer. The lamellarin family 

is one such class of compounds, having demonstrated anticancer activity in multiple cancer 

cell lines.  

This thesis focuses on synthetic studies towards lamellarin K 33. Three fragments were 

synthesised to this end, with the goal of combining the first two fragments via an acyl-

Claisen rearrangement; a well-studied reaction within our research group. We found during 

the course of our studies, that the lithiated addition of sterically hindered aryl bromides to the 

acyl-Claisen rearrangement product 74 was not feasible, and despite multiple revised 

strategies our goal of synthesising lamellarin K 33 remained unattained. 

We were however successful in establishing a viable synthetic strategy to the lamellarin 

framework, through which the synthesis of a de-D ring analogue 234 of lamellarin K 33 was 

achieved. This analogue was tested for cytotoxicity and was found to have an IC50 of 2.6 µM. 

Through the course of our synthetic work on the lamellarin framework, we discovered the 

substrate-dependent auto-oxidation of methyl pyrroles at the 2-position, and conducted 

studies to probe the nature of the auto-oxidation process. Also, during these studies model 

pyrroles and pyrrole aldehydes were synthesised and were subsequently tested for bioactivity 

at the National Cancer Institute (USA). 
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1.1 Humans and disease 

The rapid development of technology observed over the last 100 years has presented humans 

with numerous advantages in terms of communication, transport and entertainment. But 

perhaps more importantly, through technological advances in the field of medicine and an 

increased understanding of physiology, we have been able to significantly reduce mortality 

and morbidity from diseases that plagued the old world.  

With the advent of an aging society, mankind is faced with previously unmet health 

challenges. Namely, our extended life expectancy has given rise to a variety of new diseases 

associated with old age. According to the World Health Organisation (WHO), heart disease, 

diabetes and dementia accounted for over one third of deaths worldwide in 2011, far 

eclipsing mortality resulting from infectious diseases (< 25%) which have been virtually 

eradicated in the developed world.1 The breakthrough of immunisation in the late 1800s and 

the discovery of antibiotics in the late 1920s have been crucial to this end.2,3  

While research chemists around the world are investigating treatment options for the above 

conditions, there is one group of diseases which has been at the center of scientific research 

for a number of years; cancer. Cancer refers to a group of diseases typified by abnormal and 

uncontrolled cell growth resulting in the formation of tumours and accounted for almost 30 

% of deaths worldwide in 2011.1 Given that cancer is the result of a mutation in normal cells, 

targeting cancer treatment exclusively to tumour cells is a difficult task.  

The question of how best to combat cancer has been met with various suggestions over the 

years. While radiotherapy was initially used, the early 1900’s saw the arrival of traditional 

chemotherapy.4 This was not without serendipitous discovery, with the first 

chemotherapeutic agents, the nitrogen mustards 1 – 4, discovered through the use of 

chemical warfare during World War II (Figure 1).4 While serendipity played a role in the 

discovery of other anticancer agents, such as cisplatin 5 in the 1960’s, the invention and use 

of methotrexate 6, an antifolate involved in the prevention of folic acid metabolism, 

represented the first use of a natural product-derived solution to the problem of cancer.4,5 
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Figure 1: The first chemotherapeutic agents to be used in the 1900’s. 

 

1.2 Natural products as a source of secondary metabolites  

Nature has served as an inspiration for the treatment of various ailments for millennia. In 

fact, the majority of modern day medicines are related to or derived from natural products, 

with over 70 % of currently marketed pharmaceuticals for the treatment of cancer falling into 

this category.6,7  

The use of willow bark is one of the earliest examples of humanity’s use of plants in a 

medicinal setting, with ancient Egyptian texts dating back to 2000 BC describing the use of 

willow extracts for the reduction of fevers and to alleviate pain.6,8 While the Egyptians may 

not have known the mechanism behind these pharmacological effects, a link between plants 

and the treatment of disease states had certainly been made. Folklore and historic documents 

in this way have played an important part in helping to discover cures to various ailments.9 

Over the centuries humans have continued to probe the source of activity of the willow tree 

and various other plants, and many of the active ingredients stemming from herbal remedies 

described by historical accounts are now known. In the present day, nature continues to 
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provide us with useful drug leads, the majority of which belong to a class of compounds 

known as secondary metabolites.  

Plants constitute a major food source for a variety of organisms on the planet and their 

immobility poses a limitation to their methods of self-defence in the face of predators and 

competitors.10 With limited or non-existent physical barriers for defence, these life forms rely 

on the use of chemical weaponry to ward off threats and achieve an advantage over 

competitors.9–12  

This system of chemical defence is effected by the production of secondary metabolites or 

allelochemicals, molecules which are essential to the organism for its survival, but are not 

required for its growth, reproduction or development.10,12,13 Secondary metabolites are 

produced by a wide range of organisms and can be classed into several groups. Of particular 

interest are cyclic compounds containing nitrogen atoms which can be traced back to amino 

acid precursors, and these serve as a subclass of secondary metabolites known as 

alkaloids.9,12,14 To date, more than 20,000 alkaloids have been isolated, and make up the 

biggest class of nitrogenous molecules within the secondary metabolites.12  

Alkaloids are energy-demanding to synthesise and as such they can have several active 

moieties translating to multiple functions.12 Furthermore, alkaloids in the plant are grouped 

together with other secondary metabolites, thus ensuring that more than one predator can be 

targeted with minimal energy input from the plant.12 Alkaloids are thought to exert their 

defensive effects in one of two general ways. Namely, they may interact with targets in an 

unspecific way, either using covalent and non-covalent interactions to disrupt the function of 

a multitude of targets such as enzymes and ion channels, or by interacting with specific 

targets such as nerve cells, present only in animals.12  

Regardless of the type of interaction through which these secondary metabolites operate, they 

are designed to cause toxicity to target organisms. This form of chemical defence can be 

harnessed by humans to treat various diseases. Thus a compound produced as a secondary 

metabolite to protect the organism from viruses, bacteria or more complex predators, may, 

with the correct dosing, find an application as an antiviral, antibiotic or anticancer agent, 

respectively, in humans.10   
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1.2.1 Clinically used secondary metabolites with anticancer properties  

Since the notion that secondary metabolites were mere by-products in plants was overturned, 

a number of these molecules, many of them alkaloids, have been linked to the treatment of 

cancer.12  

The first example of a natural product anticancer agent was the class of compounds known as 

vinca alkaloids isolated from Catharantus roseus by Eli Lilly Company (Figure 2).4,12,15–17 

These compounds appear to have a multitude of effects including, but not limited to, 

inhibition of DNA synthesis, disruption of lipid metabolism and inhibition of cellular 

replication by interfering with mitotic spindle formation.12,17 Given their many modes of 

action, two compounds, vincristine 7 and vinblastine 8, and two analogues prepared by semi-

synthesis are registered chemotherapeutic agents which have been used to treat cancer for 

almost half a century.15 A further synthetic analogue has now also been approved for clinical 

trials.12 

 

Figure 2: Vinca alkaloids in use as antitumor agents 

In the 1960s another natural product generated interest as a potential anticancer agent.  Non-

alkaloidal podophyllotoxin 9, while proving to be a potent mitotic spindle inhibitor, was 

found to be too toxic.18 Fortunately, its structure served as the basis for the semi-synthesis of 

related compounds, teniposide 10 and etoposide 11 (Figure 3). These molecules generated 

interest since, unlike their parent compound, their anticancer properties were the result of the 

irreversible inhibition of an enzyme involved in DNA replication, topoisomerase II.17–19 
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Furthermore, their toxicities fell within the acceptable ranges and as such they have been 

marketed as chemotherapeutic agents since 1967 (teniposide 10) and 1971 (etoposide 11).19  

MeO OMe
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O
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O

O

O

OO
O
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Figure 3: Teniposide 10 and etoposide 11 used in chemotherapy since the late 1960s 

Discoveries such as teniposide 10 and etoposide 11 continued to propel the field of 

anticancer drug development down the path of natural products research and by the 1960s a 

plant collection program had been initiated by the National Cancer Institute (NCI) of the 

United States.16,18 Two alkaloids, paclitaxel 12 and camptothecin (CPT) 13, were discovered 

in this way and their development into chemotherapeutic agents is well documented (Figure 

4).16,20  

 

Figure 4: Pharmaceutical products from nature for the treatment of cancer 
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Paclitaxel 12 was isolated in the mid 1960s from the bark of the Pacific Yew tree and showed 

potent inhibition of mitotic spindle formation.12 Regrettably, from a large 12 kg sample of the 

bark collected, only 0.5 g of pure extract could be obtained.20 It was not until years later that 

large quantities of paclitaxel 12 could be produced by semi-synthesis, using 10-

deacetylbaccatin 14, a precursor obtained from the needles of the related Taxus baccata tree 

(Figure 5).20 

 

Figure 5: Pharmaceutical products from nature for the treatment of cancer 

Paclitaxel 12 serves as a prime example of the problems associated with molecules from 

natural sources, and at the same time highlights the need for the efforts of synthetic chemists. 

While nature has proved to be a good source of lead compounds, these are isolated in limited 

quantities and must instead be synthesised on a larger scale to be commercially useful. 

Furthermore, limitations presented by methods of screening drug leads, and spectroscopic 

methods used to elucidate the structure of natural products, had put constraints on drug 

development processes until now. The introduction of high throughput screening and 

improved NMR spectroscopic techniques have not only allowed for larger compound 

libraries to be screened more efficiently, but also reduced the amount of natural product 

required for structural determination.12,21 In particular this last point has proved vital for 

scientists to access natural products from the biggest source of biodiversity on the planet: the 

ocean.11,12,21–24  
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1.2.2 Marine natural products 

While initial natural product screening programs were focused on terrestrial sources such as 

plants and microorganisms, the rise in commercial use of self-contained breathing apparatus 

(SCUBA) gear in the late 1980s allowed for specimen collection from areas previously 

inaccessible to humans.21,25,26 The ocean accounts for greater than 70 % of the earth’s surface 

area and is home to a vast array of over 2 million species.11,25 These are comprised of 

predominantly sessile, soft-bodied organisms which, like terrestrial plants, have evolved 

extraordinary mechanisms for protection from predators.11,12,21,25  

While secondary metabolites from plants and other land-dwelling organisms have been the 

source of over 100 drugs in use today, marine secondary metabolites remained largely 

unexplored until recently.12 The knowledge that alkaloids and other secondary metabolites 

are extensively distributed among plants and marine organisms, and our growing ability to 

access life forms from the latter, have led to increasing interest in marine secondary 

metabolites within the scientific community in recent years.12  

Marine organisms are subjected to greater ecological pressures than their terrestrial 

counterparts.11,12,25 Due to the relatively unchartered nature of the marine biosphere, the 

ocean is thought to be the biggest source of molecules with as-yet undocumented chemistries 

and structures.11,12,25 In particular, the requirement for marine organisms to adapt to a greater 

variety of habitats, which stems from differences in temperature, availability of sunlight and 

nutrients, and in response to different degrees of pressure, has the potential to provide 

researchers with an even greater variety of drug leads than terrestrial environments.25,27  

Indeed, a number of secondary metabolites have been isolated from marine sources to date. 

While many of these are currently undergoing toxicity testing and preclinical trials, a select 

few marine natural products are being investigated in various phases of clinical trials.27–29 

Furthermore, three marine natural products, two of which are alkaloids, have already been 

approved for the treatment of various melanomas.27–29 A short discussion follows, including 

selected examples of interesting marine natural products isolated in recent years, their 

mechanism of action, and their clinical status. For a more detailed account involving these 

molecules, one is encouraged to refer to various reviews on the topic.27,28 
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1.2.3 Selected marine natural products and derivatives approved for the treatment of 

cancer 

Cytarabine 15, marketed as Cytosar-U, was the first marine alkaloid-derived molecule to be 

given approval by the Food and Drug Administration (FDA) in 1998 for the treatment of a 

type of cancer, namely acute myelogenous leukemia (Figure 6).26,30 Cytarabine 15 is a 

synthetic analogue of spongothymidine 16, a secondary metabolite isolated from 

Cryptotethia crypta in 1945.26,30,31 Spongothymidine 16 contains an arabinose moiety instead 

of the usual ribose or deoxyribose, and its discovery paved the way for the synthesis of other 

antimetabolites: molecules which are structurally similar to human metabolites, but their 

incorporation in processes such as DNA synthesis interferes with normal cellular 

progressions.31  

 

Figure 6 (from left to right): Cytarabine 15, spongothymidine 16 and thymidine 17  

Cytarabine 15 differs from the normal nucleotide, thymidine 17, by the presence of a 

hydroxyl group at C-2 and thereby mediates a multitude of downstream effects arising from 

its integration during normal DNA replication.26,30 Studies have shown that it halts the cell 

cycle at the G1/S phase by intensifying the expression of cyclin E and CDK2, two key 

controllers of cell cycle progression.30 Cytarabine 15 is also involved in triggering apoptosis 

by down-regulating glutathione, and this induces mitochondrial mediated production of 

reactive oxygen species involved in programed cell death.30 

Another marine-derived natural product in clinical use today is trabectedin 18, which is 

marketed as Yondelis (Figure 7).30 Trabectedin 18 was first isolated from the tunicate, 

Ecteinacidia turbinata in 1969 as part of a wider screening program in the United States and 
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was granted approval almost 40 years later for the treatment of soft tissue sarcoma.27,28,32–34 

Furthermore, in 2009 trabectedin 18 was authorised by the FDA as a viable treatment option 

for recurring ovarian cancer, when given as a combination therapy involving treatment with 

doxorubicin.27 

Trabectedin 18 was initially selected for use in a clinical setting due to its interesting 

mechanism of action as a DNA alkylating agent.27 Unlike traditionally-used alkylating 

agents, trabectedin 18 does not bind to the major groove of DNA, but interacts with residues 

located in the minor groove.27 While the limited supply from the source tunicate was initially 

a problem, owing to the work of numerous research groups in the field, trabectedin 18 can 

now be prepared synthetically.35,36 Furthermore, a semi-synthesis from cyanosafracin B 19, 

produced by the bacteria Pseudomonas fluorescens, has now also been established by 

PharmaMar, allowing trabectedin 18 to be produced in commercially useful quantities 

(Figure 7).34–36 

 

Figure 7: Semi-synthesis of the antineoplastic agent, trabectedin 18 from cyanosafracin 

B 19 

The unavailability of sufficient amounts of marine natural products is a common problem, 

and was the major motivation behind synthetic studies towards simpler analogues of the 

potent antitumor agent, halichondrin B 20 (Figure 8).30,34 Halichondrin B 20 was isolated by 

Uemura et al. in 1986 from the sponge, Halichondria okadai.30,34,37 While halichondrin B 20 

and related compounds from the same extract were shown to have potent anticancer activity 

at nanomolar concentrations, they were isolated in minute quantities in the ppm and ppb 
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ranges, with a mere 12.5 mg of halichondrin B 20 obtained from 600 kg of the original 

sponge sample.37  

 

Figure 8: The complex structure of halichondrin B 20 meant that simpler analogues 

needed to be investigated and eribulin mesylate 21 was identified as a result 

By 1992 a total synthesis of halichondrin B 20 had been published, but with approximately 

90 synthetic steps it was clear that synthesis alone could not meet the demand for clinical 

trials.34 It was following this realisation that simpler analogues of halichondrin B 20 were 

investigated for activity, and eribulin mesylate 21 was identified as a potential lead with 

greater potency than the natural product (Figure 8).34,38 Eribulin mesylate 21 exerts its 

anticancer activity by binding to tubulin, inhibiting its elongation and thereby halting the 

mitotic process.30,34,38 Following numerous clinical trials, eribulin mesylate 21 received FDA 



Chapter 1: Introduction 

 

12 
 

approval in 2010 and has entered the pharmaceutical market as Halaven, for the treatment of 

metastatic breast cancer.30,34  

Cytarabine 15, trabectedin 18 and eribulin mesylate 21 have already been approved for 

clinical use and as discussed, they represent the first of a number of interesting drug leads 

from the marine biosphere. As well as these three natural products, a number of newly 

isolated marine secondary metabolites are also being investigated in clinical trials. Aplidin 

22, is the most advanced marine natural product in clinical trials, and is a tunicate-derived 

depsipeptide currently undergoing Phase III trials for the treatment of relapsed multiple 

melanoma.30 Bryostatin-1 23 and Zalypsis 24 are also marine secondary metabolites, and 

they are currently in Phase II clinical trials for B-cell tumours and solid tumours 

respectively.30  

As of July 2013 there were greater than 20 marine-derived natural products under 

examination in a preclinical setting.30 One of these compounds, lamellarin D 25, belongs to 

the family of alkaloids known as the lamellarins that has attracted the attention of a number 

of synthetic research groups, including ours. 

 

1.3 The lamellarin family 

 

1.3.1 Isolation of members of the lamellarin family 

In 1985 Faulkner and co-workers reported the isolation of four new compounds from the 

marine prosobranch mollusc, Lamellaria sp.39–43 Lamellarin A 26 was present as a crystalline 

solid and single crystal X-ray diffraction analysis could be used to determine its structure, as 

well as assist in resolving the structures of the co-isolated compounds.39 The structural 

elucidation of the other three molecules showed that all four belonged to a novel family of 

polycyclic alkaloids, which were later named the lamellarins.39 

Faulkner and co-workers hypothesised that lamellarin alkaloids, like other metabolites, may 

find their origins in tunicates, which serve as the primary dietary sources for many 

molluscs.39,41 It was not until the isolation of four new members of the lamellarin class, 
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lamellarins E-H 27 – 30 from the Indian Ocean ascidian, Didemnum chartaceum that this 

theory gained some validation.41,44 The discovery of a further six compounds, lamellarins I-N 

31 - 36 from the Didemnum sp. ascidian by Carroll et al. in 1993 further supported the idea 

that the lamellarins originate from ascidians.41,44 It is however still not evident whether the 

synthesis of lamellarins is carried out by the ascidians or by symbiotic bacteria.41 

Since the isolation of the initial members, the lamellarin family has now grown to include 

over 40 compounds from various marine organisms around the world, with molecules 

belonging to this class conforming to the basic lamellarin skeleton (Figure 9).41 All 

lamellarins isolated to date contain a fused pentacyclic core with a central pyrrole lactone 

moiety.40,41 Differences between members of this family arise primarily as a result of the 

substituents around rings A, E and the un-fused ring F, as well as the degree of saturation of 

the C5-C6 bond. Some members such as lamellarins A 26 and M 35 also contain a hydroxyl 

group at position Y.39–41  

 

Figure 9: Structural skeleton of members of the lamellarin family 

It is interesting to note that due to the orthogonal orientation of ring F in relation to the 

conjugated five ring core of the lamellarins, members of this family occur as atropisomers 

due to the limited rotation around the C1-C11 bond.41 As a result, very few of the isolated 

lamellarins show optical activity and are instead present as racemic mixtures.41 

 

1.3.2 Bioactivity of the lamellarins 

The discovery of the lamellarin family generated interest within the greater scientific 

community, as members of this class were shown to have a range of interesting bioactivities, 
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namely: inhibition of HIV-1 integrase and antioxidant, immuno-modulatory, multi-drug 

resistance (MDR) and anti-cancer activity.40   

While there is particular interest in the lamellarin class due to their potential use in anti-

retroviral therapy, the majority of attention devoted to the lamellarins has stemmed from their 

prospective use as chemotherapeutic agents. As such, these compounds have been 

extensively tested in a number of cancer cell lines with encouraging results. Early studies 

indicated IC50 values around 0.25 µg/ml for lamellarins I 31, K 33 and L 34 in P388 murine 

leukaemia cells and A549 lung cancer cells as reported by Bowden et al., while lamellarin D 

25 showed potent cytotoxicity against various prostate cancer cells lines such as DU-145 in 

preliminary tests.40,44,45 Indeed lamellarin D 25, along with K 33 and M 35 are considered the 

most potent members of the lamellarin family with more recent in vitro testing revealing 

nano- to micromolar cytotoxicity values observed in multiple cell lines.40  

As multidrug resistance becomes an increasing obstacle to the successful treatment of many 

cancers, molecules that offer the reversal of this process are continually sought. Some 

members of the lamellarin family provide such activity and show in vivo MDR reversal in 

certain cancer cell lines at sub-cytotoxic concentrations.40 In many cancer cells, resistance to 

traditional chemotherapeutic agents is achieved by the encoding of increased numbers of P-

glycoprotein (P-gp) drug efflux pumps.40 Quesada and co-workers were able to show 

lamellarins I 31 and K 33 act as inhibitors of P-gp mediated drug efflux pumps, thereby 

maintaining a high concentration of the drug inside cells.46 

 Although the lamellarins were first isolated over 20 years ago, their mechanism of action, 

with respect to cancer remained largely unknown. The work of Quesada et al. was one of the 

first examples of research in the late 1990s/early 2000s to this end. During this time, interest 

in the lamellarins began to intensify with the synthesis of a number of lamellarins published 

by various research groups. Concurrently, research into other molecular targets of these 

compounds was also in motion.  

A pivotal study, published by Facompré and co-workers in 2003 revealed topoisomerase I; an 

enzyme involved in strand breaking during normal DNA replication, as a target for lamellarin 

D 25.47 Due to the similar planar structure of lamellarin D 25 and other DNA-intercalators, 
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they hypothesised that the cytotoxicity of lamellarins could at least partially be explained by 

DNA binding.47 Furthermore, they theorised that the binding of lamellarins would disrupt the 

activity of topoisomerase I.47 Indeed this proved to be the case, with their results indicating 

that lamellarin D 25 stabilises DNA-enzyme complexes resulting in concentration-dependent 

nicking of DNA.41,43,45,47,48  

The synthesis of Lam-501 37, an analogue of lamellarin D 25, and its assessment as a 

topoisomerase I inhibitor highlighted the importance of the double bond at C5-C6 in this 

regard.40,41,47,48 Lam-501 37 was significantly less cytotoxic than the parent compound and 

through energy-minimised models, Bailly et al., demonstrated that the absence of the double 

bond translates to loss in planarity in the pentacyclic system, thereby rendering Lam-501 37 

incapable of intercalation (Figure 10).41,47,48 

 

Figure 10: Structures of lamellarin D 25 and synthetic analogue Lam-501 37 

Having established topoisomerase I as a target for some members of the lamellarin family, a 

number of research laboratories embarked on the synthesis of lamellarin analogues, many of 

which have now also been evaluated for bioactivity. The combined results of toxicity studies 

involving natural and unnatural lamellarins have highlighted some key structure activity 

relationships (SAR) necessary for topoisomerase I inhibition.  

The key structural aspects contributing to cytotoxicity are indicated in Figure 11 below, with 

the majority considering the substituent pattern around the central aromatic chromophore. 

Hydroxyl groups at C-8, C-14 and C-20 are required for cytotoxicity, as are methoxy groups 

at C-9, C-13 and C-21.41,42,47 Furthermore, the double bond at C-5 and C-6 is, as has already 

been  mentioned, essential for cytotoxicity through topoisomerase I inhibition.40,41  
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Figure 11: SAR study results showing areas of importance to topoisomerase I inhibition  

Other structural aspects contributing to cytotoxicity have also been identified by Pla et al. 

who prepared unnatural lamellarins lacking ring A and/or ring B.42 They showed that 

removal of ring A led to between 45 and almost 90 fold loss in cytotoxicity as compared to 

the parent compound.42 The loss of ring A and lactone ring B proved not to alter cytotoxicity 

significantly as compared to synthetic analogues lacking ring A only.42 

Although topoisomerase I was thought to be the main target of the lamellarins, Bailly and co-

workers made the observation that it may not be the only molecular target of this compound 

class, following experiments involving P388 Schabel cells with resistance to CPT 13.41 CPT 

13 represents an exemplary topoisomerase I poison and as such, has been used as a point of 

comparison for new entities associated with topoisomerase I inhibition.49 Two point 

mutations in the genes coding for the topoisomerase I enzyme, result in the resistance gained 

by many cancer cells to CPT 13.41 Cytotoxicity assays conducted using P388 CPT 13 

resistant cells showed that while the mutated enzyme had diminished sensitivity to lamellarin 

D 25, the relative resistance to CPT 13 versus that to lamellarin D 25 was a lot higher.41 This 

result highlighted that the cytotoxicity of lamellarins could not be solely attributed to 

topoisomerase I inhibition, and suggested that lamellarins also target other subcellular 

processes which contribute to their overall potency against cancer.41 
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1.3.3 Lamellarin K 33 

The majority of SAR studies have focused on the most cytotoxic member of the lamellarin 

family, lamellarin D 25, with other examples of this class remaining largely unexplored.  

However, having revealed topoisomerase I to be the major target of lamellarin D 25, an 

increasing amount of attention has now been drawn to the more interesting examples of this 

class. These are lamellarins which, despite lacking certain necessary structural requirements 

for topoisomerase I inhibition, show high cytotoxicity in multiple cell lines. Lamellarin K 33 

is perhaps the best example of this, often reported as being one of the most potent members 

of its class and performing well in cytotoxicity assays in multiple cell lines (Figure 12).  

 

Figure 12: Comparison of the structures of lamellarin D 25 and lamellarin K 33 with 

the differences highlighted in red 

Upon comparing the structures of lamellarin D 25 and lamellarin K 33, the absence of the 

planarity-conferring double bond at C5-C6 is quickly apparent. Although lamellarin K 33 

contains most of the necessary potency-granting substituents around rings A, E and F, the 

lack of overall planarity in the molecule eliminates its cytotoxicity towards topoisomerase I. 

The findings presented by Bailly et al. concerning multiple modes of action for the lamellarin 

family are thus capable of explaining the high potency of lamellarins such as lamellarin K 

33.41,47 

Recent studies have identified the mitochondria as a major target for the lamellarins, with the 

depolarisation of the mitochondrial membrane and the release of apoptosis-inducing 

cytochrome C into the cytosol as the mode of action.43 Given that the initiation of 

programmed cell death via the mitochondria may explain the mode of action of lamellarin K 
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33, the structural motifs contributing to this effect would differ from those required for 

topoisomerase I inhibition. We were therefore interested in designing a synthesis which 

would allow for the preparation of this natural product as well as analogues thereof.  

The synthesis of most members of the lamellarin family has been accomplished by a number 

of groups interested in the chemistry of this family of alkaloids. These syntheses can be 

categorised into two general groups, namely approaches that either elaborate on an already 

present pyrrole moiety, or install the pyrrole core as the penultimate step in the synthetic 

strategy. A discussion of the reported previous syntheses of lamellarin K 33 follows. 

 

1.3.4 Previous syntheses 

To date all previous syntheses of lamellarin K 33 focus on the pyrrole ring formation as the 

key step in the synthetic strategy, with the first reported total synthesis of lamellarin K 33 

published in 1997 by Banwell and co-workers (Figure 13).50  



Chapter 1: Introduction 

 

19 
 

Figure 13: Retrosynthetic analysis of lamellarin K 33 by Banwell et al.50 

Their synthetic strategy involved disconnection of lamellarin K 33 to give an isoquinoline-

incorporated azomethine ylide with a tethered alkyne moiety 38.50 They envisioned that this 

complex intermediate would come from the condensation reaction between isoquinoline 39 

and the ester functionality on a diaryl alkyne fragment 40, which was in turn synthesised by 

the palladium-mediated cross coupling of alkynyl zinc chloride 41 with aryl iodide 42.50 The 
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latter was synthesised from isovanillin 43 by isopropyl protection and iodination, while its 

coupling partner, alkynyl zinc chloride 41 was itself prepared by the transmetallation of a 

lithium acetylide, which can itself be traced back to gem-dibromostyrene 44 prepared by 

subjecting vanillin 45 to Corey-Fuchs procedures.50 

The key step in this synthesis was the synthesis of lamellarin K triisopropylether 46 by the 

intramolecular [3+2] cycloaddition of an ylide to the tethered alkyne which was an 

unprecedented transformation at the time (Scheme 1).50 This involved generating an 

isoquinoline salt 38 in situ by stirring alkyne 40 and isoquinoline 39 in 1,2-dichloroethane for 

7 hours followed by the addition of Hünig’s base and refluxing for a further 32 hours.50 The 

strengths of this synthesis are the elegant one step cyclisation to give the B and C rings of 

lamellarin K 33 and the highly convergent nature of the synthetic strategy.  

 

Scheme 1: Key step in the synthesis of lamellarin K triisopropylether 46 reported by 

Banwell et al.50 

Another highly convergent approach was presented by Díaz and co-workers in their synthesis 

of lamellarin K 33 published in 2001.51 They also used a [3+2] cycloaddition as the key step 

in their synthesis but the coupling reaction occurred between an alkyne 47 and a nitrone 48 

(Figure 14).51 Their disconnection of lamellarin K 33 gave an isoxazoline 49 which is 

generated in situ and rearranges to yield the central pyrrole ring in advanced intermediate 50 

as one of the last steps in the synthesis.51 The isoxazoline 49 was synthesised from addition 

of an alkyne 47 to a nitrone 48 as mentioned. Alkyne 47 was obtained from the palladium-

catalysed alkynylation of an aryl iodide 51 with TMS (trimethylsilyl) acetylide 52, where the 
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former was obtained by iodination of 3-hydroxy-4-methoxybenzaldehyde 43.51 Nitrone 48 on 

the other hand was prepared in 45- 49 % yield from dihydroisoquinoline 53 using standard 

protocols involving imine reduction and sodium tungstate mediated oxidation.51 

 

Figure 14: Retrosynthetic analysis of lamellarin K 33 by Díaz et al.51 

The crucial step in their synthesis was the formation of the isoxazoline 49 and its 

rearranagement to pyrrole 50.51 This was effected by heating the coupling partners: nitrone 

48 and alkyne 47, together under pressure for 18 hours and afforded the rearrangement 

product 50 in a good yield of 61 % (Scheme 2).51 
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Scheme 2: [3+2] Cycloaddition of alkyne 47 to nitrone 48 in the key step of the synthesis 

of lamellarin K 33 by Díaz et al.51 

The other two syntheses of lamellarin K 33 were both published in 2006 with Peschko et al. 

taking a biomimetic approach to the synthetic strategy while Ploypradith and co-workers 

disconnected lamellarin K 33 to give dihydroisoquinoline 53 as Díaz et al. had done.52,53 The 

synthesis of Peschko et al. was quite different to the other previous syntheses which used key 

reactions to effect [3+2] cycloadditions, in that three fragments were coupled together in one 

step to give the central pyrrole core (Figure 15).52 
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Figure 15: Synthetic strategy of Peschko et al. for the preparation of lamellarin K 33.52 

Their disconnection of lamellarin K 33 gave pyrrole lactone 54 which could itself be traced 

back to the dicarboxylic acid 55. The pyrrole core was established by the oxidative 

condensation of two equivalents of acid 56 and one of amine 57.52 The former was obtained 

from the isopropyl protection of the free phenol of acid 58 and the latter was obtained in a 

yield of 37 % by a 5 step reaction sequence starting from 5-bromo-2,3-

dimethoxybenzaldehyde 59.52 
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The key step in this synthesis is the oxidative condensation reaction of the three starting 

fragments. This was achieved by treating two equivalents of carboxylic acid 56 with n-BuLi 

at -78 °C, followed by the addition of I2 at -70 °C before warming the reaction to room 

temperature and adding amine 57 and molecular sieves.52 The reaction mixture was then kept 

at room temperature for 12 hours, alternatively reflux for 80 minutes was sufficient for 

completion to be achieved. This resulted in pyrrole dicarboxylic acid 55 in 43 % yield 

(Scheme 3).52 

 

Scheme 3: Key step in the synthesis of lamellarin K 33 by Peschko et al.52  

While the yield in the oxidative coupling step is reasonably low, the strength of this synthesis 

lies in the straightforward preparation of the three coupling partners, two of which are the 

same carboxylic acid 56. 

The last synthesis of lamellarin K 33 was as mentioned, carried out by Ploypradith and co-

workers whose retrosynthetic analysis resulted in a similar pyrrole ester 60 to that 

synthesised by Díaz et al (Figure 16).53  
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Figure 16: Retrosynthetic analysis of lamellarin K 33 by Ploypradith et al.53  
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Further disconnection of this pyrrole ester 60 led to the same precursor, dihydroisoquinoline 

61, albeit with benzyl rather than isopropyl protecting groups. Unlike Díaz et al. however, 

the coupling partner of the dihydroisoquinoline 61 was not an acetylene but rather, an α-

nitrocinnamate derivative 62 which was itself prepared from 63 via a Knoevenagel 

condensation with ethyl-2-nitroacetate 64.53 The 2,4-bis(benzyloxy)-5-methoxybenzaldehyde 

63 was synthesised from vanillin 45 in 5 steps involving benzyl protection of the free phenol, 

Baeyer-Villiger oxidation and saponification, followed by protection of the resultant phenol 

and subsequent formylation using Villsmeier conditions.53 

Dihydroisoquinoline 61, was prepared using the Bischler-Napieralski reaction on the amides 

resulting from the condensation reaction between carboxylic acid 65 and amine 66. Both of 

these can be prepared from structurally similar nitrostyrenes 67 and 68, which can 

themselves be traced back to simple commercially available benzaldehydes 45 and 69 

respectively. 

The vital step in this synthetic strategy was the Michael addition/ring closure of the 

isoquinoline fragment 61 and ester nitrostyrene 62 and this was achieved using NaHCO3 in 

anhydrous refluxing acetonitrile over 18 hours (Scheme 4).53 The resultant 2-carboethoxy 

pyrrole 60 was formed in 70 % yield and then deprotected using standard debenzylation 

conditions.53 Finally deprotection product 70 underwent a sodium hydride-effected 

lactonization to give lamellarin K 33 in 65 % yield over the last three synthetic steps.53 The 

high yield for the final steps in the synthesis as well as that observed for the Michael 

addition/ring closure are strengths of this synthetic strategy. 
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Scheme 4: Key step in the synthesis of lamellarin K 33 by Ploypradith et al. is the 

Michael addition/ ring closure of ester nitrostyrene 62 and isoquinoline 61 53 

Although the four syntheses described represent the current strategies achieved for the 

synthesis of lamellarin K 33, the preparation of other members of the lamellarin family have 

been achieved by other research groups. Many of these strategies could be adapted to the 

synthesis of lamellarin K 33 given starting materials with slight differences in the 

substitution patterns of the aromatic building blocks.  
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1.3.5 Synthetic objectives and proposed synthetic strategy 

As mentioned the synthetic strategies employed by other research groups for the preparation 

of lamellarins involve either the elaboration of an existing pyrrole ring or the formation of 

the pyrrole as the key step. Our synthetic route, like the ones already reported for lamellarin 

K 33, also utilizes the former approach, and aims to introduce rings C and D in one step via 

an intra-molecular Paal-Knorr reaction using a tethered amine as the nitrogen source.  

Our proposed synthesis like those of Banwell, Peschko and Díaz also uses isopropyl groups 

to protect the hydroxyl moieties at C-7, C-14 and C-20, the aluminium chloride-mediated 

deprotection of which has been shown to proceed efficiently leaving the methoxy 

substituents untouched. 50–52 The remaining hydroxyl group at C-18 will require deprotection 

at a different point in the synthesis. A benzyl protecting group was chosen for this moiety as 

it can be effectively removed under standard hydrogenation conditions also without affecting 

the isopropoxy or methoxy ethers. 

Thus, we envisaged that ring B would be formed last by the deprotection of the benzyl group 

at C-18 and simultaneous cyclisation to give the lactol which would then be subsequently 

oxidised to the corresponding lactone ring in lamellarin K 33 (Figure 17). Pyrrole aldehyde 

71 was further disconnected to give diketone 72. This advanced intermediate would then 

have all the carbons necessary for the synthesis of the final product and could itself be traced 

back to an aryl bromide 73 and morpholine amide 74. The former was to be synthesised from 

commercially available o-vanillin 75, while the latter was to be prepared from the acyl-

Claisen rearrangement between a substituted cinnamyl morpholine 76 and acid chloride 77. 

Both cinnamyl morpholine 76 and acid chloride 77 would be synthesised from commercially 

available starting materials, 2,4,5-trimethoxybenzaldehyde 78 and homovanillic acid 79 

respectively. 
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Figure 17: Proposed synthetic route to lamellarin K 33 

The pivotal step in our synthetic strategy was the Paal-Knorr cyclisation of the sterically 

demanding diketone 72. The mechanistic studies of this rearrangement by Amarnath and co-

workers revealed a major consideration for the rate of the reaction to be the alignment of 

substituents in the transition state required for cyclisation.54 They found that dicarbonyls with 

anti aligned substituents at C-3 and C-4 in the transition state experience less steric hindrance 

than their syn aligned counterparts and as a result, they react with amines at a faster rate and 

thereby cyclise more efficiently (Figure 18).54 
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Figure 18: Kinetics of the Paal-Knorr pyrrole synthesis 
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One can identify that in order to achieve the favourable alignment of substituents, the 

diketone involved in the Paal-Knorr condensation must have R,R or S,S aligned groups at the 

C-3 and C-4 carbon centres.  We believed that incorporating this relationship into the 

intermediate diketone would result in superior yields in the cyclisation step, a feature which 

we envisioned to be a strength in our synthetic strategy.  Hence, a key consideration in our 

proposed synthesis involved the introduction of this syn relationship between substituents at 

carbons 3 and 4.  

The acyl-Claisen rearrangement, also known as the zwitterionic Bellus-Claisen 

rearrangement was chosen to achieve this. While this variant of the aza-Claisen 

rearrangement is not as well studied as the more popular Ireland-Claisen rearrangement, the 

superior syn diastereoselectivities (>99:1 syn: anti) reported by Macmillan and co-workers 

for product amides obtained using acyl-Claisen conditions presented an attractive alternative 

to the 9:1 selectivity offered by the Ireland variant.55 

The studies of Macmillan et al. established the standard acyl-Claisen conditions to achieve 

the condensation of allylic morpholines 80 with ketenes 81 generated from corresponding 

acid chlorides 82.55,56 A Lewis acid catalyst is present at sub-stoichiometric amounts 

resulting in high yields and high syn diastereoselectivities for product amides. They 

attributed the near exclusivity towards the syn diastereomer 83 over the anti diastereomer 84 

to the formation of the Z-enolate 85a over the sterically hindered E-enolate 85b which, due to 

instability is not observed (Figure 19).55–58 
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Figure 19: Mechanism of the acyl-Claisen rearrangement 

The acyl-Claisen rearrangement has been of interest to our research group for a number of 

years. Through its incorporation into our proposed synthesis of lamellarin K 33, we hoped to 

extend the scope of this rearrangement to show not only that sterically demanding diaryl 

morpholine amides could be synthesised, but also that the excellent diastereoselectivities 

reported by Macmillan et al. for smaller morpholine amides also holds true for larger 

rearrangement products.55,56 
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2.1 Retrosynthetic analysis of lamellarin K 33 

As discussed previously (Chapter 1), lamellarin K 33 can be disconnected to give three 

fragments; cinnamyl morpholine 76, acid chloride 77 and aryl bromide 73 (Figure 20). 

Cinnamyl morpholine 76 and acid chloride 77 represent all the carbon atoms required for 

ring A, B, C and F and as such, were to be synthesised first. 

Figure 20: Retrosynthetic analysis of lamellarin K 33 

 

2.2 Synthesis of cinnamyl morpholine 76 

 

The synthesis of the first fragment 76 began with selective demethylation at the 2- and 4- 

position of commercially available 2,4,5-trimethoxybenzaldehyde 78. Tilve et al. have 

reported that the use of an aluminium chloride-dichloromethane system could be used to 

achieve this.59 Their procedure involved treating trimethoxybenzaldehyde 78 with AlCl3 and 

stirring in dichloromethane for 3 hours.59 The demethylation is selective for the methoxy 

groups at the 2- and 4-positions, presumably through chelation, and they report an 80 % yield 

of diphenol 86.  

The reaction was therefore carried out based on their reported conditions, however only 

returned starting material was isolated (entry 1, Table 1). Extending the reaction time to 24 
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hours and increasing the number of equivalents also did not afford any of the desired product 

(entry 2).  

In 2002 Demyttenaerae et al. reported an improvement on the procedure of Tilve et al. using 

4 equivalents of AlCl3, with a further 4 equivalents added after 4 hours with a total reaction 

time of 24 hours.60 Unfortunately, when these conditions were attempted they too did not 

yield any of the desired product 86 (entry 3). Some product 86 was isolated however when 

the temperature was increased from 0 °C to room temperature (entry 4). Extending the 

reaction time to 3 days resulted in a consistently high 75 % yield of diphenol 86, even on a 

large scale of up to 20 grams.   

There appeared no reason why much greater quantities and time were required for a 

successful reaction. Whilst the quality of the AlCl3 was suspected, this was discounted as the 

same bottle of reagent performed as expected in other reactions. 

In an effort to minimise reaction time and improve the efficiency of this reaction, the 

demethylation was attempted using the conditions outlined in a Chinese patent whereby a 

total of 4 equivalents of aluminium chloride were used in the presence of 

benzyltriethylammonium chloride (TEBA) in pyridine (entry 7).61 Unfortunately these 

conditions once again only resulted in returned starting material 78 being isolated, 

reinforcing that reaction times shorter than 3 days and less than 8 equivalents of aluminium 

chloride are insufficient to carry out the required transformation.  
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Entry Conditions Temperature Time Outcome 

1 3.5 eq. AlCl3 

0 °C to r/t 

3 h SM 

2 2 × 2 eq. AlCl3 24 h SM 

3 

2 × 4 eq. AlCl3 

0 °C 24 h SM 

4 

0 °C to r/t 

24 h 
1:4 SM to 
product 

5 2 d Complex mixture 

6 3 d 75 % of 86 

7 
2 × 2 eq. AlCl3, 

TEBA, 
Pyridine 

Reflux 5 h SM 

 

Table 1: Reaction conditions trialled in the selective demethylation of trimethoxy 

benzaldehyde 78 

 

With the desired diphenol 86 in hand, the subsequent protection of the phenolic group at the 

4-position was undertaken, and in our case it was desired as an isopropyl ether. The selective 

isopropylation proved to be difficult and a range of conditions were trialed using various 

bases; both organic and inorganic, solvents, temperatures and reaction times (Table 2).  
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Entry Parameters 
Investigated 

Conditions Temperature Time Yield of 87 

1 

Effect of base, solvent 
and isopropylating 

agent 

iPrBr (1.5 eq), 
KOH, MeOH 

Reflux 24 h 30 % 

2 iPrI (1.5 eq), 
KOH, MeOH 

Reflux 24 h 44 % 
3:1   

88:87

3 iPrI (1.5 eq), 
K2CO3, DMSO 

60 °C 4 d 40 % 
89 

4 iPrI (1.5 eq), 
K2CO3, 

Acetonitrile 

Reflux 5 d Trace 
product 

5 iPrI (1.5 eq), 
CsCO3, DMF 

r/t 24 h 29 % 
3:1 

88:87

6 iPrBr (1.5 eq), 
DBU, DMF 

100 °C 24 h 14 % 

7 iPrBr (1 eq), 
NaHCO3, 
Acetone 

Reflux 2 d 16 % 

8 iPrI (1 eq), 
NaHCO3, 
Acetone 

Reflux 3 d 36 % 

9 iPrBr (1 eq), 
NaHCO3, DMF 

80 °C 4 d 10 % 

10 iPrI (1 eq), 
NaHCO3, DMF 

80 °C 4 d 43 % 

11 iPrI (1.5 eq), 
NaHCO3, DMF 

80 °C 3 d 58 % 

12 
Effect of additive 

iPrI (1.2 eq),  
NaHCO3, 

TBAI, DMF 

80 °C 3 d 80 % 

Table 2: Conditions for the isopropyl protection of diphenol 86 
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These conditions resulted in a mixture of the required 4-isopropoxy 87, undesired 2-

isopropoxy 88 and 2,4-diisopropoxy products 89 in low to reasonable yields. In general the 

use of 2-iodopropane resulted in higher yields than when 2-bromopropane was used as the 

isopropylating agent, most likely due to the greater leaving group ability of the iodide ion 

(see entries 9 and 10). 2-Iodopropane was however also more likely to result in diprotection 

and reaction progression needed to be monitored closely to avoid this result (see entry 3).  

A procedure adapted from that described by Thomas et al. using DMF as a solvent and 

sodium bicarbonate as the base resulted in the exclusive 4-protected product 87 whose yield 

could be increased using more equivalents of the isopropylating agent (entry 11).62 Due to 

the low solubility of the inorganic base, it was thought that the addition of a phase transfer 

catalyst may enhance reactivity and increase the product yield. In their isopropyl protection 

of vanillin 45, Ploypradith et al. report the use of tetrabutylammonium iodide (TBAI) in their 

reaction to aid the solubility of the K2CO3.
63 Therefore, when repeating the reaction using the 

conditions of Thomas et al. with increased equivalents of 2-iodopropane and TBAI as the 

additive, a pleasing 80 % yield of the desired mono isopropyl protection product 87 could be 

achieved (entry 12). 

The synthesis of the desired 4- versus 2-protected product was confirmed using 2D NMR. 

The proton signal of the aldehyde at C-1 showed a correlation in the HMBC spectrum to C-2, 

as did the proton of the OH peak, indicating that the C-2 phenol was not protected. 

Furthermore, the HMBC spectrum also revealed a correlation between CH(CH3)2 of the 

isopropyl protecting group and C-4 thereby confirming the formation of the desired 4- 

isopropyl protection product 87 (Figure 21). 

 

Figure 21: HMBC correlations observed for mono isopropyl protection product 87 
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Given the successful synthesis of 4-isopropoxy product 87 the remaining phenol was benzyl 

protected using standard conditions. Thus 4-isopropoxy product 86 was treated with benzyl 

bromide and K2CO3 and gave the desired benzyl protected product 90 in quantitative yield 

(Scheme 5). 

 

Scheme 5: Benzyl protection of phenol 87 

The final steps in the synthesis of the first fragment involved the conversion of the aldehyde 

to the desired substituted cinnamyl morpholine 76. We envisioned that aldehyde 90 could be 

converted to a vinyl alcohol using vinyl magnesium bromide. Conversion of the resultant 

allyl alcohol 91 to a suitable leaving group such as an acetate in compound 92, and the 

subsequent nucleophilic displacement of this group with morpholine, would give the desired 

cinnamyl morpholine 76 (Scheme 6).  

Scheme 6: Remaining steps in the synthesis of cinnamyl morpholine fragment 76 

In their studies towards metal-catalysed cycloisomerisations, Jiménez-Núñez et al. 

synthesised a range of allylic acetates via vinyl magnesium bromide additions to aldehydes, 

and the subsequent esterification of the resulting alcohols.64 Based on their conditions, 

benzaldehyde 90 was treated with vinyl magnesium bromide in THF at 0 °C and after two 

hours, catalytic DMAP and 2 equivalents each of pyridine and acetic anhydride were 

added.64 The result was a mixture of returned starting material 90, alcohol 91 and only 10 % 

of acetate 92 (Scheme 7). 

Given the presence of returned starting material we hypothesised that a longer reaction time 

was required for the formation of allyl alcohol 91. The reaction was therefore repeated with 
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24 hours at room temperature and 5 hours at 40 °C and yielded the desired allyl alcohol 91 in 

a quantitative yield. 

Scheme 7: Formation of allyl alcohol 91 and subsequent synthesis of acetate 92 

 

Following isolation of allyl alcohol 91, acetate formation proved straight forward. Using the 

same conditions as before, albeit with an extended reaction time of 2 days, the synthesis of 

acetate 92 was achieved. Initial attempts to purify acetate 92 via flash chromatography 

showed that some of the isomerised non-branched acetate 93 was also produced. The 

isomerisation of similar acetates due to instability of such compounds to purification media is 

also reported by Azuma et al.65 Therefore, due to the decomposition of these acetates on 

silica gel, the crude product was always used in the subsequent step, formation of the 

cinnamyl morpholine, without purification. 

 

A considerable number of examples exist in the literature for various allylic displacement 

reactions, with most of these utilising metals such as palladium.66–68 However, given that 

chemists are becoming progressively more conscious of the need to protect the environment 

from harmful by products generated during organic synthesis, “green chemistry” has become 

increasingly popular over the last few years. Many synthetic groups are looking to include 
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environmentally friendly reactions carried out in water in their syntheses, thereby limiting the 

use of hazardous organic solvents which are both expensive and often difficult to dispose of.   

 

With this idea in mind we came across a publication by Chevrin et al. which described 

successful, high yielding allylic substitution reactions carried out in water only or a mixture 

of organic solvent and water.66 Moreover the results outlined suggested that these reactions 

could be done in the absence of metal catalysts on systems similar to ours. Hopeful that we 

would be able to carry out the reaction using the conditions of Chevrin et al. the reaction was 

attempted.66 Unfortunately this turned out not to be the case with only returned starting 

material 92 isolated using water and DMF as the solvents, in the absence of a palladium 

source (entry 1, Table 3). 

 

We therefore turned our attention conditions described by Felpin and Landais which still 

involved the use of water as a co-solvent.67 Acetate 92 was therefore treated with catalytic 

Pd/C in a DME/water system.67 While the source paper describes reasonably fast reaction 

times of 4-14 hours when morpholine is used as the nucleophile, we found that after an 

extended reaction time of 4 days, only returned starting material was isolated (entry 2).67  

While these conditions were unsuccessful at producing the desired product at room 

temperature, heating the reaction mixture to 70 °C resulted in the formation of the substituted 

cinnamyl morpholine 76 in a modest yield of 50 % (entry 3). Felpin and Landais report that 

no base was required  in the reaction when morpholine was used as the nucleophile, and it 

was interesting to observe that the addition of potassium carbonate appeared to hinder the 

reaction, with only returned starting material isolated under these conditions (entry 4).67 

Looking to more traditional palladium catalysed allylic substitution reaction conditions led to 

our use of a procedure outlined by Thiel et al. in their patent describing the synthesis of 

cinacalcet in 2009.68 Therefore, the use of tetrakis(triphenylphosphine) palladium(0) as the 

catalyst in THF at room temperature was attempted and successfully afforded cinnamyl 

morpholine 76 in a 31% yield (entry 5). Increasing the reaction temperature in this case not 

only resulted in an increase in yield but also allowed for a reduction in reaction time from 4 

to 3 days (entries 6 and 8). Therefore the use of morpholine in the presence of catalytic 
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Pd(PPh3)4 in THF at 70 °C for 3 days gave the desired cinnamyl morpholine 76  in 

quantitative yield (entry 8).  

Entry 
Parameter 

Investigated 
Conditions Temperature Time 

Yield of 76 over 
two steps from 

alcohol 91 

1 
Absence of 
palladium 
catalyst 

Morpholine, 
H2O/DMF 

r/t 24 h Returned SM 

2 
Temperature 

and time 

Morpholine, 
PPh3, Pd/C, 
DME/H2O 

r/t 4 d Returned SM 

3 70 °C 24 h 50 % 

4 Effect of a base 

Morpholine, 
PPh3, Pd/C, 

K2CO3, 
DME/H2O 

70 °C 3 d Returned SM 

5 

Different 
palladium 

catalyst and 
temperature 

Morpholine, 
Pd(PPh3)4 (5 mol 

%), THF 

r/t 4 d 31 % 

6 40 °C 3 d 61 % 

7 
1 d at r/t, 

3 d at 70 °C 
4 d 

61 % of 76 
9 % of 94 

8 70 °C 3 d Quantitative 

Table 3: Conditions trialled for the synthesis of cinnamyl morpholine 76 

 

As mentioned, allylic substitution reactions have been extensively studied since they were 

first reported by Tsuji et al., in 1965 and Trost et al., in 1973 and the mechanism for the 

reaction is widely accepted.69,70 The reaction begins with the co-ordination of Pd(0) to the 
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allylic double bond in the starting material 92, thereby forming the co-ordination complex 

95. Following oxidative addition to the allylic system 96, ligand exchange occurs and the 

leaving group is expelled. The addition of the nucleophile is selective for the least substituted 

end of the allylic system, and in this case favours the formation of the terminal addition 

product 76 by attack of the nucleophile at the least hindered γ-carbon (Figure 22).  

Figure 22: Mechanism for the Tsuji-Trost-type allylic substitution to form cinnamyl 

morpholine 76 

Based on the mechanism, the branched addition product, resulting from nucleophilic addition 

to the α-carbon is disfavoured and the associated product 94 is not usually formed. 

Interestingly, the only time the branched product 94 was isolated was when the reaction time 

was extended to 4 days, with one day at room temperature and subsequent days at 70 °C.  

Indeed the synthesis of the terminal addition product 76 was confirmed by the presence of a 

CH2 peak at 3.15 ppm in the 1H-NMR spectrum (Figure 23). The trans nature of the double 

bond was also confirmed by the large vicinal coupling constant of J= 16.0 Hz observed for 

the coupling of 1'-H and 2'-H.  
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Figure 23: 1H-NMR spectrum of cinnamyl morpholine 76 

In contrast the 1H-NMR spectrum of branched product 94 showed doublet of doublets at 5.01 

and 5.22 ppm which were consistent with the presence of a terminal alkene. The presence of 

a doublet at 4.20 ppm corresponding to 1'-H and the doublet of triplets at 5.85 ppm 

corresponding to 2'-H also confirmed that the branched addition product had formed (Figure 

24).  
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Figure 24: 1H-NMR spectrum of branched allylic substitution product 94 

In summary, cinnamyl morpholine fragment 76 was successfully synthesised from 2,4,5-

trimethoxybenzaldehyde 78 in 6 steps with an overall yield of 60 % (Scheme 8). 
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Scheme 8: Synthesis of cinnamyl morpholine 76  

 

2.3 Synthesis of acid chloride 77 

Having successfully achieved the synthesis of the cinnamyl morpholine fragment 76 which 

would come to form the A ring of lamellarin K 33, we turned our attention to the synthesis of 

the acid chloride fragment required for the acyl-Claisen rearrangement. 

Retrosynthetically acid chloride 77 could be prepared from homovanillic acid 79, which 

although commercially available, proved to be reasonably expensive. Alternatively 

homovanillic acid 79 could be synthesised from vanillin 45 which is also commercially 

available and comparatively inexpensive. A literature method for the reduction of vanillin 45 

reported by Jia et al. and using 2 equivalents of NaBH4 in MeOH for 24 hours was 

attempted, and yielded a 2:1 mixture of vanillin 45 to vanillyl alcohol 97.71 Increasing the 

equivalents of the reducing agent to 6 with the same reaction time afforded alcohol 97 in a 

good yield of 89 % (Scheme 9). 
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Scheme 9: Conditions used for the reduction of vanillin 45 

Based on the conditions reported by Seo et al. vanillyl alcohol 97 was converted in a single 

step to the corresponding nitrile 98.72 Regrettably, following a reaction time of 24 hours at 

160 °C the reaction had not gone to completion and gave a 2:1 mixture of the desired product 

98 to the starting material 97 and extending the reaction time to 5 days resulted in only 

decomposition products. Fortunately the 2:1 mixture from the overnight experiment was able 

to be separated by column chromatography giving the nitrile 98 in a quantitative yield based 

on recovered starting material 97 (Scheme 10). 

MeO

HO

OH

97

MeO

HO
98

C
N

NaCN

DMF
160 °C, 17 h

quantitative (brsm)  

Scheme 10: Synthesis of nitrile 98 from vanillyl alcohol 97 

The conditions reported by Seo et al. for their hydrolysis of a nitrile to the corresponding 

carboxylic acid were used and thus nitrile 98 was treated with KOH in ethanol and the 

resultant solution was refluxed for 24 hours.72 Unfortunately only decomposition products 

were isolated using these conditions, therefore a new procedure outlined by Botting et al. 

using 2 equivalents of NaOH in a solvent mixture of ethanol/water was used.73 While 

refluxing for 2 days using this protocol gave a 4:1 mixture of starting material 98 to product 

79, repeating the reaction and increasing the equivalents of NaOH to 4 yielded homovanillic 

acid 79 in 89 % yield (Scheme 11). 

 

Scheme 11: Synthesis of homovanillic acid 79 from nitrile 98 
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With homovanillic acid 79 in hand, the phenol required protection as an isopropyl ether. It 

was found that refluxing the homovanillic acid 79 with 2-iodopropane as per the conditions 

of Holzer et al. resulted in only the isopropyl ester product 99 being formed regardless of the 

reaction time (Scheme 12).74 Thus homovanillic acid 79 was treated with 2-bromopropane in 

the presence of K2CO3 and refluxed for 24 hours according to the procedures of Solladié et 

al.75 In this case the use of 2-bromopropane afforded the diprotected product efficiently, with 

ester 100 isolated in a quantitative yield. The ester 100 was then hydrolysed using LiOH in 

refluxing THF to give the desired carboxylic acid 101 also in quantitative yield. 

 

Scheme 12: Synthesis of isopropyl ether 101 from homovanillic acid 79 

The final step in the preparation of the fragment required for the acyl-Claisen rearrangement 

involved the conversion of carboxylic acid 101 into the corresponding acid chloride 77. This 

was achieved using standard conditions described by Chiou et al. treating carboxylic acid 

101 with thionyl chloride, in the presence of catalytic DMF, in DCM (Scheme 13).76  

 

 

Scheme 13: Synthesis of acid chloride 77 required for the acyl-Claisen rearrangement 
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Figure 25: 1H-NMR spectrum of acid chloride 77 

 

Although an 1H-NMR spectrum of acid chloride 77 was obtained, the chemical shifts were 

too similar to that of the starting material 101 to effectively confirm product formation 

(Figure 25). The presence of the acid chloride was therefore confirmed by IR spectroscopy 

with a shift observed in the absorption for the carbonyl group from 1708 cm-1 to 1793 cm-1 

and disappearance of the broad O-H signal found at 3514 cm-1 in the IR spectrum of 

carboxylic acid 101 (Figure 26).   
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Figure 26: IR spectrum of acid chloride 77 showing the key C=O absorption at  

1793 cm-1 

 

Due to the instability of many acid chlorides on silica, acid chloride 77 was used in the acyl-

Claisen rearrangement without purification. Therefore, its exact yield could never be 

determined, but was always assumed to be quantitative for the purposes of the subsequent 

rearrangement reaction. 

In summary acid chloride 77 was successfully synthesised from vanillin 45 in 6 steps with an 

overall yield of 79 % (Scheme 14). With acid chloride 77 in hand, the next step in the 

synthesis would be the reaction between this fragment 77 and already synthesised cinnamyl 

morpholine 76. 
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Scheme 14: Synthesis of acid chloride 77 in 6 steps from vanillin 45 

 

2.4 Reaction between cinnamyl morpholine 76 and acid chloride 77; the acyl-Claisen 

rearrangement 

As described in the introduction section, the acyl-Claisen rearrangement was to be utilised to 

convert cinnamyl morpholine 76 and acid chloride 77 into amide 74, thereby introducing the 

syn stereochemistry desired to facilitate the Paal-Knorr mediated ring closure later on in the 

synthesis. 

Given the highly substituted nature of both the components of the acyl-Claisen 

rearrangement required to make the amide for the lamellarin K 33 skeleton, the acyl-Claisen 

rearrangement was first attempted using simpler acid chlorides and allylic morpholines. 

Typically we were interested in exploring whether aromatic allylic morpholines and aromatic 

acid chlorides would rearrange to give the corresponding amides, as well as investigating 

which Lewis acid catalysts were required to facilitate the formation of such highly 

substituted products.  
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2.5 Synthesis of model allylic morpholines and acid chlorides for acyl-Claisen test 

reactions 

The preliminary work of Macmillan et al. towards the acyl-Claisen rearrangement focused 

primarily on the synthesis of small morpholine amides.55 In order to probe the scope of the 

acyl-Claisen rearrangement we sought to test the performance of various allylic morpholines 

and acid chloride coupling partners in the acyl-Claisen rearrangement. We aimed to 

investigate the effect of including aromatic components in the reaction and introduce 

different patterns of substitution around the aromatic rings (Figure 27). 

 

Figure 27: Probing the scope of the acyl-Claisen rearrangement on complicated 

substrates 

A series of non-aromatic and aromatic allylic morpholines 102-105 and acid chlorides 77, 

106 and 107 were chosen and were reacted systematically to probe the scope of the acyl-

Claisen rearrangement to produce product amides 108-114 (Table 4). Before test reactions 

could be carried out however, the reaction partners had to be synthesised. 
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Entry Allylic morpholine Acid chloride Product amide  

1 

 

102 

 

106 

R1, R2= Me 

108 

2  

107 

R1= Me, R2= Ph 

109 

3 

 

103 

 

106 

R1= Ph, R2= Me 

110 

4  

107 

R1, R2= Ph 

111 

5 

 

 104 

 

107 

 

112 

6 
 

77    113 

7 

 

105 

 

77 

 

114 

Table 4: Model amides to be synthesised for acyl-Claisen test reactions 
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While all of the acid chlorides required for the test reactions were either commercially 

available (106 and 107), or had already been prepared for the synthesis of lamellarin K 33 

(77), many of the allylic morpholines had to be synthesised. 

To prepare the simplest allylic morpholine: (E)-crotylmorpholine 102, we carried out a 3 step 

procedure starting from the commercially available (E)-crotonaldehyde 115. (E)-

Crotonaldehyde 115 was chosen as it is commercially available in greater than 99:1 E:Z ratio 

whilst commercially available crotylhalides are only available in ratios between 1:1 and 5:1 

E:Z.  

Thus the first step in the synthesis involved the reduction of (E)-crotonaldehyde 115 to the 

corresponding (E)-crotylalcohol 116 via a procedure adapted from that described by Haynes 

et al. in their synthesis of a range of tertiary phosphane oxides.77  A suspension of lithium 

aluminium hydride in diethyl ether was therefore treated with (E)-crotonaldehyde 115 and 

the mixture was stirred at room temperature for 24 hours. This procedure, after purification, 

afforded (E)-crotyl alcohol 116 in 70 % yield (Scheme 15). 

 

Scheme 15: Synthesis of (E)-crotylalcohol 116 

Having synthesised (E)-crotylalcohol 116, bromination followed by amination was the next 

step. Initially, a one-pot synthesis adapted from the procedure described by Gill et al. was 

attempted.78 This involved the treatment of (E)-crotylalcohol 116 with morpholine in the 

presence of triphenylphosphine and N-bromosuccinimide (NBS) in THF and the resultant 

solution was then refluxed at 70 ºC for 6 hours. Although some of the desired crotyl 

morpholine 102 was isolated, the reaction never went to completion and this was reflected in 

the poor 12 % yield of (E)-crotylmorpholine 102 obtained (Scheme 16).  

In an effort to improve the yield of the amination, a procedure of Haynes et al. was again 

used.77 (E)-Crotylalcohol 116 was therefore treated with phosphorous tribromide at 0 ºC in 

diethyl ether and afforded (E)-1-bromobut-2-ene 117 in 81 % yield. Due to the volatility of 
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bromide 117 the yields for this reaction were difficult to calculate and as a result, this product 

was used without purification in the amination reaction. Thus, bromide 117 was treated 

immediately with morpholine at 0 ºC followed by the addition of triethylamine and warming 

to room temperature. This gave (E)-crotylmorpholine 102 in a moderate 59 % yield with no 

trace of the (Z)-isomer observed by NMR. 

 

Scheme 16: Synthesis of (E)-crotylmorpholine 102 

Having synthesised one allylic morpholine, we turned our attention to the preparation of the 

aromatic allylic morpholines shown in Table 4. The most simple of these, trans cinnamyl 

morpholine 103 was prepared directly from trans cinnamyl alcohol 118 by a one-step 

procedure outlined by Daun et al.79 involving formation of mesylate 119 followed by 

displacement with morpholine in the presence of triethylamine in DMF (Scheme 17). This 

afforded the desired (E)-cinnamyl morpholine 103 in 58 % yield. 

 

Scheme 17: Synthesis of cinnamyl morpholine 103 from trans cinnamyl alcohol 118 

On the other hand, 2,4,5-trimethoxycinnamyl morpholine 104 was prepared from 

commercially available 2,4,5-trimethoxybenzaldehyde 78 following the steps described 

previously for substituted cinnamyl morpholine compound 76 (see section 2.2). Thus vinyl 
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magnesium bromide was added to 2,4,5-trimethoxybenzaldehyde 78 to give the 

corresponding allyl alcohol 120 in 93 % yield (Scheme 18). Allyl alcohol 120 was then 

acetylated using acetic anhydride in the presence of pyridine and DMAP and the resulting 

acetate 121 was displaced, using palladium mediated allylic substitution, to give 2,4,5-

trimethoxycinnamyl morpholine 104 in 61 % yield over two steps based on returned starting 

material (brsm.). 

 

Scheme 18: Synthesis of 2,4,5-trimethoxycinnamyl morpholine 104 from the 

corresponding 2,4,5-trimethoxybenzaldehyde 78 

The last aromatic allylic morpholine was also synthesised from 2,4,5-trimethoxy 

benzaldehyde 78 following the same procedure as above, however requiring protecting group 

manipulation prior to the reaction with the Grignard reagent. Thus, following demethylation 

at the 2- and 4-positions, and isopropyl protection at the 4-position as described for cinnamyl 

morpholine 76 (section 2.2), the phenol at the 2-position was methyl protected utilising the 

standard conditions of Albericio et al., using methyl iodide in the presence of potassium 

carbonate in DMF, to give benzaldehyde 122 (Scheme 19).80  

From here the same steps were followed as described, namely, reaction with vinyl 

magnesium bromide to yield allyl alcohol 123, acetylation to give 124, then allylic 

displacement of the acetate group with morpholine yielded the desired cinnamyl morpholine 

105 in 26 % yield over 4 steps from aldehyde 87. 
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Scheme 19: Synthesis of cinnamyl morpholine 105  

Once all the allylic nucleophiles had been synthesised, the acyl-Claisen reaction of these 

components was attempted using various Lewis acids (Table 5). Previous studies involving 

the acyl-Claisen rearrangement in our research group showed that the rearrangement of 

propionyl chloride 106 with (E)-crotyl morpholine 102 could be achieved in a straight 

forward manner using 10 mol % aluminium chloride as the Lewis acid.57,58 When these 

conditions were repeated, the corresponding syn dimethyl amide 108 was obtained in an 82 

% yield, with the 1H-NMR spectrum of the product confirming that none of the anti 

diastereomer had formed (entry 1, Table 5).57,81  

Interestingly, our results also showed that when one or both components of the acyl-Claisen 

rearrangement is/are aromatic, 10 mol % of this Lewis acid is insufficient for catalysis and no 

products are isolated.58 For rearrangements of this type, a successful reaction can be achieved 

by using stoichiometric AlCl3 (entries 2-4). 

Increasing the complexity of the allylic morpholine and acid chloride with the introduction of 

substituents around the aromatic rings resulted in only returned starting material when 

stoichiometric AlCl3 was used as the Lewis acid (entry 5). Pleasingly, we found that 

TiCl4·2THF is able to successfully effect the rearrangement of these larger substrates giving 

moderate to high yields, even when the aromatic rings are highly substituted (entries 6-8).58 
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Entry Allylic morpholine Acid chloride Lewis acid Yield 

1 

 

102 

 

106 

 

10 mol % 

AlCl3 

82 %  

108 

2  

107 

100 mol % 

AlCl3 

86 %  

109 

3 

 

103 

 

106 

100 mol % 

AlCl3 

94 %  

110 

4  

107 

100 mol % 

TiCl4·2THF 

72 %  

111 

5 

 

104 

 

107 

100 mol % 

AlCl3 
SM 

6 

 

100 mol % 

TiCl4·2THF 

 

40 % syn 

112a  

and  

10 % anti 

112b 

7  

77 

100 mol % 

TiCl4·2THF 

52 %  

113 

8  

105 

 

77 

100 mol % 

TiCl4·2THF 

79 %  

114 

Table 5: Synthesis of morpholine amides 108 –114  
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An interesting result was the isolation of a mixture of the syn and the unexpected anti amide 

products 112a and 112b respectively, from the reaction of cinnamyl morpholine 104 with 

phenylacetyl chloride 107. A crystal structure of amide 112a could be obtained, proving the 

orientation of the two aromatic substituents at C-2 and C-3 to be the desired syn 

conformation (Figure 28). 

 

Figure 28: Crystal structure of syn amide 112a 

Having demonstrated that the acyl-Claisen rearrangement of highly substituted cinnamyl 

morpholines and acid chlorides could be carried out, we looked to the synthesis of amide 74, 

required as a precursor to lamellarin K 33. Given the similarity of amides 113 and 114 to 

target amide 74 we were confident that TiCl4·2THF would also be able to effect the 

rearrangement of cinnamyl morpholine 76 with acid chloride 77. Unfortunately this proved 

not to be the case, and disappointingly only returned starting materials were isolated from 

this reaction (entry 1, Table 6).  

 

We investigated a range of conditions using TiCl4·2THF as the Lewis acid, including the 

effect of time (entry 2) and temperature (entry 3) both of which failed to yield the desired 

amide product 74. In our experience the acyl-Claisen rearrangement, when successful, 

requires no more than 24 hours at room temperature to go to completion. We therefore turned 

our attention to alternative Lewis acids catalysts which might be used to facilitate this 

rearrangement.  A number of Lewis acids were investigated, some of which were originally 

explored by Macmillan et al.55 Unfortunately, Ti(OiPr)4, Yb(OTf)3·xH2O and Er(OTf)3 all 

failed to yield the desired amide. MgBr2·OEt2 was the only Lewis acid to successfully 

catalyse this rearrangement, giving the desired product amide 74 in a high 93 % yield. 
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Entry  
Parameter 

Investigated  
Lewis acid  Conditions Yield of 74  

1  

Effect of time  

TiCl4·2THF  

24 h 
r/t  

No reaction  

2  
48 h 
r/t  

3  
Effect of 

temperature  
24 h 

40 °C  

4  

Lewis acids  

Ti(OiPr)4  

24 h 
r/t  

5  Yb(OTf)3·xH2O 

6  Er(OTf)3  

7  MgBr2·OEt2  93 %  

 

Table 6: Conditions trialled to affect the reaction of cinnamyl morpholine 76 and acid 

chloride 77 using the acyl-Claisen rearrangement 
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Interestingly, of the Lewis acids trialled by Macmillan and co-workers, MgBr2·OEt2 resulted 

in the lowest yield at a catalyst loading of 10 %, while 100 % catalyst loading, such as that 

required for the rearrangement to give amide 74 was not attempted. The mechanism by 

which this Lewis acid is capable of catalyzing the rearrangement is not completely 

understood, however magnesium-based Lewis acids are known to strongly co-ordinate to 

oxygen and their application in rearrangements involving oxygenated molecules is well 

known.82–84 In particular the oxophilic nature of magnesium halide Lewis acids has been 

utilised in aldol reactions, allylations, as well as Diels-Alder cycloadditions in which 

magnesium is involved in co-ordination to two oxygens, often leading to superior outcomes 

as compared to other Lewis acids.82–84 

 

The formation of diphenyl amide 74 was confirmed using 1H-NMR and 13C-NMR, with the 

disappearance of the alkene hydrogen signals at δH 6.08-6.18 ppm for 2'-CH and δH 6.83-6.88 

ppm for 1'-CH, and 3'-CH at δH 3.15 ppm in the cinnamyl morpholine starting material 76. 

The appearance of the terminal alkene resonances at δH 5.05-5.12 ppm for 5-CH2 and δH 6.16-

6.24 ppm for 4-CH as well as the formation of a new peak in the 13C-NMR spectrum at δC 

171.3 ppm corresponding to the newly formed amide carbonyl carbon (C-1) (Figures 29 and 

30). High resolution mass spectrometry also reinforced that diphenyl amide 74 had been 

formed with a mass of 604.3269 in line with that expected.  
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Figure 29: 1H-NMR spectrum of morpholine amide 74 
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Figure 30: 13C-NMR spectrum of morpholine amide 74  

 

As expected only the syn diastereomer was formed with none of the anti amide product 

present by 1H-NMR analysis. The stereoselectivity of the acyl-Claisen rearrangement is 

governed firstly by the trajectory of attack of the nucleophile (Figure 31).55 Cinnamyl 

morpholine 76 could approach the lowest unoccupied molecular orbital (LUMO) of the 

ketene 125 C=O from two directions. Unfavourable steric interactions are encountered with 

the large aromatic substituent if approach occurs from alongside this substituent, but not if 

the approach is from the opposite less-hindered face to afford the Z enolate 126a rather than 

E enolate 126b.55 Adoption of the more favourable chair rather than boat transition state also 

ensures that syn amide 74 predominates over any anti rearrangement product 127.55 
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Figure 31: Mechanism for the acyl-Claisen rearrangement of cinnamyl morpholine 76 

with acid chloride 77 

 

With this result, the synthesis of morpholine amide 74 was achieved in 45 % yield over 7 

steps and attention now turned to the synthesis of the third and final fragment required for 

lamellarin K 33; aryl bromide 73. 
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3.1 Synthesis of the final fragment; aryl bromide 73 

The key step in our synthetic strategy was an intra-molecular Paal-Knorr condensation 

reaction between an amine and two carbonyl moieties to set up the rings C and D of 

lamellarin K 33 in a single step. While the two carbonyl groups and rings A and F are 

available from the already synthesised morpholine amide 74, ring D and E were yet to be 

incorporated (Figure 32).  

The strategy chosen to achieve this was to add aryl bromide 73, via lithium-halogen 

exchange, to morpholine amide 74 (Figure 32). Aryl bromide 73 would contain the necessary 

substitution pattern for the E ring of lamellarin K 33, while the tethered amine moiety of aryl 

bromide 73 would give rise to the D ring of the lamellarin framework upon subjecting 

cyclisation precursor 72 to Paal-Knorr condensation conditions. 

Figure 32: Retrosynthetic analysis of lamellarin K 33 showing the origin of the 

dicarbonyl functionality of the cyclisation precursor in red and the amine component of 

the Paal-Knorr condensation in blue. 
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Retrosynthetically aryl bromide 73 was to be synthesised from the Boc protection of amine 

57, resulting from the reductive amination of an allylic aldehyde group in 128. This aldehyde 

can be prepared by dihydoxylation/oxidation of the corresponding C-allylated bromobenzene 

129 which was to be obtained from the isopropyl protection of the free phenolic group, the 

product of the Claisen rearrangement of the corresponding O-allylated bromide 130. This 

could itself be traced back to bromophenol 131, itself a product of Dakin oxidation and 

subsequent base-hydrolysis of bromobenzaldehyde 132, which was to be prepared by 

bromination and methylation of o-vanillin 75 (Figure 33). 
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Figure 33: Proposed retrosynthesis of aryl bromide 57 from o-vanillin 75 

Therefore, we began with the synthesis of aryl bromide 132, which required the selective 

bromination of commercially available o-vanillin 75 as the first step.  Given that the 

hydroxyl group is a strong ortho/para director, and that the ortho positions are already 

occupied, bromination was expected to favour the 5-position para to the hydroxyl group. 

However, due to the ortho/para directing nature of the methoxy substituent a mixture of 5-

bromo 133, 6-bromo 134 and 5,6-dibromo 135 products were obtained for all the reagents 

trialled (Table 7).  

The first set of conditions attempted were those described by Das et al. who investigated the 

bromination of phenols using NBS in the presence of catalytic ammonium acetate.85 Using 

their conditions they report high yields and selectivity and claim to synthesise aryl bromide 

133  in 81% yield after a reaction time of 75 hours.85 Unfortunately, in our hands after just 4 

hours a mixture of products were observed and repeating the reaction for 24 hours led to 33 
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% yield of only the 5,6-dibromo product 135 (entries 1 and 2). Using the more traditional 

conditions of Paulis and Smith, o-vanillin 75 was treated with Br2 in the presence of KBr in a 

mixture of water and acetic acid.86 Refluxing the mixture at 110 °C for 30 minutes resulted in 

a good 72 % yield of product, albeit a 1.5:1 mixture of 133 and 134 (entry 3), while 

extending the reaction time to 24 hours gave a mixture of 5-bromo 133 and 5,6-dibromo 

products 135 (entry 4). 

 

Entry Brominating 

agent 

Conditions Time Outcome and yield 

1 

NBS 
NH4OAc, 

MeCN, r/t 

4 h 31 % mixture of 133, 134, 135 

2 24 h 33 % of 135 

3 

Br2 

KBr, 

H2O/AcOH, 

110 °C 

30 min 
72 % 

1.5 to 1 mixture of 133 to 134 

4 24 h 36 % mixture of 133 + 135 

5 

CAN, 

activated 

silica, CCl4 

24 h 
97 % 

5 to 1 mixture of 133 to 134 

Table 7: Conditions trialled in the synthesis of bromide 133 

 

It was established that the best yield and ortho-para bromination ratio was achieved using 

Br2 as the brominating agent in the presence of silica gel and catalytic CAN in carbon 

tetrachloride as first reported by Ghiaci et al., and further investigated by Wang and co-
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workers.87,88 This gave the bromination product in an overall 97 % yield, as a 5:1 mixture of 

the desired 5-bromo 133 to 6-bromo product 134. The two products were easily separated by 

recrystallization using 60% ethanol:water mixture giving pure 133 (entry 5). 

 

Methylation of the free phenol of bromide 133 proved straight forward using the standard 

conditions of Albericio et al. involving the use of methyl iodide in the presence of potassium 

carbonate in DMF, giving the dimethoxy bromide product 132 in quantitative yield (Scheme 

20).80 

 

Scheme 20: Synthesis of 5-bromo-2,3-dimethoxybenzaldehyde 132 

The next step in the synthesis, Dakin oxidation of the aldehyde group to give the 

corresponding phenol proved problematic (Table 8). Initial attempts using freshly prepared 

performic acid solution as per the procedure adopted by Peschko et al. in their synthesis of 

lamellarin and lukianol-type alkaloids proved unsuccessful, with mostly returned starting 

material and only trace amounts of a mixture of other products (entry 1).52 

Repeating the reaction and allowing a longer reaction time for the ester hydrolysis also failed 

to yield more than a trace amount of the desired product (entry 2). The lack of starting 

material isolated under these conditions also hinted that aldehyde 132 may decompose in the 

presence of strong base.  

Phenol 131 was ultimately prepared using the conditions described by Hayashi et al. in their 

studies towards the auxin signaling inhibitor, terfestatin A.89 This involved the use of 

mCPBA in DCM to prepare the intermediate formate ester 136 which was treated with 

methanolic KOH to yield bromophenol 131 in a good 83 % yield over two steps (entry 3).89 

Interestingly attempting to reduce the reaction time required for ester 136 formation, by 

refluxing the mCPBA and aldehyde 132 mixture for 4 hours, according to the procedure of 

Giles et al. led to a complex mixture of products (entry 4).90 
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Entry Conditions Time Outcome 

1 
1. 30 % aq. H2O2, formic acid, cat. conc. H2SO4 

2. 25 % w/w KOH, Et2O 

1. 24 h 

2. 10 min 

Trace product 

and returned 

SM 

2 
1. 30 % aq. H2O2, formic acid, cat. conc. H2SO4 

2. 25 % w/w KOH, Et2O 

1. 24 h 

2. 1 h  

Trace product 

only 

3 
1. mCPBA, DCM 

                     2. KOH, MeOH 

1. 24 h 

2. 24 h 
83 %  131 

4 
       1. mCPBA, reflux DCM 

2. KOH, MeOH 

1. 4 h 

2. 24 h 

Complex 

mixture 

 

Table 8: Synthesis of bromophenol 131 from benzaldehyde 132 

  

Thus, with bromophenol 131 in hand, allylation was the next step in the synthesis. The first 

procedure attempted was using the conditions of Biamonte et al. and involved the use of  

potassium carbonate in THF.91 Given that only returned starting material was isolated after a 

reaction time of 24 hours, we hypothesised that a stronger base was needed to achieve 

deprotonation. Thus, the reaction was repeated, this time using sodium hydride as the base 

and allyl ether 130 was successfully synthesised in quantitative yield (Scheme 21). 
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Scheme 21: Synthesis of allyl ether 130 

With the phenyl allyl ether 130 in hand, the next reaction involved the [3,3]-sigmatropic 

rearrangement of this substrate to yield the corresponding ortho-allylated phenol 137. A 

number of Claisen conditions are reported in literature and involve the use of high boiling 

point solvents and often forcing conditions, requiring high temperatures, pressure and 

sometimes microwave irradiation.55,92  

Sarkar and Venkateswaran have reported the successful rearrangement of allyl ethers in low 

boiling point DCM, using tin (IV) chloride.93 In an effort to side step the conventional 

forcing Claisen approaches, these conditions were attempted, but unfortunately only returned 

starting material 130 was isolated (entry 1, Table 9). Therefore we turned our attention to 

more traditional methods, the first of which was a modified procedure from that described by 

Nguyen et al. and involved heating allyl ether 130 in DMF at 200 °C in a pressure vessel.94 

Unfortunately this reaction returned only starting material 130 and carrying out the 

transformation without solvent also failed to yield the desired product after 24 hours or 48 

hours (entries 3 and 4).95  We next attempted the use of toluene as a solvent. Whilst heating 

at 150 °C returned only starting material 130 (entry 5), pleasingly successful rearrangement 

of allyl ether 130 was achieved in toluene at 200 °C overnight and gave phenol 137 in 

quantitative yield (entry 6). 
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Entry Conditions Time (h) Outcome 

1 SnCl4, DCM, sealed tube, 50 °C  

24 

 Returned starting material 

2 DMF, sealed tube, 200 °C 

3 
Neat, sealed tube, 200 °C 

4 48 

5 Toluene, sealed tube, 150 °C 
24 

6 Toluene, sealed tube, 200 °C Quantitative 137 

 

Table 9: Synthesis of C-allylated benzaldehyde 137 from ether 130 

 

Prior to manipulation of the newly installed allylic group, the free phenol required protection. 

The isopropyl protecting group was once again chosen as this phenol was to be unmasked at 

the same time as the hydroxyl groups at C-14 and C-20 (Figure 34). 

 

Figure 34: Isopropyl protected bromide 129 allows for the global deprotection of all 

three groups on lamellarin K triisopropyl ether 46 to yield the desired natural product 

33 
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Thus, phenol 137 was protected as an isopropyl ether using standard conditions, giving the 

desired product 129 in a 95 % yield (Scheme 22).75 Dihydroxylation of alkene 129 using the 

conditions of Bales et al., involving catalytic osmium tetroxide and N-methylmorpholine-N-

oxide as the co-oxidant, gave the desired diol product 138 in quantitative yield (Scheme 

22).96 Periodate cleavage conditions documented by Metz and co-workers, using NaIO4 in a 

3:1 mixture of methanol and water, were then employed and afforded aldehyde 128 in 93 % 

yield.97  

Scheme 22: Synthesis of aldehyde 128 

With aldehyde 128 in hand, the next step in the synthesis was the introduction of the amine 

functionality. Firstly, a mild set of reductive amination conditions adapted from those 

reported by Fadnavis et al. and Youngman et al., involving the use of ammonium acetate and 

sodium cyanoborohydride at room temperature were attempted. 98,99 Unfortunately despite 

the extended reaction time, these conditions failed to yield the desired amine product 57 

(Scheme 23).  

We had previously been successful with the formation of imines using procedures outlined 

by Steiner et al. and the subsequent reduction of these compounds to yield the corresponding 

amines.100 Thus, according to a modified version of their conditions, aldehyde 128 was 

treated with NH4Cl and AlMe3 in toluene and was heated at 80 °C in a pressure vessel for 24 

hours, following this sodium borohydride reduction conditions on the presumably formed 

imine 139 were employed. Unfortunately, only starting material 128 was returned once more.  
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Scheme 23: Attempted synthesis of amine 57 

An alternative route to amine 57 was sought and a procedure described by Poschalko and co-

workers, involving the synthesis of an oxime which could then be reduced to the 

corresponding amine, was chosen.101 Their aldehyde was similar in structure to that which 

we had synthesised, therefore aldehyde 128 was subjected to their conditions and was treated 

with hydroxylamine hydrochloride and triethylamine in refluxing ethanol (Scheme 24). 

Initial attempts to reduce the resultant oxime 140, using their procedure involved LiAlH4 in 

refluxing THF and led to a complex mixture of products isolated.101 Subsequent attempts to 

reduce oxime 140, using their alternative reduction method of zinc in refluxing 2M HCl 

solution/ THF gave the desired amine 57 in a 98 % yield. Boc protection using conditions 

adapted from those described by Kers et al., of the resultant amine 57 gave the desired Boc-

carbamate 73 in 88% yield.102  

Scheme 24: Synthesis of Boc protected amine 73 
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Thus the desired Boc-carbamate 73 was synthesised in an overall yield of 51 % over 12 steps 

from o-vanillin 75 (Scheme 25 and Figure 35). 

 

Scheme 25: Synthesis of Boc-carbamate 73 from o-vanillin 75 
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73 

 

Figure 35: 1H-NMR spectrum of Boc-carbamate 73 

Having successfully synthesised the final building block required for the assembly of 

lamellarin K 33, we looked to the reaction between aryl bromide 73 and morpholine amide 

74 followed by the subsequent oxidation to yield ketone 141 (Scheme 26). 
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Scheme 26: Envisioned lithiated addition of Boc-carbamate 73 to morpholine amide 74 

 

3.2 Trial lithiated additions to amide 74 

Before attempting the lithiation and subsequent addition of bromide 73 with morpholine 

amide 74 a series of smaller bromides were tested to investigate the scope of lithiated 

additions of large bromides to this sterically hindered morpholine amide 74 (Table 10). 

Methyllithium was first added, and successfully formed ketone 142 (entry 1). Lithiated 

addition of 4-bromoanisole 143 to amide 74 proceeded in a straightforward manner giving 

the desired ketone 144 in a 63 % yield (entry 2). Next, we looked to test the addition of a 

more substituted bromide. Thus, bromophenol 131 was protected as a MOM ether using 

MOM chloride and sodium hydride in DMF as per the procedure of Kaiser et al. (Scheme 

27).103  

 

Scheme 27: Synthesis of MOM bromide 144 
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Bromide 145 contained the same substitution pattern, apart from the tethered amine moiety, 

as bromide 73, and was reacted with morpholine amide 74. Regrettably, in all cases solely 

unreacted amide 74 was obtained (entries 3-5). 

Given that the debrominated starting material, formed from the quenching of the lithiate, was 

only returned from some of the reactions, we sought to eliminate limited lithium-halogen 

exchange as the cause of the problem using a solvent known to facilitate lithiation reactions. 

HMPA is one such solvent, known to assist the break- up of lithium salts in solution, thereby 

facilitating the lithiation process.104 Unfortunately the inclusion of HMPA in the reaction 

mixture did not lead to isolation of the desired ketone 146. The use of lithium bromide as a 

stoichiometric additive also failed to yield the product ketone. 

There is limited literature precedent for the addition of lithiates of highly functionalised aryl 

bromides to amides. Based on our results 4-bromoanisole 143 may represent the size limit 

permitted for lithiated addition of a bromide to amide 74. Indeed given that bromide 145 is a 

simplified variant of the more complex bromide 73 needed for the synthesis of lamellarin K 

33, the isolation of unreacted amide 74 suggested that the reaction of larger lithiates is 

sterically too demanding. As such, to achieve successful reaction, we theorised that the steric 

bulk of one or both of the reacting partners required reduction. 
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OMOM

-78 °C to r/t
24 h

 

Entry Parameter 
Investigated 

Bromide Conditions Lithiation 
time 
(min) 

Outcome and 
yield 

1 
Addition of 

a lithiate 
- MeLi 

 
 
 
 
 
 
 
 
 
 
 
 
 

THF 
 

- 
26 % 
of 142 

2 

Bromide 

tBuLi 
 

1  
63 % 
of 144 

3 

 

Immediate 

Reclaimed 
amide + 

debrominated 
aryl bromide in 

some cases 

4 
Time 

allowed for 
lithiation 

1  

5 15  

6 Additive 
tBuLi, 
LiBr 

1  

7 Solvent tBuLi HMPA 1  

Table 10: Conditions tested for the lithiated additions of simplified bromides to amide 
74 
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3.3 Synthesis of aldehyde 147 as an alternative reaction partner to aryl bromide 73 

A potential way to overcome the problem of non-addition was to convert morpholine amide 

74 to the corresponding aldehyde functionality. The carbonyl group of morpholine amide 74 

was thought to be too hindered to allow for the approach of the lithiate, which was itself 

sterically demanding. An aldehyde functionality would reduce the steric hindrance around 

the carbonyl carbon and may therefore allow for the successful addition of larger lithiates 

such as those prepared from bromides 73 or 146 (Figure 36).  

 

Figure 36: Steric considerations for the addition of a lithiate to morpholine amide 74 

compared to an aldehyde 147 

The aldehyde functional group in 147 was also expected to be more reactive than that in 

amide 74, thereby allowing greater reaction with aryl lithiates. Whilst addition to aldehyde 

147 would not directly give the required ketone products, the hoped increase in reactivity 

would counteract the increase in synthetic steps.  

Traditional methods for the reduction of amides to aldehydes require the use of metal hydride 

reagents. While the use of these is well documented in literature, an unfortunate and 

commonly reported drawback of these is over-reduction, often resulting in the isolation of a 

mixture of the corresponding alcohol or amine.105–107 Indeed limiting the reduction of amides 

to aldehydes is reasonably problematic, and requires strict control of reaction time, 

temperature and equivalents of the reducing agent.  A variety of procedures were attempted 

for the conversion of amide 74 to aldehyde 147 (Table 11).  

Whilst the use of Cp2Zr(H)Cl  is more well known for the hydrozirconation of alkenes, its 

application in the reduction of amides is relatively unknown. The so-called Schwartz reagent 

(Cp2Zr(H)Cl), has recently been shown by White et al. to convert amides to aldehydes in a 
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single step.106,108 Furthermore, the fast reaction times of 5-30 minutes and mild reaction 

conditions reported gave us confidence that this reagent would afford the desired aldehyde 

product 147 in a more straightforward manner than the traditional metal hydride 

methods.105,106 Therefore, several attempts were made to reduce morpholine amide 74 using 

Schwartz reagent (Table 11).  

 

Entry 
Parameter 

Investigated 
Conditions Solvent Temperature Time Outcome 

1 
Time 

Schwartz reagent 
THF 

Room 

temperature 

1 h 

Returned 

starting 

material 

2 24 h 

3 Solvent Pyridine 6 d 

4 
Alternatives to 

Schwartz 

reagent 

Ti(OiPr)4, TMDS 

THF 
1 h 5 

LiAlH4 

-78 °C 

6 0 °C 

7 reflux 24 h 

Table 11: Attempts at the reduction of amide 74 
 
While White and co-workers demonstrated the successful synthesis of a wide range of 

aldehydes from corresponding amides, the Schwartz reagent, in our hands, failed to effect the 

required transformation of amide 74 in THF (entries 1-2). Changing the solvent to pyridine, 

which in theory facilitates dissolution of the reagent albeit resulting in a slower reaction and 

lower yield also failed to give the desired product (entry 3).  
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Based on the work of Bower et al. which described the use of a titanium isopropoxide and 

diphenylsilane system to reduce N,N-disubstituted amides to aldehydes, Laval and co-

workers reported a variant of this reaction which uses the safer and cheaper alternative to 

diphenylsilane; 1,1,3,3-tetramethyldisiloxane (TMDS).109,110 Their reaction conditions were 

attempted to reduce amide 74, albeit using THF rather than methylcyclohexane as the 

solvent, due to the immediate availability of the former. Despite the use of 2 equivalents of 

TMDS and Ti(OiPr)4, the reaction resulted in only returned starting material 74 being 

isolated (entry 4). 

In 2000 Douat et al. published a method describing the successful conversion of N-protected 

α-amino morpholine amides to the corresponding aldehydes.111 In their publication, they 

demonstrated that moderate to high yields of aldehydes could be formed with only trace 

amounts of the over-reduced alcohol product.111 They believe that morpholine amide 

substrates 148 may have a limited susceptibility to over-reduction due to their ability to form 

a stable tetrahedral intermediate 149 in which the metal is chelated (Figure 37). With the 

intermediate bound in this complex, it is not free to react further, reducing the amount of 

alcohol formed, thus yielding more of the desired aldehyde product 150. This single addition 

process is the same as seen in the formation of ketones from morpholine amides. 

 

Figure 37: The stable tetrahedral intermediate 149 formed by morpholine amides 

during LiAlH4 reduction yields aldehyde 150 almost exclusively according to Douat et 

al.111 

Amide reduction using lithium aluminium hydride was therefore attempted, as it was thought 

that even if over reduction were to occur, the alcohol 151 generated could be oxidised to 

provide a potential route to the desired aldehyde 147. Initially the reaction was attempted 

according to procedures adapted from those described by Douat et al., and Concellón et al. at 

low temperatures of -78 °C and 0 °C without success (entries 5 and 6).111,112 Interestingly, 
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refluxing the amide 74 in THF with LiAlH4 also failed to effect any transformation, with the 

often reported amine/ alcohol mixtures so commonly described in literature not seen for our 

reaction. This indicates that amide 74 is more stable than hypothesised and its conversion to 

aldehyde 147 was not achievable using these standard procedures.  

A different method was therefore sought for the synthesis of aldehyde 147. In our research 

group we had had some success converting similar, albeit not as sterically hindered amides, 

to the corresponding aldehydes via an iodolactonization-reduction procedure adapted from 

that described by Metz and co-workers.113,114 They worked on a system similar to ours and 

successfully converted γ,δ-unsaturated amides to the corresponding carboxylic acids.113,114 

Importantly, they noted the lack of epimerisation α to the carbonyl carbon, which was also an 

important consideration for our synthesis.114 

Their procedure involved the conversion of a range of amides to iodolactones upon treatment 

with iodine in a 1:1 solvent mixture of DME:water. Since the first report of an 

iodolactonization reaction by Bougault et al., several groups have studied the kinetics and 

mechanism of iodolactone formation from a carboxylic acid precursor.115–117  

The mechanism for the reaction, adapted to amide 74 as described by van Tamelen and 

Shamma is shown in Figure 38.116 The first step is formation of the iodonium intermediate 

152. Lactonization is then followed by elimination of morpholine from intermediate 153 to 

yield iodolactone 154.  
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Figure 38: Mechanism for iodolactone 154 formation from amide 74 

In the subsequent step iodolactone 154 is then ring-opened using zinc in acetic acid to give 

the corresponding carboxylic acid 155 as per the conditions of Metz et al.113 The mechanism 

for this reaction is thought to begin with the insertion of zinc into the carbon-halogen bond in 

intermediate 156, followed by protonation of the carbonyl oxygen giving oxonium 157. 

Tautomerisation followed by elimination of a zinc species gives the desired carboxylic acid 

155 (Figure 39). 
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Figure 39: Mechanism zinc mediated ring opening of iodolactone 154 to yield carboxylic 

acid 155  

Following the outlined procedure the synthesis of carboxylic acid 155 was achieved in 

quantitative yield over two steps. With carboxylic acid 155 in hand, reduction using LiAlH4 

resulted in the synthesis of the corresponding alcohol 150, which in turn underwent a 

successful oxidation with Dess-Martin Periodinane (DMP) in DCM to yield the desired 

aldehyde 146 in 66 % yield over two steps (Scheme 28). 
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Scheme 28: Alternative pathway for the synthesis of aldehyde 147 from amide 74 

Having successfully achieved the synthesis of aldehyde 147 we embarked on a series of test 

reactions involving the conversion of model bromides to lithiates. Through these reactions it 

was hoped that optimal conditions could be found for the lithiation reaction required for the 

lamellarin K 33 framework. 
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3.4 Trial reactions using aldehyde 147 

With the successful synthesis of aldehyde 147 further trial lithiate addition reactions were 

undertaken. Pleasingly, and in contrast to the addition to morpholine amide 74, lithiated 

addition of bromide 145 to aldehyde 147 proceeded in a straightforward manner yielding 

alcohol 159 in 50 % yield. Furthermore, the lithiation of a more sterically hindered bromide 

129, which closely resembles that required for the synthesis of lamellarin K 33, also 

proceeded giving alcohol 160 (Scheme 29). While the yields for the lithium-halogen 

exchange reactions are low to moderate, it must be noted that they represent un-optimised 

yields. Both product alcohols 159 and 160 were successfully oxidised to the corresponding 

ketones 146 and 161 using DMP in good to excellent yields.  

 

Scheme 29: Successful synthesis of ketones 146 and 161 
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Having shown that more hindered and substituted lithiates such as those of bromides 145 and 

129 can be successfully coupled to the newly synthesised aldehyde 147, we looked to test the 

next steps in our synthetic strategy to lamellarin K 33; the oxidation reactions to form 

diketones, and the subsequent Paal-Knorr cyclisations of these to form pyrroles. 

We envisioned the former reaction to be effected using the well-known Wacker-Tsuji 

procedure to oxidise a terminal alkene to a methyl ketone.118 This reaction uses a catalytic 

cycle involving PdCl2 as the catalyst and CuCl2 (either as a reactant or through the oxidation 

of CuCl) to regenerate the Pd(II) catalyst from the Pd(0) formed (Figure 40).  The 

mechanism begins with complexation of the palladium species to the double bond of the 

alkene starting material 162. A hydride shift in intermediate alcohol 163 then results in the 

formation of enol 164 which is then tautomerised to ketone product 165. 

 

Figure 40: Wacker-Tsuji oxidation of alkene 162 to yield diketone 165 

In order to test the Wacker-Tsuji reaction, a suitable ketone needed to be identified. Both of 

the two ketones 145 and 161 prepared earlier were synthesised on a small scale. Furthermore, 

ketone 161, with two terminal alkenes was a less than ideal target for Wacker-Tsuji 

oxidation. A simpler ketone 144 prepared earlier by the lithiated addition of 4-bromoanisole 

143 to morpholine amide 74 proved suitable for the task.  
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Thus, ketone 144 underwent the Wacker-Tsuji reaction according to the procedure of Cornell 

and Sigman and the resultant diketone 166 was formed in a pleasing 74 % yield.119 Diketone 

166 was then successfully condensed with a series of amines using a Paal-Knorr procedure 

outlined by Haubmann et al. to yield the corresponding pyrroles 167a-c (Table 12).120  

 

Entry R Group Amine Time Outcome 

1 
 

benzylamine 5 d 
44 % 

167a 

2 
 

phenethylamine 5 d 
Quantitative 

167b 

3 
 

3-phenylpropylamine 3 d 
23 % 

167c 

 

Table 12: Synthesis of pyrrole aldehydes 167a-c from ketone 144 

 

The successful condensation reactions showed not only that highly substituted electron rich 

aromatic components were tolerated at the 3-, 4- and 5-positions, but also that an auto-

oxidation reaction occurs during the reaction of these large substrates leading to an aldehyde 

functionality at C-2 in the product pyrroles. Serendipitously, this aldehyde functionality is a 

requirement for our proposed synthetic route to lamellarin K 33 and we hoped to investigate 

this discovery further on appropriate analogues, with more resemblance to the natural 
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product. Thus, the formation of these pyrrole aldehydes is discussed in greater detail in 

Chapter 5. 

 

3.5 Test reaction for the lamellarin K 33 framework; lithiated addition of bromide 73 to 

aldehyde 147 

Given the successful addition of larger bromides 145 and 129 to aldehyde 147, the synthesis 

of diketone 166 and its subsequent cyclisation to give pyrroles 167a-c, we turned our 

attention to the lithiation reaction which would couple the final fragment in the synthesis of 

lamellarin K 33.  

Based on our model studies, we were satisfied that if the lithiation of bromide 73 and its 

addition to aldehyde 147 was successful, the Wacker-Tsuji reaction and Paal-Knorr 

condensation would also proceed in a straightforward manner. However, the reaction of 

bromide 73 to aldehyde 147 was expected to be challenging given the potential for 

deprotonation of the carbamate proton (Figure 41). 

 

Figure 41: Deprotonation sites of Boc-carbamate 73 

Danishefsky et al. reported a similar lithium-halogen exchange reaction as part of their total 

synthesis of (±)-3-demethoxyerythratidinone.121 To circumvent the interference of the amide 

moiety in 168, they converted the amide to its potassium salt 169, prior to lithium-halogen 
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exchange and reaction with enone ketal 170 to scuccessfully form alcohol 171 (Scheme 

30).121  

 

Scheme 30: Successful lithium-halogen exchange reaction and subsequent coupling of 

enone ketal 170 by Danishefsky et al.121 

Due to the difficulty in handling potassium hydride, the decision was made to instead use 

double the equivalents of t-butyllithium as per an adaptation of the procedure outlined by 

Saito et al. who successfully added a lithiate of a similar bromide 172 to aldehyde 173 to 

form product alcohol 174 (Scheme 31).122  

 Scheme 31: Successful lithium-halogen exchange reaction and subsequent coupling of 

aldehyde 173 by Saito et al.122 

Here, one equivalent of butyllithium is required to take part in lithium-halogen exchange, and 

the other is needed to deprotonate amide 172. Using these conditions on our starting material 
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73, deprotonation would form the lithium salt of the amide, and lead to the formation of 

lithiate 175, which when added to aldehyde 147 should give the desired alcohol product 176 

(Figure 42).  

 

Figure 42: Lithiated addition of bromide 73 

Hopeful that these conditions would yield the desired product, bromide 73 was cooled to -78 

°C for 5 minutes prior to addition of tBuLi and lithiation was allowed to proceed for 10 

minutes prior to addition of the aldehyde and warming slowly to room temperature overnight. 

The product was expected to be a diastereomeric mixture, and with so many functionalities 

the success of lithiation reaction for similar sized substrates was generally only apparent once 

the alcohol product was oxidised to the corresponding ketone, leading to a more straight 

forward identification of the required peaks in the 1H-NMR and 13C-NMR spectra. Therefore, 

the trace amount of suspected product isolated from the lithiation reaction was treated with 

DMP in DCM. Unfortunately the reaction appeared not to proceed by TLC, and we believed 

this to be an indication that the prior lithiation reaction had not succeeded (Scheme 32). 
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Scheme 32: Attempted lithiated addition of bromide 73 to aldehyde 147 

Given that multiple products of the lithiation reaction were identified, albeit in trace amounts, 

we hypothesised that perhaps the second equivalent of butyllithium may have been quenched 

and was therefore not sufficient to deprotonate as well as lithium-halogen exchange with all 

of bromide 73, perhaps leading to side reactions. The reaction was therefore attempted again, 

this time using another strong base, potassium hexamethyl disilazide (KHMDS), which has 

been shown to deprotonate carbamates efficiently.123 We hoped that the use of KHMDS 

followed by BuLi would lead to deprotonation of the amide hydrogen to form the 

corresponding potassium salt, followed by successful lithium-halogen exchange and addition 

of aldehyde 147 to yield desired alcohol 176. Unfortunately none of the desired product was 

isolated and only a complex mixture of products was obtained. 

As the lithiation of bromide 129 proceeded in a straightforward manner, albeit in a low yield, 

we hypothesised that the steric bulk of bromide 73 was not the cause of the lack of reactivity 

in this reaction. Without the isolation of even a trace amount of desired product 176 we 

concluded that the presence of the amide moiety was hindering the reaction significiantly. If 

feasible this reaction would therefore require extensive trials to be conducted to determine 

the optimal conditions. However, due to the problematic nature of the amide group, we 

decided to try a slightly different approach. Keeping in mind the involved syntheses of both 

fragments, the revised approach was to incorporate aldehyde 147 and a derivative of 

bromoaldehyde 128, whose synthesis has already been achieved. 
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We envisioned that the conversion of bromoaldehyde 128 to the corresponding alcohol 177 

and its subsequent protection as a MOM ether 178 may allow for a more straightforward 

reaction with aldehyde 147. We based this assumption on the above-mentioned successful 

lithiated addition of bromide 129 which in terms of size is similar to bromide 178. If the 

lithiated addition of this bromide 178 was successful, functional group manipulation to 

convert alcohol 179 to the desired amine 180 would have provided a simpler way to 

advanced intermediate 180 than extensive and potentially time consuming trial lithiations 

with bromide 73 (Scheme 33). 

 

Scheme 33: Envisioned addition of bromide 178 to aldehyde 147 and subsequent 

functional group manipulation to give advanced synthetic intermediate 180 

Thus, bromoaldehyde 128 was reduced using 1.5 equivalents of NaBH4 in MeOH and the 

desired alcohol 177 was formed in 97 % yield after a reaction time of just 5 minutes (Scheme 

34).124 Protection of the resultant alcohol as the MOM ether proceeded in a straightforward 

manner, giving product aryl bromide 178 in a moderate 46 % yield. This reaction was not 

optimised as we wanted to firstly test whether the subsequent addition of this bromide 178 to 

aldehyde 147 would give the desired alcohol 179. 
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Scheme 34: Reduction of bromoaldehyde 128 to the corresponding alcohol 177 and 

subsequent formation of MOM ether 178 

With bromide 178 in hand, the lithiation reaction was attempted using our standard 

conditions optimised for bromides such as 129. This involved cooling bromide 178 to -78 °C 

in dry THF for 5 minutes prior to the dropwise addition of t-butyllithium. As these complex 

lithiates appear not to be very stable, only 30 seconds was allowed for lithiation to take place 

prior to the addition of a solution of aldehyde 147 dropwise in THF. Unfortunately only a 

trace amount of potential product 179 was isolated from the reaction (Scheme 35).  

The suspected product was reacted in the subsequent oxidation reaction but neither by TLC 

during the reaction nor by NMR after workup was there any indication of the desired ketone 

181 being obtained. This led to the conclusion that the addition reaction had in fact been 

unsuccessful.  

 

Scheme 35: Attempted lithiated addition of bromide 178 to aldehyde 147 

The conclusion that we made from this disappointing result was that an unfavourable steric 

interaction due to the large size of both bromide 178 and aldehyde 147 made them 
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incompatible. Given the extensive synthesis required to prepare both these molecules and the 

lack of any product observed for this lithiation reaction forced us to abandon this synthetic 

strategy and focus on alternatives approaches to install the E ring lamellarin K 33 and thus 

prompted us to explore revised strategies for the preparation of this natural product. 
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4.1 Addition of untethered amine 57 to an advanced dicarbonyl intermediate 182 

With several unsuccessful attempts at the addition of bromides 73 and 178 to aldehyde 147, 

we hypothesised that these bromides were too sterically hindered to be efficiently added to 

aldehyde 147 via lithiation. However, because already-synthesised bromide 57 and aldehyde 

147 were advanced intermediates containing almost all of the required functionality for the 

natural product, we looked to revise our synthetic strategy to allow for the use of these 

fragments (Scheme 36).  

 

Scheme 36: Revised proposed synthesis of lamellarin K 33 
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We envisioned that upon converting alkene 147 to the corresponding ketone 182, the 

condensation of this dicarbonyl compound with amine 57 would yield pyrrole 183 (Scheme 

36). From here palladium(II) catalysed ring formation could be used to furnish the D ring of 

lamellarin K 33, whose synthesis could then be completed by deprotection of the benzyl 

protecting group followed by oxidation to give lactone ring B, and finally global 

deprotection.  

Similar palladium-mediated ring closures have been reported by a number of research groups 

working towards the synthesis of lamellarin analogues and polysubstituted pyrroles.125–128 

One of the more recent examples of this cyclisation used in the synthesis of lamellarin 

analogues is described by Ohta et al.128 Their cyclisation of the structurally similar 

intermediate 184  afforded the desired product 185 in a high 89 % yield (Scheme 37).128  

 

Scheme 37: Synthesis of ring closure product 185 by Iwao et al.128 

Given the large number of successful examples of this type of cyclisation and the ability to 

use fragments whose synthesis has already been established, made the revised synthetic 

strategy an attractive one. Taking into account the involved synthesis of aldehyde 147, it was 

envisioned that a model compound could be used to initially trial the Paal-Knorr cyclisation 

conditions. Given that previous Paal-Knorr reactions were carried out using more complex 

dicarbonyl compounds (Chapter 3), which required up to 5 days to go to completion, we 

were interested to test whether less sterically hindered dicarbonyl compounds such as 182 

would cyclise in shorter reaction times.  
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The chosen model dicarbonyl compound 186 was to be the same as dicarbonyl 182 albeit 

without the substituents on the two aromatic rings, and thus would be giving rise to pyrrole 

187 upon condensation with amine 57. As such, the fragments required for the synthesis of 

dicarbonyl compound 186 were to be prepared in a manner analogous to dicarbonyl 182. An 

advantage of using this model dicarbonyl 186 was that it could be disconnected to give 

diphenyl amide 111, which had already been prepared earlier as part of our trial acyl-Claisen 

reactions (Chapter 2) (Figure 43). 

 

Figure 43: Retrosynthetic analysis of model dicarbonyl 186 

Therefore, amide 111 was converted to aldehyde 188 using the reaction sequence involving 

the initial formation, followed by reductive ring opening of iodolactone 189. This proceeded 

in a good yield of 93 %, over two steps, to give carboxylic acid 190 which was further 

reduced to the corresponding alcohol 191 (Scheme 38). This then underwent DMP-mediated 

oxidation to yield the desired aldehyde 188 which was then subjected to our standard 

Wacker-Tsuji conditions to yield dicarbonyl compound 186 in a 28 % yield over 5 steps.  
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Scheme 38: Synthesis of model dicarbonyl compound 186 

With dicarbonyl 186 in hand, our standard Paal-Knorr reaction conditions were used to 

attempt the reaction between dicarbonyl 186 and amine 57. Unfortunately only a complex 

mixture of undetermined products was isolated after 3 days (Scheme 39). 

 

Scheme 39: Attempted synthesis of model pyrrole 187 

Given that both the diphenyl carboxylic acid 190 and alcohol 191 were difficult to handle, 

due to volatility, we decided to carry out further test reactions with the aryl-substituted 
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ketoaldehyde 182. Thus, aldehyde 147 was subjected to our standard Wacker-Tsuji oxidation 

conditions and yielded dicarbonyl 182 in a good 65 % yield (Scheme 40). 

 

Scheme 40: Synthesis of dicarbonyl 182 from aldehyde 147 

In view of the suspected decomposition of the model dicarbonyl compound 186 after a 

reaction time of 3 days, the decision was made to react dicarbonyl 182 with amine 57 for 

only 1 day with constant monitoring via TLC. Unfortunately, once again only a complex 

mixture of products along with unreacted ketoaldehyde 182, were isolated. Regrettably, 

extending the reaction time to 3 days also led to the formation of only a complex mixture of 

degradation products (Scheme 41).  

 

Scheme 41: Attempted Paal-Knorr condensation of amine 57 with dicarbonyl 182 
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The isolation of only unreacted ketoaldehyde 182 after a reaction time of 1 day, and the lack 

of starting materials isolated after 3 days indicated that neither molecule was stable in acidic 

media. Given that this reaction is carried out late in the synthesis, optimisation of the 

conditions especially taking into account the involved preparation of both fragments was not 

a practical solution. A decision was instead made to explore alternative synthetic strategies to 

the lamellarin core. 

 

4.2 Lithiated additions to a less hindered morpholine amide 192 

Having been unsuccessful in our initial retrosynthetic strategy, we looked to explore the last 

route through which we could use our advanced intermediates before a complete revision of 

our synthetic strategy would need to be carried out. The synthesis of bromide 73 and 

substituted cinnamyl morpholine 76 both involved multiple steps and extensive optimisation, 

therefore a method by which these two fragments could be coupled was sought.  

We had observed that the additions of aryl lithiates to diphenyl amide 74 were constrained by 

the size of the aryl lithiate and that 4-bromoanisole 143 represented the largest aryl fragment 

to successfully add to this diphenyl amide 74. However, it was thought that an amide without 

the aromatic ring at the α-position may be less sterically hindered and a more sterically 

demanding lithiate could potentially be added with greater success. An amide that could 

easily be prepared using our substituted cinnamyl morpholine 76 in an acyl-Claisen 

rearrangement with acetyl chloride 193, was amide 192, which has only hydrogen atoms at 

the α-carbon (Scheme 42).  

 

Scheme 42: Intermediate amide 192 for the new revised synthetic strategy 
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Some advantages we noted with the synthesis of this amide 192 were: the ability to use AlCl3 

as catalyst, without needing to resort to more expensive Lewis acids and the ability to use a 

commercially available and inexpensive acid chloride fragment: acetyl chloride 193. 

Furthermore, ring F of lamellarin K 33 could be installed at the end of the synthesis via the 

Suzuki-Miyaura coupling described by Ohta et al., thereby allowing for the preparation of 

more analogues and other members of the lamellarin family by varying the substitution 

pattern on the coupled ring.128 

We envisioned that this synthesis would therefore commence with the preparation of amide 

192. Lithiated addition of bromide 73 to this amide 192 would yield, ketone intermediate 194 

(Scheme 43). Conversion of this into the corresponding diketone 195 would, after 

deprotection, set up all the functional groups required for an intra-molecular Paal-Knorr 

condensation reaction. We were optimistic that the product of the cyclisation reaction could 

be the desired auto-oxidation product: pyrrole aldehyde 196, which would then give rise to 

pyrrole lactone 197, following benzyl group deprotection and oxidation. As mentioned, 

Suzuki-Miyaura mediated installation of ring F and global deprotection would then constitute 

the final steps to yield lamellarin K 33.  

One disadvantage of this revised synthesis was that the absence of the second aromatic ring 

at the α-position removed the benefit of the syn substituents at the 2- and 3-positions for the 

Paal-Knorr condensation. However, given that only hydrogen atoms are present at C-2 the 

steric hindrance between this hydrogen and the aromatic ring on C-3 is expected to be 

minimal.  
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Scheme 43: Proposed synthesis of lamellarin intermediate 196 from amide 192 

Therefore the first step was to prepare amide 192 via the acyl-Claisen rearrangement between 

substituted cinnamyl morpholine 76 and acetyl chloride 193. A selection of Lewis acids were 

chosen to facilitate the reaction based on our past experiences with catalysts which had 

successfully effected other acyl-Claisen rearrangements. The use of either MgBr2·OEt2 or 

TiCl4·2THF did not result in the formation of amide 192 giving only decomposition products 

with no starting materials 76 and 193 returned (Table 13). Fortunately using 100 mol % of 
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AlCl3 did give the desired amide 192 in only 7 % yield. A number of repeat reactions were 

attempted to improve the yield of amide 192. In all cases no improvement was achieved with 

none of the desired amide 192 generally obtained. 

 

Entry Lewis acid Reaction time Catalyst loading Product 

1 AlCl3 

24 h 100 mol % 

7 %* 

2 TiCl4·2THF 
Decomposition 

3 MgBr2·OEt2 

Table 13: Lewis acids trialled for the synthesis of amide 192 via the acyl-Claisen 

rearrangement. * Maximum yield 

However, despite the low yield of amide 192 isolated we decided to carry on and attempt the 

addition of a large aryl lithiate to this substrate. MOM bromide 145 was chosen, as we had 

showed that the successful addition of this lithiate was at least partially predictive of whether 

larger lithiates could be added in the future.  

Therefore, bromide 145 was cooled to -78 °C and treated with 1.4 M tert-butyllithium. 

Following a lithiation time of 5 minutes, amide 192 was then added and the reaction was 

warmed to room temperature overnight. After purification, 12 % yield of the desired product 

ketone 198 was obtained. The reaction was attempted again, this time reducing the lithiation 

time to 2 minutes, which we had found to be optimal for more complex bromides. 

Unfortunately, this gave none of the desired ketone product 198 (Scheme 44).  
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Scheme 44: Lithiated addition of bromide 145 to amide 192 

Having noted inconsistent and low yields for the acyl-Claisen rearrangement of cinnamyl 

morpholine 76 with acetyl chloride 193, we concluded that the Lewis acids: AlCl3, 

TiCl4·2THF and MgBr2·OEt2 were ineffective catalysts for this reaction. As such, further 

Lewis acid trial reactions would need to be conducted in order to optimise and establish an 

appropriate catalyst for this reaction. As well as this, lithiation studies would also be required 

to elucidate whether the 12 % yield for the lithiated addition of MOM bromide 145 

represents the highest achievable yield for this reaction. Given the number of synthetic steps 

remaining and the lack of encouraging results, accessing the lamellarin framework via this 

route was deemed unpromising. 

 

4.3 Conclusion 

In summary a number of synthetic routes towards lamellarin K 33 were attempted and are 

summarised in Scheme 45. Regrettably, with less than encouraging results we realised that 

significant revisions to our synthetic strategy were required. Specifically, due to steric 

limitations, one or more of the already synthesised fragments would need to be simplified.  

We therefore turned our attention to a new synthetic strategy which we hoped would yield 

not only lamellarin K 33, but also allow for the preparation of lamellarin analogues lacking 

the D ring. 
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Scheme 45: Attempted synthetic strategies towards lamellarin K 33 
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5.1 Revised synthetic strategy: Intermolecular Paal-Knorr condensation reaction 

Our initial approach to lamellarin K 33 aimed to install the C and D rings of the lamellarin 

skeleton by way of an intramolecular Paal-Knorr cyclisation step. An advanced diketone 72 

was needed to test this reaction, the synthesis of which required the lithiated addition of a 

complex bromide 73 to aldehyde 147. Regrettably, during this investigation we established 

that this bromide 73 was unable to add to aldehyde 147 using lithiation chemistry (Scheme 

46). 

 

Scheme 46: Attempted synthesis of alcohol 176 

We were however encouraged by the successful addition of smaller bromides such as MOM 

bromide 145, which had been reacted with reasonable success (Scheme 47).  

Scheme 47: Successful synthesis of alcohols 159 and ketone 146 
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This successful addition to aldehyde 147, and the subsequent oxidation of the resultant 

alcohol 159 to ketone 146, therefore served as a potential starting point for a new synthetic 

strategy. This strategy allowed for the use of already-synthesised advanced intermediates; 

aldehyde 147 and bromide 145. Furthermore, the Paal-Knorr reaction of diketone 200 could 

still be used to furnish the central pyrrole ring C in lamellarin K precursor 201, albeit using 

untethered amine 202 which would have to be synthesised separately (Scheme 48). 

 

Scheme 48: Revised synthetic strategy 

As shown in the scheme above, by varying the amine used in the Paal-Knorr reaction, this 

synthetic strategy could easily be adapted to the synthesis of analogues of general structure 
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203 lacking the D ring of lamellarin K 33. Before embarking on this new route however, 

some key considerations had to be taken into account. In particular, we were concerned by 

the potential acid lability of the MOM protecting group, and hence the feasibility of using 

ketone 146 as the synthetic precursor to lamellarin K 33. Although the synthesis of amine 

202 was anticipated to proceed in a straightforward manner, its condensation with a sterically 

demanding diketone 200 comprising a MOM protected phenol may prove difficult. Thus, 

prior to attempting the Paal-Knorr reaction using amine 202, we sought to first test the 

stability of diketone 200 by using a commercially available amine. 

 

5.2 Attempting condensation reactions with highly substituted diketones  

With ketone 146 in hand, synthesised as part of earlier lithiation studies (Chapter 3), Wacker-

Tsuji conditions were employed to form the corresponding diketone 200. This reaction 

proceeded well to give the desired product 200 in 80 % yield (Scheme 49).                     

 

Scheme 49: Synthesis of diketone 200 from alkene 146 

For the subsequent pyrrole-forming reaction, the acid lability of the MOM protecting group 

on the diketone building block was an important factor as mentioned previously. To prevent 

or reduce the deprotection of the MOM group, the mild cyclisation conditions described by 

Heim et al. and Ohta et al. were chosen in favour of our established Paal-Knorr 

procedures.128,129 Therefore, diketone 200 was treated with benzylamine in the presence of 

activated 4 Å molecular sieves in dry THF for 24 hours. Unfortunately only reclaimed 
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starting material 200 was isolated from the mixture, indicating that more forcing conditions 

were required for the condensation of the two building blocks (Scheme 50).  

Diketone 200 was therefore subjected to our previously-used Paal-Knorr conditions, whereby 

it was treated with one equivalent of benzylamine and one equivalent of sodium acetate in 

acetic acid at 80 °C. In our experience highly substituted diketones require long reaction 

times of up to 5 days, however based on TLC analysis it was quickly apparent that the 

reaction was not proceeding in the usual manner. Indeed the only product spot observed by 

TLC after 1 day was a very polar product near the baseline of the plate when the TLC was 

conducted in the usual solvent system of 2:1 hexanes, ethyl acetate. While the MOM group 

was postulated to have be removed in the acidic conditions, the product pyrrole 204 was not 

expected to be significantly more polar than diketone 200. 1H-NMR analysis confirmed the 

failure of the reaction, with only decomposition products present and neither unreacted 

diketone 200 nor product 204 were isolated (Scheme 50).  

 

Scheme 50: Attempted synthesis of pyrrole 204 from diketone 200 

Given that the Paal-Knorr reaction had proved to be versatile and successful using large 

diketone substrates, we concluded that, as expected, the acid lability of the MOM protecting 

group was at least partially responsible for the above result. To test this we designed 

diketones where the MOM group was replaced with either a methoxy group or an isopropoxy 

group. To prepare these diketones, the aryl bromides trimethoxybromobenzene 205 and 

isopropoxybromobenzene 206 were synthesised in 44 % and 71 % yields respectively from 

phenol 131 (Scheme 51).  
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Scheme 51: Synthesis of bromides 205 and 206 from bromophenol 131 

We envisioned that trimethoxybromobenzene 205 could be used to test the lithiation reaction, 

while the coupling of isopropoxybromobenzene 206 to aldehyde 147 would furnish the 

desired E ring of lamellarin K 33. The isopropoxy group was chosen to replace the MOM 

protecting group as this would allow global deprotection at the end of the synthesis. 

As hoped, the lithiate addition of trimethoxyaryl bromide 205 to aldehyde 147 proceeded 

giving alcohol 207 in a moderate yield of 55 % using standard conditions involving t-

butyllithium with a lithiation time of 2 minutes. Unfortunately, subjecting the isopropoxy 

analogue 206 to the same conditions resulted in a poor 10 % yield of alcohol 208 (Scheme 

52). 

 

Scheme 52: Lithiate additions to aldehyde 147 

With the low yield observed for the lithiated addition of bromide 206 we embarked on trial 

lithiation reactions in an effort to increase the yield of product alcohol 208 (Table 14). Based 

on our experience with reactions involving lithiates, we knew lithiation time to be an 

important factor in determining the yield of products. Given the poor yield observed 

following a lithium-halogen exchange time of 2 minutes, the lithiation time was increased to 
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4 minutes, however this had little effect on the yield (entry 1). A notable trend could be 

observed as the lithiation time was reduced with the optimal yield of 42 % achieved 

following 1.5 minutes (entry 4). Interestingly, shorter lithiation times also resulted in 

markedly diminished yields (entries 5 and 6).  Although the optimum lithiation time had been 

determined, we hypothesised that increasing the equivalents of bromide 206 may have a 

positive result on the yield. This turned out to be true, with a 53 % yield observed when 1.4 

rather than 1.2 equivalents of bromide 206 were added (entry 7). The yield of alcohol 208 

could also be marginally enhanced by slow addition of the reaction partner, aldehyde 147 

(entry 8). 

 

Entry Parameter 

investigated 

Equivalents of Bromide Lithiation time 

(min) 

Yield of 208 

(%) 

1 

Time to allow 

lithium-halogen 

exchange 

1.2 

4 14 

2 2 10 

3 1.75 10 

4  1.5 42 

5  1 34 

6  0.75 21 

7 
Equivalents of 

bromide 206 
1.4 

1.5 53 

8 
Slow addition of 

aldehyde 147 
1.5 58 

Table 14: Trial lithiate additions to aldehyde 147 
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Having optimised the lithiated addition of bromide 206 to aldehyde 147, we looked to the 

Dess-Martin periodinane and Wacker-Tsuji oxidations to furnish the ketone functionalities 

required for the Paal-Knorr pyrrole synthesis. Pleasingly, both oxidation reactions proceeded 

efficiently and yielded desired ketones 209 and 210 and diketones 211 and 212 in good 

yields of 89 % and 88 % respectively over two steps (Scheme 53).  

 

Scheme 53: Oxidation reactions for lithiation products 207 and 208 

 

The resultant diketones 211 and 212 were therefore poised for the Paal-Knorr pyrrole 

synthesis. Given the failed condensation reaction using diketone 200 containing a MOM 

protecting group, we were interested to test newly synthesised diketones 211 and 212 in 

pyrrole-forming reactions. As in the case of diketone 200, we looked to test the reaction 

using commercially available amines first. Thus benzylamine, phenethylamine and 

ammonium acetate were chosen as model nitrogen sources for test reactions, while for the 

synthesis of lamellarin K 33, amine 202 would be required. 
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Based on the auto-oxidation observed during the synthesis of model pyrroles 167a-c (Chapter 

3), we wished to also explore whether similar auto-oxidation products would be observed 

during these cyclisations. Thus, diketones 211 and 212 were subjected to our standard Paal-

Knorr conditions and as suspected, after a reaction time of 2-3 days several pyrrole products 

were isolated (Table 15). 

 

Entry SM Conditions T °C 
Time 

(h) 
Result 

1 211 

PhCH2NH2, 

NaOAc 

80 °C 

48 

33 %  R1= Me, R2= Bn, R3= CHO  

213 

30 %  R1= Me, R2= Bn, R3= Me  

214 

2 

212 72 

76 %  R1= iPr, R2= Bn, R3= CHO  

215 

3 %  R1= iPr, R2= Bn, R3= Me  

216 

3 120 °C 
19 %  R1= iPr, R2= Bn, R3= CHO  

215 

4 
Ph(CH2)2NH2, 

NaOAc 
80 °C 

66 %  R1= iPr, R2= (CH2)2Ph R3= CHO  

217 

5 NH4OAc 120 °C 
33 %  R1= iPr, R2= H, R3= CHO  

218 

Table 15: Synthesis of pyrroles and pyrrole aldehydes from diketones 211 and 212 
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Based on the results it was interesting to note that the pyrrole aldehyde products 

predominated over the unoxidised products in the majority of cases. While two reactions: 

diketones 211 and 212 with benzylamine, led to the isolation of both the unoxidised and 

auto-oxidised pyrrole products, the rest of the reactions yielded only pyrrole aldehydes in 

variable yields. An attempt was made to raise the yield of the reaction by increasing the 

reaction temperature to 120 °C for the highest yielding reaction of this series (entry 2). 

Regrettably this resulted in a substantial decrease in the yield of the product pyrrole aldehyde 

215 presumably due to decomposition at this higher temperature (entry 3). 

 

Encouraged by the successful condensation reaction of diketones 211 and 212 with a variety 

of commercially available amines, we turned out attention to the synthesis of the natural 

product, lamellarin K 33 once more. However, given that an aldehyde moiety is required at 

C-2 to proceed with the synthesis of lamellarin K 33, and having identified a number of 

examples of pyrrole auto-oxidations through our work, we were interested in exploring the 

mechanisms surrounding this process, in an effort to improve the yield of desired pyrrole 

aldehyde products. Thus, before attempting the Paal-Knorr reaction to set up the pyrrole core 

of lamellarin K 33, we therefore embarked on a series of experiments to investigate the auto-

oxidation process noted in many of our Paal-Knorr reactions. 

 

5.3 Auto-oxidation of Paal-Knorr reaction products, an introduction 

A search of the available literature yielded some examples of C-2 auto-oxidation products in 

pyrrolic compounds. While the oxidation of pyrroles through photo-oxidation reactions is 

more documented, this generally results in a mixture of products and demands UV irradiation 

in the presence of an appropriate sensitiser.130 Interestingly however, one publication by 

Schmidt et al. detailed the auto-oxidation of the α-methyl group of 2-phenyldiazenyl-N-

vinylpyrroles such as 219 in toluene, in air giving alcohol 220 and aldehyde 221 (Scheme 

54).131  
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Scheme 54: Schmidt et al. synthesis of auto-oxidation products 220 and 221 using 

refluxing toluene in air 

While their paper, published in 2010, contains comparable examples of auto-oxidations, we 

noted some key differences in their outcomes compared to those observed for our auto-

oxidation reactions. Firstly, their conditions formed pyrrole aldehyde 221 as the side product, 

with the yield of isolated pyrrole aldehydes not exceeding 21 % for any of the compounds 

reacted. In contrast to this, our reaction conditions often afforded pyrrole aldehyde products 

exclusively, and in some cases very high yields. Another interesting point of difference was 

the shorter reaction times (5-11 hours) required to achieve the oxidations as compared to our 

reaction times of 72 hours in most cases.  

 

Despite these differences, their conditions did not involve photosensitisation and were 

therefore the most similar to ours. Furthermore, they provided some mechanistic insight 

which served as a useful starting point for our investigations. 

 

5.4 Investigating the mechanism proposed by Schmidt and co-workers  

Schmidt and co-workers postulated that the formation of pyrrole aldehyde 221 involves a 

hydroperoxide intermediate which then decomposes during a dehydration reaction to the 

pyrrole aldehyde 221.131 The hydroperoxide was itself thought to be formed using 

atmospheric oxygen as the oxidant; due to higher yields of products observed when pure 

oxygen rather than air was used. Furthermore, its formation is thought to be made possible in 

highly conjugated systems.  
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While Schmidt and co-workers synthesised oxidation products from α-methyl pyrroles, our 

conditions involved the condensation of diketones with amines, to yield auto-oxidised 

pyrrole aldehyde products. Given that our TLC analyses of reaction mixtures often showed 

both unoxidised and oxidised pyrrole products, and based on the mechanism proposed by 

Schmidt et al., we postulated that α-methyl pyrroles may be formed as intermediates to the 

pyrrole aldehyde products.  

 

Based on the mechanism proposed by Schmidt et al., using aldehyde 215 as an example, the 

reaction would occur as follows. The condensation of diketone 212 with benzylamine 

releases 2 molecules of water as per the standard Paal-Knorr reaction mechanism, thereby 

yielding α-methyl pyrrole 216. Hydroperoxide 222 is then formed in NaOAc and refluxing 

acetic acid, finally decomposing to yield aldehyde product 215 as shown (Figure 44). 
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 Figure 44: Proposed mechanism for the synthesis of pyrrole aldehyde 215 

To investigate whether this mechanism was feasible, two points needed to be examined. 

Firstly, a method to test whether oxygen was the oxidant in the reaction was to be devised, 

and second the suggestion that methyl pyrroles are formed first required exploration.  

 

We decided to test the theory that oxygen was acting as the oxidant by conducting the same 

reaction in air and then repeating it under a pure oxygen atmosphere. Therefore, diketones 

211 and 212 were treated with equal equivalents of NaOAc and benzylamine and were 

heated at 80 °C for 48 hours in air. The same reactions were repeated in parallel, albeit under 

a pure oxygen atmosphere (Table 16).  
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Entry 

Diketone 

reacted Atmosphere 

Yield of  

2-methyl 

pyrrole 

Yield of 

pyrrole 

aldehyde 

Ratio of 

unoxidised to 

oxidised 

1 
211 

Air 30 % of 214 33 % of 213 1:1 

2 Oxygen 13 % of 214 34 % of 213 1:3 

3 
212 

Air 18 % of 216 30 % of 215 1:2 

4 Oxygen - 14 % of 215 Only oxidised 

 

Table 16: Ratio of pyrroles 214 and 216 to pyrrole aldehyde 213 and 215 respectively, 

observed when the Paal-Knorr condensation was conducted under air versus oxygen 

atmosphere 

 

Whilst the results proved interesting, they were short of clear-cut, with a higher proportion of 

aldehyde products isolated from the reactions conducted under an oxygen atmosphere as 

compared to in air. While this would suggest that oxygen may be the oxidant in the reaction, 

the significant decline in the yield of both products observed as the proportion of oxygen was 

increased implies that excessive amounts of oxygen may also hinder the reaction.  

 

Despite being unable to enhance the yield of pyrrole aldehydes formed by increasing the 

oxygen concentration, we hypothesised that other reagents typically used for oxidations may 

be able to afford the oxidation product. We embarked on a series of oxidations in an attempt 

to increase the proportion of pyrrole aldehydes available for subsequent reactions. 2-Methyl 
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pyrrole 214 was chosen for these test reactions as it could not be used in the synthesis of 

lamellarin K 33 or analogues thereof and therefore served as a good model compound. Thus, 

methyl pyrrole 214 was treated with MnO2, a known benzylic oxidant, in refluxing THF for 

24 hours according to the procedure of Niewoehner et al. (Table 17).132 

 

 

Entry Oxidant Conditions Time Result 

1 MnO2 THF, reflux  

24 h 

 

Returned 214 
2 

CAN 

CH3CN/Water, 

80°C 

3 
THF/AcOH/Water

4:1:4 
30 min Complex mixture 

 

Table 17: Attempted oxidation of methyl pyrrole 214 

 

Unfortunately, after 24 hours only returned starting material was isolated (entry 1). The same 

outcome was noted when CAN was used as the oxidant in a mixture of acetonitrile and 

water, using the conditions of Galezowski and Gryko (entry 2).133 Interestingly, when the 

same oxidant was used but with a different solvent combination; a complex mixture of 

products was isolated with none of the desired aldehyde 213 observed (entry 3).134 

 

With the results regarding the oxidant in the reaction proving inconclusive, and based on the 

seemingly problematic oxidation of the C-2 methyl group by conventional means, we next 

sought to test whether these pyrrole aldehydes form from the corresponding α-methyl 

pyrroles. Given the mechanism proposed by Schmidt et al, one would expect methyl 
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pyrroles, when re-exposed to the standard Paal-Knorr reagents, to be converted to the 

corresponding pyrrole aldehydes.  

 

Regrettably, the advanced methyl pyrrole 214 on which oxidation reactions had been trialled 

had all been consumed in these reactions. With only trace amounts of other methyl pyrroles 

available, we chose a simpler 2-methyl pyrrole 223 to test the oxidation following re-

exposure to Paal-Knorr conditions. For the preparation of this pyrrole 223 from diketone 224 

see Chapter 7. Therefore pyrrole 223 was treated with benzylamine and NaOAc in acetic acid 

and heated to 80 °C. As the reaction from diketone 224 goes to completion within 2-3 hours, 

it was expected that given the postulated mechanism, some auto-oxidation product would be 

observed within a similar timeframe. Surprisingly, this was not the case, with only unreacted 

starting material 223 obtained after a 48 hour reaction.  

 

Scheme 55: Failed conversion of α-methyl pyrrole 223 into pyrrole aldehyde 225 

This result suggested a different mechanism, and we propose that the formation of pyrrole 

aldehyde products follows an alternative pathway which is a competing route to the 

formation of the methyl pyrrole product (Figure 45). 
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Figure 45: Alternate proposed mechanism for the formation of pyrrole aldehyde 215 
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Using the formation of pyrrole aldehyde 215 and methyl pyrrole 216 as an example once 

more, in this proposed mechanism, the hemiaminal intermediate 226 can react in one of two 

ways (Figure 45). The use of less nucleophilic amines such as aniline, results in the double 

dehydration of hemiaminal 226 to give α-methyl pyrrole 216. Alternatively, the reaction of 

diketones with more nucleophilic amines such as 3-phenylpropylamine and benzylamine may 

promote enamine 227 formation from hemiaminal intermediate 226, thereby directing the 

condensation reaction down the route leading to pyrrole aldehyde 215.  

 

Based on this mechanism, the methyl pyrrole products form not as intermediates in the 

synthesis of pyrrole aldehydes but rather as final products of a given reaction pathway, 

thereby explaining their inability to be converted to the corresponding pyrrole aldehydes 

when re-treated with Paal-Knorr reagents. Based on this theory and the associated 

mechanism, one would expect that the pyrrole aldehydes may be present in the reaction 

mixture from early on. Indeed in these reactions to form pyrole aldehydes, a spot at the same 

RF value as the pyrrole aldehydes is observed by TLC at an early stage, intensifying as the 

reaction time increases. 

 

In order to confirm that these spots observed by TLC were indeed the aldehyde product and 

to gain an insight into the speed of the oxidation reaction, an NMR study was devised in 

which the reaction was carried out in deuterated acetic acid. 1H-NMR spectra of the reaction 

mixture were taken at regular 30 minute intervals and analysed for the presence of an 

aldehyde peak at 9.71 ppm (Figure 46). 

 

These results indicated that an aldehyde product was present from early on in the reaction, 

which further suggested that the auto-oxidation process, at least for the reaction of diketone 

224 with benzylamine was a rapid one.  
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Figure 46: NMR study conducted in d4 acetic acid, showing formation of aldehyde 225 

Key: Blue, t = 0 mins; red, t = 0.5 hrs; green, t = 1 hr; purple, t = 1.5 hrs; yellow, t = 2 hrs; 

orange, t = 2.5 hrs; green, final product at t = 48 hrs. 
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5.5 Conclusions on the auto-oxidation of pyrroles in the Paal-Knorr reaction  

Based on our results we were able to make some conclusions about the nature of the auto-

oxidation reaction. While we did not prove that molecular oxygen is the oxidant in the 

reaction, we did show that methyl pyrroles could not be converted to the corresponding 

pyrrole aldehydes when re-introduced into the Paal-Knorr reaction. On the basis of this 

result, we propose a mechanism which suggests that the pyrrole aldehyde products form as a 

result of a different reaction pathway to the methyl pyrrole products of normal Paal-Knorr 

condensation reactions. Although we have presented a plausible mechanism for pyrrole 

aldehyde formation, more mechanistic studies are required to investigate exactly how these 

compounds are formed and the factors influencing their production.  
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6.1 Synthesis of amine 202 and attempts towards lamellarin K 33 

Pleasingly we had proved that sterically demanding diketones could condense with amines 

using our standard Paal-Knorr reaction conditions. Furthermore, despite being unable to 

oxidise methyl pyrrole products to the corresponding aldehydes, the serendipitous auto-

oxidations noted in the Paal-Knorr reaction presented the potential to install the pyrrole ring 

as well as the necessary aldehyde functionality at C-2 in a single step. We therefore turned 

our attention to the synthesis of our target natural product, lamellarin K 33 once more. We 

envisioned that a precursor of lamellarin K 33 could be formed through the condensation 

reaction of diketone 212 with amine 202 as discussed earlier (Scheme 56).  

 

Scheme 56: Proposed revised strategy towards lamellarin K precursor: pyrrole 

aldehyde 228 

 

With diketone 212 in hand, we therefore proceeded with the next step in our synthetic 

strategy: the preparation of amine coupling partner 202. Due to the presence of both a 

protectable amine and hydroxyl functionality, the choice of protecting group was an 

important one. The tert-butyldiphenylsilyl (TBDPS) group was selected for several reasons. 

Using a silyl protecting group would ensure only reaction at the hydroxyl groups and that the 

amine remained free to react in the Paal-Knorr condensation reaction. Furthermore, TBDPS 

groups have some stability at low pHs with Wuts and Greene, as well as Kocienski, drawing 

attention to their stability in 80 % AcOH.135,136  This protecting group should therefore 

remain unchanged in the acidic conditions necessary for the pyrrole forming step. Amine 202 

was therefore synthesised by TBDPS protection of ethanolamine 229 using TBDPSCl in 
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acetronitrile which proceeded smoothly affording the desired product 202 in quantitative 

yield (Scheme 57).  

 

Scheme 57: Conditions for the TBDPS protection of amine 202 

 

Amine 202 was then reacted with diketone 212 using our standard conditions of NaOAc in 

acetic acid over 2 days at 80 °C. Unfortunately a complex mixture of products was produced 

and whilst mass spectrometry confirmed the presence of pyrrole aldehyde 228 this was 

present as an inseparable mixture with other unidentifiable side-products (Scheme 58).  

 

Scheme 58: Synthesis of pyrrole aldehyde 228 from the condensation of amine 202 with 

diketone 212 

 

Given that the stability of the TBDPS group is reduced at high temperatures, the low yield 

was partly attributed to the harsh conditions required to achieve the condensation reaction.135 

While some unreacted diketone 212 was retrieved, the rest was unaccounted for and it was 

initially thought that perhaps the TBDPS group had been cleaved, giving the pyrrole product 

with the free N-tethered ethyl hydroxyl group.  

 

As several product spots were observed by TLC it was clear that side reactions were taking 

place. While our past experiments involving Paal-Knorr reactions conducted under a pure 

oxygen atmosphere presented mixed results, the proportion of aldehyde to methyl pyrrole 
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products was higher in these reactions as compared to those conducted open to air. Thus it 

was thought that conducting this reaction under an oxygen atmosphere might lead to 

diminished side reactions and perhaps allow for the isolation of more of the desired pyrrole 

aldehyde product 228. 

 

The condensation reaction was therefore attempted once more, this time under an atmosphere 

of oxygen. Disappointingly the aldehyde product 228 was once again only present as part of 

a mixture in a further diminished yield of 13 %, with no returned starting materials.  

 

6.1.1 Summary 

The attempted condensation of diketone 212 and TBDPS protected ethanolamine 202 yielded 

at best trace amounts of pyrrole aldehyde 228, repeatedly as an inseparable mixture. Given 

that the TLC of the product fractions only ever showed one spot, we were unsure whether the 

product was decomposing before NMR analysis could be performed, or if two products with 

the same RF value were present. Nonetheless, with several synthetic steps remaining and 

based on the lack of success using our standard Paal-Knorr conditions it was apparent that 

optimisation for this condensation reaction would need to be undertaken.  

Based on the lack of available diketone 212 and the involved synthesis of this building block, 

we decided to move on to the synthesis of analogues lacking the D ring from the lamellarin 

framework. The pyrrole aldehydes 215 and 217 required for this had been prepared in high 

yield using our standard Paal-Knorr conditions (Chapter 5). 

 

6.2 Completion of analogue synthesis 

Based on our synthetic strategy N-benzyl pyrrole aldehyde 215 and N-phenethyl pyrrole 

aldehyde 217 would undergo O-benzyl deprotection to give a mixture of the corresponding 

lactol products 230a and 231a and phenol aldehyde  products 230b and 231b respectively, 

which would be oxidised to give N-benzyl pyrrole lactone 232 and N-phenethyl pyrrole 
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lactone 233. Global deprotection of the isopropoxy ethers would then afford the desired 

analogues of lamellarin K 33 (Figure 47). 

 

Figure 47: Proposed completion of analogue synthesis   

 

Thus, with pyrrole aldehydes 215 and 217 in hand, deprotection of the O-benzyl group was 

attempted by treating aldehydes 215 and 217 with 10 mol % Pd/C under an atmosphere of 

hydrogen, overnight as outlined by Ploypradith et al.53 A mixture of the lactol and phenol-

aldehyde products were expected, therefore the reactions were monitored via TLC to show 

the disappearance of starting materials, but NMR spectra of the products were expected to 

show mixtures. This was the case for N-benzyl analogue 230. N-phenethyl analogue 231 was 

however present as the phenol-aldehyde product 231b only. The subsequent oxidation was 

therefore tested using the N-benzyl analogue 230 which was subjected to the conditions 

described by Gallagher et al. of PCC in DCM (Scheme 59).137  
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Scheme 59: Synthesis of benzoquinone 236 by PCC mediated over oxidation 

 

Analysis of the 1H-NMR spectrum of the product 236 of this reaction was an unexpected 

aldehyde with a 1 proton singlet at 9.51 ppm.  Ruchirawat and Mutarapat document that in 

the cases of electron rich phenols and given certain oxidants such as MnO2 and PCC, over 
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oxidation can occur to give a benzoquinone product.138 Closer examination of the 13C-NMR 

spectrum for the product confirmed that the benzoquinone had indeed formed with 3 

carbonyl carbons observed at 178-186 ppm  (Figure 48).138 

 

236 

 

Figure 48: 13C-NMR spectrum of benzoquinone 236  
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The formation of benzoquinone 236 indicated that PCC was too strong an oxidant, and it was 

hoped that a change to a milder variant could ensure the formation of the pyrrole lactone 

product in preference of the quinone.  

 

Ruchirawat and Mutarapat reported their successful lactonization conditions based on the 

work done by Tamaru and co-workers towards the palladium mediated oxidation of primary 

and secondary alcohols.138,139 Their conditions involve the use of a base such as potassium 

carbonate, and bromobenzene in the presence of catalytic palladium acetate or 

tetrakis(triphenylphopsphine)palladium(0), using triphenylphosphine as the co-catalyst. The 

reaction was carried out in DMF or DME at elevated temperatures for a reaction time that 

ranges from 1 to 12 hours and affords lactone oxidation products in moderate to good 

yields.139  

 

Thus, following the hydrogenation conditions employed earlier for O-benzylated pyrrole 

aldehyde 215, the deprotected products 230 and 230b were isolated in a 62 % yield and was 

immediately subjected to the lactonization conditions outlined by Tamaru et al.139 These 

reaction conditions gave the desired lactone product 232 in an 85 % yield. The same 

conditions were therefore repeated for N-phenethyl analogue 217, and despite being in the 

phenol-aldehyde form after the deprotection, yielded the corresponding pyrrole lactone 

product 233 in a 36 % yield over two steps (Scheme 60). 

 

 

Scheme 60: Synthesis of pyrrole lactones 232 and 233 from pyrrole aldehydes 215 and 

217 respectively 



                                                                                                                Chapter 6 

 

137 
 

The formation of pyrrole lactones 232 and 233 was confirmed by comparing the 1H-NMR 

and 13C-NMR spectra to that of the pyrrole aldehyde precursors 215 and 217 respectively. 

Given the complexity of the molecule and numerous overlapping signals, the disappearance 

of the pyrrole aldehyde peak at 9.53 ppm and 9.56 ppm in the 1H-NMR spectrum of the N-

benzyl pyrrole aldehyde 215 and N-phenethyl pyrrole aldehyde 217 respectively, and the 

appearance of a new carbonyl carbon peak in the 13C-NMR spectra of pyrrole lactones 232 

and 233 were deemed indicative of the desired transformation having taken place.  

 

Although lactone carbonyl groups are normally observed in 13C-NMR spectra around 170 

ppm, it is important to note that for pyrrole lactones such as in lamellarin K 33, the carbonyl 

group is observed at an upfield shift, with Caroll et al. reporting the carbonyl carbon signal of 

lamellarin K 33 to be at 154.6 ppm.44 Indeed we found this to prove true for both N-benzyl 

pyrrole lactone 232 and N-phenethyl pyrrole lactone 233, with a carbonyl peak observed in 

the 13C-NMR spectrum at 155.4 ppm and 155.5 ppm respectively.  

 

The formation of pyrrole lactones 232 and 233 was also supported by IR and mass 

spectroscopy. As shown in Figure 49 comparisons between the IR spectra for pyrrole 

aldehyde 215 and lactol intermediate 230, and the IR spectrum of the product pyrrole lactone 

232 shows key structural changes in the molecules. The disappearance of the sharp aldehyde 

C=O absorption signal seen at 1652 cm-1 in the IR spectrum of lactol 230 and the appearance 

of a broad OH signal at 3456 cm-1 confirmed that lactol intermediate 230 had formed. The 

subsequent installation of the lactone functionality was then verified by the appearance of a 

new carbonyl peak in the IR spectrum of pyrrole lactone 232 at 1713 cm-1. This combined 

with the lack of a broad O-H peak confirmed that the oxidation reaction had proceeded as 

hoped.  

 

The mass spectrum for N-benzyl pyrrole lactone 232 showed a molecular ion with a mass of 

744.3164, while the mass spectrum for the N-phenethyl pyrrole lactone 233 showed a 

molecular ion with a mass of 758.3323. Both of these masses were consistent with the 

formation of the desired pyrrole lactone products 232 and 233. 
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                    Figure 49: IR spectra of pyrrole lactone 232, intermediate lactol 230 and pyrrole 215 
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Given the successful synthesis of pyrrole lactones 232 and 233 all that remained was the 

Lewis acid-mediated deprotection of the isopropoxy ethers to give the desired de-D ring 

analogues of lamellarin K 33. N-Benzyl pyrrole lactone 232 was subjected to the conditions 

outlined by Pla et al. using a standard method of O-isopropyl group removal from lamellarin-

type compounds (Scheme 61).42,50–52 While a reaction time of 2 hours gave a mixture of 

products, presumably at various stages of deprotection, 5 hours was sufficient to effect the 

cleavage of the three isopropoxy ethers yielding N-benzyl lamellarin K analogue 234 in 28 % 

yield.  

 

Scheme 61: Global deprotection of pyrrole lactone 232 to yield N-benzyl lamellarin 

analogue 233 

 

Unfortunately, subjecting N-phenethyl analogue 233 to the same conditions, led to neither 

product 235, nor starting material isolated and decomposition was suspected. Although the 

yield for the N-benzyl analogue 234 was low compared to the much higher yields reported 

for the deprotection step to form lamellarin 33 must be noted that trial reactions were limited 

by the amount of starting material available and therefore this yield may not represent the 

best potential yield for the deprotection of this compound.  

 

While the lack of product isolated from the attempted deprotection of N-phenethyl analogue 

233 was a disappointing result, N-benzyl product 234 represented the first synthesis of a 

lamellarin analogue lacking the D ring from the lamellarin framework. Upon comparing the 
1H-NMR spectrum of the isopropyl protected starting material 232 and the product of the 

deprotection 234, it appeared that a mixture of compounds was present in the latter. The 13C-
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NMR spectrum also confirmed this, with doubling observed for every carbon signal. 

Interestingly, only one product spot was present by TLC of the purified reaction product, 

indicating that the mixture was unlikely to be one containing partially deprotected 

intermediates; which would very likely have different RF values. This suggested that like the 

natural lamellarins, this product exists as a pair of rotational isomers. When looking at the 3 

dimensional structure of this molecule compared to that of the isopropyl protected starting 

material, one can rationalize the reason behind this.  

 

Given the presence of the sterically demanding isopropyl groups in the starting material, the 

spatial orientation of this molecule is restricted primarily to a single conformation, in which 

rings A, B and C are locked in a planar arrangement. Furthermore, to minimise electron 

repulsion between rings A and F, the latter ring is rotated by a 90 ° angle in the most stable 

conformation. The most favourable orientation of the E ring is therefore that in which the 

larger isopropyl group at C-9 is facing away from ring F (rotamer A 232a, Figure 50). The 

other potential conformation (rotamer B 232b) involves steric hindrance between substituents 

on ring E and ring F, thereby making this arrangement considerably less favoured. As such, 

only one rotational isomer (rotamer A 232a) is observed for this compound.   

                            

 

Figure 50: The isopropyl group on ring E of rotamer A 232a points away from ring F, 

thereby minimizing steric hindrance  

 

Given the ability of ring E to rotate freely, the presence of a single rotational isomer for the 

isopropyl protected starting material is in contrast to that observed for the deprotected 
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product 234. Here, the absence of the bulky isopropyl groups results in two rotational 

isomers being observed, due to the limited rotation about the C1-C11 bond as is the case for 

the natural products belonging to the lamellarin class (Chapter 1) (Figure 51).  

 

           234 

 

Figure 51: As predicted by 3D chemdraw, two rotational isomers are observed for 

deprotected pyrrole lactone 234  

 

Whilst the NMR spectra of 234 were complicated due to the presence of two isomers, mass 

spectrometry confirmed that the desired product had formed. This was further supported by 

the IR spectrum of the product 234 in which a broad band, corresponding to the free phenol 

OH, was observed around 3400 cm-1. 

 

Thus, the method for completing the transformation of pyrrole aldehydes into cyclised, 

deprotected pyrrole lactones was established with the synthesis of lamellarin N-benzyl 

analogue 234. Attention then turned to testing this lamellarin analogue 234 for bioactivity. 
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6.3 Bioactivity testing of lamellarin analogues 

Previous studies by Ploypradith et al. had shown lamellarin K 33 to be active in a number of 

cancer cell lines, of which the highest activity was shown in the MDA-MB-231 and T47D 

breast cancer cell lines with IC50 values of 0.4 and 0.09 µM respectively.140 While some 

analogues lacking the D ring from the lamellarin framework have been prepared as 

intermediates to the natural products by Komatsubara et al., these were not tested for 

bioactivity to our knowledge.141 Thus, following the synthesis of N-benzyl analogue 234 we 

were interested to evaluate the toxicity of this compound as well as two other advanced 

analogues 214 and 216 lacking the D ring from the lamellarin core, in the MDA-MB-231 cell 

line. As such, the compounds were sent to the Auckland Cancer Society Research Centre for 

biotesting (Figure 52). 

 

 

Figure 52: Compounds tested for growth inhibition studies in the MDA-MB-231 breast 

cancer cell line 

 

The compounds were tested in thymidine incorporation assays at various concentrations in 

triplicate experiments and the relative proliferation of cancer cells is reported as a percentage 

based on the growth of untreated cells. A parallel assay was conducted to show the effect on 

relative proliferation of CPT 13, a well known anticancer agent (Chapter 1). The results are 

summarised in graph 1 below.  
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Graph 1: Relative proliferation of MDA-MB-231 breast cancer cell line when treated 

with NDLAM001 214, NDLAM002 216, NDLAM003 234 and CPT 13 

  

As can be seen in graph 1, all three compounds tested were significantly less active than CPT 

13. The most potent analogue was compound 234, which was expected given that all 

structural features of lamellarin K 33 are present aside from ring D. This compound 234 

resulted in an IC50 value of 3.422 µM as compared to the 6.9nM IC50 value of CPT 13. A 

repeat of the assay gave rise to a similar IC50 value for this compound 234 (2.628 µM). The 

overall trend in toxicity observed for all compound in the second assay was comparable to 

that in the first, both indicating that the IC50 values for the other analogues 214 and 216 were 

greater than 5 µM. 

 

An important aspect of the assays to note is that there is a significant deviation in the relative 

proliferation of cells treated with analogue 214 as compared to 216 at concentrations greater 

0

20

40

60

80

100

120

1 10 100 1000 10000

R
el

at
iv

e 
p

ro
li

fe
ra

ti
on

 (
%

)

Drug concentration (nM)

CPT

NDLAM001

NDLAM002

NDLAM003

IC50



                                                                                                                Chapter 6 

 

144 
 

than 1000 nM. This is an interesting result as the only structural difference between these two 

molecules is the replacement of a methyl ether in 214 with an isopropoxy ether in 216. 

Due to the differences in the assays used to test the bioactivity of our compounds as 

compared to those utilised by Ploypradith et al. the resultant IC50 values are not directly 

comparable.140 However, based on the results of our assays presented here we can conclude 

that the removal of the D ring from the lamellarin K 33 structure results in an approximately 

10 fold reduction in toxicity to MDA-MB-231 cells (cf lamellarin K 33 IC50= 0.4 µM, N-

benzyl analogue 234 IC50= 2.63-3.42 µM).  

 

6.3.1 Summary of synthetic studies towards lamellarin K 33 

Using our revised synthetic strategy the synthesis of N-benzyl lamellarin analogue 234 was 

achieved as well as the synthesis of advanced intermediates 214 and 216. These compounds 

were tested in the MDA-MB-231 breast cancer cell line and showed micromolar toxicities.  

 

Having established a viable route to synthetic lamellarins lacking the D ring, we were 

interested to further explore the serendipitous auto-oxidation at C-2 of the pyrrole ring which 

was noted for many of our lamellarin analogues (Chapter 5). We recognised the potential of 

our synthetic strategy to be adapted so as to allow for the synthesis of a range of model 

pyrrole compounds. Due to the wide presence of the pyrrole motif in nature as well as in 

compounds on the pharmaceutical market, we hoped to synthesise a structurally diverse 

collection of pyrroles to be tested for bioactivity. 142 
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7.1 Introduction 

Molecules containing a pyrrole ring have been found to possess a multitude of 

pharmacological properties including antitumoural, antimalarial, antifungal, antibacterial and 

anti-HIV activity.143–148 Some noteworthy examples are atorvastatin 237, a member of the 

statin family of HMG-CoA reductase inhibitiors which is used as a cholesterol lowering 

agent, and sunitinib 238, a receptor tyrosine kinase inhibitor approved in 2011 for the 

treatment of advanced neuroendocrine tumours of the pancreas.149–151 Pyrroles also continue 

to feature in a number of molecules presently undergoing preclinical trials such as LL3858 

239, which is currently being investigated for the treatment of tuberculosis (Figure 53).152 

 

Figure 53: Pyrrole containing compounds on the pharmaceutical market or currently in 

clinical trials 

Molecules containing a pyrrole core represent interesting drug targets and a number of 

synthetic analogues continue to be prepared and evaluated in the treatment of various 

conditions by groups worldwide.145,148,153  

 

7.2 Aims and proposed synthesis of model pyrroles  

Based on our work on the acyl-Claisen rearrangement, we proposed that a versatile synthetic 

route encompassing this reaction could be used to access the pyrrole core with ease and 

efficiency. Our synthetic strategy for the preparation of model pyrroles involved a short 
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synthetic route which was easily adjusted to yield a range of compounds. Through this 

synthesis we aimed not only to prepare structurally diverse pyrroles for biological testing, but 

also to investigate further the process of auto-oxidation at C-2 noted in our synthetic studies 

towards lamellarin K 33 (Chapter 5).  

As such, the synthesis of model pyrroles was to follow closely to that designed for the 

synthesis of the pyrrole core of lamellarin K 33 and was to begin with the synthesis of allylic 

amines of structure 80 to be reacted with acid chlorides 82 in the acyl-Claisen rearrangement. 

This reaction was to be used to prepare morpholine amide precursors 83 to a variety of 

pyrroles, with control over the substituents at the 3- and 4-position of the pyrrole ring. 

Furthermore, this rearrangement set up the syn alignment of substituents (see Chapter 1), 

which facilitated the condensation reaction. 

The introduction of substituents at the 5-position could be achieved by the addition of a range 

of commercially available or custom bromides via lithiation chemistry. The resultant ketones 

240 would then undergo a Wacker-Tsuji oxidation to yield dicarbonyl compounds 241, 

whose condensation with a range of amines in the Paal-Knorr reaction was to establish the 

substituent at the amine nitrogen of a series of pyrroles 242 (Figure 54).  

 

Figure 54: Retrosynthetic analysis of pyrrole core 

This short synthetic route allows variability at all but the 2-position of the pyrrole ring and 

we envisioned the preparation of a group of pyrroles with at least 3 variables at C1-C4. To 

this end a range of aromatic and aliphatic reactants were selected, whose incorporation would 

yield a structurally diverse range of model pyrrolic compounds (Figure 55). 
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Figure 55: Overview of components utilized in the synthesis of model pyrroles  
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7.3 Proof of concept 

As stated in chapter 1, one of the key synthetic steps in our strategy hinges on the studies of 

Amarnath et al., which suggests that 3,4-syn aligned substituents in substrate diketones 

cyclise more efficiently in the Paal-Knorr reaction.54 The inclusion of the acyl-Claisen 

rearrangement in our strategy therefore represented an attempt to increase the efficiency and 

the yielding capacity of our cyclisation reactions. 

 

Thus, before we set out to synthesise our library of analogues we decided that a proof of this 

concept was required. This was to be achieved by conducting cyclisation studies of two 3,4-

syn and 3,4-anti aligned diketones to investigate rates of cyclisation and product yield. 

For convenience, the methyl group was chosen as the substituent at both the 3- and 4-position 

because the corresponding syn morpholine amide 108 was already available (see Chapter 2). 

Thus, the synthesis of the syn-diketone began with the lithium-halogen exchange of two 

bromides 142 and 243, which were then added to syn morpholine amide 108 to yield ketones 

244 and 258 in 96 % and 49 % yields respectively (Scheme 62). 

 

Scheme 62: Synthesis of ketones 244 and 245 by lithiation chemistry 

These ketones were then converted to the corresponding diketones 224 and 246 via the same 

Wacker-Tsuji oxidation conditions eployed for the synthesis of the lamellarin framework 

(Chapter 3), namely PdCl2 and CuCl in a 3:1 mixture of DMF/water (Scheme 63).  
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Scheme 63: Synthesis of diketones 224 and 246 by Wacker-Tsuji mediated oxidation 

With these diketones 224 and 246 in hand we looked to synthesise the correpsonding 3,4-anti 

substituted diketones. While the acyl-Claisen rearrangement is diastereoselective for the syn 

isomers, the anti is rarely observed (see Chapter 2). Thus an alternative method for the 

synthesis of these anti diastereomers was required and identified in the Ireland variant of the 

Claisen rearrangement. 

 

7.3.1 The Ireland-Claisen rearrangement 

The Ireland-Claisen rearrangement, first reported in literature in 1972, describes the 

rearrangement of allylic esters to γ,δ-unsaturated carboxylic acids.118 During the course of the 

reaction, lithium enolates are prepared at -78 °C and undergo a [3,3]-sigmatropic 

rearrangement to give the product carboxylic acids.118  

 

The Ireland variant of the Claisen rearrangement differs from the acyl-Claisen 

rearrangement, in that the use of an E alkene in the latter gives rise to almost exclusively syn 

diastereomers as products. On the other hand, the product arising from the Ireland-Claisen 

rearrangement of a particular allylic ester can be either anti or syn depending on the 

conditions used.118 Namely, the use of LDA/THF leads to the formation of (Z)-enolates 

giving rise to anti products.118 Alternatively, the use of HMPA/THF results in the formation 

of the (E)-enolates which lead to syn products.118 By controlling the ketene orientation and 

thus, the cyclic transition state adopted, a high level of stereoselectivity can be accomplished. 
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In order to install the methyl substituents at the 3- and 4-positions of morpholine amide 247, 

the corresponding carboxylic acid 248 needed to be synthesised (Figure 56). We envisioned 

that this could be formed from the Ireland-Claisen rearrangement of allylic ester 249. 

 

Figure 56: Retrosynthetic analysis of morpholine amide 247 to be synthesised. 

Allylic ester 249, required for the synthesis of anti carboxylic acid 248 could be prepared 

from the reaction of crotyl alcohol 116 (see Chapter 2 for synthesis) with propionyl chloride 

and pyridine at 0 °C in DCM as per the procedure of Metz et al.154 Allylic ester 249 was 

however available within our research group. For the subsequent Ireland-Claisen reaction we 

required the formation of the 3,4-anti carboxylic acid which is the product of rearrangement 

for a (Z)-enolate 250a. The synthesis of the (Z)-enolate 250a was therefore to be achieved 

using LDA in THF. The use of LDA in a HMPA/THF solvent mixture would have resulted 

in (E)-enolate 250b formation and ultimately given rise to the syn carboxylic acid 251, which 

was not desired (Figure 57).  

Thus LDA was prepared in situ from the treatment of diisopropylamine with n-butyllithium 

at 0 °C according to the procedure of Ireland et al., and the addition of ester 249 at -78 °C 

then gave the desired rearrangement product in 94 % yield.155 It should be noted that the 

product was isolated as a 9:1 mixture of anti to syn diastereomers which was the same as 

previous literature.155  
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Figure 57: Solvent-effects on products of an Ireland-Claisen rearrangement of subtsrate 

allylic ester 249. *Yield of a 9:1 mixture of anti 248 to syn 251 

 

7.3.2 Paal-Knorr cyclisation of anti diketones 

Thus, carboxylic acid 248 was coupled to morpholine using DCC and DMAP in DCM 

according to Blackwood et al., and afforded the desired anti amide 247 in a quantitative yield 

based on reacted anti acid 248 (Scheme 64).156 The desired anti amide product 247 was 

separated at this time and the same lithiates were added as had been to syn amide 108 

prepared earlier and ketones 252 and 253 were obtained in yields of 50 % and 78 % 

respectively. Our standard Wacker-Tsuji oxidation conditions were then employed to convert 

ketones 252 and 253 into the corresponding diketones 254 and 255 in 49 % and 68 % yield 

respectively. 
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Scheme 64: Synthesis of anti diketones 254 and 255 from carboxylic acid 248 

With these diketones 254 and 255 and the syn diastereomers 224 and 246 prepared earlier, a 

selected number of pyrroles were synthesised. The same conditions and reaction times were 

used for the anti and syn diastereomer of a particular diketone, and we expected the yields of 

pyrroles 256 and 257 isolated from reactions using anti diketones 254 and 255 to be reduced, 

as compared to the reactions of the syn counterparts (Table 18).  
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Entry Diketone Amine Product Time Yield/Result 

1 255 
benzylamine 256 

17 

hours 

21 % 

2 246 52 % 

3 254 
3-phenylpropylamine 257 

24 

hours 

Complex mixture 

4 224 58 % 

Table 18: Formation of pyrrole aldehydes 256 and 257 from anti and syn diketones 

It must be noted that each reaction was carried out multiple times and the yields in the table 

represent the highest yields obtained for that reaction. The condensation reactions involving 

anti diketones 254 and 255 led to multiple unidentified products by TLC, and this was in 

contrast to TLC analyses of reaction mixtures containing syn diketones 224 and 246, which 

were generally noted to be proceeding more cleanly.  

This supports the hypothesis that syn diketones adopt a transition state which favours 

cyclisation to yield pyrrole products. Furthermore, it suggests that anti diketones may adopt 

different transition states, with the potential to lead to other products, and ultimately resulting 

in a reduced yield of the expected fully substituted pyrroles.  

Therefore, the results indicated that indeed there was a difference in reactivity of anti and syn 

diketones during the Paal-Knorr condensation reaction. Given the relatively small methyl 

groups at C-2 and C-3 in these test diketones, we hypothesised that other diketones, such as 
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those containing aromatic substituents on C-2 or C-3 may profit even further from the syn 

alignment of these substituents.  

Having established the advantage of preparing pyrroles from 2,3-syn diketones we thus 

embarked on the synthesis of the model pyrrolic compounds, beginning with the synthesis of 

allylic amines and acid chlorides required for the acyl-Claisen rearrangements. 

 

7.4 Synthesis of syn morpholine amides via the acyl-Claisen rearrangement 

The proposed synthesis of model pyrroles began with the combination of an acid chloride 

and an allyl/crotyl/cinnamyl morpholine in the presence of a Lewis acid. The synthesis of the 

resultant morpholine amides therefore required the preparation of the two coupling partners.  

 

Crotyl and cinnamyl morpholine 102 and 103 respectively, had both been prepared 

previously as part of our investigation into the optimal Lewis acid catalyst for the acyl-

Claisen rearrangement (Chapter 2). However, allyl morpholine 258 required synthesis and 

was prepared according to literature procedures by treating allyl bromide 259 with 

morpholine in the presence of NaH and TBAI in THF (Scheme 65).157 

 

Scheme 65: Preparation of allyl morpholine 258 from allyl bromide 259 

With the synthesis of allyl morpholine 258 achieved, attention turned to the synthesis of the 

acid chloride components for the acyl-Claisen rearrangement. All of the acid chlorides 

selected; propionyl chloride 106, phenylacetyl chloride 107 and valeroyl chloride 260, were 

commercially available, apart from acid chloride 261 which was prepared from the 

corresponding acid 262, available within our research group, using thionyl chloride in DCM 
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in the presence of catalytic DMF (Scheme 66). Acid chloride 261 was prepared fresh and 

used in the acyl-Claisen rearrangement without prior purification by flash chromatography. 

 

Scheme 66: Preparation of acid chloride 261 from acid 262 

With all of the required allylic morpholines and acid chlorides in hand, the acyl-Claisen 

rearrangements of these substrates proceeded in moderate to high yields giving morpholine 

amides 108-110 and 263-266 (Table 19). 

 

Entry Amine Acid chloride Product Yield %

1 

O

N

 

258 

 

106 
O

N

O

 

263 

67 

 

2  

107 
 

264 

49 

 

3 

 

102 

 

106 
 

108 

82 

 

4  

107 
 

109 

86 
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5 

 

102 

 

260  

265 

48 

 

6 
 

261 

O

N

O

O

O

266 

quant. 

 

7 O

N Ph

103 

 

106 
O

N

O Ph

 

110 

14 

 

Table 19: Morpholine amides synthesised via the acyl-Claisen rearrangement 

 

7.5 Synthesis of syn ketones using lithiation chemistry 

Following the preparation of morpholine amides 108-110 and 263-266, we looked to 

introduce different substituents which would occupy the 2-position on the pyrrole ring. This 

was achieved by the lithiation of a series of commercially available bromides, and their 

subsequent reaction with the above amides 108-110 and 263-266.  
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Entry Morpholine amide R3 Product 
Yield 

% 

1 

 O

N

O

 

263 

 

O

MeO  

267 

99  

2 

 O

N

O

Ph  

264 

O

Ph
MeO  

268 

83  

3 

 

108 

O

MeO  

244 

96   

4 
 

O

MeO

MeO

 

269 

90  

5 
  

245 

49  

6 
 

109 
 

O

Ph
MeO  

270 

62  
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7 
 

109 

  

271* 

73  

8 

 

265 

  

272 

88  

9 

266 

 

O

O

O

O

O

273 

28  

10 
 

 

274 

42  

11 
 

110 
  

275 

14  

Table 20: Synthesis of ketones 244, 245 and 267-275 from various morpholine amides  

* For the synthesis of 271, nBuLi was used rather than tBuLi 

 

The lithiated additions to amides proceeded in variable yields as can be seen in the table 

above. An interesting point to note is that in the case of amide 109 (see entry 7), the 

attempted addition of the the lithiate formed from 2-bromopropane, gave instead butyl 

addition product 271, presumably by the transfer of the butyl group from nBuLi. The reaction 

was repeated with various equivalents of butyllithium and using various reaction times, each 

time yielding only the butyl addition product 271 of amide 109 in variable yields. 
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With these ketones in hand, the last step was the installation of the second carbonyl 

functionality required for the Paal-Knorr condensation reaction. This was to be achieved 

using standard Wacker-Tsuji procedures, whereby oxygen is incorporated into the molecule 

using palladium and copper catalysis.  

 

7.6 Synthesis and cyclisation of syn diketones to yield pyrroles   

Initial attempts at the Wacker-Tsuji oxidation were carried out using ketone 244, and oxygen 

was bubbled into the reaction mixture to increase the available oxygen for the reaction as per 

literature conditions.158 However, attempting the reaction open to air, we found that 

atmospheric oxygen was sufficient to effect the desired transformation without a substantial 

loss in yield, albeit with a slight increase in reaction time required (Scheme 67). We therefore 

chose to carry out Wacker-Tsuji oxidations open to air, so as to allow multiple reactions to be 

conducted concurrently. 

 

Scheme 67: Synthesis of diketone 224 by continuous aeration with oxygen or using 

oxygen from air 
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Thus, the prepared ketones 244, 245 and 267-275 were treated with 0.5 equivalents of PdCl2 

and 1.3 equivalents of CuCl in a 3:1 mixture of DMF:H2O for 48 hours and a series of 

diketones 224, 246 and 276-284 were isolated in generally good yields (Table 21). 

O

R2

R1

R3

O

R2

R1

R3

O

PdCl2, CuCl

DMF/H2O

48 h  

Entry R1 R2 R3 
Yield 

% 

Product code 

1 H 

 

Me 

 

77  276 

2 Ph 54  277 

3 

Me 

Me 

 

91  224 

4 
 

98  278 

5 
 

28  246 

6 
Ph  

72  279 

7 Bu quant. 280 

8 

  
55  281 

9 
 

69  282 

10 
 

83  283 

11 Ph Me 
 

96  284 

Table 21: Wacker-Tsuji Oxidation of various ketones 
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Diketones 224, 246 and 276-284 were condensed with a range of amines in the presence of 

NaOAc in acetic acid at 80 °C. We hypothesised that at least some of these condensation 

reactions would result in the formation of pyrrole aldehyde products similar to those 

observed in our synthetic studies towards lamellarin K 33 (see Chapters 3 and 5). Indeed this 

proved to be the case, with most of the reactions forming the pyrrole aldehyde products 

exclusively (Table 22). 

Some trends that we have noted are as follows: extended reaction times tend to favour the 

formation of pyrrole aldehyde products and amines with long aliphatic chains, thus more 

electron rich and nucleophilic, also appear to promote auto-oxidation. Furthermore, when 

comparing pyrroles within a series, we can see that the use of aniline never resulted in auto-

oxidation, whereas extending the chain length between the pyrrole nitrogen and the aromatic 

ring in more nucleophilic amines gives rise to pyrrole aldehyde products in the majority of 

cases. 
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Entry R1 R2 R3 R4 R5 
t 

hrs 

Yield % 

and code

1 

H 

 

Me 
 

 
Me 24 

30 % 

of 287 

2 
 

CHO 72 
13 % 

of 288 

3 

Ph 
 

 
Me 24 

30 % 

of 289 

4 
 

Me 24 
13 % 

of 290 

5 

Me 

 
Me 

 

 
Me 4 

72 % 

of 291 

6 

 

Me 1 
61 % 

of 292 

7 
 

Me 2 
94 % 

of 223 

8 
 

CHO 48 
26 % 

of 225 

9 
 

CHO 24 
58 % 

of 257 

10  CHO 7 
34 % 

of 293 

11 

 

 
Me 24 

25 % 

of 294 

12 
 

CHO 24 
48 % 

of 295 
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Entry R1 R2 R3 R4 R5 t 
Yield % 

and code

13 

Me 

 

Me 

 

 

Me 24 

74 % 

brsm. 

of 296 

14 

 

CHO 48 
26 % 

of 297 

15 
 

CHO 48 
25 % 

of 298 

16 

 
 

CHO 48 

30 % 

brsm. 

of 299 

17 
 

CHO 17 
51 % 

of 256 

18 

Ph 

 

 
Me 24 

61 % 

of 300 

19 
 

Me 24 
39 % 

of 301 

20 
 

CHO 48 
43 % 

of 302 

21 
 

CHO 48 
55 % 

of 303 

22 

 
 

Me 24 
71 % 

of 304 

23 
 

CHO 24 
44 % 

of 305 

24  
  

CHO 24 

30 % 

brsm. 

of 306 
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Entry R1 R2 R3 R4 R5 t Yield 

25 

Me 

 

 

 
Me 24 

24 % 

of 307 

26 

 

Me 24 
15 % 

of 308 

27 
  

Me 24 
29 % 

of 309 

 

28 

 

Ph Me 
 

 

 

Me 

 

24 

82%  

brsm. 

of 310 

Table 22: Synthesis of pyrroles and pyrrole aldehydes  

 

7.7 Summary of model pyrrole synthesis 

A total of 28 model pyrroles were synthesised using the methodology outlined in this 

chapter. Pyrrole aldehyde products arising from auto-oxidation of methyl pyrroles 

predominated the products isolated from the condensation of diketones with nucleophilic 

amines such as phenethyl- and 3-phenylpropylamine (see entries 2, 9, 15, 20, 21 and 23). 

With these pyrroles and pyrrole aldehydes in hand, we looked to test their bioactivity in a 

range of cancer types. 
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8.1 Biological Testing of Model Pyrroles 

Having synthesised a number of model pyrroles we were interested to determine whether 

these compounds showed activity against cancer cell lines. Furthermore, as a result of 

altering the structure of analogues systematically within a particular series, we hoped to 

highlight specific structural motifs which may be contributing to antitumoral activity in a 

given cell line. Therefore, selected pyrroles were sent to the National Cancer Institute (NCI) 

and evaluated against a standard panel of sixty cancer cell lines belonging to nine different 

cancer types, namely,  leukemia and melanoma as well as non-small cell lung, colon, central 

nervous system (CNS), ovarian, renal, prostate and breast cancer. 

All compounds tested by the NCI were examined as a single dose at a concentration of 1x10-5 

M. The results are presented as a percentage of growth of tumour cells compared to the no 

drug control where percentage growth values between 0 and 100 % represent inhibition of 

growth. For the sake of simplicity the compounds tested have been divided into series where 

possible, where compounds within a series have the same substitution pattern at carbons 2, 3 

and 4 of the pyrrole ring. It must be noted that none of the compounds tested resulted in 

exceptional cell growth inhibition in any of the cell lines studied, with the best performing 

compound resulting in a cell growth percentage of 49.03 % in the HOP-92 non-small cell 

lung cancer cell line. Nonetheless, comparisons and trends within series have been noted. A 

summary and discussion of the results follows, however for the full set of data, one is 

encouraged to refer to the appendix (Chapter 10). 

 

8.2 Analysis of bioactivity testing results 

Compounds containing a 3,4-dimethoxyphenyl moiety at the 2-position and methyl groups at 

the 3- and 4-positions were assigned to series 1 (Figure 58). All four compounds showed 

mean growth percentages across all cell lines tested ranging from 90.33 % to 101.51 %. The 

most active compound in the series was pyrrole 297 which corresponded to the lowest mean 

growth (90.33 %). The least active compound of the series was analogue 296, represented by 

a mean overall growth of 101.51 % across all cell lines. 
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N
MeO

MeO

N
MeO

MeO

SO2NH2

N CHO
MeO

MeO

N CHO
MeO

MeO

294 296

295 297

2

3

 

Figure 58: Compounds grouped into series 1 for the purpose of comparing bioactivity 

testing results. 

 

An interesting trend within series 1 was that treatment of cells with all compounds apart from 

analogue 296 resulted in 30.78 % to 45.25 % growth inhibition in the HOP-92 non-small cell 

lung cancer cell line. The most potent compound in this cell line among the three was 

compound 297 resulting in 54.75 % growth of cells belonging to this type of lung cancer. 

Compounds in series one also performed moderately well in other cell lines, with both 

analogues 294 and 295 showing some activity against renal cancers, albeit in different cell 

lines: UO-31 with 25.88 % growth inhibition and A498 with growth inhibition of 40.52 % 

respectively. Furthermore, both compounds 295 and 297 showed activity in the T-47D breast 

cancer cell line and the PC-3 prostate cancer cell line. Of these two compounds, pyrrole 295 

showed the higher activity (31.91 % inhibition of growth) in the T-47D cell line, while 

pyrrole 297 was more active in the PC-3 cell line with a growth inhibition over 41 %. Other 

cell lines in which these compounds showed notable activity were SNB-75, a type of CNS 

cancer (294), MDA-MB-435, a type of melanoma  (297) and MDA-MB-468, a type of breast 

cancer (296 and 297). 
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Series 2 comprised analogues with methyl groups at the 3- and 4-positions, as in series 1, 

however unlike series 1, the 3,4-dimethoxyphenyl group at position 2 was replaced by a 4-

methoxyphenyl group (Figure 59). 

 

Figure 59: Compounds grouped into series 2 for the purpose of comparing bioactivity 

testing results.  

 

It is interesting to note that like the majority of members in series 1, pyrrole 291 of series 2 

showed a notable inhibition in the growth of cells belonging to the HOP-92 cell line (62.81 

% cell growth). While this would suggest that loss of the extra methoxy group at the 3-

position of the aromatic ring in pyrrole 294 does not contribute significantly to cytotoxicity 

in this cell line, unfortunately the activities of pyrroles 223 and 225 were not evaluated in 

HOP-92, therefore no clear conclusions can be made about the effect of including/excluding 

the extra methoxy group at the meta position of the C-2 aromatic ring. 

 

Compounds 223 and 225 were moderately active in another non-small cell lung cancer type: 

NCI-H522, both resulting in approximately 31 % decreased cell growth. Pyrrole 292, like its 

dimethoxy analogue 296, had activity against the MDA-MB-468 breast cancer cell line 

(25.70 % growth inhibition). Intriguingly, unlike dimethoxy analogue 296, compound 292 
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did result in a notably larger (26.57 %) growth inhibition of the UO-31 renal cancer cell line. 

This result may be indicative of a structure-activity relationship, where analogue 292 is 

capable of fitting into a small binding pocket in the target, while analogue 296 is unable to 

interact with this binding site due to steric interference. In general, it must be noted that 

members of this series showed little activity, with compound 257 showing no significant cell 

growth inhibition in any of the cell lines tested. 

 

Compounds grouped into series 3 are structurally very similar to those in series 2, albeit with 

an additional phenyl ring at the 3- position (Figure 60).  

                                       

Figure 60: Compounds in series 3 for the purpose of comparing bioactivity testing 

results. 

 

Compounds belonging to this series are simplified analogues of the antimitotic 

combretastatins.159–161 Combretastatins contain two phenyl rings linked by a cis alkene and 

are exemplified by compounds such as combretastatin A-4 311, which has emerged as the 

most potent member of this family of compounds (Figure 61).159–161 The phosphate prodrug 
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of combretastatin A-4 311 has completed Phase II clinical trials for the treatment of cancers 

such as anaplastic thyroid cancer, as well as currently entering Phase I and II clinical trials 

for the treatment of a series of other cancer types.159 Members of this family of compounds 

are well studied for their potent anticancer activity. As such, inhibition of cell growth by 

series 3 compounds may in part be due to structural similarities between compounds of this 

series and the combretastatins. 

One such noteworthy trend within series 3 is the potency of most compounds against the 

T47-D breast cancer cell line. This was in line with the results of a recent study, outlining the 

synthesis and bioactivity testing of thiazole thione-analogues of combretastatin A-4 311 

published by Banimustafa et al. who showed that their analogues, including their simplest 

compound 312 demonstrated cell growth inhibition in the T47-D cell line.160  

 

Figure 61: Structural comparison of combretastatin A-4 311, series 3 pyrroles 300-303 

and thiazole thione-analogue 312 reported by Banimustafa et al.160 

 

The active compounds in our series: pyrroles 300, 302 and 303 showed 44.90-49.36 % 

inhibition in cell growth in the T47-D cell line. N-Benzyl analogue 301 was inactive against 

the T47-D cell line, however N-benzyl compounds (295 and 297) of series 1, did show 

activity in the T47-D breast cancer cell line. Structurally, pyrrole 301 contains an additional 

phenyl ring and lacks a methoxy group on the phenyl ring at the 2-position. The combination 

of these structural changes as compared to analogues 295 and 297 has appeared to eliminate 

potency towards the molecular target(s) in the T47-D cell line.  
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Some other interesting activity trends arise when comparing pyrroles 294 and 300 (Figure 

62). Both of these compounds showed some cell growth inhibition in the UO-31 renal cancer 

cell line. However, unlike pyrrole 294, which also showed enhanced activity against a non –

small cell lung cancer and a CNS cancer cell line, analogue 300 containing an additional 

phenyl group at the 3-position and lacking the additional meta methoxy group on the phenyl 

ring at position 2 showed a completely different toxicity profile, with a 36.84 % inhibition of 

cell growth in the HT29 colon cancer cell line. Furthermore, unlike analogues 294 and 291, 

compound 300 shows no significant activity in the HOP-92 cell line, showing an additional 

phenyl group at C-3 is unfavoured. 

 

Figure 62: Comparing the effect of an extra phenyl group of N-phenyl analogues at the 

3-position of the pyrrole ring on activity in various cancer cell lines 

 

Comparing the N-3-phenylpropyl analogue 303 of series 3 with the corresponding analogue 

257 in series 2 we can see that there is an additional phenyl ring in the former (Figure 63). 

This has had a notable difference on the toxicity profile. While analogue 257, without the 

extra phenyl ring showed no significant inhibition of cell growth in any cell lines, its phenyl-

containing analogue 303 showed a 35.18 % inhibition of cell growth in the NCI-H522 non-

small cell lung cancer cell line. 
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Figure 63: Comparing the effect of an extra phenyl group at the 3-position of the 

pyrrole ring on activity in various cancer cell lines. 

Series 4 comprises compounds with a butyl chain at the 5-position and a phenyl ring at the 4-

position of the pyrrole core as shown in Figure 64. This series appeared to have limited 

activity in all cell lines, with analogue 305  comprising the long N-tethered phenyl ring 

showing a modest inhibition of cell growth in only one cell line: UACC62, a type of 

melanoma. 

 

Figure 64: Compounds grouped into series 4 for the purpose of comparing bioactivity 

testing results. 

An interesting comparison can be made between compounds belonging to series 4 and those 

belonging to series 3. Analogous members contain the same substitution pattern around the 

pyrrole core, apart from at C-2 where series 3 contains a 4-methoxybenzyl group while series 

4 contains a butyl chain (Figure 65).  
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Figure 65: Bioactivity comparisons between members of series 3 and 4 

 

As described earlier, compounds belonging to series 3 showed some cell growth inhibitory 

activity in a number of cell lines including the breast cancer cell line, T47D.  On the other 

hand analogues in series 4 showed no significant inhibition of cell growth in any cell lines 

apart from the UACC62 melanoma cell line (305). The lack of significant activity in the 

T47D cell line for series 4 indicates that the presence of the phenyl ring at C-2 of the pyrrole 

core may be contributing to cell growth inhibition in this cell line. Furthermore, the C-2 

phenyl ring may also be contributing to toxicity in other cell lines affected by 300 and 303, as 

the introduction of the butyl chain in analogues of series 4 eliminated toxicity in these cell 

lines for corresponding members. More analogues would need to be tested however, in order 

to confirm any potential correlation or structure activity relationship.   

Series 5 contains two compounds which both have a 1,3-benzodioxole moiety at the 2- 

position of the pyrrole core as well as a second benzylic 1,3-benzodioxole at the 3-position. 

Analogue 307 exhibited growth inhibition in three cell lines: HOP-92, a non-small cell lung 
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cancer, UO-31, a renal cancer and T-47D, a breast cancer (Figure 66). The most potency was 

shown in the HOP-92 cell line with a 38.84 % inhibition of cell growth. In contrast, analogue 

308 did not show a significant inhibitory activity in any of the cell lines screened.  

 

Figure 66: Compounds grouped into series 5 for the purpose of comparing bioactivity 

testing results. 

 

Two compounds which were structurally different and could not be included in any of the 

series were also tested by NCI (Figure 67). Of these, 289 showed no significant inhibition of 

cell growth.  

 

Figure 67: Compounds 289 and 309 also screened for activity by the NCI. 
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Compound 309, showed cell growth inhibitory activity in 4 cell lines: SNB-75, a CNS 

cancer; A498, a renal cancer; PC-3, a type of prostate cancer and MDA-MB-231/ATCC, a 

type of breast cancer. The most interesting aspect of this result is that its structural analogue 

308 did not show a significant inhibition of cell growth in any cell line. Thus, the single 

methoxy group in compound 309 may be important to activity, which is effectively reduced 

if not eliminated when a 1,3-benzodioxole is present at C-2 of the pyrrole instead (Figure 

68). 

 

Figure 68: Comparing the effect of different substituents at the 2-position of the pyrrole 

ring on activity in various cancer cell lines. 

 

Another noteworthy comparison can be made between compounds 289 and 300, where the 

only structural difference is the replacement of a hydrogen at C-4 of the pyrrole core in 

compound 289 with a methyl group in analogue 300 (Figure 69). While this structural change 

is not a large one, it appears to have a disproportionally large effect on anticancer activity, 

with pyrrole 300 showing cell growth inhibition in three cancer cell lines (as discussed 

earlier). 
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Figure 69: Comparing the effect of an extra methyl group at the 4-position of the 

pyrrole ring on activity in various cancer cell lines. 

 

8.3 Summary of pyrrole synthesis, bioactivity testing and future work 

In total 20 compounds were accepted by and sent to NCI for anticancer testing. The 

compounds were evaluated in 60 cell lines at a single dose. Although none of the compounds 

gave rise to an exceptional inhibition of cell growth, some trends were apparent and were 

tentatively correlated with structural modifications. 

Overall two types of cancer, non-small cell lung and breast cancer appeared to be the most 

sensitive to many of the pyrrole compounds tested. Within these cancers the HOP-92 cell line 

in the non-small cell lung cancer group, and the T-47D and MDA-MB-468 cell lines in the 

breast cancer group were the most affected by treatment with these compounds.  
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9.1 Overall summary of synthetic studies towards lamellarin K 33 and model pyrroles 

Through our work towards the synthesis of lamellarin K 33, one of our main objectives was 

to show the versatility of the acyl-Claisen rearrangement. To this end we prepared a selection 

of highly substituted cinnamyl morpholines and investigated the rearrangement of these with 

a number of commercially available, and synthesised acid chlorides. We successfully showed 

that a range of complex morpholine amides could be prepared in this manner, and 

highlighted the need for Lewis acids other than AlCl3 for the rearrangement of larger 

substrates (Figure 70).  

 

Figure 70: Synthesis of morpholine amides from the reaction of cinnamyl morpholines 

with acid chlorides 

Through our application of the acyl-Claisen rearrangement, the preparation of diphenyl 

amide 74, required for the synthesis of lamellarin K 33, could be achieved in a yield of 93 % 

(Scheme 68).  

 

Scheme 68: Successful synthesis of morpholine amide 74 
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Regrettably however, we showed that the complex nature of amide 74 introduced a size-

constraint on the bromide which could be added by lithium-halogen exchange. While it was 

initially thought that additions of larger lithiates to an aldehyde instead of amide 74 would 

proceed with greater success. Synthesis of aldehyde 147 proved less straightforward than 

envisioned, but once achieved, our hypothesis proved true with the addition of lithiates 

prepared from complex bromides 129 and 145 being well tolerated. Nonetheless, the 

complexity of bromide 73 remained a problem in addition attempts to aldehyde 147 (Scheme 

69). 

 

Scheme 69: Failed addition of bromide 73 

Thus a revision of our proposed synthetic strategy was required and initially we looked to 

alternative synthetic routes which would allow us to utilise already-synthesised advanced 

intermediates. However, despite multiple revised strategies towards lamellarin K 33, the 

synthesis of this natural product could not be achieved. 

Our synthetic studies towards lamellarin K 33 did however allow for the synthesis of N-

benzyl lamellarin analogue 234 (Scheme 70) as well as advanced lamellarin intermediates 

214 and 216. These compounds were tested for anticancer activity in the MDA-MB-231 

breast cancer cell line, with an IC50 value of 2.6-3.4 µM recorded for N-benzyl lamellarin 

analogue 234.  
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Scheme 70: Synthesis of N-Benzyl lamellarin analogue 234 from aldehyde 147 

Our work towards lamellarin K 33 also allowed for us to establish a synthetic route to a 

series of model pyrroles (Chapter 7). This involved the synthesis of a range of allylic 

morpholines and their reaction with acid chlorides in the acyl-Claisen rearrangement. A 

series of bromides underwent lithium-halogen exchange and successful addition to the amide 

products of the acyl-Claisen rearrangement. The ketones obtained were oxidized using 
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Wacker-Tsuji protocols to the corresponding diketones, which were condensed with a variety 

of amines in the Paal-Knorr reaction to yield pyrrole and pyrrole aldehyde products (Scheme 

71). 

 

Scheme 71: Synthesis of model pyrroles 223, 225, 256, 257 and 287-310 

Auto-oxidations were noted during the synthesis of a number of model pyrroles as well as in 

the synthesis of pyrroles with resemblance to the lamellarins. We conducted some 

experiments in an effort to ascertain the mechanisms which may be responsible for the 

formation of these pyrrole aldehydes. However more experiments are required, and future 

work will focus on designing experiments which will allow us to monitor these reactions 

more closely.  

 

9.2 Future work towards lamellarin K 33 and analogues 

With the promising anticancer testing results, future work towards the lamellarins will 

involve the synthesis of further analogues including completion of the synthesis of N-

phenethyl lamellarin analogue 235. This will involve deprotection of the isopropoxy ethers 

using the protocol utilised for the N-benzyl analogue (Figure 71). 
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Figure 71: Proposed completion of the synthesis of N-phenethyl lamellarin analogue 235 

The successful formation of NH pyrrole aldehyde 218 (Chapter 5) also represents a synthetic 

step towards lamellarin K 33. We envision that pyrrole aldehyde 218 could be converted to 

the natural product by alkylation with 2-chloroethanol to yield 313 as per the procedure 

outlined by Schiffner et al.162 Conversion of the tethetred hydroxyl group to a tethered halide, 

followed by treatment with dicumyl peroxide in chlorobenzene as per the conditions of 

Martínez et al., should then result in the cyclised product 71. From here, lactonization to 

yield 46 followed by global deprotection as per the conditions utilised for the analogues 

would afford lamellarin K 33 (Figure 72).163 
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Figure 72: Proposed synthesis of lamellarin K 33 

 

9.3 Future work towards model pyrroles 

Having noted the similarity between some of our analogues and the combretastatins, future 

work on this project will involve the synthesis of direct analogues of combretastatin A-4 311 

(Figure 73). These analogues will have a locked cis conformation of phenyl rings at C-2 and 

C-3 due to incorporation of the double bond into the pyrrole framework. Because 

isomerisation to the trans isomer, and the associated reduction in bioactivity is a common 

problem for combretastatin A-4 311 and other cis alkenes of this family, pyrrole analogues 

are expected to confer stability in this regard.159–161 The use of these analogues will also 



                                                                                                                Chapter 9 

 

185 
 

allow for the introduction of extra functionality at C-4, C-5 and N-1, thereby presenting the 

potential to enhance pharmacological activity. 

 

Figure 73: Structural comparison of combretastatin A-4 311 and pyrrole analogues 
thereof 

Following the synthesis of these analogues it is our aim to test their bioactivity and compare 

this against the parent compound; combretastatin A-4 311. 
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10.1 General Details 

All reactions conducted in non-aqueous media were done so under a dry nitrogen atmosphere, 

with exceptions to this noted within the experimental procedure for the preparation of a given 

compound. Commercially-sourced reagents were not purified further unless stated in text.  

 

Solvents were dried in one of two ways, either according to the procedures outlined by 

Armarego and Chai.164 As such, diethyl ether, HMPA, THF and toluene were dried over 

sodium benzophenone ketyl, and acetonitrile, DCM, DIPEA, triethylamine and DMF were 

dried over calcium hydride.164 Solvents dried in this manner were distilled prior to use. 

Alternative to this, solvents were dried according to the procedures of Williams and 

Burfield.165–167 Thus, 3 Å and 4 Å molecular sieves were activated by heating for 24 h under 

high vacuum at 300 °C prior to use as drying agents for solvents. Solvents such as ethanol 

and methanol were stored over 20 % w/v activated 3 Å molecular sieves for 5 days prior to 

use.  Triethylamine, DIPEA and DCM were stirred over 5 % w/v CaH2 for 24 hours under an 

atmosphere of nitrogen, then distilled onto 10 % w/v 4 Å molecular sieves. DMF was dried 

in a similar manner, twice over 5 % w/v CaH2 followed by distilling over 3 Å molecular 

sieves and storing for 3 days prior to use. Ether solvents such as THF and diethyl ether were 

stored over 10 % w/v 3 Å molecular sieves in the presence of 10% w/v CoCl2 for a week so 

as to reduce the presence of peroxides. 

 

Silica Gel 60 (40 – 63 m, 230-430 mesh ASTM) was used to purify reaction mixtures by 

flash chromatography in combination with the solvents specified in text. Merck silica gel 60 

F254 aluminium plates were used for TLCs. Reaction products were identified by a 

combination of techniques including the use of ultraviolet fluorescence and staining with 

either iodine on silica and/or vanillin in ethanolic sulfuric acid followed by heating to 

visualise the compound.  

 

A Reicher-Kofler block was used to measure melting points for solid compounds and melting 

point measurements are uncorrected. High-resolution mass spectra were recorded at a 

nominal resolution of 5000 with electrospray ionisation (ESI+) used to record the spectra. 
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Infrared spectra were recorded using a Perkin-Elmer Spectrum 1000 series Fourier 

Transform IR spectrometer to which samples were applied neat. Absorption maxima are 

indicated in wave numbers (cm1).  

 

A Bruker DRX300 or DRX400 spectrometer was used to record NMR spectra. For 1H nuclei, 

spectra were recorded at 300 MHz using the DRX300 instrument, or 400MHz using the 

DRX400 instrument. 13C Nuclei were recorded at 75 MHz or 100 MHz for the DRX300 and 

DRX400 instruments respectively. All chemical shifts (δ) are reported in parts per million 

(ppm) and chemical shifts are given using tetramethylsilane (0.0 ppm) as a reference. All 

samples were dissolved in deuterated chloroform. 1H-NMR data is reported as follows: 

chemical shift, relative integral, multiplicity (s, singlet; d, doublet; dd, doublet of doublet; 

ddd, doublet of doublet of doublets; ddt, doublet of doublet of triplets; ddq, doublet of 

doublet of quartets; dt, doublet of triplets; dp, doulet of pent.s; dq, doublet of quartets; p, 

pent.; sext., setxte; t, triplet; q, quartet; m, multiplet; br, broad peak), coupling constant(s) (J 

values) are given in hertz (Hz) and are accurate to 1 decimal place. Where the hydrogen 

signal is observed as anything but a multiplet, a single chemical shift at the middle of the 

range is given.  

 

Carbon and hydrogen atoms of compounds are numbered according to their systematic 

names except for compounds 232, 233 and 234, which bare significant resemblance to the 

lamellarin structure and as such, are allocated numbers based on the lamellarin numbering 

system outlined by Carroll et al.44  

 

The results of bioactivity testing on lamellarin analogue 234 and complex intermediates 214 

and 216 were graphed with standard errors shown for each data point. Standard errors were 

calculated according to the formula: standard error = standard deviation / √n, where n= 

sample size of 3. 

 

Optical rotations were elucidated on the sodium D line (λ = 589 nm, 0.1 dm cell) with a 

Perkin-Elmer 341 Polarimeter at 25 °C. Absolute values were calculated as follows: [α]D = 
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(100 x a)/(c x 1), where a = observed absorbance, c = concentration in g/100 mL and l refers 

to the path length in dm.  
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10.2 Synthesis of Reagents 

2-Iodoxybenzoic acid (IBX) 

2-Iodoxybenzoic acid was prepared based on the procedure of Frigerio et al.168 Thus, to a 

stirred solution of oxone (36.2 g, 59.0 mmol) in deionized water (130 mL), under an 

atmopshere of nitrogen, was added 2-iodobenzoic acid (10.0 g, 40.0 mmol).  The resultant 

solution was heated to an internal temperature of 70 ºC, and stirred for 3h. The mixture was 

then cooled to 0 ºC and stirred for a further 2 h. The stirring was stopped and the product was 

crystallized over 48 h at room temperature. The crystals were filtered and washed with water 

(200 mL) then acetone (200 mL) and dried under a high vacuum, yielding the title product 

(11.20 g, quantitative) as a fine crystalline white solid. The product was used immediately in 

the synthesis of Dess-Martin periodinane. 

 

1,1,1-Triacetoxy-1,1-dihydro-1,2-benziodoxol-3(1H)-one (Dess-Martin periodinane) 

Dess-Martin periodinane was prepared based on the procedure of Ireland and Liu et al.169 

Thus, to a stirred solution of 2-iodoxybenzoic acid (11.2 g, 40 mmol) in glacial acetic acid 

(7.00 mL, 120 mmol), under an atmosphere of nitrogen at room temperature, was added 

acetic anhydride (46.5 mL, 360 mmol) and the resultant suspension was heated to 80 ºC and 

was stirred at this temperature for 3 h. The suspension was cooled to room temperature and 

was placed in the freezer to crystallize for 24 h. The resultant solid was filtered and 

impurities were removed by washing with cold ether (50 mL). The product was dried under a 

high vacuum, yielding the title compound (11.50 g, 68 %) as a fine white powder which was 

stored below 0 °C. 

 

Tetrakis(triphenylphosphine)palladium(0) 

Tetrakis(triphenylphosphine)palladium(0) was prepared as per the procedure of Coulson et 

al.170 Thus, a stirred suspension of PdCl2 (0.175 g, 0.99 mmol) and triphenylphosphine (1.30 

g, 4.90 mmol) in DMSO (12 mL), under an atmosphere of nitrogen, was heated to 150 °C. 

The temperature was increased slowly (up to 170 °C) until the yellow suspension dissolved 
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to form an orange solution. Heating was stopped prior to the dropwise addition of hydrazine 

monohydrate (0.19 mL, 4.0 mmol). The solution initially darkened and then began to lighten 

until a bright yellow crystalline solid precipitated. Stirring was stopped and the mixture was 

cooled to room temperature. The crystals were filtered under an atmosphere of nitrogen, and 

were washed with ethanol (3 x 40 mL) and diethyl ether (3 x 40 mL) to remove impurities. 

The crystals were dried under high vacuum, to yield the title product (0.9 g, quantitative) as 

canary yellow crystals which were stored under nitrogen shielded from light until use.  

 

Methoxymethylchloride (MOMCl) 

Methoxymethylchloride was prepared according to a procedure adapted from that reported 

by Berliner et al., and Reggelin et al.171,172 To a stirred suspension of dimethoxymethane 

(100 mL, 1.13 mol) and zinc chloride (10.0 mg) in a 2 neck flask fitted with a dropping 

funnel under an atmosphere of nitrogen, was added benzoyl chloride (132 mL, 1.14 mol) 

dropwise over 30 min. The resultant mixture was heated to 50 °C and was stirred at this 

temperature for 24 h. The mixture was cooled to room temperature and was then distilled up 

to a temperature of 100 °C under an atmosphere of nitrogen yielding the title compound (80 

g, 62 %) as a colourless oil in >98 % purity by NMR. 
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10.3 General procedures 

General procedure A: Grignard addition to an aldehyde 

To a solution of aldehyde (1 mmol) in THF (4 mL), under an atmosphere of nitrogen at 0 °C, 

was added vinyl magnesium bromide (1M in THF, 3 mmol) dropwise. The resultant solution 

was warmed to room temperature and stirred for 24 h. A saturated aqueous solution of NH4Cl 

(5 mL) and DCM (5 mL) were added and the organic layer was separated. The aqueous 

mixture was further extracted with DCM (3 × 5 mL). The combined organic extracts were 

dried (MgSO4) and the solvent was removed under reduced pressure. The crude product was 

purified by flash chromatography to yield the product alcohol. 

 

General procedure B: Acetate synthesis 

To a suspension of alcohol (1 mmol) and DMAP (0.1 mmol) in THF (3 mL), under an 

atmosphere of nitrogen at 0 °C, was added pyridine (2 mmol) and acetic anhydride (2 mmol) 

dropwise, respectively. The resultant solution was warmed to room temperature and stirred 

for 24 h. A saturated aqueous solution of NaHCO3 (5 mL) and DCM (5 mL) were added and 

the organic layer separated. The aqueous mixture was further extracted with DCM (4 × 5 

mL). The combined organic extracts were dried (MgSO4) and the solvent was removed under 

reduced pressure to yield the product acetate which was used in the next reaction without 

further purification. 

 

General procedure C: Allylic displacement for the synthesis of cinnamyl morpholines 

To a solution of acetate (1 mmol) in THF (4 mL), under an atmosphere of nitrogen at room 

temperature, was added morpholine (2 mmol) dropwise, followed by 

tetrakis(triphenylphosphine)palladium(0) (0.05 mmol) and the resultant suspension was 

heated to 70 °C for 3 d. The solvent was removed under reduced pressure, and the residue 

was dissolved in DCM (5 mL) and washed with a saturated aqueous solution of NaHCO3 (5 

mL). The organic layer was separated and the aqueous mixture was further extracted with 

DCM (3 × 5 mL). The combined organic extracts were dried (MgSO4) and the solvent was 

removed under reduced pressure. The crude product was purified by flash chromatography to 

yield the product cinnamyl morpholine. 



                    
Experimental Procedures 

 

193 
 

General procedure D: Acyl-Claisen rearrangement 

To a stirred suspension of the Lewis acid (1 mmol) in DCM (5 mL), under an atmosphere of 

nitrogen at room temperature, was added a solution of allyl/crotyl/cinnamyl morpholine (1 

mmol) in DCM (5 mL) dropwise and the resultant suspension was stirred for 5 min. DIPEA 

(1.5 mmol) was added dropwise and the resultant suspension was stirred for 15 min. A 

solution of acid chloride (1.2 mmol) in DCM (5 mL) was added dropwise and the resultant 

suspension was stirred for 24 h. A saturated aqueous solution of NaOH (15 mL) was added 

and the organic layer was separated. The aqueous mixture was further extracted with DCM 

(3 × 10 mL) and the combined organic extracts were dried (MgSO4), and the solvent was 

removed under reduced pressure. The crude product was purified by flash chromatography to 

yield the amide product. 

 

General procedure E: Lithiated addition of bromides to morpholine amides and 

aldehydes 

A solution of bromide (1.2 mmol) in THF (15 mL) under an atmopshere of nitrogen, was 

precooled to -78 °C for 5 min. 1.6 M tBuLi (2.4 mmol) was added dropwise, and the 

resultant solution was stirred at -78 °C for 5 minutes to allow for lithium-halogen exchange, 

prior to the addition of a solution of amide/aldehyde (1 mmol) in THF (15 mL) dropwise. 

The mixture was stirred for 24 h and allowed to warm to room temperature over this time. 

NH4Cl (20 mL) was added and the organic layer was separated. The aqueous mixture was 

extracted with DCM and the combined organic extracts were dried (MgSO4) and the solvent 

was removed under reduced pressure. The crude product was purified by flash 

chromatography to yield the addition product. 

 

General procedure F: DMP oxidation of alcohols 

To a solution of alcohol (1 mmol) in DCM (100 mL), was added DMP (2 mmol) and the 

resultant suspension was stirred at room temperature for 24 h. A saturated aqueous solution 

of Na2S2O5 (80 mL) was added followed by a saturated aqueous solution of NaHCO3 (80 

mL) and the resultant mixture was stirred vigorously for 30 min. DCM (80 mL) was added 

and the organic layer was separated. The aqueous mixture was further extracted with DCM 
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(3 × 80 mL) and the combined organic extracts were dried (MgSO4). The solvent was 

removed under redcuced pressure to yield the crude product which was purified by flash 

chromatography to yield the desired ketone product. 

 

General procedure G: Wacker oxidation 

To a solution of ketone (1 mmol) in DMF/H2O (3:1, 100 mL) was added PdCl2 (0.5 mmol) 

and CuCl (1.3 mmol) and the resultant suspension was stirred vigorously for 48 h open to air. 

The mixture was filtered through a slurry of silica and ethyl acetate and was washed with 

ethyl actetate (3 × 100 mL). The solvent was removed under reduced pressure, the residue 

was diluted with ethyl acetate and water and the organic layer was separated. The aqueous 

mixture was further extracted with ethyl acetate and the combined organic extracts were 

washed with water, dried (MgSO4) and the solvent was removed under reduced pressure. The 

crude product was purified by flash chromatography to yield the diketone product. 

 

General procedure H: Synthesis of pyrroles 

To a suspension of diketone (1 mmol) and NaOAc (1.1 mmol) in acetic acid (15 mL) was 

added amine (1.1 mmol) dropwise and the resultant mixture was stirred vigorously and 

refluxed at 80 °C for a variable reaction time. The mixture was cooled to room temperature 

and neutralized to pH 7 using 1M NaOH solution. Ethyl acetate (15 mL) was added and the 

organic layer was separated. The aqueous mixture was extracted further with ethyl acetate (3 

× 15 mL). The combined organic extracts were dried (MgSO4) and the solvent was removed 

under reduced pressure to give the crude product which was purified by flash 

chromatography  to yield the pyrrole product. 
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10.4 Synthesis of Compounds 

10.4.1 Part 1: Lamellarin K 

2,4-Dihydroxy-5-methoxybenzaldehyde 86 

 

To a suspension of AlCl3 (27 g, 0.20 mol) in DCM (60 mL) under an atmosphere of nitrogen, 

was added a solution of 2,4,5-trimethoxybenzaldehyde 78 (10 g, 0.051 mol) in DCM (60 

mL), dropwise. After vigorous stirring for 4 h, further AlCl3 (27 g, 0.20 mol) was added and 

the resultant suspension was stirred for 3 d at room temperature. The mixture was poured on 

to ice acidified with 2M HCl (100 mL) and was extracted with DCM (3 × 100 mL). The 

combined organic extracts were filtered through silica gel, dried (MgSO4) and the solvent 

was removed under reduced pressure. The crude product was purified by flash 

chromatography (19:1 hexanes, ethyl acetate) to give the title compound (6.4 g, 75 %) as a 

yellow solid. 

RF (2:1 hexanes, ethyl acetate) = 0.74  

Melting Point: 148.1-149.3 °C (lit: 150 °C).173 

δH (300 MHz; CDCl3; Me4Si) 3.92 (3H, OCH3), 6.35 (1H, s, OH), 6.53 (1H, s, 3-H), 6.89 

(1H, s, 6-H), 9.68 (1H, s, CHO), 11.33 (1H, s, OH). 

δC (75 MHz; CDCl3) 56.1 (OCH3), 103.0 (C-3), 112.6 (C-1), 113.5 (C-6), 116.3 (C-2), 141.6 

(C-5), 155.5 (C-4), 193.6 (CHO). 

IR: νmax(film)/cm-1; 3297 (O-H, alcohol), 2949 and 2830 (C-H, aromatic), 1630 (C=O, 

aldehyde), 1504 (C=C aromatic), 1284 and 1011 (C-O, ether), 1195 (C-O, phenol), 796, 740 

and 720 (C-H bending, aromatic). 

m/z (ESI+) 169 (MH+, 100 %). High Resolution (ESI+) found (MH+): 169.0495 C8H9O4 

requires 169.0495. 

The reported 1H-NMR data for this compound is incomplete and other spectroscopic data are 

not reported.173,174 As such, full spectroscopic data is reported here. 
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              2-Hydroxy-4-isopropoxy-5-methoxybenzaldehyde 87 
 

 

To a solution of phenol 86 (50 mg, 0.30 mmol) and NaHCO3 (50 mg, 0.30 mmol) in DMF (1 

mL) under an atmosphere of nitrogen, was added TBAI (22 mg, 0.062 mmol), followed by 2-

iodopropane (45 µL, 0.45 mmol) dropwise and the resultant suspension was stirred at 80 °C 

for 3 d. Water (3 mL) and ethyl acetate (3 mL) were added and the organic layer separated. 

The aqueous mixture was extracted further with ethyl acetate (3 × 3 mL) and the combined 

organic extracts were washed with water (10 mL), dried (MgSO4) and the solvent was 

removed under reduced pressure. The crude product was purified by flash chromatography 

(2:1 hexanes, ethyl acetate) to yield the title compound (50 mg, 80 %) as a yellow solid. 

RF (2:1 hexanes, ethyl acetate) = 0.77  

Melting Point: 60.0-62.0 °C 

δH (300 MHz; CDCl3; Me4Si) 1.43 (6H, d, J = 6.1 Hz, CH(CH3)2), 3.85 (3H, s, OCH3), 4.64 

(1H, sept., J = 6.1 Hz, CH(CH3)2), 6.43 (1H, s, 3-H), 6.91 (1H, s, 6-H), 9.67 (1H, s, CHO), 

11.36 (1H, s, OH). 

δC (75 MHz; CDCl3) 21.7 (CH(CH3)2), 56.6 (OCH3), 71.6 (CH(CH3)2), 101.5 (C-3), 112.6 

(C-1), 114.1 (C-6), 143.5 (C-5), 156.0 (C-4), 159.3 (C-2), 193.8 (CHO).  

IR: νmax(film)/cm-1; 3080 (O-H, phenol), 2980 and 2936 (C-H, aromatic), 1647 (C=O, 

aldehyde), 1626 and 1502 (C=C, aromatic), 1272, 1152, 1105 and 1027 (C-O, ether), 1196 

(C-O, phenol), 794, 735 and 710 (C-H bending, aromatic). 

m/z (ESI+) 211 (MH+, 100 %). High Resolution (ESI+) found (MH+): 211.0956 C11H15O4 

requires 211.0965. 

The 1H-NMR data for this compound is in accordance with the literature values and other 

spectroscopic data are not reported.173 As such, full spectroscopic data is reported here. 
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4-Hydroxy-2-isopropoxy-5-methoxybenzaldehyde 88 

 

To a stirred solution of phenol 86 (0.10 g, 0.59 mmol) in MeOH (1 mL) was added KOH 

(36mg, 0.65 mmol) and the resultant suspension was heated at reflux, under an atmosphere of 

nitrogen,  for 1 h prior to the addition of a solution of 2-bromopropane (84 µL, 0.89 mmol) in 

MeOH (1 mL) dropwise. The resultant mixture was heated at reflux for 24 h and the solvent 

was removed under reduced pressure to yield the crude product which was purified by flash 

chromatography (14:1 hexanes, ethyl acetate) to yield the title compound (38 mg, 30 %) as a 

yellow solid. 

RF (2:1 hexanes, ethyl acetate) = 0.59  

δH (300 MHz; CDCl3; Me4Si) 1.37 (6H, d, J = 6.1 Hz, CH(CH3)2), 3.89 (3H, s, OCH3), 4.54 

(1H, sept., J = 6.1 Hz, CH(CH3)2), 6.23 (1H, s, OH), 6.58 (1H, s, 3-H), 7.32 (1H, s, 6-H), 

10.30 (1H, s, CHO). 

δC (75 MHz; CDCl3) 22.0 (CH(CH3)2), 56.3 (OCH3), 72.0 (CH(CH3)2), 101.4 (C-3), 108.5 

(C-6), 118.7 (C-1), 141.2 (C-5), 152.9 (C-4), 157.6 (C-2), 188.5 (CHO). 

IR: νmax(film)/cm-1; 3062 (O-H, phenol), 1978 and 1927 (C-H, aromatic), 1646 (C=O, 

aldehyde), 1611, 1574, 1500 and 1437 (C=C, aromatic), 1279, 1183, 1131 and 1028 (C-O, 

ether), 749, 724 and 711 (C-H, bending). 

m/z (ESI+) 211 (MH+, 40 %), 169 (100). High Resolution (ESI+): found (MH+): 211.0960 

C11H15O4 requires 211.0965. 
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2,4-Diisopropoxy-5-methoxybenzaldehyde 89 

 

To a suspension of phenol 86 (50 mg, 0.30 mmol) and K2CO3 (82 mg, 0.59 mmol) in DMSO 

(1 mL), under an atmosphere of nitrogen, was added 2-iodopropane (42 µL, 0.45 mmol) 

dropwise and the resultant suspension was stirred at 60 °C for 4 d. Water (3 mL) and ethyl 

acetate (3 mL) were added and the organic layer separated. The aqueous mixture was 

extracted further with ethyl acetate (3 × 3 mL) and the combined organic extracts were 

washed with a 10 % aqueous solution of NaOH (10 mL), water (10 mL) and dried (MgSO4) 

and the solvent was removed under reduced pressure. The crude product was purified by 

flash chromatography (2:1 hexanes, ethyl acetate) to yield the title compound (30 mg, 40 %) 

as a yellow solid. 

RF (1:1 hexanes, ethyl acetate) = 0.75 

δH (300 MHz; CDCl3; Me4Si) 1.38 (6H, d, J = 6.0 Hz, CH(CH3)2), 1.42 (6H, d, J = 6.1 Hz, 

CH(CH3)2), 3.85 (3H, s, OCH3), 4.54 (1H, sept., J = 6.0 Hz, CH(CH3)2), 4.64 (1H, sept., J = 

6.1 Hz, CH(CH3)2), 6.51 (1H, s, 3-H), 7.31 (1H, s, 6-H), 10.31 (1H, s, CHO). 

Spectroscopic data were in accordance with literature values.175  
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2-(Benzyloxy)-4-isopropoxy-5-methoxybenzaldehyde 90 

 

To a stirred solution of phenol 87 (1.2 g, 5.7 mmol) and K2CO3 (0.95 g, 6.8 mmol) in EtOH 

(18 mL) was added benzyl bromide (0.81 mL, 6.7 mmol) dropwise and the resultant mixture 

was heated at reflux, under an atmosphere of nitrogen for 24 h. 2M HCl (15 mL), water (15 

mL) and ethyl acetate (30 mL) were added and the organic layer separated. The aqueous 

mixture was further extracted with ethyl acetate (3 × 20 mL) and the combined organic 

extracts were washed with water (5 × 20 mL), dried (MgSO4) and the solvent was removed 

under reduced pressure. The crude product was purified by flash chromatography (4:1 

hexanes, ethyl acetate) to yield the title compound (1.7 g, quantitative) as a dark yellow solid. 

 

RF (2:1 hexanes, ethyl acetate) = 0.74 

Melting Point: 121.9- 122.7 °C 

δH (300 MHz; CDCl3; Me4Si) 1.36 (6H, d, J = 6.1 Hz, CH(CH3)2), 3.84 (3H, s, OCH3), 4.57 

(1H, sept., J = 6.1 Hz, CH(CH3)2), 5.15 (2H, s, CH2Ar), 6.52 (1H, s, 3-H), 7.33 (1H, s, 6-H), 

7.34-7.43 (5H, m, Ar-H), 10.37 (1H, s, CHO).  

δC (75 MHz; CDCl3) 21.7 (CH(CH3)2), 56.2 (OCH3), 71.5 (CH(CH3)2), 71.6 (CH2Ar), 100.5 

(C-3), 109.4 (C-6), 117.9 (C-1), 127.2, 128.2 and 128.7 (Ar-CH), 138.2 (Ar-C), 144.8 (C-5), 

154.1 (C-4), 157.4 (C-2), 187.9 (CHO). 

IR: νmax(film)/cm-1; 2977, 2933 and 2852 (C-H, aromatic), 1657 (C=O, aldehyde), 1599 and 

1500 (C=C, aromatic), 1265 (C-O, ether), 747, 708 and 695 (C-H bending, aromatic). 

m/z (ESI+) 323 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 323.1247 

C18H20NaO4 requires 323.1254. 
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1-(2-(Benzyloxy)-4-isopropoxy-5-methoxyphenyl)prop-2'-en-1'-ol 91 

 

The reaction was carried out according to general procedure A, using aldehyde 90 (0.20 g, 

0.67 mmol). After stirring for 24 h at room temperature the reaction mixture was heated at 40 

°C for a further 5 h. A solvent mixture of 3:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (0.22 g, quantitative) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.50  

δH (300 MHz; CDCl3; Me4Si) 1.30 (3H, d, J = 6.1 Hz, CH(CH3)2), 2.59 (1H, br s, OH), 3.80 

(3H, s, OCH3), 4.43 (1H, sept., J = 6.1 Hz, CH(CH3)2), 5.04 (2H, s, CH2Ar), 5.13-5.32 (2H, 

m, 3'-H), 5.32 (1H, br s, 1'-H), 6.03-6.14 (1H, m, 2'-H), 6.58 (1H, s, 3-H), 6.88 (1H, s, 6-H), 

7.29 -7.33 (5H, m, Ar-H). 

δC (75 MHz; CDCl3) 22.0 (CH(CH3)2), 56.6 (OCH3), 70.4 (C-1'), 71.3 (CH2Ar), 72.0 

(CH(CH3)2), 104.0 (C-3), 112.0 (C-6), 114.2 (C-3'), 123.9 (C-1), 127.3, 127.9 and 128.5 (Ar-

CH), 136.8 (Ar-C), 139.6 (C-2'), 145.1 (C-5), 147.0 (C-4), 149.7 (C-2). 

IR: νmax(film)/cm-1; 3462 (O-H, alcohol), 2975 and 2933 (C-H, aromatic), 1607 (C=C, 

alkene), 1503 (C=C, aromatic), 1206 and 1027 (C-O, ether), 1106 (C-O, alcohol), 919 (C-H 

bending, alkene), 735 and 696 (C-H bending, aromatic).  

m/z (ESI+) 311 (MNa+, 100 %), 393 (90), 269 (40). High Resolution (ESI+): found (MNa+): 

393.1662 C22H26NaO5 requires 393.1672. 
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1-(2-(Benzyloxy)-4-isopropoxy-5-methoxyphenyl)allyl acetate 92  

and  

(E)-3-(2-(benzyloxy)-4-isopropoxy-5-methoxyphenyl)allyl acetate 93 

 

The reaction was carried out according to general procedure B, using alcohol 91 (0.20 g, 0.61 

mmol). Due to the instability of the reaction mixture on silica gel, flash chromatography 

using 2:1 hexanes, ethyl acetate led to the decomposition of most of the product and the 

isolation of 1'-(2-(benzyloxy)-4-isopropoxy-5-methoxyphenyl)allyl acetate 92 in a 

diminished yield (8.0 mg, 4 %) as a yellow oil.  

RF (2:1 hexanes, ethyl acetate) = 0.74  

δH (300 MHz; CDCl3; Me4Si) 1.30 (3H, d, J = 6.1 Hz, CH(CH3)2), 1.31 (3H, d, J = 6.1 Hz, 

CH(CH3)2), 3.30 (3H, s, COCH3), 3.81 (3H, s, OCH3), 4.43 (1H, sept., J = 6.1 Hz, 

CH(CH3)2), 5.02 (2H, s, CH2Ar), 5.10-5.28 (3H, m, 1'-H and 3'-H), 5.86-5.98 (1H, m, 2'-H), 

6.56 (1H, s, 3-H), 6.91 (1H, s, 6-H), 7.26 -7.33 (5H, m, Ar-H). 

δC (75 MHz; CDCl3) 22.1 (CH(CH3)2), 56.4 (C-1'), 56.6 (OCH3), 71.6 (CH2Ar and 

CH(CH3)2) 72.0 (C-1'), 104.0 (C-3), 111.3 (C-6), 115.4 (C-3'), 122.3 (C-1), 127.4, 127.9 and 

128.5 (Ar-CH), 137.3 (Ar-C), 138.2 (C-2'), 145.5 (C-5), 147.0 (C-4), 150.0 (C-2), 163.6 

(COCH3). 

IR: νmax(film)/cm-1; 2977 and 2932 (C-H, aromatic), 1739 (C=O, ester), 1608 (C=C, alkene), 

1503 (C=C, aromatic), 1455 and 1464 (C=C, aromatic), 1208 (C-O, ester), 1183, 1105 and 

1028 (C-O, ether), 920 (C-H bending, alkene), 736 and 696 (C-H bending, aromatic). 

m/z (ESI+) 311 (MNa+, 100 %), 393 (80), 269 (40). High Resolution (ESI+): found (MNa+): 

393.1662 C22H26NaO5 requires 393.1672. 
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In a second fraction was also isolated ((E)-3-(2-(benzyloxy)-4-isopropoxy-5-

methoxyphenyl)allyl acetate 93 (12 mg, 5 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.65 

δH (400 MHz; CDCl3; Me4Si) 1.30 (6H, d, J = 6.1 Hz, CH(CH3)2), 2.09 (3H, s, 1'-H), 3.83 

(3H, s, OCH3), 4.45 (1H, sept., J = 6.1 Hz, CH(CH3)2), 4.71 (2H, d, J = 6.7 Hz, 3'-H), 5.03 

(2H, s, CH2Ar), 6.19 (1H, dt, J = 6.7, 16.0 Hz, 4'-H), 6.52 (1H, s, 3-H), 6.98 (1H, d, J = 16.0 

Hz, 5'-H), 6.99 (1H, s, 6-H), 7.30-7.43 (5H, m, Ar-H). 

δC (75 MHz; CDCl3) 21.0 (C-5'), 22.0 (CH(CH3)2), 56.6 (OCH3), 65.8 (C-3'), 71.8 

(CH(CH3)2 and CH2Ar), 103.9 (C-3), 110.6 (C-6), 118.3 (C-1), 121.4 (C-2'), 127.3, 127.9 

and 128.5 (Ar-CH), 128.9 (C-1'), 137.1 (Ar-C), 145.2 (C-5), 148.1 (C-4), 150.5 (C-2), 170.9 

(C(O)CH3). 

IR: νmax(film)/cm-1; 2977 and 2934 (C-H, aromatic), 1735 (C=O, ester), 1607 (C=C, alkene), 

1503 (C=C, alkene), 1188, 1106 and 1026 (C-O, ether), 969 (C-H bending, alkene), 733 and 

697 (C-H bending, aromatic). 

m/z (ESI+) 311 (MNa+, 100 %), 393 (80), 269 (40). High Resolution (ESI+): found (MNa+): 

393.1658C22H26NaO5 requires 393.1672. 
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 (E)-4''-(3'-(2-(Benzyloxy)-4-isopropoxy-5-methoxyphenyl)allyl)morpholine 76  

and  

4''-(1'-(2-(benzyloxy)-4-isopropoxy-5-methoxyphenyl)allyl)morpholine 94 

 

 

The first part of the reaction was carried out according to general procedure B, using alcohol 

91 (1.0 g, 3.0 mmol). The second part of the reaction was carried out according to general 

procedure C, using acetate 92 (1.1 g, 3.0 mmol). A solvent mixture of 19:1 DCM, MeOH 

was used for flash chromatography to yield (E)-4''-(3'-(2-(benzyloxy)-4-isopropoxy-5- 

methoxyphenyl) allyl)morpholine 76 (1.2 g, quantitative over 2 steps) as a viscous orange oil. 

RF (2:1 hexanes, ethyl acetate) = 0.06  

δH (300 MHz; CDCl3; Me4Si) 1.30 (6H, d, J = 6.1 Hz, CH(CH3)2), 2.50 (4H, t, J = 4.5 Hz, 

N(CH2CH2)2O), 3.15 (2H, d, J = 6.9 Hz, 1'-H), 3.73 (4H, t, J = 4.5 Hz, N(CH2CH2)2O), 3.81 

(3H, s, OCH3), 4.44 (1H, sept., J = 6.1 Hz, CH(CH3)2), 5.02 (2H, s, CH2Ar), 6.13 (1H, dt, J = 

6.9, 16.0 Hz, 2'-H), 6.53 (1H, s, 3-H), 6.85 (1H, d, J = 16.0 Hz, 3'-H), 7.01 (1H, s, 6-H), 

7.27-7.57 and 7.63-7.71 (5H, m, Ar-H). 

δC (75 MHz; CDCl3) 22.0 (CH(CH3)2), 53.6 (N(CH2CH2)2O), 56.5 (OCH3), 61.8 (C-1'), 66.9 

(N(CH2CH2)2O), 71.8 (CH(CH3)2), 71.9 (CH2Ar), 104.3 (C-3), 110.2 (C-6), 119.1 (C-1), 

124.3 (C-2'), 127.6 (C-3'), 127.3, 128.5 and 131.5 (Ar-CH), 137.2 (Ar-C), 145.2 (C-5), 147.5 

(C-4), 150.0 (C-2). 

IR: νmax(film)/cm-1; 2974, 2855 and 2806 (C-H, aromatic), 1679 (C=C, alkene), 1607 and 

1502 (C=C, aromatic), 1205, 1111 and 1028 (C-O, ether), 1187 (C-N, amine), 972 and 905 

(CH bending, alkene), 721 and 695 (C-H bending, aromatic). 

m/z (ESI+) 279 (MH+, 100 %), 311 (80), 301 (20), 269 (20). High Resolution (ESI+): found 

(MH+): 398.2320 C24H32NO4 requires 398.2326. 
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When the second part of the reaction was carried out for 1 d at room temperature and then 3 

d at 70 °C, branched product, 4''-(1'-(2-(benzyloxy)-4-isopropoxy-5-methoxyphenyl)allyl) 

morpholine 94  (9 %) was also isolated in a second fraction (Chapter 2). 

 

RF (2:1 hexanes, ethyl acetate) = 0.09  

δH (400 MHz; CDCl3; Me4Si) 1.30 (3H, d, J = 6.0 Hz, CH(CH3)2), 1.30 (3H, d, J = 6.0 Hz, 

CH(CH3)2), 2.31-2.39 and 2.47-2.50 (4H, m, N(CH2CH2)2O), 3.68 (4H, t, J = 4.4 Hz, 

N(CH2CH2)2O), 3.83 (3H, s, OCH3), 4.20 (1H, d, J = 8.8 Hz, 1'-H), 4.42 (1H, sept., J = 6.0 

Hz, CH(CH3)2), 5.01 (2H, s, CH2Ar), 5.05 (1H, dd, J = 2.0, 17.6 Hz, 3'-HA), 5.22 (1H, dd, J  

= 2.0, 17.6 Hz, 3'-HB), 5.84 (1H, dt, J = 8.8, 17.6 Hz, 2'-H), 6.54 (1H, s, 3-H), 7.01 (1H, s,  

6-H), 7.31-7.38 (5H, m, Ar-H). 

δC (75 MHz; CDCl3) 22.0 and 22.1 (CH(CH3)2), 51.9 N(CH2CH2)2O), 56.7 (OCH3), 66.3 

(C-1'), 61.2 (N(CH2CH2)2O),), 71.6 (CH(CH3)2 and CH2Ar), 103.9 (C-3), 112.3 (C-6), 116.1 

(C-3'), 122.4 (C-1), 127.3, 127.8 and 128.4 (Ar-CH),137.4 (Ar-C), 139.6 (C-2'), 145.2 (C-5), 

146.5 (C-4), 150.4 (C-2).  

IR: νmax(neat)/cm-1; 2975 and 2853 (C-H, aromatic), 1607 (C=C, alkene), 1503 (C=C, 

aromatic), 1204 and 1029 (C-O, ether), 1113 (C-N, amine), 733 and 696 (C-H bending, 

aromatic). 

m/z (ESI+) 311 (MH+, 100 %), 269 (20). High Resolution (ESI+): found (MH+): 398.2331 

C24H32NO4 requires 398.2326. 
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4-Isopropoxy-2,5-dimethoxybenzaldehyde 122 

 

To a solution of phenol 87 (0.13 g, 0.62 mmol) in DMF (6 mL), under an atmosphere of 

nitrogen at room temperature, was added potassium carbonate (85 mg, 0.62 mmol) and the 

resultant suspension was stirred at room temperature for 15 min. Methyl iodide (38 µl, 0.62 

mmol) was added and the mixture was stirred for 2 h. The off-white suspension was 

quenched with a 5 % aqueous solution of NaOH (10 mL) and extracted with DCM (4 × 10 

mL). The combined organic extracts were washed with water (5 × 10 mL), dried (MgSO4) 

and the solvent was removed under reduced pressure. The crude product was purified by 

flash chromatography (2:1 hexanes, ethyl acetate) to yield the title compound (0.12 g, 86 %) 

as a pale yellow solid. 

RF (2:1 hexanes, ethyl acetate) = 0.48  

Melting Point: 59.8- 62.5 °C 

δH (400 MHz; CDCl3; Me4Si) 1.43 (6H, d, J = 6.1 Hz, CH(CH3)2), 3.84 (3H, s, 5-OCH3), 

3.89 (3H, s, 2-OCH3), 4.66-4.72 (1H, sept., J = 6.1 Hz, CH(CH3)2), 6.52 (1H, s, 3-H), 7.31 

(1H, s, 6-H), 10.30 (1H, s, CHO).  

δC (100 MHz; CDCl3) 21.7 (CH(CH3)2), 56.0 (5-OCH3), 56.0 (2-OCH3), 71.5 (CH(CH3)2), 

98.5 (C-3), 109.5 (C-6), 117.1 (C-1), 144.3 (C-5), 154.2 (C-4), 158.3 (C-2), 187.61 (CHO).  

IR: νmax(film)/cm-1; 2986, 2940 and 1861 (C-H, aromatic), 1660 (C=O, aldehyde), 1603 and 

1510 (C=C, aromatic), 1204, 1106 and 1033 (C-O, ether), 760 and 696 (C-H bending, 

aromatic). 

m/z (ESI+) 247 (MNa+, 30 %), 225 (20), 183 (100). High Resolution (ESI+): found (MNa+): 

247.0937 C12H16NaO4 requires 247.0941. 
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1'-(4-Isopropoxy-2,5-dimethoxyphenyl)prop-2'-en-1'-ol 123 

 

The reaction was carried out according to general procedure A, using aldehyde 122 (0.12 g, 

0.54 mmol) A solvent mixture of 3:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (0.12 g, 88 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.66  

δH (400 MHz; CDCl3; Me4Si) 1.34 (6H, d, J = 6.1 Hz, CH(CH3)2), 2.91 (1H, br s, OH), 3.78 

(3H, s, 5-OCH3), 3.79 (3H, s, 2-OCH3), 4.50 (1H, sept., J = 6.1 Hz, CH(CH3)2), 5.00-5.18 

(1H, m, 3'-HA), 5.26-5.45 (1H, m, 3'-HB), 5.38 (1H, d, J = 4.8 Hz, 1'-H), 6.04-6.15 (1H, m, 

2'-H), 6.54 (1H, s, 3-H), 6.88 (1H, s, 6-H).  

δC (100 MHz; CDCl3) 22.0 (CH(CH3)2), 56.1 (5-OCH3), 56.6 (2-OCH3), 70.3 (C-1'), 72.1 

(CH(CH3)2), 102.5 (C-3), 112.2 (C-6), 114.0 (C-3'), 123.4 (C-1), 139.6 (C-2'), 144.8 (C-5), 

147.1 (C-4), 150.7 (C-2). 

IR: νmax(film)/cm-1; 3433 (O-H, alcohol), 2976 and 2936 (C-H, aromatic), 1609 (C=C, 

alkene), 1504 and 1465 (C=C, aromatic), 1200 and 1039 (C=O, ether), 1106 (C-O, alcohol), 

992 and 914 (C-H bending, alkene), 772 and 731 (C-H bending, aromatic). 

m/z (ESI+) 275 (MNa+, 60 %), 235 (40), 193 (80), 161 (100), 133 (20). High Resolution 

(ESI+): found (MNa+): 275.1252 C14H20NaO4 requires 275.1254. 
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(E)-4''-(3'-(4-isopropoxy-2,5-dimethoxyphenyl)allyl)morpholine 105 

 

The first part of this reaction was carried out according to general procedure B using, alcohol 

123 (0.12 g, 0.48 mmol). After stirring for 24 h at room temperature, further pyridine (77 µL, 

0.95 mmol) and acetic anhydride (90 µL, 0.95 mmol) were added. The mixture was then 

stirred for a further 40 h.  

 

The second part of this reaction was carried out according to general procedure C, using 

crude acetate 124 (0.11 g, 0.37 mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was 

used for flash chromatography to yield the title compound (51 mg, 34 % over two steps) as a 

yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.42  

δH (400 MHz; CDCl3; Me4Si) 1.35 (6H, d, J = 6.2 Hz, CH(CH3)2), 2.51 (4H, br s, 

N(CH2CH2)2O), 3.16 (2H, d, J = 6.8 Hz, 1'-H), 3.74 (4H, t, J = 4.6 Hz, N(CH2CH2)2O), 3.79 

(3H, s, 5-OCH3), 3.81 (3H, s, 2-OCH3), 4.52 (1H, sept., J = 6.2 Hz, CH(CH3)2), 6.14 (1H, dt, 

J = 6.8, 15.9 Hz, 2'-H), 6.52 (1H, s, 3-H), 6.79 (1H, d, J = 15.9 Hz, 3'-H), 7.01 (1H, s, 6-H). 

δC (100 MHz; CDCl3) 22.0 (CH(CH3)2), 53.4 (N(CH2CH2)2O), 56.4 and 56.5 (2- and 5-

OCH3), 61.9 (C-1'), 66.9 (N(CH2CH2)2O), 72.0 (CH(CH3)2), 102.3 (C-3), 110.7 (C-6), 118.4 

(C-1), 124.3 (C-2'), 127.6 (C-3'), 144.9 (C-2), 147.6 (C-4), 151.1 (C-5). 

IR: νmax(film)/cm-1; 2972 and 2854 (C-H, aromatic), 1607 (C=C, alkene), 1504 and 1451 

(C=C, aromatic), 1209 and 1040 (C-O, ether), 1113 (C-N, amine), 721 and 696 (C-H 

bending, aromatic). 

m/z (ESI+) 322 (MH+, 10 %), 301 (20), 279 (40), 235 (100), 193 (60), 161 (80), 133 (20). 

High Resolution (ESI+): found (MH+): 322.2005 C18H28NO4 requires 322.2013. 
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1'-(2,4,5-Trimethoxyphenyl)prop-2'-en-1'-ol 120 

 

The reaction was carried out according to general procedure A, using aldehyde 78 (1.0 g, 5.1 

mmol). A solvent mixture of 3:1 hexanes, ethyl acetate was used for flash chromatography to 

yield the title compound (1.05 g, 93 %) as a pale yellow solid. 

RF (2:1 hexanes, ethyl acetate) = 0.26  

Melting Point: 77.0-79.2 °C 

δH (300 MHz; CDCl3; Me4Si) 3.31 (1H, br s, OH), 3.78, 3.79, 3.84 (3 × 3H, s, 2- and 4- and 

5-OCH3), 5.07-5.12 (1H, m, 3'-HA), 5.23-5.30 (1H, m, 3'-HB), 5.42 (1H, br s, 1'-H), 5.99-6.10 

(1H, m, 2'-H), 6.50 (1H, s, 3-H), 6.90 (1H, s , 6-H). 

δC (75 MHz; CDCl3) 55.7, 55.8, 56.0 (2-, 4- and 5-OCH3), 69.2 (C-1´), 97.3 (C-3), 110.9 (C-

6), 113.3 (C-3´), 122.4 (C-1), 139.6 (C-2´), 142.8 (C-5), 148.4 (C-4), 150.3 (C-2). 

IR: νmax(film)/cm-1; 3341 (O-H, alcohol), 3000, 2943 and 2835 (C-H, aromatic), 1613 (C=C, 

alkene), 1514, 1466, 1458 and 1448 (C=C, aromatic), 1207 and 1027 (C-O, ether), 1129 (C-

O, alcohol), 986 and 911 (C-H bending, alkene), 832, 768 and 710 (C-H bending, aromatic). 

m/z (ESI+) 247 (MNa+, 30 %), 207 (100), 176 (55). High Resolution (ESI+): found (MNa+): 

247.0942 C12H16NaO4 requires 247.0941. 
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1'-(2,4,5-Trimethoxyphenyl)allyl acetate 121 

 

 

The reaction was carried out according to general procedure B, using alcohol 120 (0.32 g, 1.4 

mmol). After stirring for 24 h at room temperature, further pyridine (0.23 mL, 2.9 mmol) and 

acetic anhydride (0.27 mL, 2.9 mmol) were added. The crude product was used without 

further purification in the subsequent reaction. 

 

RF (2:1 hexanes, ethyl acetate) = 0.32  

δH (400 MHz; CDCl3; Me4Si) 3.84 (6H, s, 2-OCH3 and 5-OCH3), 3.88 (3H, s, 4-OCH3), 

5.15-5.18 (1H, m, 3'-HA), 5.28-5.33 (1H, m, 3'-HB), 5.40 (1H, d, J = 5.4 Hz, 1'-H), 6.05-6.14 

(1H, m, 2'-H), 6.53 (1H, s, 3-H), 6.88 (1H, s, 6-H). 

δC (100 MHz; CDCl3) 56.1, 56.3 and 56.5 (2- OCH3, 4-OCH3 and 5-OCH3), 70.6 (C-1'), 

97.7 (C-3), 111.4 (C-6), 114.3 (C-3'), 122.4 (C-1), 139.6 (C-2'), 143.2 (C-5), 149.0 (C-4), 

150.9 (C-2). 

IR: νmax(film)/cm-1; 2937 and 2835 (C-H, aromatic), 1607 (C=C, alkene), 1509, 1464 and 

1439 (C=C, aromatic), 1205 and 1029 (C-O, ether), 1128 (C=O, ester), 986 and 913 (C-H 

bending, alkene), 768 and 711 (C-H bending, aromatic). 

m/z (ESI+) 289 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 289.1067 

C14H18NaO5 requires 289.1046. 
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(E)-4''-(3'-(2,4,5-trimethoxyphenyl)allyl)morpholine 104 
 

 

The reaction was carried out according to general procedure C, using acetate 121 (0.38 g, 1.4 

mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was used for flash chromatography to 

yield the title compound (0.21 g, 61 % over two steps brsm.) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.09  

δH (400 MHz; CDCl3; Me4Si) 2.52 (4H, br s, N(CH2CH2)2O), 3.17 (2H, dd, J = 1.2, 6.8 Hz, 

1'-H), 3.75 (4H, t, J = 4.8 Hz, N(CH2CH2)2O), 3.82 (3H, s, 5-OCH3), 3.85 (3H, s, 4-OCH3), 

3.89 (3H, s, 2-OCH3), 6.13 (1H, dt, J = 6.8, 16.0 Hz, 2'-H), 6.50 (1H, s, 3-H), 6.78-6.82 (1H, 

d, J = 16.0 Hz, 3'-H), 7.00 (1H, s, 6-H). 

Spectroscopic data were in accordance with literature values.58,176 
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4-(Hydroxymethyl)-2-methoxyphenol 97 

 

To a suspension of NaBH4 (9.9 g, 0.26 mol) in MeOH (250 mL), under an atmosphere of 

nitrogen at 0 °C, was added a solution of vanillin 45 (20 g, 0.13 mol) in MeOH (250 mL) 

dropwise over 30 min and the resultant mixture was warmed to room temperature and stirred 

for 24 h. The mixture was diluted with ethyl acetate (100 mL) and a saturated aqueous 

solution of NH4Cl (50 mL) was added. The volatile solvent was removed under reduced 

pressure and the aqueous mixture was extracted with ethyl acetate (5 × 50 mL). The 

combined organic extracts were washed with brine (40 mL), dried (MgSO4) and the solvent 

was removed under reduced pressure to yield the title compound (18 g, 89 %) as a viscous 

yellow oil which required no further purification. 

RF (2:1 hexanes, ethyl acetate) = 0.45  

δH (400 MHz; CDCl3; Me4Si) 3.91 (3H, s, OCH3), 4.61 (2H, d, J = 5.2 Hz, CH2Ar), 5.62 

(1H, s, OH), 6.83-6.93 (3H, m, 3-, 5- and 6-H). 

Spectroscopic data were in accordance with literature values.177 
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2'-(4-Hydroxy-3-methoxyphenyl)acetonitrile 98 

 

 

 

To a solution of alcohol 97 (18 g, 0.12 mol) in DMF (300 mL), under an atmosphere of 

nitrogen was adden NaCN (6.9 g, 0.14 mol), and the mixture was heated at 120 °C and 

stirred for 24 h. The solution was cooled to room temperature and water (100 mL) was added 

cautiously. The reaction mixture was basified (solid NaOH) to pH 10 and the DMF was 

removed by distillation. Water (250 mL) and acetic acid (20 mL) were added until a neutral 

pH (~7) was achieved. The aqueous mixture was extracted with chloroform (5 × 100 mL) 

and the combined organic extracts were washed with water (5 × 50 mL), dried (MgSO4), and 

the solvent was removed under reduced pressure to give the title compound  (13 g, 

quantitative brsm.) as a brown oil which was used without purification in the subsequent 

reaction. 

 

RF (2:1 hexanes, ethyl acetate) = 0.33  

δH (400 MHz; CDCl3; Me4Si) 3.68 (2H, s, CH2Ar), 3.90 (3H, s, OCH3), 5.73 (1H, br s, OH), 

6.81-6.90 (3H, m, 2-, 5- and 6-H).  

Spectroscopic data were in accordance with literature values.178 
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Homovanillic acid  

(2'-(4-Hydroxy-3-methoxyphenyl)acetic acid) 79 

 

 

To a solution of nitrile 98 (50 mg, 0.31 mmol) in EtOH (2 mL) and H2O (1 mL), was added 

NaOH (49 mg, 1.21 mmol) and the resultant solution was heated at 80 °C for 2 d. The 

solvent was removed under reduced pressure and the residue was diluted with ethyl acetate (2 

mL) and was poured on a slurry of conc. HCl and ice. The organic layer was separated and 

the aqueous mixture was extracted with ethyl acetate (3 × 5 mL). The combined organic 

extracts were dried (MgSO4) and the solvent was removed under reduced pressure to yield 

the title compound  (50 mg, 89 %) as a yellow oil which required no further purification. 

RF (2:1 hexanes, ethyl acetate) = 0.24  

δH (400 MHz; MeOD; Me4Si) 3.57 (2H, s, CH2Ar), 3.88  (3H, s, OCH3), 6.75 - 6.88 (3H, m, 

2-, 5- and 6-H). 

Spectroscopic data were in accordance with literature values.179,180  
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Isopropyl 2'-(4-hydroxy-3-methoxyphenyl)acetate 99 

 

To a solution of homovanillic acid 79 (0.21 g, 1.2 mmol) in DMF (2 mL), under an 

atmosphere of nitrogen, was added K2CO3 (0.51 g, 3.7 mmol) and 2-iodopropane (0.53 mL, 

5.1 mmol) and the resultant mixture was heated at reflux for 24 h. Water (2 mL), 2 M HCl (2 

mL) and ethyl acetate (5 mL) were added and the organic layer was separated. The aqueous 

mixture was further extracted with ethyl acetate (5 × 5 mL) and the combined organic 

extracts were dried (MgSO4) and the solvent was removed under reduced pressure. The crude 

product was purified by flash chromatography (9:1 hexanes, ethyl acetate) to yield the title 

compound (0.26 g, quantitative) as a white solid. 

RF (2:1 hexanes, ethyl acetate) = 0.55  

Melting point: 42.3-43.9 ºC.  

δH (400 MHz; CDCl3; Me4Si) 1.22 (6H, d, J = 6.4 Hz, CH(CH3)2), 3.50 (2H, s, CH2Ar), 

3.84 (3H, s, OCH3), 5.01 (1H, sept., J = 6.4 Hz, CH(CH3)2),  5.80 (1H, s, OH), 6.73-6.85 

(3H, m, 2-, 5- and 6-H). 

δC (100 MHz; CDCl3) 21.6 (CH(CH3)2), 41.2 (CH2Ar), 55.7 (OCH3), 68.0 (CH(CH3)2), 

111.65 (C-2), 114.3 (C-5), 121.9 (C-6), 125.9 (C-1), 144.6 (C-4), 146.4 (C-3), 171.4 

(C(O)OiPr). 

IR: νmax(film)/cm-1; 3427 (O-H, phenol), 2982 (C-H, aromatic), 1714 (C=O, ester), 1515 and 

1435 (C=C, aromatic), 1268, 1237, and 1033 (C-O, ether), 783 and 707 (C-H bending, 

aromatic). 

m/z (ESI+) 247 (MNa+, 100 %), 202 (20), 183 (50), 137 (95). High Resolution (ESI+): found 

(MNa+): 247.0936 C12H16NaO4 requires 247.0941. 
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Isopropyl 2'-(4-isopropoxy-3-methoxyphenyl)acetate 100 

 

 

 

To a solution of homovanillic acid 79 (1.1 g, 6.0 mmol) in dry DMF (30 mL), was added 

K2CO3 (2.7 g, 19 mmol), followed by 2-bromopropane (2.6 mL, 28 mmol) dropwise and the 

resultant suspension was heated at reflux for 24 h. Water (30 mL), conc. HCl (30 mL) and 

ethyl acetate (20 mL) were added and the organic layer was separated. The aqueous mixture 

was extracted further with ethyl acetate (3 × 20 mL) and the combined organic extracts were 

dried (MgSO4), and the solvent was removed under reduced pressure. The crude product was 

purified by flash chromatography (2:1 ethyl acetate, hexanes) to yield the title compound (1.6 

g, quantitative) as a yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.81  

δH (300 MHz; CDCl3; Me4Si) 1.22 (6H, d, J = 6.3 Hz, C(O)OCH(CH3)2), 1.35 (6H, d, J = 

6.1 Hz, 4-OCH(CH3)2), 3.51 (2H, s, CH2Ar), 3.84 (3H, s, OCH3), 4.49 (1H, sept., J = 6.1 Hz, 

4-OCH(CH3)2), 5.01 (1H, sept., J = 6.3 Hz, C(O)OCH(CH3)2), 6.76-6.85 (3H, m, 2-, 5- and 

6-H). 

δC (75 MHz; CDCl3) 21.7 (C(O)OCH(CH3)2), 22.0 (4-OCH(CH3)2), 41.2 (CH2Ar), 55.8 

(OCH3), 68.0 (C(O)OCH(CH3)2), 71.3 (4-OCH(CH3)2), 112.9 (C-2), 115.7 (C-5), 121.2 (C-

6), 127.1 (C-1), 146.2 (C-4), 150.2 (C-3), 171.3 (C(O)OCH(CH3)2). 

IR: νmax(film)/cm-1; 2979 and 2937 (C-H, aromatic), 1728 (C=O, ester), 1509 (C=C, 

aromatic), 1229, 1141 and 1036 (C-O, ether), 792 and 705 (C-H bending, aromatic). 

m/z (ESI+) 289 (MNa+, 100%). High Resolution (ESI+): found (MNa+): 289.1407 

C15H22NaO4 requires 289.1410. 
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2'-(4-Isopropoxy-3-methoxyphenyl)acetic acid 101 

 

 

 

To a solution of ester 100 (0.12 g, 0.45 mmol) in THF (2 mL) and water (2 mL), was added 

LiOH (0.15 g, 6.3 mmol) and the resultant mixture was heated at reflux for 24 h. The solvent 

was removed under reduced pressure and the residue was diluted with diethyl ether (3 mL). 

The suspension was cooled to 0 °C and acidified to pH 1 with 1M HCl. The organic layer 

was separated and the aqueous mixture was further extracted with diethyl ether (3 × 5 mL). 

The combined organic extracts were dried (MgSO4), and the solvent was removed under 

reduced pressure. The crude product was purified by flash chromatography (2:1 ethyl acetate, 

hexanes) to yield the title compound (0.10 g, quantitative) as a yellow oil.  

 

RF (2:1 hexanes, ethyl acetate) = 0.39  

δH (300 MHz; CDCl3; Me4Si) 1.35 (6H, d, J = 6.0 Hz, CH(CH3)2), 3.57 (2H, s, CH2Ar), 

3.84 (3H, s, OCH3), 4.49 (1H, sept., J = 6.0 Hz, CH(CH3)2), 6.77-6.85 (3H, m, 2-H, 5-H and 

6-H), 9.40 (1H, br s, OH).  

δC (75 MHz; CDCl3) 22.0 (CH(CH3)2), 40.6 (CH2Ar), 55.9 (3-OCH3), 71.5 (CH(CH3)2), 

115.2 (C-2), 115.7 (C-5), 121.5 (C-6), 126.1 (C-1), 146.6 (C-4), 150.3 (C-3), 177.9 

(C(O)OH). 

IR: νmax(film)/cm-1; 2979 and 2937 (C-H, aromatic), 1708 (C=O, carboxylic acid), 1509 and 

1453 (C=C, aromatic), 1260, 1233, 1109 and 1036 (C-O, ether), 788 and 771 (C-H bending, 

aromatic). 

m/z (ESI+) 247 (MNa+, 100 %), 137 (80), 225 (50), 183 (50), 263 (30), 282 (20). High 

Resolution (ESI+): found (MNa+): 247.0941 C12H16NaO4 requires 247.0941. 

Spectroscopic data were in accordance with literature values.181 
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2'-(4-Isopropoxy-3-methoxyphenyl)acetyl chloride 77 

 

 

 

To a solution of carboxylic acid 101 (0.15 g, 0.67 mmol) in DCM (3 mL), was added a drop 

of DMF, followed by thionyl chloride (0.14 mL, 2.0 mmol) dropwise and the resultant 

solution was stirred at room temperature under an atmosphere of nitrogen for 24 h. The 

volatile solvent was removed under reduced pressure to yield the title compound (0.16 g, 

assumed quantitative) which was used without further purification. 

 

RF (2:1 hexanes, ethyl acetate) = 0.53  

δH (300 MHz; CDCl3; Me4Si) 1.35 (6H, d, J = 6.1 Hz, CH(CH3)2), 3.58 (2H, s, CH2Ar), 

3.84 (3H, s, OCH3), 4.49 (1H, sept., J = 6.1 Hz, CH(CH3)2), 6.79-6.86 (3H, m, 2-, 5- and 6-

H). 

δC (75 MHz; CDCl3) 22.1 (CH(CH3)2), 40.6 (CH2Ar), 55.9 (OCH3), 71.5 (CH(CH3)2), 113.2 

(C-2), 115.8 (C-5), 121.5 (C-6), 126.0 (C-1), 146.7 (C-4), 150.4 (C-3), 177.8 (C(O)Cl). 

IR: νmax(film)/cm-1; 2978 and 2937 (C-H, aromatic), 1792 (C=O, acid chloride), 1509 (C=C, 

aromatic), 1262 and 1031 (C-O, ether), 773 and 703 (C-H bending, aromatic). 

The sample decomposed prior to mass spectrum acquisition. 
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5-Bromo-2-hydroxy-3-methoxybenzaldehyde 133  

and  

6-bromo-2-hydroxy-3-methoxybenzaldehyde 134 

 

To a suspension of o-vanillin 75 (1.0 g, 6.6 mmol) and silica (1.0 g) in wet CCl4 (10 mL), 

was added Br2 (0.34 mL, 6.6 mmol) and CAN (9 mg, 0.013 mmol) and the resultant mixture 

was stirred at room temperature for 24 h. The suspension was then diluted with DCM (10 

mL) and filtered through Celite. The filtrate was washed with a saturated aqueous solution of 

Na2S2O3 (50 mL), dried (MgSO4) and the solvent was removed under reduced pressure. The 

crude product was present as a 5:1 mixture of 5-bromo-2-hydroxy-3-methoxybenzaldehyde 

133 to 6-bromo-2-hydroxy-3-methoxybenzaldehyde 134. The crude product was purified by 

recrystallisation from 60 % ethanol/water to afford 5-bromo-2-hydroxy-3-

methoxybenzaldehyde 133 (1.2 g, 81 %) as a yellow solid. 

RF (2:1 hexanes, ethyl acetate) = 0.78  

Melting point: 120.5-123.6 °C (Lit: 122-123 °C).88 

δH (300 MHz; CDCl3; Me4Si) 3.91 (3H, s, OCH3), 7.15 (1H, s, 4-H), 7.28 (1H, s, 6-H), 9.84 

(1H, s, CHO), 10.99 (1H, s, OH).  

Spectroscopic data were in accordance with literature values.182 

 

6-Bromo-2-hydroxy-3-methoxybenzaldehyde 134 was also isolated from the filtrate (0.24 g, 

16 %) as a viscous yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.79  

δH (300 MHz; CDCl3; Me4Si) 3.89 (3H, s, OCH3), 7.06 (1H, d, J = 8.4 Hz, 5-H), 7.28 (1H, 

d,  J = 8.4 Hz, 4-H), 10.28 (1H, s, CHO), 10.27 (1H, s, OH).  

Spectroscopic data were in accordance with literature values.183 



                    
Experimental Procedures 

 

219 
 

4,5-Dibromo-2-hydroxy-3-methoxybenzaldehyde 135 

 

To a suspension of o-vanillin 75 (0.10 g, 0.66 mmol) and NH4OAc (5.0 mg, 0.066 mmol), 

under an atmosphere of nitrogen in acetonitrile (3 mL) was added NBS (0.034 mL, 0.70 

mmol) and the resultant mixture was stirred at room temperature for 24 h. The solvent was 

removed under reduced pressure. Water (5 mL) and ethyl acetate (5 mL) were added and the 

organic layer was separated. The aqueous mixture was further extracted with ethyl acetate (3 

× 5 mL). the combined organic extracts were dried (MgSO4) and the solvent was removed 

under reduced pressure. The crude product was purified by flash chromatography (2:1 

hexanes, ethyl acetate) to yield the title compound (65 mg, 33 %) as a bright yellow solid. 

 

RF (2:1 hexanes, ethyl acetate) = 0.92  

Melting Point: 145.7-147.7 °C 

δH (300 MHz; CDCl3; Me4Si) 3.91 (3H, s, OCH3), 7.24 (1H, s, 6-H), 10.33 (1H, s, CHO), 

12.48 (1H, s, OH). 

δC (100 MHz; CDCl3) 56.5 (OCH3), 115.0 (C-5), 118.3 and 118.5 (C-3 and C-4), 121.4 (C-

6), 148.7 (C-2), 153.9 (C-1), 199.1 (CHO). 

IR: νmax(film)/cm-1; 2938 (C-H, aromatic), 1642 (C=O, aldehyde), 1246 and 1088 (C-O, 

ether), 874 (C-H bending, aromatic). 

m/z (ESI+) 331 (MNa+, 60 %), 333 (100), 311 (40). High Resolution (ESI+): found (MNa+): 

330.8575 C8H6Br2NaO3 requires 330.8576. 
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5-Bromo-2,3-dimethoxybenzaldehyde 132 

 

To a solution of phenol 133 (77 mg, 0.33 mmol) in DMF (3 mL), under an atmosphere of 

nitrogen was added K2CO3 (46 mg, 0.33 mmol), and the mixture was stirred for 15 min prior 

to the dropwise addition of methyl iodide (19 µL, 0.33 mmol). The resultant suspension was 

stirred at room temperature for 24 h. A 5 % aqueous solution of NaOH (10 mL) was added 

and the suspension was diluted with DCM (10 mL). The organic layer was separated and the 

aqueous mixture was further extracted with DCM (4 × 10 mL). The combined organic 

extracts were washed with water (5 × 10 mL), dried (MgSO4) and the solvent was removed 

under reduced pressure. The crude product was purified by flash chromatography (2:1 

hexanes, ethyl acetate) to yield the title compound (82 mg, quantitative) as a pale yellow 

solid. 

RF (2:1 hexanes, ethyl acetate) = 0.72  

Melting point: 81.5-82.0 °C (Lit: 82-83 °C).182 

δH (300 MHz; CDCl3; Me4Si) 3.91 (3H, s, 3-OCH3), 3.97 (3H, s, 2-OCH3), 7.22 (1H, d, J = 

2.3 Hz, 4-H), 7.51 (1H, d, J = 2.3 Hz, 6-H), 10.34 (1H, s, CHO).  

Spectroscopic data were in accordance with literature values.182 
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5-Bromo-2,3-dimethoxyphenol 131 

 

To a solution of aldehyde 132 (50 mg, 0.20 mmol) in DCM (2 mL), under an atmosphere of 

nitrogen at 0 °C, was added mCPBA (0.106 g, 0.61 mmol) and the resultant suspension was 

stirred at 0 °C for 1 h prior to warming to room temperature. After 24 h a 5% aqueous 

solution of Na2S2O3 (5 mL) was added and the mixture was stirred for 10 min prior to 

separation of the organic layer. The aqueous mixture was further extracted with ethyl acetate 

(3 × 5 mL) and the combined organic extracts were washed with a saturated solution of 

Na2CO3 (10 mL), NH4Cl (10 mL) and brine (10 ml) and then dried (MgSO4). The solvent 

was removed under reduced pressure and the resultant yellow oil was dissolved in 

methanolic KOH (1 mL) and stirred at room temperature for 24 h. 2 M HCl solution (5 mL) 

was added and the solution was acidified to pH 4 and extracted with ethyl acetate (5 × 5 mL). 

The combined organic extracts were washed with a saturated solution of Na2CO3 (10 mL) 

and brine (10 mL), dried (MgSO4) and the solvent was removed under reduced pressure. The 

crude product was purified by flash chromatography (2:1 hexanes, ethyl acetate) to yield the 

title compound (40 mg, 83 % over two steps) as a white solid. 

RF (2:1 hexanes, ethyl acetate) = 0.45  

Melting point: 62.6-65.5 °C  (Lit: 68-70 °C).184 

δH (300 MHz; CDCl3; Me4Si) 3.84 (CH3, 3-OCH3), 3.87 (CH3, 2-OCH3), 5.83 (1H, br s, 

OH), 6.60 (1H, d, J = 2.2 Hz, 4-H), 6.77 (1H, d, J = 2.2 Hz, 6-H). 

Spectroscopic data were in accordance with literature values.184  
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5-Bromo-1,2-dimethoxy-3-(methoxymethoxy)benzene 145 

 

To a suspension of NaH (prewashed with pentane to remove the mineral oil coating) (5.7 mg, 

0.24 mmol) in DMF (1 mL), under an atmosphere of nitrogen at 0 °C, was added a solution 

of phenol 131 (50 mg, 0.21 mmol) in DMF (0.5 mL) dropwise. The resultant suspension was 

warmed to room temperature and stirred for 30 min, then cooled to 0 °C and MOMCl (0.050 

mL, 0.43 mmol) was added dropwise. The suspension was then warmed to room temperature 

and stirred under an atmosphere of nitrogen for 24 h. A saturated aqueous solution of NH4Cl 

(5 mL) and ethyl acetate (5 mL) were added and the organic layer was separated. The 

aqueous mixture was further extracted with ethyl acetate (3 × 5 mL). The combined organic 

extracts were dried (MgSO4), and the solvent was removed under reduced pressure. The 

crude product was purified by flash chromatography (19:1 hexanes, ethyl acetate) to yield the 

title compound (38 mg, 63 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.58  

δH (400 MHz; CDCl3; Me4Si) 3.51 (3H, s, OCH2OCH3), 3.84 and 3.85 (6H, s, 1-OCH3 and 

2-OCH3), 5.20 (2H, s, OCH2OCH3), 6.75 (1H, d, J = 2.0 Hz, 4-H), 6.96 (1H, d, J = 2.0 Hz, 6-

H). 

δC (100 MHz; CDCl3) 56.2 (1-OCH3), 56.3 (OCH2OCH3), 60.9 (2-OCH3), 95.4 

(OCH2OCH3), 109.9 (C-4), 112.8 (C-6), 116.0 (C-5), 138.3 (C-2), 151.4 (C-3), 154.0 (C-1).  

IR: νmax(film)/cm-1; 2936 and 2831 (C-H, aromatic), 1587, 1491, 1449 and 1422 (C=C, 

aromatic), 1154, 1110 and 1067 (C-O, ether), 766 and 727 (C-H bending, aromatic). 

m/z (ESI+) 299 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 298.9894 

C10H13BrNaO4 requires 298.9889. 
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5-Bromo-1,2,3-trimethoxybenzene 205 

 

To a solution of bromophenol 131 (1.0 g, 4.3 mmol) in DMF (20 mL), under an atmosphere 

of nitrogen, was added K2CO3 (0.71 g, 5.1 mmol) and MeI (0.32 mL, 5.1 mmol) dropwise, 

and the resultant supsension was stirred at room temperature for 48 h. A 5 % aqueous 

solution of NaOH (20 mL) was added and the suspension was diluted with DCM (20 mL). 

The organic layer was separated and the aqueous mixture was further extracted with DCM (4 

× 20 mL). The combined organic extracts were washed with water (5 × 20 mL), dried 

(MgSO4) and the solvent was removed under reduced pressure. The crude product was 

purified by flash chromatography (2:1 hexanes, ethyl acetate) to yield the title compound 

(0.46 g, 44 %) as a pale yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.74  

δH (400 MHz; CDCl3; Me4Si) 3.82 (3H, s, OCH3), 3.84 (6H, s, 2 × OCH3), 6.72 (2H, s, 4-H 

and 6-H). 

Spectroscopic data were in accordance with literature values.185 
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5-Bromo-1-isopropoxy-2,3-dimethoxybenzene 206 

 

To a solution of bromophenol 131 (1.0 g, 4.3 mmol) in DMF (20 mL), under an atmosphere 

of nitrogen, was added K2CO3 (1.9 g, 14 mmol) and 2-bromopropane (1.9 mL, 20 mmol) 

dropwise, and the resultant supsension was stirred for 48 h. 2M HCl solution (30 mL) and 

ethyl acetate (30 mL) were added and the organic layer was separated. The aqueous mixture 

was further extracted with ethyl acetate (5 × 20 mL). The combined organic extracts were 

washed with water (5 × 20 mL), dried (MgSO4) and the solvent was removed under reduced 

pressure. The crude product was purified by flash chromatography (9:1 hexanes, ethyl 

acetate) to yield the title compound (0.84 g, 71 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.72  

δH (400 MHz; CDCl3; Me4Si) 1.35 (6H, d J = 6.2 Hz, CH(CH3)2), 3.80 (3H, s, 2-OCH3), 

3.83 (3H, s, 3-OCH3), 4.50 (1H, sept., J = 6.2 Hz, CH(CH3)2), 6.68 (1H, d, J = 2.1 Hz, 4-H), 

6.71 (1H, d, J = 2.1 Hz, 6-H). 

δC (100 MHz; CDCl3) 22.1 (CH(CH3)2), 56.2 (3-OCH3), 60.6 (2-OCH3), 71.8 (CH(CH3)2), 

108.9 (C-4), 112.3 (C-6), 115.8 (C-5), 138.8 (C-2), 152.2 (C-1), 154.1 (C-3). 

IR: νmax(film)/cm-1; 2975 and 2932 (C-H, aromatic), 1582 and 1490 (C=C, aromatic), 1228 

and 1110 (C-O, ether), 814 and 731 (C-H bending, aromatic). 

m/z (ESI+) 275 (MH+, 100 %). High Resolution (ESI+): found (MH+): 275.0284 C11H16BrO3 

requires 275.0277. 
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1-(Allyloxy)-5-bromo-2,3-dimethoxybenzene 130 

 

To a suspension of NaH (prewashed with pentane to remove the mineral oil coating) (62 mg, 

2.6 mmol) in THF (32 mL), under an atmosphere of nitrogen at 0 °C, was added a solution of 

phenol 131 (0.50 g, 2.1 mmol) dropwise in THF (10 mL). The resultant suspension was 

warmed to room temperature and stirred for 30 min, then cooled to 0 °C and allyl bromide 

(0.20 mL, 2.40 mmol) was added dropwise. The suspension was then warmed to room 

temperature and heated at 70 °C for 24 h. A saturated aqueous solution of NH4Cl (20 mL) 

and ethyl acetate (10 mL) were added and the organic layer was separated. The aqueous 

mixture was further extracted with ethyl acetate (3 × 10 mL). The combined organic extracts 

were dried (MgSO4) and the solvent was removed under reduced pressure. The crude product 

was purified by flash chromatography (3:1 hexanes, ethyl acetate) to yield the title compound 

(0.59 g, quantitative) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.73  

δH (300 MHz; CDCl3; Me4Si) 3.83 (3H, s, 2-OCH3), 3.84 (3H, s, 3-OCH3) 4.56 (2H, dt, J = 

1.4, 5.2 Hz, 1'-H), 5.27-5.32 (1H, m, 3'-HA), 5.38-5.45 (1H, m, 3'-HB), 5.98-6.09 (1H, m, 2'-

H), 6.71 (2H, s, 4- and 6-H). 

δC (75 MHz; CDCl3) 56.3 (3-OCH3), 60.8 (2-OCH3), 70.1 (C-1'), 109.2 and 110.7 (C-4 and 

C-6), 115.9 (C-5), 117.9 (C-3'), 132.8 (C-2'), 137.9 (C-2), 152.9 (C-1), 157.3 (C-3). 

IR: νmax(film)/cm-1; 2924 and 2854 (C-H, aromatic), 1587, 1495 and 1449 (C=C, aromatic), 

1232 and 1121 (C-O, ether), 848 and 812 (C-H bending, aromatic).  

m/z (ESI+) 295 (MNa+, 100 %), 275 (25), 194 (95), 149 (25). High Resolution (ESI+): found 

(MNa+): 294.9936 C11H13BrNaO3 requires 294.9940. 
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2-Allyl-3-bromo-5,6-dimethoxyphenol 137 

 

A solution of allyloxybenzene 130 (0.12 g, 0.44 mmol ) in toluene (4 mL) was heated to 200 

°C in a sealed tube under an atmosphere of nitrogen for 24 h, after which time the mixture 

was cooled to room temperature and the solvent was removed under reduced pressure to 

yield the title compound (0.12 g, quantitative) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.51  

Melting point: 64-69 °C 

δH (400 MHz; CDCl3; Me4Si) 3.49 (2H, dt, J = 1.6, 6.0 Hz, 1'-H), 3.83 (3H, s, 5-OCH3), 

3.88 (3H, s, 6-OCH3), 5.01-5.06 (2H, m, 3'-H), 5.88-5.98 (1H, m, 2'-H), 6.02 (1H, br s, OH), 

6.70 (1H, s, 4-H). 

δC (100 MHz; CDCl3) 33.6 (C-1'), 56.0 (5-OCH3), 61.0 (6-OCH3), 108.0 (C-4), 115.1 (C-3'), 

118.9 and 119.1 (C-2 and C-3), 135.0 (C-2'), 135.9 (C-6), 148.0 (C-1), 150.8 (C-5). 

IR: νmax(neat)/cm-1; 3492 (O-H, alcohol), 2939 and 2838 (C-H, aromatic), 1638 (C=C, 

alkene), 1606, 1579, 1492 and 1455 (C=C, aromatic), 1117 and 1033 (C-O, ether), 972 and 

911 (C-H bending, alkene), 800 (C-H bending, aromatic). 

m/z (ESI+) 295 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 294.9953 

C11H13BrNaO3 requires 294 .9940. 
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2-Allyl-1-bromo-3-isopropoxy-4,5-dimethoxybenzene 129 

 

To a solution of phenol 137 (0.28 g, 1.0 mmol) and K2CO3 (0.45 g, 3.3mmol) in DMF (7 

mL), under an atmosphere of nitrogen, was added 2-bromopropane (0.44 mL, 4.7 mmol) and 

the resultant suspension was heated at reflux for 24 h. Water (10 mL), concentrated HCl (0.1 

mL) and ethyl acetate (10 mL) were added and the organic layer was separated. The aqueous 

mixture was further extracted with ethyl acetate (5 × 10 mL) and the combined organic 

extracts were washed with water (5 × 10 mL), dried (MgSO4) and the solvent was removed 

under reduced pressure. The crude product was purified by flash chromatography (19:1 

hexanes, ethyl acetate) to yield the title compound (0.31 g, 95 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.80  

δH (400 MHz; CDCl3; Me4Si) 1.26 (6H, d, J = 6.4 Hz, CH(CH3)2), 3.50 (2H, dt, J = 1.6, 4.8 

Hz, 1'-H), 3.80 (3H, 4-OCH3), 3.81 (3H, 5-OCH3), 4.66 (1H, sept., J = 6.4 Hz, CH(CH3)2), 

4.98-5.03 (2H, m, 3'-H), 5.85-5.94 (1H, m, 2'-H). 6.86 (1H, s, 6-H). 

δC (100 MHz; CDCl3) 22.6 (CH(CH3)2, 34.2 (C-1'), 55.9 (4-OCH3), 60.2 (5-OCH3), 75.1 

(CH(CH3)2), 111.3 (C-6), 115.2 (C-3'), 118.5 (C-1), 126.4 (C-2), 135.4 (C-2'), 141.7 (C-4), 

150.1 (C-3), 152.1 (C-5).  

IR: νmax(film)/cm-1; 2976 and 2935 (C-H, aromatic), 1587 and 1479 (C=C, aromatic), 1234 

and 1104 (C-O, ether), 987 and 907 (C-H bending, alkene), 820 and 797 (C-H bending, 

aromatic).  

m/z (ESI+) 337 (MNa+, 100 %), 296 (15), 275 (20), 259 (20), 194 (15). High Resolution 

(ESI+): found (MNa+): 337.0424 C14H19BrNaO3 requires 337.0410. 
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3'-(6-Bromo-2-isopropoxy-3,4-dimethoxyphenyl)propane-1',2'-diol 138 

 

To a solution of alkene 129 (0.62 g, 2.0 mmol) in tBuOH/H2O (1:1, 40 mL) was added NMO 

(0.69 g, 5.9 mmol) and OsO4 (5 mg, 0.20 mL, 0.020 mmol) dropwise respectively and the 

resultant solution was stirred for 24 h. A saturated aqueous solution of Na2SO3 (20 mL) was 

added and the mixture was stirred for 1 h prior to addition of ethyl acetate (20 mL) and 

separation of the organic layer. The aqueous mixture was further extracted with ethyl acetate 

(3 × 20 mL), and the combined organic extracts were dried (MgSO4). The solvent was 

removed under reduced pressure and the crude product was purified by flash chromatography 

(2:1 ethyl acetate, hexanes) to yield the title compound (0.69 g, quantitative) as an orange oil. 

RF (2:1 hexanes, ethyl acetate) = 0.26  

δH (300 MHz; CDCl3; Me4Si) 1.28 (3H, d, J = 6.2 Hz, CH(CH3)2), 1.33 (3H, d, J = 6.2 Hz, 

CH(CH3)2), 3.01 (2H, d, J = 6.9 Hz, 3'-H), 3.44 (1H, dd, J = 4.9, 11.7 Hz, 1'-HA), 3.61 (1H, 

dd, J = 3.1, 11.7 Hz, 1'-HB), 3.81 (3H, s, 3-OCH3), 3.84 (3H, s, 4-OCH3), 3.87-3.91 (1H, m, 

2'-H), 4.76 (1H, sept., J = 6.2 Hz, CH(CH3)2), 6.90 (1H, s, 5-H).                                      

δC (75 MHz; CDCl3) 22.7 (CH(CH3)2), 34.4 (C-3'), 56.1 (4-OCH3), 60.5 (3-OCH3), 65.5 (C-

1'), 71.7 (C-2'), 76.3 (CH(CH3)2), 112.0 (C-5), 118.8 (C-1), 124.7 (C-6), 141.6 (C-3), 149.9 

(C-2), 152.6 (C-4).   

IR: νmax(film)/cm-1; 3412 (O-H, alcohol), 2972 and 2931 (C-H, aromatic), 1588, 1481 and 

1409 (C=C, aromatic), 1234, 1116, 1102 and 1051 (C-O, ether), 824 and 786 (C-H bending, 

aromatic). 

m/z (ESI+) 371 (MNa+, 100 %), 351 (70), 289 (40), 247 (80). High Resolution (ESI+): found 

(MNa+): 371.0455 C14H21BrNaO5 requires 371.0465. 
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1-(6-Bromo-2-isopropoxy-3,4-dimethoxyphenyl)acetaldehyde 128 

 

To a solution of diol 138 (0.69 g, 2.0 mmol) in MeOH/H2O (3:1, 16 mL) was added NaIO4 

(0.51 g, 2.4 mmol) and the resultant suspension was stirred for 4 h. Brine (10 mL) and water 

(10 mL) were added and the aqueous mixture was extracted with ethyl acetate (3 × 10 mL). 

The combined organic extracts were washed with water (20 mL), dried (MgSO4) and the 

solvent was removed under reduced pressure. The crude product was purified by flash 

chromatography (3:1 hexanes, ethyl acetate) to yield the title compound (0.59 g, 93 %) as a 

colourless oil. 

RF (2:1 hexanes, ethyl acetate) = 0.77  

δH (300 MHz; CDCl3; Me4Si) 1.24 (6H, d, J = 6.2 Hz, CH(CH3)2), 3.82 (3H, s, 3-OCH3), 

3.83 (2H, d, J = 1.5 Hz, 1'-H), 3.85 (3H, s, 4-OCH3), 4.68 (1H, sept., J = 6.2 Hz, CH(CH3)2), 

6.92 (1H, 5-H), 9.66 (1H, t, J = 1.5 Hz, 2'-H). 

δC (75 MHz; CDCl3) 22.4 (CH(CH3)2), 44.8 (C-1'), 56.0 (4-OCH3), 60.3 (3-OCH3), 75.6 

(CH(CH3)2), 111.3 (C-5), 118.8 (C-1), 120.3 (C-6), 141.5 (C-3), 150.5 (C-2), 153.2 (C-4), 

198.84 (C-2'). 

IR: νmax(neat)/cm-1; 2976 and 2936 (C-H, aromatic), 1776 (C=O, aldehyde), 1588 and 1482 

(C=C, aromatic), 1235, 1115, 1101 and 1046 (C-O, ether), 786 (C-H bending, aromatic). 

m/z (ESI+) 339 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 339.0215 

C13H17BrNaO4 requires 339.0202. 
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1-(6-Bromo-2-isopropoxy-3,4-dimethoxyphenyl)ethanol 177 

 

To a solution of aldehyde 128 (51 mg, 0.16 mmol) in methanol (2 mL) was added sodium 

borohydride (9.1 mg, 0.24 mmol) and the resultant suspension was stirred at room 

temperature for 5 min. Water (5 mL) and DCM (5 mL) were added and the organic layer was 

separated. The aqueous mixture was further extracted with DCM (3 × 5 mL) and the 

combined organic extracts were dried (MgSO4). The solvent was removed under reduced 

pressure to yield the crude product which was purified by flash chromatography (2:1 ethyl 

acetate, hexanes) to give the title compound (50 mg, 97 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.52  

δH (300 MHz; CDCl3; Me4Si) 1.22 (6H, d, J = 6.2 Hz, CH(CH3)2), 2.98 (2H, t, J = 6.6 Hz, 

1'-H), 3.70 (2H, t, J = 6.6 Hz, 2'-H), 3.73 (3H, s, 3-OCH3), 3.75 (3H, s, 4-OCH3), 4.66 (1H, 

sept., J = 6.2 Hz, CH(CH3)2), 6.80 (1H, s, 5-H). 

δC (75 MHz; CDCl3) 22.6 (CH(CH3)2), 33.9 (C-1'), 56.1 (4-OCH3), 60.4 (C-2'), 62.3 (3-

OCH3), 75.7 (CH(CH3)2), 111.7 (C-5), 118.5 (C-6), 125.4 (C-1), 141.6 (C-3), 150.3 (C-2), 

152.4 (C-4).  

IR: νmax(film)/cm-1; 3403 (O-H, alcohol), 2974 and 2934 (C-H, aromatic), 1588 and 1481 

(C=C, aromatic), 1118, 1104 and 1047 (C-O, ether), 829 and 794 (C-H bending, aromatic). 

m/z (ESI+) 341 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 341.0357 

C13H19BrNaO4 requires 341.0359. 
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1-Bromo-3-isopropoxy-4,5-dimethoxy-2-(2'-(methoxymethoxy)ethyl)benzene 178 

 

To a stirred suspension of NaH (prewashed with pentane to remove the mineral oil coating) 

(4.0 mg, 0.17 mmol) in DMF (1 mL), under an atmosphere of nitrogen at 0 °C, was added a 

solution of alcohol 177 (50 mg, 0.16 mmol) in DMF (2 mL) dropwise. The resultant 

suspension was warmed to room temperature and stirred for 15 min, then cooled to 0 °C and 

MOMCl (0.034 mL, 0.31 mmol) was added dropwise. The solution was then allowed to 

warm to room temperature and was stirred for 2 h. A saturated aqueous solution of NH4Cl (5 

mL) and ethyl acetate (5 mL) were added and the organic layer was separated. The aqueous 

mixture was further extracted with ethyl acetate (3 × 5 mL), dried (MgSO4) and the solvent 

was removed under reduced pressure. The crude product was purified by flash 

chromatography (2:1 hexanes, ethyl acetate) to yield the title compound (26 mg, 46 %) as a 

colourless oil. 

RF (2:1 hexanes, ethyl acetate) = 0.77  

δH (400 MHz; CDCl3; Me4Si) 1.27 (6H, d, J = 5.9 Hz, CH(CH3)2), 3.06 (2H, t, J = 7.6 Hz, 

1'-H), 3.40 (3H, s, OCH2OCH3), 3.68 (2H, t, J = 7.6 Hz, 2'-H), 3.79 (3H, s, 5-OCH3), 3.82 

(3H, s, 4-OCH3), 4.69 (1H, sept., J = 5.9 Hz, CH(CH3)2), 4.74 (2H, s, OCH2OCH3) 6.84 (1H, 

s, 6-H). 

δC (100 MHz; CDCl3) 22.6 (CH(CH3)2), 30.9 (C-1'), 55.8 (-OCH2OCH3), 56.1 (4-OCH3), 

62.4 (5-OCH3), 66.6 (C-2'), 75.3 (CH(CH3)2), 91.7 (-OCH2OCH3), 111.3 (C-6), 118.6 (C-1), 

124.8 (C-2), 141.7 (C-4), 150.6 (C-3), 152.3 (C-5).  

IR: νmax(film)/cm-1; 2948 and 2894 (C-H, aromatic), 1588 and 1481 (C=C, aromatic), 1121 

and 1104 (C-O, ether). 

m/z (ESI+) 385 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 385.0614 

C15H23BrNaO5 requires 385.0621. 
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1-(6-Bromo-2-isopropoxy-3,4-dimethoxyphenyl)ethanamine 57 

 

To a solution of aldehyde 128 (0.11 g, 0.33 mmol) in EtOH (2 mL) was added triethylamine 

(0.11 mL, 0.79 mmol) followed by hydroxylamine hydrochloride (44 mg, 0.63 mmol) and 

the resultant mixture was heated at reflux for 2 h. The solvent was removed under reduced 

pressure. The crude product was diluted with ethyl acetate (5 mL) and washed with 2M HCl 

(10 mL) and the organic layer was separated. The aqueous mixture was further extracted with 

ethyl acetate (2 × 5 mL) and the combined organic extracts were washed with water (2 × 5 

mL), a saturated aqueous solution of NaHCO3 (10 mL) and brine (10 mL), then dried 

(MgSO4). The solvent was removed under reduced pressure to give 2-(6-bromo-2-

isopropoxy-3,4-dimethoxyphenyl)acetaldehyde oxime 140 as a colourless oil (0.12 g, 

quantitative) which was used without purification in the subsequent reaction. 

 

To a solution of oxime 140 (0.12 g, 0.35 mmol) in THF (10 mL) and 2M HCl (4 mL) was 

added zinc dust (0.45 g, 6.9 mmol) and the resultant mixture was heated at reflux for 30 min. 

The suspension was filtered through a slurry of silica gel and ethyl acetate and the filtrate 

was collected. The solvent was removed under reduced pressure and ethyl acetate (10 mL) 

and 2M HCl (10 mL) were added and the organic layer was separated. The aqueous mixture 

was further extracted with ethyl acetate (3 × 10 mL) and the combined organic extracts were 

dried (MgSO4). The solvent was removed under reduced pressure to give the crude product 

which was purified by flash chromatography (2:1 ethyl acetate, hexanes) to yield the title 

compound (0.11 g, 98 % over two steps) as an orange oil. 

RF (2:1 hexanes, ethyl acetate) = 0.45  

δH (400 MHz; CDCl3; Me4Si) 1.32 (6H, d, J = 6.2 Hz, CH(CH3)2), 3.16-3.20 (2H, m, 

CH2CH2NH2), 3.25-3.28 (2H, m, CH2CH2NH2), 3.83 (3H, s, 3-OCH3), 3.85 (3H, s, 4-OCH3), 

3.93 (2H, br s, NH2), 4.79 (1H, sept., J =  6.2 Hz, CH(CH3)2), 6.90 (1H, s, 5-H). 

Spectroscopic data were in accordance with literature values.52  
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tert-Butyl-6-bromo-2-isopropoxy-3,4-dimethoxyphenethylcarbamate 73 

 

To a solution of amine 57 (44 mg, 0.14 mmol) in DCM (3 mL), under an atmosphere of 

nitrogen, was added triethylamine (28 µL, 0.21 mmol) dropwise, followed by di-tert-butyl 

dicarbonate (45 mg, 0.21 mmol) and the resultant solution was stirred at room temperature 

for 24 h. A saturated aqueous solution of NH4Cl (5 mL) was added and the organic layer was 

separated. The aqueous mixture was extracted further with DCM (3 × 5 mL) and the 

combined organic extracts were treated with N-methylpiperazine to react with any di-tert-

butyl dicarbonate remaining.186 2M HCl (5 mL) was added and the organic layer was 

separated. The organic extract was washed further with a saturated aqueous solution of 

NaHCO3 (10 mL) and water (10 mL). The organic extract was dried (MgSO4) and the solvent 

was removed under reduced pressure to give the crude product which was purified by flash 

chromatography (19:1 DCM, methanol) to yield the title compound (50 mg, 88 %) as a pale 

yellow oil. 

RF (9:1 DCM, methanol) = 0.16  

δH (400 MHz; CDCl3; Me4Si) 1.28 (6H, d, J = 6.2 Hz, CH(CH3)2), 1.42 (9H, s, C(CH3)3), 

2.93 (2H, t, J = 6.7 Hz, CH2CH2NHBoc), 3.30-3.31 (2H, m, CH2CH2NHBoc), 3.80 (3H, s, 3-

OCH3), 3.83 (3H, s, 4-OCH3), 4.67 (1H, sept., J = 6.2 Hz, CH(CH3)2), 4.88 (1H, br s, NH), 

6.85 (1H, s, 5-H). 

δC (100 MHz; CDCl3) 22.6 (CH(CH3)2), 28.4 (C(CH3)3), 30.5 (CH2CH2NHBoc), 40.1 

(CH2CH2NHBoc), 56.0 (3-OCH3), 60.3 (4-OCH3), 75.4 (CH(CH3)2), 78.6 (C(CH3)3), 106.8 

(C-5), 111.4 (C-6), 125.9 (C-1), 141.6 (C-3), 150.3 (C-2), 152.4 (C-4), 155.8 (C=O). 

IR: νmax(neat)/cm-1; 3390 (N-H, amine), 2975 and 2933 (C-H, aromatic), 1704 (C=O, amide), 

1588, 1480 and 1410 (C=C, aromatic), 1246, 1169, 1118 and 1104 (C-O, ether), 822 (C-H 

bending, aromatic). 

m/z (ESI+) 440 (MNa+, 100 %), 362 (60). High Resolution (ESI+): found (MNa+): 440.1026 

C18H28BrNNaO5 requires 440.104 
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 (2S*,3S*)-1-Morpholino-2-phenyl-3-(2',4',5'-trimethoxyphenyl)pent-4-en-1-one 112a 

and 

(2R*,3S*)-1-morpholino-2-phenyl-3-(2',4',5'-trimethoxyphenyl)pent-4-en-1-one 112b 

 

 

The reaction was carried out according to general procedure D, using substituted cinnamyl 

morpholine 104 (73 mg, 0.25 mmol) and phenylacetyl chloride 107 (0.040 mL, 0.30 mmol) 

in the presence of TiCl4.2THF (83 mg, 0.25 mmol).  A solvent mixture of 2:1 hexanes, ethyl 

acetate was used for flash chromatography to yield (2S*, 3S*)-1-morpholino-2-phenyl-3-

(2',4',5'-trimethoxyphenyl)pent-4-en-1-one 112a (41 mg, 40 %) as a yellow solid. 

RF (2:1 hexanes, ethyl acetate) = 0.05  

Melting point: 144.9-145.4 ºC. 

δH (400 MHz; CDCl3; Me4Si) 3.12-3.17 and 3.18-3.57 (8H, m, N(CH2CH2)O), 3.63 (3H, s, 

2'-OCH3 ), 3.72 (3H, s, 5'-OCH3), 3.77 (3H, s, 4'-OCH3), 4.29 (1H, d, J = 10.4 Hz, 2-H), 

4.50 (1H, dd, J = 6.8, 10.4 Hz, 3-H), 5.06-5.10 (2H, m, 5-H), 6.14-6.23 (1H, m, 4-H), 6.29 

(1H, s, 3'-H), 6.52 (1H, s, 6'-H), 7.01-7.05 (5H, m, Ar-H).  

δC (100 MHz; CDCl3) 42.4 (N(CH2CH2)O), 46.2 (N(CH2CH2)O), 48.0 (C-3), 51.3 (C-2), 

55.9 (4'-OCH3), 56.1 (2'-OCH3), 56.6 (5'-OCH3), 97.5 (C-3'), 114.3 (C-6'), 115.1 (C-5), 120.8 

(C-1'), 126.6, 127.9 and 128.4 (Ar-CH), 137.6 (Ar-C), 139.6 (C-4), 142.5 (C-5'), 147.9 (C-

4'), 151.4 (C-2'), 171.0 (C-1). 

IR: νmax(film)/cm-1; 2994, 2936 and 2847 (C-H, aromatic), 1620 (C=O, amide), 1514 and 

1457 (C=C, aromatic), 1205, 1119 and 1036 (C-O, ether), 739 and 699 (C-H bending, 

aromatic). 
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m/z (ESI+) 412 (MH+, 100%), 244 (5), 207 (60). High Resolution (ESI+): found (MH+): 

412.2113 C24H30NO5 requires 412.2118. 

 

In a second fraction was also isolated (2R*, 3S*)-1-morpholino-2-phenyl-3-(2',4',5'-

trimethoxy phenyl)pent-4-en-1-one 112b (10 mg, 10 %) as a pale yellow solid. 

 

RF (2:1 hexanes, ethyl acetate) = 0.10  

Melting point: 138-138.5 ºC. 

δH (400 MHz; CDCl3; Me4Si) 3.25-3.49 (8H, m, N(CH2CH2)O), 3.84 (3H, s, 5'-OCH3), 3.86 

(3H, s, 2'-OCH3), 3.88 (3H, s, 4'-OCH3), 4.27 (1H, t, J = 10.5 Hz, 3-H), 4.49 (1H, d, J = 10.5 

Hz, 2-H), 4.70-4.80 (2H, m, 5-H), 5.81-5.90 (1H, m, 4-H), 6.54 (1H, s, 3'-H), 6.73 (1H, s, 6'-

H), 7.23-7.27 (5H, m, Ar-H).  

δC (100 MHz; CDCl3) 42.3 (N(CH2CH2)O), 46.2 (N(CH2CH2)O), 50.1 (C-3), 50.7 (C-2), 

56.1 (4'-OCH3), 56.6 and 56.8 (2'-OCH3 and 5'-OCH3), 98.5 (C-3'), 114.2 (C-6'), 115.9 (C-5), 

122.4 (C-1'), 127.2, 128.5 and 129.1 (Ar-CH), 138.1 (Ar-C), 138.1 (C-5'), 138.4 (C-4), 148.2 

(C-4'), 151.4 (C-2'), 170.8 (C-1). 

IR: νmax(film)/cm-1; 2918 and 2852 (C-H, aromatic), 1620 (C=O, amide), 1510 and 1454 

(C=C, aromatic), 1204, 1115 and 1031 (C-O, ether), 747 and 701 (C-H, bending). 

m/z (ESI+) 412 (MH+, 100%), 207 (60). High Resolution (ESI+): found (MH+): 412.2113 

C24H30NO5 requires 412.2118. 
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(2S*, 3S*)-2-(4''-Isopropoxy-3''-methoxyphenyl)-1-morpholino-3-(2',4',5'-

trimethoxyphenyl)pent-4-en-1-one 113 

 

The reaction was carried out according to general procedure D, using substituted cinnamyl 

morpholine 104 (50 mg, 0.17 mmol) and acid chloride 77 (50 mg, 0.20 mmol) in the 

presence of TiCl4.2THF (60 mg, 0.17 mmol). A solvent mixture of 2:1 hexanes, ethyl acetate 

was used for flash chromatography to yield the title compound (45 mg, 52 %) as a yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.09  

δH (400 MHz; CDCl3; Me4Si) 1.27 (6H, d, J = 6.1 Hz, CH(CH3)2), 3.18-3.22 and 3.50-3.54 

(8H, m, N(CH2CH2)2O), 3.63 (3H, s, 3''-OCH3), 3.70 (3H, s, 2'-OCH3), 3.73 (3H, s, 5'-

OCH3), 3.78 (3H, s, 4'-OCH3), 4.15 (1H, d, J = 10.6 Hz, 2-H), 4.37 (1H, sept., J = 6.1 Hz, 

CH(CH3)2), 4.46-4.51 (1H, m, 3-H), 5.05-5.09 (2H, m, 5-H), 6.11-6.20 (1H, m, 4-H), 6.29 

(1H, s, 3'-H), 6.51-6.67 (3H, m, 2''-, 5''- and 6''-H), 6.68 (1H, d, J = 1.9 Hz, 6'-H). 

δC (100 MHz; CDCl3) 21.9 and 22.1 (CH(CH3)2), 42.5 and 46.3 (N(CH2CH2)2O), 48.5 (C-

3), 51.0 (C-2), 55.9, 56.0, 56.2 and 56.8 (2'-OCH3, 4'-OCH3, 5'-OCH3 and 3''-OCH3), 66.5 

and 66.8 (N(CH2CH2)2O), 71.3 (CH(CH3)2), 97.6 (C-3'), 112.3 (C-6'), 114.4 (C-5), 115.1 and 

115.4 (C-2'' and C-5''), 120.9 (C-6''), 121.1 (C-1'), 130.7 (C-1''), 139.8 (C-4), 142.7 (C-5'), 

145.9 (C-4''), 148.1 (C-4'), 150.0 (C-2'), 151.6 (C-3''), 171.2 (C-1). 

IR: νmax(neat)/cm-1; 2975, 2933 and 2852 (C-H, aromatic), 1639 (C=O, amide), 1509 and 

1454 (C=C, aromatic), 1264, 1206, 1113 and 1035 (C-O, ether), 756 (C-H bending, 

aromatic). 

m/z (ESI+) 500 (MH+, 100%), 207 (20). High Resolution (ESI+): found (MH+): 500.2634 

C28H38NO7 requires 500.2643. 
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(2S*, 3S*)-3-(4'-Isopropoxy-2', 5'-dimethoxyphenyl)-2-(4''-isopropoxy-3''-

methoxyphenyl)-1-morpholinopent-4-en-1-one 114 

 

The reaction was carried out according to general procedure D, using substituted cinnamyl 

morpholine 105 (26 mg, 0.081 mmol) and acid chloride 77 (24 mg, 0.097 mmol) in the 

presence of TiCl4.2THF (27 mg, 0.081 mmol). A solvent mixture of 2:1 hexanes, ethyl 

acetate was used for flash chromatography to yield the title compound (34 mg, 79 %) as a 

yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.09  

δH (400 MHz; CDCl3; Me4Si) 1.25-1.28 (12H, m, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 3.16-

3.21 and 3.45-3.56 (8H, m, N(CH2CH2)2O), 3.60 (3H, s, 2'-OCH3), 3.70 (6H, s, 3''-OCH3 and 

5'-OCH3), 4.16 (1H, d, J = 10.5 Hz, 2-H), 4.34-4.41 (2H, m, 4'-OCH(CH3)2 and 4''-

OCH(CH3)2), 4.46 (1H, dd, J = 7.2, 10.5 Hz, 3-H), 5.06-5.12 (2H, m, 5-H), 6.18 (1H, ddd,   

J = 7.2, 10.5, 17.2 Hz, 4-H), 5.30 (1H, s, 3'-H), 6.39-6.58 (3H, m, 2''-, 5''- and 6''-H), 6.68 

(1H, d, J = 2.0 Hz, 6'-H).  

δC (100 MHz; CDCl3) 22.1 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 42.5 and 46.2 

(N(CH2CH2)2O), 47.8 (C-3), 51.0 (C-2), 55.9 (2'-OCH3), 56.0 and 57.0 (3''- and 5'-OCH3), 

66.5 and 66.9 (N(CH2CH2)2O), 71.2 and 72.0 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 102.5 (C-

3'), 112.1 (C-6'), 115.1 (C-5), 115.2, 115.4 and 120.9 (C-2'', C-5'' and C-6''), 122.2 (C-1'), 

130.6 (C-1''), 139.7 (C-4), 144.4 (C-5'), 145.8 and 146.2 (C-4' and C-4''), 149.9 (C-3''), 151.5 

(C-2'), 171.1 (C-1).  

IR: νmax(neat)/cm-1; 2974 and 2933 (C-H, alkane), 1639 (C=O, amide), 1507 and 1451 (C=C, 

aromatic), 1206, 1111 and 1038 (C-O, ether), 731 (C-H bending, aromatic). 
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m/z (ESI+) 550 (MNa+, 100%), 528 (80). High Resolution (ESI+): found (MH+): 528.2957 

C30H42NO7 requires 528.2956. 

 

 

(2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-

methoxyphenyl)-1-morpholinopent-4-en-1-one 74 

 

The reaction was carried out according to general procedure D, using substituted cinnamyl 

morpholine 76 (0.45 g, 1.1 mmol) and acid chloride 77 (0.33 g, 1.4 mmol) in the presence of 

MgBr2.OEt2 (0.29 g, 1.1 mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was used for 

flash chromatography to yield the title compound (0.64 g, 93 %) as a crystalline orange solid. 

RF (2:1 hexanes, ethyl acetate) = 0.10  

Melting point: 39-44 °C 

δH (400 MHz; CDCl3; Me4Si) 1.24-1.27 (12H, m, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 3.11-

3.35 and 3.50-3.58 (8H, m, N(CH2CH2)2O), 3.65 (3H, s, 3''-OCH3), 3.69 (3H, s, 5'-OCH3), 

4.32-4.39 (4H, m, 2-H, 3-H, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 4.87 (2H, s, CH2Ar), 5.05-

5.12 (2H, m, 5-H), 6.16-6.24 (1H, m, 4-H), 6.42 (1H, s, 3'-H), 6.51-6.58 (3H, m, 2''-, 5''- and 

6''-H), 6.71 (1H, d, J = 1.8 Hz, 6'-H). 

δC (100 MHz; CDCl3) 22.0 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 42.3 and 46.0 

(N(CH2CH2)2O), 49.4 (C-3 and C-2), 55.8 (3''-OCH3), 56.7 (5'-OCH3), 66.4 and 66.8 

(N(CH2CH2)2O), 70.8 (CH2Ar), 71.1 and 71.9 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 103.5 (C-

3'), 112.1 (C-6'), 115.1 (C-5), 115.4, 115.8 and 120.8 (C-2'', C-5'' and C-6''), 122.3 (C-1'), 
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127.5, 127.9,128.6 (Ar-CH), 130.7 (C-1''), 137.2 (Ar-C), 139.1 (C-4), 144.5 (C-5'), 145.8 and 

146.0 (C-4' and C-4''), 149.8 (C-3''), 150.4 (C-2'), 171.3 (C-1).  

IR: νmax(neat)/cm-1; 2975 and 2930 (C-H, aromatic), 1636 (C=O, amide), 1507 (C=C, 

aromatic), 1215, 1109 and 1035 (C-O, ether), 727 (C-H bending, aromatic). 

m/z (ESI+) 626 (MNa+, 100%), 604 (80). High Resolution (ESI+): found (MH+): 604.3277 

C36H46NO7 requires 604.3269. 

 

 

(3S*, 4S*)-4-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-3-(4''-isopropoxy-3''-

methoxyphenyl)hex-5-en-2-one 142 

 

To a solution of amide 74 (40 mg, 0.066 mmol) in THF (1 mL), under an atmosphere of 

nitrogen at -78 °C, was added 1.6 M MeLi in diethyl ether (0.050 mL, 0.080 mmol) 

dropwise. The resultant solution was then warmed to room temperature over 1 h and stirred 

for 24 h. A saturated aqueous solution of NH4Cl (2 mL) was added and the organic layer was 

separated. The aqueous mixture was further extracted with DCM (3 × 5 mL) and the 

combined organic extracts were dried (MgSO4). The solvent was removed under reduced 

pressure to give the crude product which was purified by flash chromatography (2:1 hexanes, 

ethyl acetate) to yield the title compound (9.0 mg, 26 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.75 

δH (400 MHz; CDCl3; Me4Si) 1.21 (6H, d, J = 6.4 Hz, CH(CH3)2), 1.27 (6H, d, J = 6.0 Hz, 

CH(CH3)2), 2.11 (3H, s, 1-CH3), 3.62 (3H, s, 3''-OCH3), 3.70 (3H, s, 5'-OCH3), 4.19 (1H, d, J  

= 11.2 Hz, 3-H), 4.31 (1H, sept., J = 6.4 Hz, CH(CH3)2), 4.35 (1H, sept., J = 6.0 Hz, 
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CH(CH3)2), 4.87 (1H, d, J = 1.2 Hz, Ar-CHA), 4.93 (1H, d, J = 1.2 Hz, Ar-CHB), 5.04-5.10 

(2H, m, 6-H), 6.05-6.14 (1H, m, 5-H), 6.34 (1H, s, 3'-H), 6.56- 6.62 (4H, m, 2''-, 5''-, 6'' and 

6´-H), 7.31- 7.35 (5H, m, Ar-H).   

δC (100 MHz; CDCl3) 22.0 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 29.7 (C-4), 30.1 (C-1), 55.7 

(3''-OCH3), 56.8 (5'-OCH3), 62.3 (C-3), 71.2 (4'-CH(CH3)2 and 4''-CH(CH3)2), 71.8 (CH2Ar), 

103.9 (C-3'), 112.3 (C-6'), 114.5 (C-2''), 115.2 (C-5''), 115.5 (C-6), 121.3 (C-6''), 122.3 (C-

1'), 127.0, 127.8, 128.6 (Ar-CH), 129.4 (C-1''), 137.5 (Ar-C), 139.5 (C-5), 144.7 (C-5'), 146.0 

and 146.2 (C-4' and C-4''), 150.0 (C-3''), 150.3 (C-2'), 207.7 (C-2). 

IR: νmax(neat)/cm-1; 2976 and 2927 (C-H, aromatic), 1713 (C=O, ketone), 1507 and 1465 

(C=C, aromatic), 1263, 1215, 1140, 1109 and 1037 (C-O, ether), 738 and 698 (C-H bending, 

aromatic). 

m/z (ESI+) 555 (MNa+, 100%), 311 (90), 269 (30). High Resolution (ESI+): found (MNa+): 

555.2713 C33H40NaO6 requires 555.2717. 

 

 

(2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-

methoxyphenyl)-1-(4'''-methoxyphenyl)pent-4-en-1-one 144 

 

The reaction was carried out according to general procedure E, using morpholine amide 74 

(50 mg, 0.083 mmol) and 4-bromoanisole 143 (19 mg, 0.099 mmol) with 1 minute allowed 

for lithium-halogen exchange. A solvent mixture of 2:1 hexanes, ethyl acetate was used for 

flash chromatography to yield the title compound (32 mg, 63 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.40  
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δH (400 MHz; CDCl3; Me4Si) 1.22-1.24 (12H, m, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 3.61 

(3H, s, 3''-OCH3), 3.72 (3H, s, 5'-OCH3), 3.82 (3H, s, 4'''-OCH3), 4.28-4.37 (2H, m, 4'-

OCH(CH3)2 and 4''-OCH(CH3)2), 4.56 (1H, dd, J = 7.4, 10.6 Hz, 3-H), 4.89 (1H, d, J = 1.5 

Hz, Ar-CHA), 4.92 (1H, d, J = 1.5 Hz, Ar-CHB),  4.95-5.07 (2H, m, 5-H), 5.15 (1H, d, J = 

10.6 Hz, 2-H), 6.10-6.19 (1H, m, 4-H), 6.40 (1H, s, 3'-H), 6.52 (1H, d, J = 8.2 Hz, 5''-H), 

6.59 (1H, dd, J = 2.0, 8.2 Hz, 6''-H), 6.62 (1H, s, 6'-H), 6.70 (1H, d, J = 2.0 Hz, 2''-H), 6.82 

(2H, d, J = 8.9 Hz, 3'''- and 5'''-H), 7.37-7.50 (5H, m, Ar-H), 7.86 (2H, d, J = 8.9 Hz, 2'''- and 

6'''-H).  

δC (100 MHz; CDCl3) 22.0 and 22.1 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 49.1 (C-3), 54.8 

(C-2), 55.4 (4'''-OCH3), 55.8 (3''-OCH3), 56.9 (5'-OCH3), 71.0 (CH2Ar), 71.1 and 71.9 (4'-

OCH(CH3)2 and 4''-OCH(CH3)2), 103.8 (C-3'), 112.4 (C-2''), 113.6 (C-3''' and C-5'''), 115.2 

(C-5''), 115.6 (C-5 and C-6'), 121.3 (C-6''), 122.7 (C-1'), 127.4, 127.8 and 128.5 (Ar-CH), 

130.4 and 130.7 (C-1'' and C-1'''), 130.8 (C-2''' and C-6'''), 137.5 (Ar-C), 139.3 (C-4), 144.7 

(C-5'), 145.9 and 146.1 (C-4' and C-4''), 149.9 (C-3''), 150.6 (C-2'), 163.2 (C-4'''), 198.3 (C-

1). 

IR: νmax(neat)/cm-1; 2975 and 2933 (C-H, aromatic), 1671 (C=O, ketone), 1599  (C=C, 

alkene), 1464 and 1509 (C=C, aromatic), 1259, 1169, 1109 and 1029 (C-O, ether), 736 (C-H 

bending, aromatic). 

m/z (ESI+) 647 (MNa+, 90%), 311 (100), 269 (60), 353 (40), 237 (20). High Resolution 

(ESI+): found (MNa+): 647.2978 C39H44NaO7 requires 647.2979. 
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(2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-

methoxyphenyl)-1-(4'''-methoxyphenyl)pentane-1,4-dione 166 

 

The reaction was carried out according to general procedure G, using ketone 144 (17 mg, 

0.027 mmol). A solvent mixture of 4:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (11 mg, 74 %) as an orange oil. 

RF (2:1 hexanes, ethyl acetate) = 0.50  

δH (300 MHz; CDCl3; Me4Si) 1.22-1.26 (12 H, m, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 2.15 

(3H, s, 5-H), 3.50 (3H, s, 3''-OCH3), 3.77 (3H, s, 5'-OCH3), 3.81 (3H, s, 4'''-OCH3), 4.27-4.38 

(2H, m, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 4.60 (1H, d, J = 12.3 Hz, Ar-CHA), 4.80 (1H, d, 

J = 12.3 Hz, Ar-CHB), 4.51 (2H, s, 2-H and 3-H), 6.36 (1H, s, 3'-H), 6.44-6.53 (3H, m, 2''-H, 

5''-H and 6''-H), 6.68 (1H, s, 6'-H), 6.84 (2H, d, J = 7.1 Hz, 3'''-H and 5'''-H), 7.29-7.41 (5H, 

m, Ar-H), 7.91 (2H, d, J = 7.1 Hz, 2'''-H and 6'''-H).  

δC (75 MHz; CDCl3) 22.0 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 29.1 (C-5), 55.0 (C-2 and C-

3), 55.4 (4'''-OCH3), 55.7 (3''-OCH3), 56.9 (5'-OCH3), 71.1 (CH2Ar), 71.2 and 71.8 (4'-

OCH(CH3)2 and 4''-OCH(CH3)2 103.5 (C-3'), 113.5 (C-5'', C-3''' and C-5'''), 113.9 (C-6'), 

117.1 (C-1'), 112.2, 115.4 and 121.1 (C-2'', C-5'' and C-6''), 126.8, 127.8 and 128.6 (Ar-CH), 

129.7 and 129.8 (C-1'' and C-1'''), 131.1 (C-2''' and C-6'''), 137.2 (Ar-C), 145.0 (C-5'), 146.1 

(C-4''), 147.1 (C-4'), 150.0 (C-3''), 151.0 (C-2'), 163.1 (C-4'''), 198.3 (C-1), 208.2 (C-4).  

IR: νmax(neat)/cm-1; 2974, 2926 and 2855 (C-H, aromatic), 1711 (C=O, ketone), 1600, 1509 

and 1464 (C=C, aromatic), 1259, 1243, 1171, 1109 and 1034 (C-O, ether), 737 and 699 (C-

H, bending). 
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m/z (ESI+) 663 (MNa+, 100%), 641 (40). High Resolution (ESI+): found (MNa+): 663.2921 

C39H44NaO8 requires 663.2928. 

 

 

1-Benzyl-3-(2'-(benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-

methoxyphenyl)-5-(4'''-methoxyphenyl)-1H-pyrrole-2-carbaldehyde 167a 

 

The reaction was carried out according to general procedure H, using (2S*, 3S*)-3-(2'-

(benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(3''-methoxy-4''-propoxyphenyl)-1-(4'''-

methoxyphenyl)pentane-1,4-dione 166 (12 mg, 0.019 mmol) and benzylamine (2.0 µL, 0.019 

mmol) with a reaction time of 5 d. A solvent mixture of 2:1 hexanes, ethyl acetate was used 

for flash chromatography to yield the title compound (6.2 mg, 44 %) as a yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.50  

δH (400 MHz; CDCl3; Me4Si) 1.26 (12 H, d, J = 6.1 Hz, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 

3.27 (3H, s, 3''-OCH3) 3.66 (3H, s, 5'-OCH3), 3.79 (3H, s, 4'''-OCH3), 4.36-4.46 (2H, m, 4'-

OCH(CH3)2, 4''-OCH(CH3)2), 4.65 (1H, d, J = 12.2 Hz, Ar-CHA), 4.83 (1H, d, J = 12.2 Hz, 

Ar-CHB), 5.54 (1H, d, J = 12.2 Hz, N-HA), 5.70 (1H, d, J = 12.2 Hz, N-HB),  6.30 (1H, dd, J 

= 2.0, 8.4 Hz, 6''-H), 6.34 (1H, d, J = 2.0 Hz, 2''-H), 6.52 (1H, d, J = 8.4 Hz, 5''-H), 6.55 (1H, 

s, 3-H), 6.73 (1H, s, 6-H), 6.81 (2H, d, J = 8.4 Hz, 3'''- and 5'''-H), 7.09 (2H, d, J = 8.4 Hz, 

2'''-H and 6'''-H), 7.16-7.23 (10H, m, OCH2Ar-H and NCH2Ar-H), 9.50 (1H, s, CHO). 

δC (100 MHz; CDCl3) 22.1 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 49.0 (NCH2Ar), 55.2 (3''-

OCH3 and 5'-OCH3), 56.6 (4'''-OCH3), 71.0 (4'-OCH(CH3)2 or 4''-OCH(CH3)2), 71.3 

(OCH2Ar), 71.7 (4'-OCH(CH3)2 or 4''-OCH(CH3)2), 104.5 (C-3'), 113.9 (C-3''' and C-5'''), 
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114.8 (C-2''), 115.1 (C-4 and C-1'), 117.2 (C-6'), 122.0 (C-6''), 122.9 (C-1'''), 124.7 (C-1''), 

126.4, 126.8 and 126.9 (Ar-CH), 127.1 (C-2), 127.5, 127.8, 128.3 (Ar-CH), 132.2 (C-2''' and 

C-6'''), 134.3 (C-3), 137.5 (OCH2Ar-C), 138.8 (NCH2Ar-C), 140.3 (C-5), 144.7 and 145.0 

(C-4' and C-4''), 147.5 (C-3''), 149.1 (C-2'), 150.8 (C-5'), 159.7 (C-4'''), 180.8 (CHO). 

IR: νmax(neat)/cm-1; 2974 and 2933 (C-H, aromatic), 1652 (C=O, pyrrole aldehyde), 1609, 

1518 and 1454 (C=C, aromatic), 1214, 1176, 1109 and 1030 (C-O, ether), 794, 734 and 696 

(C-H bending, aromatic). 

m/z (ESI+) 748 (MNa+, 100%), 764 (15), 726 (60), 647 (20). High Resolution (ESI+): found 

(MH+): 726.3415 C46H48NO7 requires 726.3425. 

 

 

3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-

methoxyphenyl)-5-(4'''-methoxyphenyl)-1-phenethyl-1H-pyrrole-2-carbaldehyde 167b 

 

The reaction was carried out according to general procedure H, using (2S*, 3S*)-3-(2'-

(benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-methoxyphenyl)-1-(4'''-

methoxyphenyl)pentane-1,4-dione 166 (12 mg, 0.019 mmol) and phenethylamine (2.3 mg, 

0.019 mmol) with a reaction time of 5 d. A solvent mixture of 2:1 hexanes, ethyl acetate was 

used for flash chromatography to yield the title compound (14 mg, quantitative) as a yellow 

oil. 

RF (2:1 hexanes, ethyl acetate) = 0.57  

δH (400 MHz; CDCl3; Me4Si) 1.28 (12 H, d, J = 6.0 Hz, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 

2.89-2.96 (2H, m, NCH2CH2Ar), 3.29 (3H, s, 3''-OCH3) 3.66 (3H, s, 5'-OCH3), 3.83 (3H, s, 
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4'''-OCH3), 4.36-4.53 (4H, m, 4'-OCH(CH3)2, 4''-OCH(CH3)2) and NCH2CH2Ar), 4.71 (1H, 

d, J = 12.2 Hz, Ar-CHA), 4.86 (1H, d, J = 12.2 Hz, Ar-CHB), 6.29 (1H, dd, J = 2.0, 8.0 Hz, 

6''-H), 6.30 (1H, d, J = 2.0 Hz, 2''-H), 6.52 (1H, d, J = 8.0 Hz, 5''-H), 6.55 (1H, s, 3'-H), 6.70 

(1H, s, 6'-H), 6.85 (2H, d, J = 8.8 Hz, 3''- and 5''-H), 6.98-7.03 (4H, m, 2''-H and 6''-H and 

Ar-H), 7.13-7.20 (8H, m, CH2Ar-H and CH2CH2Ar-H), 9.54 (1H, s, CHO). 

δC (100 MHz; CDCl3) 22.1 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 37.8 (NCH2CH2Ar), 47.5 

(NCH2CH2Ar), 55.2 (3''-OCH3), 55.3 (4'''-OCH3), 56.6 (5'-OCH3), 71.0 (CH2Ar), 71.4 and 

71.7 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 104.2 (C-3'), 113.8 (C-3''' and C-5'''), 114.8 (C-2''), 

115.1 (C-4 and C-1'), 117.2 (C-6'), 121.9 (C-6''), 123.0 (C-1'''), 124.3 (C-1''), 126.3 and 126.9 

(Ar-CH), 127.2 (C-2), 127.4, 128.3, 129.0 and 132.1 (Ar-CH), 134.2 (C-3), 137.5 and 138.4 

(CH2Ar-C and NCH2CH2Ar-C), 140.1 (C-5), 144.6 (C-5'), 145.0 (C-4''), 147.5 (C-4'), 149.1 

(C-3''), 150.9 (C-2'), 159.2 (C-4'''), 180.8 (CHO). 

IR: νmax(neat)/cm-1; 2974 and 2929 (C-H, aromatic), 1649 (C=O, aldehyde), 1454 and 1509 

(C=C, aromatic), 1249 (C-N, amine), 1213, 1176, 1109 and 1034 (C-O, ether), 795, 748 and 

699 (C-H bending, aromatic). 

m/z (ESI+) 762 (MNa+, 100%), 740 (80), 647 (20). High Resolution (ESI+): found (MNa+): 

762.3397 C47H49NNaO7 requires 762.3401. 
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3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-

methoxyphenyl)-5-(4'''-methoxyphenyl)-1-(3-phenylpropyl)-1H-pyrrole-2-carbaldehyde 

167c 

 

The reaction was carried out according to general procedure H, using (2S*, 3S*)-3-(2'-

(benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(3''-methoxy-4''-propoxyphenyl)-1-(4'''-

methoxyphenyl)pentane-1,4-dione 166 (10 mg, 0.016 mmol) and 3-phenylpropylamine (2.0 

µL, 0.016 mmol) with a reaction time of 3 d. A solvent mixture of 4:1 hexanes, ethyl acetate 

was used for flash chromatography to yield the title compound (2.5 mg, 23 %) as a yellow 

oil. 

RF (2:1 hexanes, ethyl acetate) = 0.50  

δH (400 MHz; CDCl3; Me4Si) 1.27 (12 H, d, J = 4.0 Hz, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 

1.97 (2H, t, J = 8.0 Hz, NCH2CH2CH2Ar), 2.52 (2H, t, J = 8.0 Hz, NCH2CH2CH2Ar), 3.29 

(3H, s, 3''-OCH3), 3.65 (3H, s, 5'-OCH3), 3.84 (3H, s, 4'''-OCH3), 4.34-4.44 (4 H, m, 4'-

OCH(CH3)2, 4''-OCH(CH3)2 and NCH2CH2CH2Ar), 4.67 (1H, d, J = 12.4 Hz, Ar-CHA), 4.81 

(1H, d, J = 12.4 Hz, Ar-CHB), 6.27 (1H, dd, J = 2.0, 8.0 Hz, 6''-H), 6.31 (1H, s, 2''-H), 6.51 

(1H, s, 5''-H), 6.53 (1H, s, 3'-H), 6.69 (1H, s, 6'-H), 6.86 (2H, d, J = 8.8 Hz, 3'''-H and 5'''-H), 

7.01 (2H, d, J = 8.8 Hz, 2'''-H and 6'''-H), 7.08-7.21 (10H, m, Ar-H), 9.50 (1H, s, CHO). 

δC(100 MHz; CDCl3) 22.1 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 29.7 (NCH2CH2CH2Ar), 

32.8 (NCH2CH2CH2Ar), 45.6 (NCH2CH2CH2Ar), 55.2 (3''-OCH3), 55.3 (4'''-OCH3), 56.5 (5'-

OCH3), 71.0 (CH2Ar), 71.4 and 71.7 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 104.4 (C-3'), 113.9 

(C-5''), 114.0 (C-3''' and C-5'''), 114.8 (C-2''), 115.2 (C-1 and C-4), 117.2 (C-6'), 121.9 (C-6''), 

123.1 (C-1'''), 124.0 (C-1''), 125.7 and 126.7 (Ar-CH), 127.2 (C-2), 127.5, 128.2, 128.3 and 
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132.1 (Ar-CH), 134.0 (C-3), 137.5 (CH2Ar-C), 139.8 (-NCH2CH2CH2Ar-C), 141.3 (C-5), 

144.6 (C-4'), 145.0 (C-4''), 147.4 (C-5'), 149.1 (C-3''), 150.9 (C-2'), 159.7 (C-4'''), 180.8 

(CHO). 

IR: νmax(neat)/cm-1; 2979 and 2932 (C-H, aromatic), 1652 (C=O, aldehyde), 1514 and 1456 

(C=C, aromatic), 1251, 1212, 1175 and 1037 (C-O, ether). 

m/z (ESI+) 776 (MNa+, 100%), 754 (80). High Resolution (ESI+): found (MNa+): 

776.3561C48H51NNaO7 requires 776.3558. 

 

 

(2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-

methoxyphenyl)pent-4-enoic acid 155 

 

To a solution of amide 74 (1.2 g, 2.0 mmol) in THF/H2O (1:1, 80 mL), was added I2 (1.1 g, 

4.4 mmol), and the resultant solution was shielded from light and stirred vigorously at room 

temperature for 2 d. Diethyl ether (50 mL) and a saturated aqueous solution of Na2SO3 (40 

mL) were added, and the resultant mixture was stirred for 10 min prior to separation of the 

organic layer. The aqueous mixture was further extracted with diethyl ether (3 × 30 mL) and 

the combined organic extracts were dried (MgSO4). The solvent was removed under reduced 

pressure to yield the crude iodolactone 154, which was used without further purification in 

the subsequent reaction. 

To a stirred solution of iodolactone 154 (1.3 g, 2.0 mmol) in acetic acid (30 mL), was added 

zinc (1.2 g, 1.8 mmol), and the resultant suspension was heated at reflux for 3 d. The solution 

was cooled to room temperature and 2M HCl (30 mL) and ethyl acetate (20 mL) were added 

and the organic layer was separated. The aqueous mixture was further extracted with ethyl 
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acetate (3 × 20 mL) and the combined organic extracts were dried (MgSO4). The solvent was 

removed under reduced pressure to give the crude product, which was purified by flash 

chromatography (1:1 hexanes, ethyl acetate) to yield the title compound (1.1 g, quantitative 

over two steps) as a brown oil. 

RF (2 :1 hexanes, ethyl acetate) = 0.12  

δH (400 MHz; CDCl3; Me4Si) 1.21 (6H, d, J = 8.0 Hz, 4'-OCH(CH3)2 or 4''-OCH(CH3)2), 

1.27 (6H, d, J = 8.0 Hz, 4'-OCH(CH3)2 or 4''-OCH(CH3)2), 3.62 (3H, s, 3''-OCH3), 3.71 (3H, 

s, 5'-OCH3), 4.03 (1H, d, J = 8.1 Hz, 2-H), 4.26-4.40 (2H, m, 4'-OCH(CH3)2 or 4''-

OCH(CH3)2), 4.46 (1H, t, J = 8.1 Hz, 3-H), 4.84 (1H, d, J = 12.1 Hz, Ar-CHA), 4.92 (1H, d,  

J = 12.1 Hz, Ar-CHB), 5.06-5.22 (2H, m, 5-H), 6.12-6.22 (1H, m, 4-H), 6.34 (1H, s, 3'-H), 

6.58 (1H, s, 6'-H), 6.60 (1H, d, J = 8.4 Hz, 5''-H),  6.69 (1H, dd, J = 2.0, 8.4 Hz, 6''-H), 6.75 

(1H, d, 2''-H), 7.29-7.41 (5H, m, Ar-H), 9.72 (1H, br s, COOH). 

δC (100 MHz; CDCl3) 21.9 and 22.0 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 46.4 (C-3), 55.3 

(C-2), 55.7 (3''-OCH3), 56.8 (5'-OCH3), 71.1 (CH2Ar), 71.2 and 71.7 (4'-OCH(CH3)2 and 4''-

OCH(CH3)2), 103.8 (C-3'), 112.3 (C-2''), 114.0 (C-6'), 115.1 (C-5''), 116.0 (C-5), 121.0 (C-

6''), 121.4 (C-1'), 126.9, 127.7 and 128.5 (Ar-CH), 129.2 (C-1''), 137.4 (Ar-C), 138.8 (C-4), 

144.6 (C-5'), 146.1 and 146.3 (C-4' and C-4''), 149.8 (C-3''), 150.3 (C-2'), 179.3 (C-1).  

IR: νmax(neat)/cm-1; 2977 and 2935 (C-H, aromatic), 1707 (C=O, carboxylic acid), 1607 

(C=C, alkene), 1507, 1465 and 1454 (C=C, aromatic), 1215, 1107 and 1036 (C-O, ether), 729 

and 696 (C-H bending, aromatic). 

m/z (ESI+) 557 (MNa+, 100 %), 535 (25), 311 (20), 263 (50). High Resolution (ESI+): found 

(MNa+): 557.2505 C32H38NaO7 requires 557.2510. 
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(2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-

methoxyphenyl)pent-4-en-1-ol 150 

 

 

To a solution of carboxylic acid 155 (46 mg, 0.086 mmol) in Et2O (5 mL), under an 

atmosphere of nitrogen, was added LiAlH4 (65 mg, 0.17 mmol) and the resultant suspension 

was heated at reflux for 2 h. The mixture was cooled to room temperature and water (5 mL) 

was added and the organic layer was separated. The aqueous mixture was further extracted 

with Et2O (3 × 10 mL) and the combined organic extracts were dried (MgSO4). The solvent 

was removed under reduced pressure to yield the title compound (40 mg, 88 %) as a yellow 

oil which required no further purification. 

RF (2 :1 hexanes, ethyl acetate) = 0.48  

δH (400 MHz; CDCl3; Me4Si) 1.23 (6H, d, J = 8.0 Hz, 4'-OCH(CH3)2 or 4''-OCH(CH3)2), 

1.27-1.29 (6H, d, J = 8.0 Hz, 4'-OCH(CH3)2 or 4''-OCH(CH3)2), 3.16-3.22 (1H, m, 2-H), 3.62 

(3H, s, 3''-OCH3), 3.63 (3H, s, 5'-OCH3), 3.72-3.78 (2H, m, 1-HA and OH), 3.87-3.91 (1H, m, 

1- HB), 4.11 (1H, t, J = 9.2 Hz, 3-H), 4.30-4.43 (2H, m, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 

4.88 (1H, d, J = 12.0 Hz, Ar-CHA), 4.92 (1H, d, J = 12.0 Hz, Ar-CHB),  5.05-5.19 (2H, m, 5-

H), 6.10 (1H, dt, J = 9.5, 18.0 Hz, 4-H), 6.42 and 6.43 (2H, s, 3'-H and 6'-H), 6.50-6.52 (2H, 

m, 2''-H and 6''-H), 6.66 (1H, d, J = 8.4 Hz, 5''-H), 7.31-7.41 (5H, m, Ar-H). 

δC (100 MHz; CDCl3) 21.9 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 44.9 (C-3), 51.8 (C-2), 55.5 

and 56.5 (5'-OCH3 and 3''-OCH3), 65.2 (C-1), 71.1 (CH2Ar), 71.5 and 71.6 (4'-OCH(CH3)2 

and 4''-OCH(CH3)2), 103.8 (C-3'), 112.7 (C-2''), 114.1 (C-6'), 115.3 (C-5''), 115.3 and 115.4 

(C-5 and C-5''), 120.8 (C-6''), 123.1 (C-1'), 127.1, 127.7 and 128.4 (Ar-CH), 133.0 (C-1''), 

137.0 (Ar-C), 140.2 (C-4), 144.5 (C-5'), 145.6 (C-4' and C-4''), 149.7 (C-3'' and C-5'). 
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IR: νmax(neat)/cm-1; 3482 (O-H, alcohol), 2974 and 2933 (C-H, aromatic), 1607 (C=C, 

alkene), 1506, 1466 and 1454 (C=C, aromatic), 1260, 1214, 1108 and 1028 (C-O, ether), 737 

and 697 (C-H bending, aromatic).  

m/z (ESI+) 543 (MNa+, 100%), 521 (25), 503 (20), 249 (45). High Resolution (ESI+): found 

(MNa+): 543.2716 C32H40NaO6 requires 543.2717. 

 

 

(2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-

methoxyphenyl)pent-4-enal 147 

 

The reaction was carried out according to general procedure F, using alcohol 151 (0.51 g, 

0.98 mmol) A solvent mixture of 2:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (0.38 g, 75 %) as an orange oil. 

RF (2 :1 hexanes, ethyl acetate) = 0.74  

δH (400 MHz; CDCl3; Me4Si) 1.23 (6H, d, J = 6.0 Hz, 4'-OCH(CH3)2 or 4''-OCH(CH3)2), 

1.28 (6H, d, J = 6.4 Hz , 4'-OCH(CH3)2 or 4''-OCH(CH3)2), 3.63 (3H, s, 3''-OCH3), 3.70 (3H, 

s, 5'-OCH3), 4.01 (1H, d, J = 10.8 Hz, 2-H), 4.27-4.44 (2H, m, 4'-OCH(CH3)2 and 4''-

OCH(CH3)2), 4.55 (1H, t, J = 10.8 Hz, 3-H), 4.89 (1H, d, J = 12.0 Hz, Ar-CHA), 4.95 (1H, d, 

J = 12.0 Hz, Ar-CHB),  5.09-5.16 (2H, m, 5-H), 6.05-6.14 (1H, m, 4-H), 6.40 (1H, s, 3'-H), 

6.57-6.60 (3H, m, 6'-H, 2''-H and 6''-H), 6.67 (1H, d, J = 8.0 Hz, 5''-H), 7.31-7.38 (5H, m, 

Ar-H), 9.70 (1H, s, CHO). 

δC (100 MHz; CDCl3) 21.9 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 43.4 (C-3), 55.7 and 56.8 

(5'-OCH3 and 3''-OCH3), 61.9 (C-2), 71.1 (CH2Ar), 71.2 and 71.7 (4'-OCH(CH3)2 and 4''-
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OCH(CH3)2), 103.6 (C-3'), 112.9 (C-6'), 114.1 (C-2''), 115.5 (C-5''), 116.1 (C-5), 121.5 (C-

1'), 121.6 (C-6''),  127.0 (C-1''), 127.1, 127.8 and 128.5 (Ar-CH), 137.2 (Ar-C), 138.9 (C-4), 

144.7 (C-5'), 146.2 and 146.4 (C-4' and C-4''), 150.1 (C-3'' and C-2'), 199.8 (CHO).  

IR: νmax(neat)/cm-1; 2975 and 2930 (C-H, aromatic), 1722 (C=O, aldehyde), 1588 (C=C, 

alkene), 1506, 1465 and 1454 (C=C, aromatic), 1260, 1215, 1106 and 1027 (C-O, ether), 

799, 729 and 696 (C-H bending, aromatic).  

m/z (ESI+) 541 (MNa+, 100%). High Resolution (ESI+): found (MNa+): 541.2569 

C32H38NaO6 requires 541.2561. 

 

 

(2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-

methoxyphenyl)-4-oxopentanal 182 

 

 

 

The reaction was carried out according to general procedure G, using aldehyde 147 (0.15 g, 

0.29 mmol). A solvent mixture of 9:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (92 mg, 65 %) as a viscous yellow oil. 

 

RF (2 :1 hexanes, ethyl acetate) = 0.62  

δH (400 MHz; CDCl3; Me4Si) 1.21 (6H, d, J = 6.0 Hz, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 

2.10 (3H, s, 5-H), 3.48 (3H, s, 3''-OCH3), 3.65 (3H, s, 5'-OCH3), 4.21-4.36 (4H, m, 4'-

OCH(CH3)2, 4''-OCH(CH3)2, 2-H and 3-H), 4.64 (1H, d, J = 12.1 Hz, Ar-CHA), 4.78 (1H, d, 

J = 12.1 Hz, Ar-HB), 6.28 (1H, s, 3'-H), 6.31 (1H, d, J = 2.0 Hz, 2''-H), 6.38 (1H, dd, J =  2.0, 
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8.2 Hz, 6''-H), 6.50 (1H, s, 6'-H), 6.56 (1H, d, J = 8.2 Hz, 5''-H), 7.19-7.34 (5H, m, Ar-H), 

9.70 (1H, s, CHO). 

δC (100 MHz; CDCl3) 21.9 and 22.0 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 29.0 (C-5), 51.7 

(C-3), 55.7 (3''-OCH3), 56.7 (5'-OCH3), 59.9 (C-2), 70.9 (4'-OCH(CH3)2 or 4''-OCH(CH3)2), 

71.0 (CH2Ar), 71.6 (4'-OCH(CH3)2 or 4''-OCH(CH3)2), 103.1 (C-3'), 113.1 (C-2''), 113.4 (C-

6'), 115.5 (C-5''), 116.1 (C-1'), 122.2 (C-6''), 125.5 (C-1''), 126.8, 127.9 and 128.6 (Ar-CH), 

137.0 (Ar-C), 144.9 (C-5'), 146.6 and 147.1 (C-4' and C-4''), 150.2 (C-2'), 150.6 (C-3''), 

199.3 (C-1), 207.5 (C-5). 

IR: νmax(neat)/cm-1; 3975, 2933  and 2833 (C-H, aromatic), 1711 (C=O, ketone), 1507 (C=C, 

aromatic), 1232, 1216, 1108 and 1030 (C-O, ether), 738 and 698 (C-H, bending). 

The sample decomposed prior to mass spectrum acquisition. 

 

 

(2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-1-(3''', 4'''-dimethoxy-

5'''-(methoxymethoxy)phenyl)-2-(4''-isopropoxy-3''-methoxyphenyl)pent-4-en-1-one 

146 

 

The first part of the reaction was carried out according to general procedure E, using 

aldehyde 147 (74 mg, 0.14 mmol) and bromide 145 (50 mg, 0.17 mmol) given a lithiation 

time of 2 min. A solvent mixture of 2:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the product alcohol 159 (50 mg, 50 %) as an orange oil. 
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The second part of the reaction was carried out according to general procedure F, using 

alcohol 159 (50 mg, 0.070 mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was used 

for flash chromatography to yield the title compound (40 mg, 90 %) as an orange oil. 

RF (2 :1 hexanes, ethyl acetate) = 0.48  

δH (400 MHz; CDCl3; Me4Si) 1.23 (12H, d, J = 6.0 Hz, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 

3.44 (3H, s, OCH2OCH3), 3.59 (3H, s, 5'-OCH3), 3.72 (3H, s, 3''-OCH3), 3.80 (3H, s, 3'''-

OCH3), 3.88 (3H, s, 4'''-OCH3), 4.31 (2H, sept., J = 6.0 Hz, 4'-OCH(CH3)2 and 4''-

OCH(CH3)2), 4.62 (1H, q, J = 7.4, 10.6 Hz, 3-H), 4.85 (1H, d, J = 12.0 Hz, Ar-CHA), 4.94 

(1H, d, J = 12.0 Hz, Ar-CHB), 5.01-5.12 (5H, m, 2-H, OCH2OCH3 and 5-H), 6.13-6.22 (1H, 

m, 4-H), 6.38 (1H, s, 3'-H), 6.51 (1H, d, J = 8.2 Hz, 5''-H), 6.59 (1H, dd, J = 2.1 Hz, 8.2 Hz 

6''-H), 6.62 (1H, s, 6'-H), 6.66 (1H, d, J = 2.1 Hz, 2''-H), 7.27-7.49 (7H, m, 2'''-H, 6'''-H and 

Ar-H). 

δC (100 MHz; CDCl3) 22.0 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 48.2 (C-3), 55.7 (5'-OCH3), 

55.9 (C-2), 56.1 (3'''-OCH3), 56.3 (OCH2OCH3), 57.0 (3''-OCH3), 60.0 (4'''-OCH3), 71.0 

(CH2Ar), 71.2 and 71.9 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 95.6 (OCH2OCH3), 103.9 (C-

3'), 106.7 and 111.0 (C-2''' and C-6'''), 112.4 (C-6'), 115.3 (C-5), 115.6 (C-2'' and C-5''), 121.2 

(C-6''), 122.6 (C-1'), 127.0, 127.8 and 128.6 (Ar-CH), 130.4 (C-1''), 132.7 (C-1'''), 137.6 (Ar-

C), 139.5 (C-4), 143.3 (C-4'''), 144.7 (C-3''), 146.0 and 146.2 (C-4'' and C-4'''), 150.0, 150.3 

and 150.6 (C-2', C-5' and C-5'''), 153.2 (C-3'''), 197.8 (C=O). 

IR: νmax(neat)/cm-1; 2976 and 2935 (C-H, aromatic), 1675 (C=O, ketone), 1584, 1507 and 

1465 (C=C, aromatic), 1153, 1114 and 1074 (C-O, ether), 737 and 698 (C-H bending, 

aromatic). 

m/z (ESI+) 737 (MNa+, 100%), 753 (25). High Resolution (ESI+): found (MNa+): 737.3287 

C42H50NaO10 requires 737.3296. 
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(2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-1-(3''',4'''-dimethoxy-

5'''-(methoxymethoxy)phenyl)-2-(4''-isopropoxy-3''-methoxyphenyl)pentane-1,4-dione 

200 

 

The reaction was carried out according to general procedure G, using ketone 146 (34 mg, 

0.048 mmol). A solvent mixture of 1:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (28 mg, 80 %) as a viscous yellow oil. 

RF (2 :1 hexanes, ethyl acetate) = 0.16  

δH (400 MHz; CDCl3; Me4Si) 1.23 (12H, m, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 2.16 (3H, 

s, 5-H), 3.42 (3H, s, OCH2OCH3), 3.50 (3H, s, 5'-OCH3), 3.76 (3H, s, 3''-OCH3), 3.82 (3H, s, 

3'''-OCH3), 3.87 (3H, s, 4'''-OCH3), 4.29-4.36 (2H, m, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 

4.63 (1H, d, J = 12.2 Hz, Ar-CHA), 4.82 (1H, d, J = 12.2 Hz, Ar-CHB), 5.08-5.14 (4H, m, 2-

H, 3-H and OCH2OCH3), 6.36 (1H, s, 3'-H), 6.45 (1H, d, J = 2.0 Hz, 2''-H), 6.46 (1H, dd, J = 

2.0, 8.4 Hz, and 6''-H), 6.54 (1H, d, J = 8.4 Hz, 5''-H), 6.67 (1H, s, 6'-H), 7.27-7.37 (6H, m, 

6'''-H and Ar-H), 7.39 (1H, s, 2'''-H). 

δC (100 MHz; CDCl3) 22.0 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 29.0 (C-5), 55.4 (C-2 and 

C-3), 55.6 (5'-OCH3), 56.0 (3'''-OCH3), 56.2 (OCH2OCH3), 57.0 (3''-OCH3), 71.0 (CH2Ar), 

71.2 and 71.8 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 95.6 (OCH2OCH3), 103.4 (C-3'), 106.9 

(C-2'''), 111.4 (C-6'''), 112.2 (C-2''), 114.1 (C-6'), 115.6 (C-5''), 116.8 (C-1'), 121.0 (C-6''), 

126.7, 127.8 and 128.6 (Ar-CH), 129.7 (C-1''), 131.8 (C-1'''), 137.2 (Ar-C), 143.1 (C-4'''), 

144.9 (C-3''), 146.1 and 147.1 (C-4' and C-4''), 150.1 (C-5'), 150.3 (C-5'''), 151.0 (C-2'), 

153.1 (C-3'''), 198.2 (C-1), 208.2 (C-4).  

IR: νmax(neat)/cm-1; 2975 and 2930 (C-H, aromatic), 1721 (C=O, ketone), 1506 and 1464 

(C=C, aromatic), 1259, 1215, 1106 and 1027 (C-O, ether), 799, 731 and 696 (C-H, bending). 
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The sample decomposed prior to mass spectrum acquision. 

 

 

(2S*, 3S*)-1-(2'''-Allyl-3'''-isopropoxy-4''', 5'''-dimethoxyphenyl)-3-(2'-(benzyloxy)-4'-

isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-methoxyphenyl)pent-4-en-1-one 

161 

 

 

The first part of the reaction was carried out according to general procedure E, using 

aldehyde 147 (60 mg, 0.12 mmol) and bromide 129 (44 mg, 0.14 mmol) with 10 min allowed 

for lithium-halogen exchange. A solvent mixture of 2:1 hexanes, ethyl acetate was used for 

flash chromatography to yield the product alcohol 160 (26 mg, 30 %) as a yellow oil. 

The second part of the reaction was carried out according to general procedure F, using 

alcohol 160 (26 mg, 0.035 mmol). A solvent mixture of 19:1 hexanes, ethyl acetate was used 

for flash chromatography to yield the title compound (17 mg, 66 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.48 

δH (400 MHz; CDCl3; Me4Si) 1.21-1.25 (18H, m, 4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-

OCH(CH3)2), 1H, m, 2'''-CH2CHCH2), 3.58, 3.59 and 3.71 (5'-OCH3, m, 3''-OCH3 and 5'''-

OCH3), 3.77-3.79 (1H, m, 2-H), 3.81 (3H, s, 4'''-OCH3), 3.84 (1H, t, J = 5.7 Hz, 3-H), 4.28-

4.38 (2H, m, 4'-OCH(CH3)2, 4''-OCH(CH3)2 or 3'''-OCH(CH3)2), 4.58-4.66 (1H, m, 4'-

OCH(CH3)2, 4''-OCH(CH3)2 or 3'''-OCH(CH3)2), 4.81-4.93 (5H, m, CH2Ar, 2'''-CH2CHCH2 

and 2-H), 5.01-4.16 (2H, m, 5-H), 5.78-5.88 (1H, m, 2'''-CH2CHCH2), 6.21-6.27 (1H, m, 4-
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H), 6.36 (1H, s, 3'-H), 6.55-6.61 (3H, m, 2''-H, 5''-H and 6''-H), 6.69 (1H, s, 6'-H), 6.72 (1H, 

s, 6'''-H), 7.31-7.44 (5H, m, Ar-H). 

δC (100 MHz; CDCl3) 21.9, 22.0 and 22.6 (4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-

OCH(CH3)2), 29.7 (2'''-CH2CHCH2), 31.0 (C-3), 55.8 and 56.9 (5'-OCH3, 3''-OCH3 and 5'''-

OCH3), 60.4 (4'''-OCH3), 71.0, 71.3 and 71.9 (4'-OCH(CH3)2, 4''-OCH(CH3)2 and –OCH2Ph), 

74.9 (3'''-OCH(CH3)2), 103.9 (C-3'), 107.1 (C-6'), 112.4 (C-5''), 114.5 (C-2''), 115.2 (2'''-

CH2CHCH2), 115.6 (C-5), 116.2 (C-6'), 121.5 (C-6''), 122.5 (C-2'''), 123.2 (C-1'), 127.0 (Ar-

CH), 127.4 (C-1'''), 127.8 and 128.6 (Ar-CH), 130.1 (C-1''), 135.5 (Ar-C), 137.8 (2'''-

CH2CHCH2), 139.4 (C-4), 144.4, 144.7, 146.0, 146.1, 150.1, 150.5 and 150.9 (C-2', C-4', C-

5', C-3'' C-4'', C-3''', C-4''' and C-5'''), 203.1 (C-1). 

IR: νmax(neat)/cm-1; 2975 and 2935 (C-H, aromatic), 1683 (C=O, ketone), 1592, 1509 and 

1465 (C=C, aromatic), 1266, 1218, 1108 and 1033 (C-O, ether), 740 and 700 (C-H, bending). 

m/z (ESI+) 775 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 775.3728 

C46H56NaO9 requires 775.3728. 

 

 

4'-Cinnamylmorpholine 103 
 

 

 

To a solution of cinnamyl alcohol 118 (0.40 g, 3.0 mmol) in DCM (100 mL), under an 

atmosphere of nitrogen at 0 °C, was added NEt3 (1.25 mL, 9.0 mmol) dropwise, and the 

resultant solution was stirred for 5 min. MsCl (0.28 mL, 3.6 mmol) was added dropwise and 

the mixture was strirred for 20 min. Morpholine (0.39 mL, 4.5 mmol) was added dropwise 

and the reaction mixture was warmed to room temperature and stirred for 24 h. A saturated 

aqueous solution of NaHCO3 (50 mL) was added and the organic layer was separated. The 

aqueous mixture was further extracted with DCM (5 × 10 mL), and the combined organic 

extracts were dried (MgSO4). The solvent was removed under reduced pressure to yield the 
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title compound (0.35 g, 58 %) which was used without purification in the subsequent 

reaction. 

RF (2:1 hexanes, ethyl acetate) = 0.07  

δH (300 MHz; CDCl3; Me4Si) 2.41 (4H, t, J = 4.4 Hz, N(CH2CH2)2O), 3.06 (2H, dd, J = 1.2, 

6.8Hz, 1-H), 3.67 (4H, t, J = 4.8 Hz, N(CH2CH2)2O), 6.21 (1H, dt, J = 6.8, 15.9 Hz, 2-H), 

6.47 (1H, d, J = 15.9 Hz, 3-H), 7.14-7.23 (5H, m, Ar-H). 

Spectroscopic data were in accordance with literature values.58,176,187 

 

 

(2S*, 3S*)-1-Morpholino-2,3-diphenylpent-4-en-1-one 111 

 

 

The reaction was carried out according to general procedure D, using 4-cinnamylmorpholine 

103 (0.14 g, 0.70 mmol) and phenylacetyl chloride 107 (0.11 mL, 0.85 mmol) in the presence 

of TiCl4·2THF (0.24 g, 0.70 mmol). A solvent mixture of 3:1 hexanes, ethyl acetate was used 

for flash chromatography to yield the title compound (0.16 g, 72 %) as a viscous yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.37  

δH (300 MHz; CDCl3; Me4Si) 3.14-3.74 (8H, m, N(CH2CH2)2O), 4.06 (1H, d, J = 6.7 Hz, 2-

H), 4.23 (1H, dd, J = 6.7, 10.6 Hz, 3-H), 5.08-5.14 (2H, m, 5-H), 6.12-6.21 (1H, m, 4-H), 

6.94-7.02 (10H, m, Ar-H). 

Spectroscopic data were in accordance with literature values.176,188 
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(2S*, 3S*)-2,3-Diphenylpent-4-enoic acid 190 

 

To a solution of amide 111 (1.1 g, 3.3 mmol) in THF/H2O (1:1, 100 mL) was added I2 (1.8 g, 

7.0 mmol) and the mixture was shielded from light and stirred for 24 h. A saturated aqueous 

solution of Na2SO3 (50 mL) was added and the mixtue was stirred for 15 min. Diethyl ether 

(30 mL) was added, and the organic layer was separated. The aqueous mixture was further 

extracted with diethyl ether (3 × 20 mL) and the combined organic extracts were dried 

(MgSO4). The solvent was removed under reduced pressure to give the crude product which 

was immediately dissolved in acetic acid (30 mL). Zinc (1.9 g, 30 mmol) was added, and the 

suspension was heated at reflux for 3 d. The mixture was cooled to room temperature and 2M 

HCl (30 mL) and DCM (30 mL) were added. The organic layer was separated and the 

aqueous mixture was further extracted with DCM (3 × 20 mL). The combined organic 

extracts were dried (MgSO4) and the solvent was removed under reduced pressure to yield 

the title compound (0.77 g, 93 % over two steps) as a white solid. 

RF (2:1 hexanes, ethyl acetate) = 0.50  

Melting Point: 120.1- 121.0 °C 

δH (400 MHz; CDCl3; Me4Si) 3.93-4.09 (2H, m, 2-H and 3-H), 5.08-5.24 (2H, m, 5-H), 6.10 

(1H, ddd, J = 7.4, 10.3, 17.3 Hz, 4-H), 6.97-7.30 (10H, m, Ar-H), 11.1 (1H, br s, OH). 

Spectroscopic data were in accordance with literature values.189 
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 (2S*, 3S*)-2,3-Diphenylpent-4-en-1-ol 191 

 

To a solution of carboxylic acid 190 (0.77 g, 3.0 mmol) in diethyl ether (40 mL), was added 

LiAlH4 (0.25 g, 6.6 mmol) and the resultant suspension was strirred at room temperature for 

24 h. The mixture was then heated at reflux for 1 h before cooling to room temperature. 2M 

HCl (30 mL) was added and the organic layer was separated. The aqueous mixtue was 

further extracted with diethyl ether (3 × 20 mL) and the combined organic extracts were 

dried (MgSO4). The solvent was removed under reduced pressure to yield the title compound 

(0.58 g, 80 %) as a colourless oil which required no further purification.   

RF (2:1 hexanes, ethyl acetate) = 0.48  

δH (400 MHz; CDCl3; Me4Si) 3.02-3.10 (1H, m, 2-H), 3.55 (1H, t, J = 9.9 Hz, 3-H), 3.70 

(2H, dd, J = 8.1, 11.1 Hz, 1-HA and OH), 3.84 (1H, dd, J = 4.8, 11.1 Hz, 1-HB), 4.99-5.13 

(1H, m, 5-H), 5.94-6.05 (2H, m, 4-H), 6.90-7.18 (10 H, m, Ar-H). 

δC (100 MHz; CDCl3) 52.4 (C-2), 53.0 (C-3), 65.0 (C-1), 115.2 (C-5), 125.7, 126.1, 126.6, 

127.0, 127.8, 127.8, 128.0 and 128.5 (Ar-CH), 140.2 (3-Ar-C), 140.4 (C-4), 141.9 (2-Ar-C). 

IR: νmax(neat)/cm-1; 3345 (O-H, alcohol), 3029 and 2902 (C-H, aromatic), 1494 and 1453 

(C=C, aromatic), 735 and 696 (C-H bending, aromatic). 

m/z (ESI+) 261 (MNa+, 100 %), 113 (40). High Resolution (ESI+): found (MNa+): 261.1256 

C17H18NaO requires 261.1250. 
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(2S*, 3S*)-2,3-Diphenylpent-4-enal 188 

 

The reaction was carried out according to general procedure F, using alcohol 191 (0.17 g, 

0.71 mmol). A solvent mixture of 3:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (0.12 g, 65 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.80  

δH (400 MHz; CDCl3; Me4Si) 3.96 (1H, dd, J = 3.2, 10.8 Hz, 2-H), 4.13 (1H, dd, J = 8.0,  

10.8 Hz, 3-H), 5.12-5.18 (2H, m, 5-H), 6.07 (1H, ddd, J = 7.4, 10.3, 17.3 Hz, 4-H), 7.00-7.18 

(10H, m, Ar-H), 9.76 (1H, s, CHO). 

δC (100 MHz; CDCl3) 50.5 (C-3), 63.3 (C-2), 116.4 (C-5), 126.4, 127.4, 128.2, 128.6 and 

129.3 (Ar-CH), 134.0 (2-Ar-C), 139.2 (C-4), 140.2 (3-Ar-C), 199.5 (C-1). 

IR: νmax(neat)/cm-1; 2980 and 2925 (C-H, aromatic), 1722 (C=O, aldehyde), 1493 and 1453 

(C=C, aromatic), 755 and 696 (C-H bending, aromatic). 

m/z (ESI+) 259 (MNa+, 20 %), 291 (100), 219 (80).  High Resolution (ESI+): found (MNa+): 

259.1064 C17H16NaO requires 259.1093. 
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(2S*, 3S*)-4-Oxo-2,3-diphenylpentanal 186 

 

The reaction was carried out according to general procedure G, using aldehyde 188 (0.11 g, 

0.46 mmol). A solvent mixture of 9:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound  (76 mg, 66 %) as a brown oil. 

RF (2:1 hexanes, ethyl acetate) = 0.68  

δH (400 MHz; CDCl3; Me4Si) 2.19 (3H, s, 5-H), 4.34 (1H, d, J = 11.1 Hz, 3-H), 4.50 (1H, d, 

J = 11.1 Hz, 2-H), 6.90-7.17 (10 H, m, Ar-H), 9.72 (1H, s, CHO). 

δC (100 MHz; CDCl3) 29.3 (C-5), 59.8 (C-3), 61.6 (C-2), 127.4, 127.6, 128.3, 128.6, 128.7, 

128.8 and 129.6 (Ar-CH), 132.5 (3-Ar-C), 135.0 (2-Ar-C), 198.9 (C-1), 207.1 (C-4). 

IR: νmax(neat)/cm-1; 3030 and 2923 (C-H, aromatic), 1712 (C=O, ketone), 1493 and 1453 

(C=C, aromatic), 752 and 697 (C-H bending, aromatic). 

m/z (ESI+) 275 (MNa+, 100 %), 114 (60). High Resolution (ESI+): found (MNa+): 275.1049 

C17H16NaO2 requires 275.1043. 
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2-((tert-Butyldiphenylsilyl)oxy)ethanamine 202 

 

 

 

To a solution of ethanolamine 229 (0.20 g, 3.3 mmol) in CH3CN (15 mL), under an 

atmosphere of nitrogen at 0 °C, was added imidazole (0.49 g, 7.2 mmol) and TBDPSCl (0.94 

mL, 3.6 mmol) dropwise, and the resultant solution was warmed to room temperature and 

stirred for 48 h. A saturated aqueous solution of NaHCO3 (20 mL) and DCM (20 mL) were 

added and the organic layer was separated. The aqueous mixture was further extracted with 

DCM (3 × 20 mL) and the combined organic extracts were dried (MgSO4). The solvent was 

removed under reduced pressure to yield the title compound (0.49 g, quantitative) as a yellow 

oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.81  

δH (400 MHz; CDCl3; Me4Si) 1.06 (9H, s, C(CH3)3), 2.78 (2H, t, J = 5.2 Hz, CH2CH2NH2), 

3.67 (2H, t, J = 5.2 Hz, CH2CH2NH2), 7.34-7.43 (5H, m, Ar-H), 7.62-7.68 (5H, m, Ar-H). 

δC (100 MHz; CDCl3) 19.2 (C(CH3)3), 26.9 (C(CH3)3), 44.2 (CH2CH2NH2), 66.0 

(CH2CH2NH2), 127.7, 129.7, 133.6, 134.9 and 135.5 (Ar-CH and Ar-C). 

Spectroscopic data were in accordance with literature values.190 
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3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-1-morpholinopent-4-en-1-one 192 

 

 

 

The reaction was carried out according to general procedure D, using substituted cinnamyl 

morpholine 76 (0.69 g, 1.7 mmol) and acetyl chloride 193 (0.15 mL, 2.1 mmol) in the 

presence of AlCl3 (0.23 g, 1.7 mmol).  A solvent mixture of 2:1 hexanes, ethyl acetate was 

used for flash chromatography to yield the title compound (56 mg, 7 %) as a brown oil. 

RF (2:1 hexanes, ethyl acetate) = 0.05  

δH (400 MHz; CDCl3; Me4Si) 1.32 (6H, d, J = 6.0 Hz, CH(CH3)2), 2.70-2.73 (2H, m, 2-H), 

3.21-3.61 (7H, m, N(CH2CH2)2O and 3-H), 4.99 (3H, s, OCH3), 4.08 (1H, q, J = 7.0 Hz, 

N(CH2CH2)2O), 4.44 (1H, sept., J = 6.0 Hz, CH(CH3)2), 4.97 (1H, d, J = 11.1 Hz, Ar-HA), 

5.01 (1H, d, J = 11.1 Hz, Ar-HB), 5.07-5.10 (2H, m, 5-H), 6.10-6.19 (1H, m, 4-H), 6.60 (1H, 

s, 3'-H), 6.75 (1H, s, 6'-H), 7.28-7.70 (5H, m, Ar-H). 

δC (100 MHz; CDCl3) 22.0 (CH(CH3)2), 38.0 (C-3), 41.2 and 41.8 (N(CH2CH2)2O), 46.1 (C-

2), 56.7 (OCH3), 66.5 and 66.7 (N(CH2CH2)2O), 71.2 (CH2Ar), 72.0 (CH(CH3)2), 103.8 (C-

3'), 113.7 (C-6'), 115.1 (C-5), 124.0 (C-1'), 128.4, 128.5 and 131.8 (Ar-CH), 136.9 (Ar-C), 

139.4 (C-4), 144.9 (C-5'), 146.3 (C-4'), 149.9 (C-2'), 170.2 (C-1). 

m/z (ESI+) 462 (MNa+, 10 %), 301 (100), 279 (50). High Resolution (ESI+): found (MNa+): 

462.2223 C26H33NNaO5 requires 462.2251. 
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3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-1-(3'',4''-dimethoxy-5''-

(methoxymethoxy)phenyl)pent-4-en-1-one 198 

 

 

 

The reaction was carried out according to general procedure E, using morpholine amide 192 

(56 mg, 0.13 mmol) and bromide 145 (43 mg, 0.15 mmol). A solvent mixture of 2:1 hexanes, 

ethyl acetate was used for flash chromatography to yield the title compound (8.0 mg, 12 %) 

as a brown oil. 

RF (2:1 hexanes, ethyl acetate) = 0.33  

δH (400 MHz; CDCl3; Me4Si) 1.29 (6H, d, J = 6.0 Hz, CH(CH3)2), 2.77-2.79 (1H, m, 3-H), 

3.33 (2H, d, J = 7.1 Hz, 2-H),  3.49 (3H, s, CH2OCH3), 3.79 (3H, s, 5'-OCH3), 3.84 (3H, s, 

4''-OCH3), 3.92 (3H, s, 3''-OCH3), 4.40 (1H, sept., J = 6.0 Hz, CH(CH3)2), 4.99-5.11 (4H, m, 

5-H and CH2Ar), 5.18 (2H, s, CH2OCH3), 6.06-6.14 (1H, m, 4-H) 6.54 (1H, s, 3'-H), 6.76 

(1H, s, 6'-H), 7.20 (1H, d, J = 1.9 Hz, 2''-H or 6''-H), 7.32-7.47 (6H, m, Ar-H and 2''-H or 6''-

H). 

δC (100 MHz; CDCl3) 22.1 (CH(CH3)2), 39.5 (C-3), 42.9 (C-2), 56.1 (4''-OCH3), 56.4 

(CH2OCH3), 56.9 (5'-OCH3), 61.0 (3''-OCH3), 71.3 (CH2Ar), 71.9 (CH(CH3)2), 95.5 

(CH2OCH3), 104.2 (C-3'), 106.2 and 110.3 (C-2'' and C-6''), 113.9 (C-6'), 114.6 (C-5), 124.3 

(C-1'), 127.2, 127.8, 128.5 and 128.8 (Ar-CH and C-1''), 137.4 (Ar-C), 140.2 (C-4), 144.9 (C-

4''), 146.4 (C-5'), 150.1 (C-4'), 150.3 (C-3''), 153.3 (C-5''), 174.9 (C-2'), 197.5 (C-1).  

IR: νmax(film)/cm-1; 2965 and 2931 (C-H, aromatic), 1728 (C=O, ketone), 1585, 1506 and 

1453 (C=C, aromatic), 1212 and 1114 (C-O, ether). 

m/z (ESI+) 573 (MNa+, 100%). High Resolution (ESI+): found (MNa+): 573.2456 

C32H38NaO8 requires 573.2459. 
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 (2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-

methoxyphenyl)-1-(3''',4''',5'''-trimethoxyphenyl)pent-4-en-1-one 209 

 

The first part of the reaction was carried out according to general procedure E, using 

aldehyde 147 (0.13 g, 0.25 mmol) and bromide 205 (74 mg, 0.30 mmol) with 2 minutes 

allowed for lithium-halogen exchange. A solvent mixture of 9:1 hexanes, ethyl acetate was 

used for flash chromatography to yield the product alcohol 207 (94 mg, 55 %) as a yellow 

oil. 

The second part of the reaction was carried out according to general procedure F using 

alcohol 207 (94 mg, 0.14 mmol) with a reaction time of 48 h. A solvent mixture of 9:1 

hexanes, ethyl acetate was used for flash chromatography to yield the title compound (94 mg, 

quantitative) as a viscous yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.36 

δH (300 MHz; CDCl3; Me4Si) 1.24 (12H, d, J = 6.2 Hz, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 

3.59 (3H, s, 5'-OCH3), 3.72 (3H, s, 3''-OCH3), 3.76 (6H, s, 3'''-OCH3 and 5'''-OCH3), 3.86 

(3H, s, 4'''-OCH3), 4.28-4.38 (2H, m, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 4.61 (1H, dd, J = 

7.2, 10.6 Hz, 3-H), 4.86 (1H, d, J = 11.9 Hz, Ar-CHA), 4.93 (1H, d, J = 11.9 Hz, Ar-CHB), 

5.02-5.12 (3H, m, 2-H and 5-H), 6.19 (1H, ddd, J = 7.2, 10.3, 17.3 Hz, 4-H), 6.40 (1H, s, 3'-

H), 6.56 (1H, s, 2''-H), 6.57 (1H, d, J = 1.8 Hz, 5''-H), 6.62 (1H, s, 6'-H), 6.66 (1H, d, J = 1.8 

Hz, 6''-H), 7.20 (2H, s, 2'''- and 6'''-H), 7.33-7.49 (5H, m, Ar-H). 

δC (75 MHz; CDCl3) 22.0 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 48.7 (C-3), 55.7 (5'-OCH3), 

55.9 and 56.1 (3'''-OCH3, 5'''-OCH3 and C-2), 57.1 (3''-OCH3), 60.8 (4'''-OCH3), 70.9 

(CH2Ar), 71.2 and 72.0 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 103.9 (C-3'), 106.2 (C-2''' and 
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C-6'''), 112.3 (C-6''), 115.4 (C-5), 115.6 (C-2''), 115.9 (C-6'), 121.2 (C-5''), 122.6 (C-1'), 

127.0, 127.8 and 128.6 (Ar-CH), 130.4 (C-1''), 132.7 (C-1'''), 137.5 (Ar-C), 139.4 (C-4), 

142.3 (C-4'''), 144.7 (C-3''), 146.1 and 146.2 (C-4' and C-4''), 150.1 (C-5'), 150.6 (C-2'), 

152.9 (C-3''' and C-5'''), 198.1 (C-1). 

IR: νmax(film)/cm-1; 2975 and 2935 (C-H, aromatic), 1674 (C=O, ketone), 1584, 1506 and 

1460 (C=C, aromatic), 1232, 1217, 1127, 1110 and 1036 (C-O, ether), 733 (C-H bending, 

aromatic). 

m/z (ESI+) 707 (100 %).  High Resolution (ESI+): found (MNa+): 707.3184 C41H48NaO9 

requires 707.3191. 

 

 

(2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-

methoxyphenyl)-1-(3''',4''',5'''-trimethoxyphenyl)pentane-1,4-dione 211 

 

The reaction was carried out according to general procedure G, using ketone 209 (27 mg, 

0.039 mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (24 mg, 89 %) as a yellow oil. 

RF (2 :1 hexanes, ethyl acetate) = 0.22  

δH (400 MHz; CDCl3; Me4Si) 1.23-1.26 (12H, m, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 2.16 

(3H, s, 5-H), 3.50 (3H, s, 5'-OCH3), 3.76 (3H, s, 3''-OCH3), 3.78 (6H, s, 3'''-OCH3 and 5'''-

OCH3), 3.85 (3H, s, 4'''-OCH3), 4.33 (2H, sept., J = 6.0 Hz, 4'-OCH(CH3)2 and 4''-

OCH(CH3)2), 4.63 (1H, d, J = 12.0 Hz, Ar-CHA), 4.82 (1H, d, J = 12.0 Hz, Ar-CHB), 5.08-

5.10 (2H, m, 2-H and 3-H), 6.37 (1H, s, 3'-H), 6.45 (1H, s, 6'-H), 6.48 (1H, d, J = 10.8 Hz, 
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H-5''), 6.54-6.57 (1H, m, 6''-H), 6.67 (1H, s, 2''-H), 7.21 (2H, s, 2'''- and 6'''-H), 7.27-7.36 

(5H, m, Ar-H). 

δC (100 MHz; CDCl3) 22.0 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 29.0 (C-5), 56.1 (5'-OCH3), 

56.2 (C-2 and C-3), 57.0 (3''-OCH3, 3'''-OCH3 and 4'''-OCH3), 60.8 (4'''-OCH3), 70.9 

(CH2Ar), 71.3 and 71.8 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 103.4 (C-3'), 106.5 (C-2''' and 

C-6''') , 112.0 (C-6'), 115.5 (C-2''), 115.6 (C-5''), 116.8 (C-1'), 121.0 (C-6''), 126.7, 127.8 and 

128.6 (Ar-CH), 129.8 (C-1''), 131.9 (C-1'''), 137.1 (Ar-C), 142.2 (C-4'''), 145.0 (C-3''), 146.2 

(C-4'), 147.2 (C-4''), 150.2 (C-5'), 151.0 (C-2'), 152.8 (C-3''' and C-5'''), 198.5 (C-1), 208.2 

(C-4). 

IR: νmax(film)/cm-1; 2974 and 2934 (C-H, aromatic), 1711 (C=O, ketone), 1672 (C=O, aryl 

ketone), 1585, 1507 and 1460 (C=C, aromatic), 1233, 1127 and 1036 (C-O, ether), 733 (C-H 

bending, aromatic). 

m/z (ESI+) 723 (100 %), 739 (40), 360 (50).  High Resolution (ESI+): found (MK+): 

739.2852 C41H48KO10 requires 739.2879. 

 

 

(2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-

methoxyphenyl)-1-(3'''-isopropoxy-4''',5'''-dimethoxyphenyl)pent-4-en-1-one 210 

 

The first part of the reaction was carried out according to general procedure E, using 

aldehyde 146 (0.16 g, 0.31 mmol) and bromide 206 (0.12 g, 0.43 mmol) with 1.5 min 

allowed for lithium-halogen exchange. A solvent mixture of 4:1 hexanes, ethyl acetate was 

used for flash chromatography to yield product alcohol 208 (0.13 g, 58 %) as a yellow oil. 
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The second part of the reaction was carried out according to general procedure F, using 

alcohol 208 (0.13 g, 0.18 mmol). A solvent mixture of 4:1 hexanes, ethyl acetate was used 

for flash chromatography to yield the title compound (0.12 g, 90 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.58  

δH (400 MHz; CDCl3; Me4Si) 1.22-1.25 (18H, m, 4'-OCH(CH3)2, 4''-OCH(CH3)2 and 5'''-

OCH(CH3)2), 3.59 (3H, s, 5'-OCH3), 3.73 (3H, s, 3''-OCH3), 3.78 (6H, s, 5'''-OCH3), 3.86 

(3H, s, 4'''-OCH3), 4.29-4.37 (2H, m, 4'-OCH(CH3)2 and 4''-OCH(CH3)2), 4.42 (1H, sept., J = 

6.0 Hz, 3'''-OCH(CH3)2), 4.64 (1H, dd, J = 7.2, 10.6 Hz, 3-H), 4.86 (2H, d, J = 12.0 Hz, Ar-

HA), 4.93 (2H, d, J = 12.0 Hz, Ar-HB), 5.02-5.10 (3H, m, 2-H and 5-H), 6.19 (1H, ddd, J = 

3.2, 10.0, 17.2 Hz 4-H), 6.40 (1H, s, 3'-H), 6.53-6.60 (2H, m, 6'- and 5''-H), 6.65 (2H, d, J = 

2.0 Hz,  2''- and 6''-H), 7.20-7.47 (7H, m, 2'''- , 6'''-H and Ar-H). 

δC (100 MHz; CDCl3) 21.9, 22.0 and 22.1 (4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-

OCH(CH3)2), 48.2 (C-3), 55.6 (5'-OCH3), 55.9 (C-2), 56.0 (3''-OCH3) 56.9 (5'''-OCH3), 60.0 

(4'''-OCH3), 70.8 (CH2Ar), 71.1, 71.6 and 71.8 (4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-

OCH(CH3)2), 103.8 (C-3'), 105.8 (C-2'''), 110.1 (C-6'''), 112.2 (C-6''), 115.4 (C-5), 115.5 and 

115.7 (C-6' and C-2''), 121.1 (C-5''), 122.6 (C-1'), 126.8, 127.7 and 128.5 (Ar-CH), 130.4 (C-

1''), 133.1 (C-1'''), 137.4 (Ar-C), 139.4 (C-4), 143.7 (C-4'''), 144.6 (C-3''), 145.9 and 146.1 

(C-4' and C-4''), 150.0 (C-5'), 150.5 (C-2'), 150.9 (C-5'''), 153.1 (C-3'''), 198.1 (C-1). 

IR: νmax(film)/cm-1; 2976 and 2934 (C-H, aormatic), 1589 and 1506 (C=C, aromatic), 1671 

(C=O, ketone), 1260, 1214 and 1107 (C-O, ether), 910 and 728 (C-H, bending). 

m/z (ESI+) 735 (100 %). High Resolution (ESI+): found (MNa+): 735.3500 C43H52NaO9 

requires 735.3504. 
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(2S*, 3S*)-3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-2-(4''-isopropoxy-3''-

methoxyphenyl)-1-(3'''-isopropoxy-4''',5'''-dimethoxyphenyl)pentane-1,4-dione 212 

 

The reaction was carried out according to general procedure G, using ketone 210 (29 mg, 

0.041 mmol). A solvent mixture of 3:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (29 mg, 98 %) as a colourless oil. 

RF (2:1 hexanes, ethyl acetate) = 0.18  

δH (300 MHz; CDCl3; Me4Si) 1.23-1.26 (18H, m, 4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-

OCH(CH3)2), 2.17 (3H, s, 5-H), 3.49 (3H, s, 5'-OCH3), 3.76 (3H, s, 3''-OCH3), 3.79 (3H, s, 

5'''-OCH3 ), 3.84 (3H, s, 4'''-OCH3), 4.28-4.45 (3H, m, 4'-OCH(CH3)2, 4''-OCH(CH3)2 and 

3'''-OCH(CH3)2), 4.62 (1H, d, J = 12.2 Hz, Ar-CHA), 4.82 (1H, d, J = 12.2 Hz, Ar-CHB), 

5.03-5.12 (2H, m, 2-H and 3-H), 6.37 (1H, s, 3'-H), 6.43-6.47 (2H, m, 6'- and 6''-H), 6.56 

(1H, d, J = 8.0 Hz, 5''-H), 6.68 (1H, s, 2''-H), 7.19 (2H, s, 2'''-H and 6'''-H), 7.28-7.40 (5H, m, 

Ar-H).  

δC (75 MHz; CDCl3) 21.9 (4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-OCH(CH3)2), 29.0 (C-5), 

55.6 (5'-OCH3, C-2 and C-3), 56.0 (3''-OCH3), 57.0 (5'''-OCH3), 60.6 (4'''-OCH3), 70.9 

(CH2Ar), 71.2, 71.5 and 71.7(4'-OCH(CH3)2 and 4''-OCH(CH3)2 and 3'''-OCH(CH3)2), 103.4 

(C-3'), 106.0 (C-2''' and C-6'''), 110.4 (C-6''), 111.9 (C-6'), 114.1 (C-2''), 115.7 (C-5''), 116.8  

(C-1'), 121.0 (C-6''), 126.6, 127.7 and 128.5 (Ar-CH), 123.0 (C-1''), 131.6 (C-1'''), 137.1 (Ar-

C), 143.6 (C-4'''), 144.9 (C-3''), 146.0 (C-3'''), 147.1 (C-4''), 150.2 (C-5'), 150.8 and 151.0 (C-

2' and C-4'), 153.1 (C-5'''), 198.5 (C-1), 208.1 (C-4).  
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IR: νmax (film)/cm-1; 2933, 2878 and 2839 (C-H, aromatic), 1711 (C=O, ketone), 1661 (C=O, 

aryl ketone), 1595, 1584, 1512 and 1461 (C=C, aromatic), 1259, 1243, 1160, 1138 and 1023 

(C-O, ether), 819, 766 and 755 (C-H bending, aromatic). 

m/z (ESI+) 751 (100 %). High Resolution (ESI+): found (MNa+): 751.3429 C43H52NaO10 

requires 751.3453. 

 

 

1-Benzyl-3-(2'-(benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-

methoxyphenyl)-2-methyl-5-(3''',4''',5'''-trimethoxyphenyl)-1H-pyrrole 214 

and  

1-benzyl-3-(2'-(benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-

methoxyphenyl)-5-(3''',4''',5'''-trimethoxyphenyl)-1H-pyrrole-2-carbaldehyde 213 

 

        

The reaction was carried out according to general procedure H, using diketone 211 (24 mg, 

0.034 mmol) and benzylamine (3.7 µL, 0.034 mmol) with a reaction time of 3 d. A solvent 

mixture of 9:1 hexanes ethyl acetate, was used for flash chromatography to yield 1-benzyl-3-

(2'-(benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-methoxyphenyl)-2-

methyl-5-(3''',4''',5'''-trimethoxyphenyl)-1H-pyrrole 214 (8.0 mg, 30 %) as a yellow oil.  

 

RF (2:1 hexanes, ethyl acetate) = 0.51  

δH (400 MHz; CDCl3; Me4Si) 1.26-1.28 (12H, m, 4′-OCH(CH3)2 and 4′′-OCH(CH3)2), 2.15 

(3H, s, 2-CH3), 3.30 (3H, s, 5'-OCH3), 3.43 (6H, s, 3'''-OCH3 and 5'''-OCH3), 3.65 (3H, s, 3''-
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OCH3 ), 3.80 (3H, s, 4'''-OCH3), 4.33-4.42 (2H, m, 4'-CH(CH3)2 and 4''-CH(CH3)2), 4.66-4.68 

(1H, m, Ar-CHA), 4.80 (1H, d, J = 6.4 Hz, Ar-CHB), 5.12  (2H, s, NCH2Ar), 6.34 (2H, s, 2'''- 

and 6'''-H), 6.41-6.54 (2H, m, 3''- and 5''-H), 6.56 (1H, s, 3'-H), 6.71 (1H, s, 6'-H), 7.02-7.05 

(1H, d, J = 12 Hz, 6''-H), 7.18-7.28 (10H, m, OCH2Ar-H and NCH2Ar-H).  

δC (100 MHz; CDCl3) 11.2 (2-CH3), 22.0 (4'-CH(CH3)2 and 4''-CH(CH3)2), 47.9 (NCH2Ar), 

55.2 (5'-OCH3), 55.8 (3'''-OCH3 and 5'''-OCH3), 56.4 (3''-OCH3), 60.9 (4'''-OCH3), 71.2, 71.7 

and 72.0 (CH2Ar, 4'-CH(CH3)2 and 4''-CH(CH3)2, 105.7 (C-3'), 108.3 (C-2''' and C-6'''), 114.1 

(C-2''), 115.6 (C-5''), 117.3 (C-6''), 119.3 (C-1'), 121.9 (C-6''), 125.7, 127.0, 127.3, 128.0, 

128.2, 128.4, 128.6, 128.7, 128.8, 129.6 and 129.9 (C-2, C-3, C-4, C-5, C-1'', C-1''', OCH2Ar-

CH and NCH2Ar-CH), 137.0 (C-4'''), 138.2 (OCH2Ar-C), 139.4 (NCH2Ar-C), 144.3 and 

144.9 (C-4' and C-4''), 146.2 (C-3''), 149.3 (C-5'), 150.9 (C-2'), 152.7 (C-3''' and C-5'''). 

IR: νmax(film)/cm-1; 2970, 2940 and 2855 (C-H, aromatic), 1581, 1506 and 1460 (C=C, 

aromatic), 1235 and 1030 (C-O, ether), 1127 (C-N, amine), 738 (C-H bending, aromatic). 

m/z (ESI+) 794 (100 %), 810 (50), 772 (10).  High Resolution (ESI+): found (MNa+): 

794.3679 C48H53NNaO8 requires 794.3663. 

 

In a second fraction was also obtained 1-benzyl-3-(2'-(benzyloxy)-4'-isopropoxy-5'-

methoxyphenyl)-4-(4''-isopropoxy-3''-methoxyphenyl)-5-(3''',4''',5'''-trimethoxyphenyl)-1H-

pyrrole-2-carbaldehyde 213 (9.0 mg, 33 %) as a yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.37  

δH (400 MHz; CDCl3; Me4Si) 1.25-1.28 (12H, m, 4′-OCH(CH3)2 and 4′′-OCH(CH3)2, 3.30 

(3H, s, 5'-OCH3), 3.47 (6H, s, 3'''-OCH3 and 5'''-OCH3), 3.68 (3H, s, 3''-OCH3), 3.83 (3H, s, 

4'''-OCH3), 4.35-4.45 (2H, m, 4'-CH(CH3)2 and 4''-CH(CH3)2), 4.67 (1H, d, J = 12.2 Hz, Ar-

CHA), 4.87 (1H, d, J = 12.2 Hz, Ar-CHB), 5.56  (1H, d, J = 15.6 Hz, NCHAAr), 5.74 (1H, d, J 

= 15.6 Hz, NCHBAr), 6.31-6.40 (3H, m, 2''-, 2'''- and 6'''-H), 6.54-6.56 (2H, m, 5''- and 3'-H), 

6.77 (1H, s, 6'-H), 6.99-7.39 (11H, m, 6''-H, OCH2Ar-H and NCH2Ar-H), 9.55 (1H, s, CHO). 

δC (100 MHz; CDCl3) 22.0 (4'-OCH(CH3)2 and 4''-OCH(CH3)2), 49.5 (NCH2Ar), 55.3 (5'-

OCH3), 55.8 (3'''-OCH3 and 5'''-OCH3), 56.1 (3''-OCH3), 60.9 (4'''-OCH3), 71.2, 71.4 and 71.8 

(OCH2Ar, 4'-CH(CH3)2 and 4''-CH(CH3)2), 104.4 (C-3'), 108.1 (C-2''' and C-6'''), 113.8 (C-
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2''), 114.9 (C-4), 115.2 (C-5''), 115.9 (C-1'), 117.2 (C-6'), 122.0 (C-6''), 124.7, 125.8, 126.1, 

126.8, 127.1, 127.5, 128.0, 128.2, 128.5 and 128.6 (C-2, C-1', C-1'', OCH2Ar-CH and 

NCH2Ar-CH), 134.0 (C-3), 137.5 (-OCH2Ar-C), 138.2 (C-5), 139.3 (NCH2Ar-C), 140.1 (C-

4'''), 144.7 and 145.1 (C-4' and C-4''), 147.6 (C-3''), 149.3 (C-5'), 150.9 (C-2'), 153.0 (C-3''' 

and C-5'''), 180.9 (CHO). 

IR: νmax(film)/cm-1; 2932 and 2852 (C-H, aromatic), 1654 (C=O, aldehyde), 1582, 1505 and 

1461 (C=C, aromatic), 1236, 1215, 1126 and 1036 (C-O, ether), 732 (C-H bending, 

aromatic). 

m/z (ESI+) 808 (100 %), 707 (40). High Resolution (ESI+): found (MNa+): 808.3463 

C48H51NNaO9 requires 808.3456. 

 

 

1-Benzyl-3-(2'-(benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-

methoxyphenyl)-5-(3'''-isopropoxy-4''',5'''-dimethoxyphenyl)-2-methyl-1H-pyrrole 216 

and 

1-benzyl-3-(2'-(benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-

methoxyphenyl)-5-(3'''-isopropoxy-4''',5'''-dimethoxyphenyl)-1H-pyrrole-2-

carbaldehyde 215 

 

The reaction was carried out according to general procedure H, using diketone 212 (45 mg, 

0.060 mmol) and benzylamine (6.7 µL, 0.060 mmol) with a reaction time of 3 d. A solvent 

mixture of 9:1 hexanes, ethyl acetate was used for flash chromatography to yield 1-benzyl-3-
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(2'-(benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-methoxyphenyl)-5-

(3'''-isopropoxy-4''',5'''-dimethoxyphenyl)-1H-pyrrole-2-carbaldehyde 215 (38 mg, 76 %) as a 

yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.39  

δH (300 MHz; CDCl3; Me4Si) 1.27 (18H, d, J = 6.1 Hz, 4'-OCH(CH3)2, 4''-OCH(CH3)2 and 

3'''-OCH(CH3)2), 3.30 (3H, s, 5'-OCH3), 3.48 (3H, s, 5'''-OCH3), 3.68 (3H, s, 3''-OCH3 ), 3.82 

(3H, s, 4'''-OCH3), 4.09 (1H, sept., J = 6.1 Hz, 3'''-OCH(CH3)2), 4.36 (1H, sept., J = 6.1 Hz, 

4'-OCH(CH3)2 or 4''-OCH(CH3)2), 4.43 (1H, sept., J = 6.1 Hz, 4'-OCH(CH3)2 or 4''-

OCH(CH3)2), 4.66 (1H, d, J = 12.4 Hz, OCHAAr), 4.87 (1H, d, J = 12.4 Hz, OCHBAr), 5.57 

(1H, d, J = 15.7 Hz, NCHAAr), 5.75 (1H, d, J = 15.7 Hz, NCHBAr), 6.30-6.37 (4H, m, 2''-,  

6''-, 2'''- and 6'''-H), 6.54-6.56 (2H, m, 3'- and 5''-H), 6.77 (1H, s, 6'-H), 7.01-7.27 (10H, m, 

OCH2Ar-H and NCH2Ar-H), 9.53 (1H, s, CHO).  

δC (75 MHz; CDCl3) 22.0 (4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-OCH(CH3)2), 49.3 

(NCH2Ar), 55.2 (5'-OCH3), 55.8 (3''-OCH3), 56.6 (5'''-OCH3), 60.7 (4'''-OCH3), 71.1, 71.3 

and 71.7 (OCH2Ar, 4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-OCH(CH3)2), 104.4 (C-3'), 107.8 

and 111.7 (C-2''' and C-6'''), 113.8 (C-2''), 114.8 (C-4), 115.2 (C-5''), 117.1 (C-6'), 122.0 (C-

6''), 124.6 (C-1'), 125.4, 126.1, 126.7, 126.9, 127.1, 127.4, 127.9, 128.2 and 128.4 (C-2, C-1'' 

and C-1'''), OCH2Ar-CH and NCH2Ar-CH), 134.1 (C-3), 137.5 (OCH2Ar-C), 139.1 

(NCH2Ar-C), 139.6 (C-5), 140.2 (C-4'''), 144.7 and 145.1 (C-4' and C-4''), 147.6 (C-3''), 

149.3 (C-5'), 150.8 (C-2'), 151.3 (C-5'''), 153.2 (C-3'''), 180.9 (CHO). 

IR: νmax(film)/cm-1; 2974 and 2933 (C-H, aromatic), 1652 (C=O, aldehyde), 1528, 1497, 

1464 and 1455 (C=C, aromatic), 1233, 1212 and 1032 (C-O, ether), 1112 (C-N, amine), 805 

and 733 (C-H bending, aromatic). 

m/z (ESI+) 836 (100 %), 852 (20). High Resolution (ESI+): found (MNa+): 836.3768 

C50H55NNaO9 requires 836.3769. 

 

1-Benzyl-3-(2'-(benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-

methoxyphenyl)-5-(3'''-isopropoxy-4''',5'''-dimethoxyphenyl)-2-methyl-1H-pyrrole 216 (1.5 

mg, 3 %) was also isolated as a yellow oil. 
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RF (2:1 hexanes, ethyl acetate) 0.51 

δH (300 MHz; CDCl3; Me4Si) 1.25-1.27 (18H, m, 4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-

OCH(CH3)2), 2.13 (2-CH3), 3.30 (5'-OCH3), 3.44 (5'''-OCH3), 3.65 (3''-OCH3), 3.79 (4'''-

OCH3), 4.05-4.09 (1H, m, 3'''-OCH(CH3)2), 4.31-4.48 (2H, m, 4'-OCH(CH3)2 and 4''-

OCH(CH3)2), 4.65 (2H, d, J = 5.8 Hz, OCH2Ar), 6.33 (2H, s, NCH2Ar), 6.33 (1H, d, J = 1.8 

Hz, 2'''-H or 6'''-H), 6.37 (1H, d, J = 1.8 Hz, 2'''-H or 6'''-H), 6.41 (1H, dd, J = 1.9, 8.2 Hz, 6''-

H), 6.46 (1H, d, J = 1.9 Hz, 2''-H), 6.54-6.59 (2H, m, 3'- and 5''-H), 6.70 (1H, s, 6'-H), 7.01-

7.36 (10H, m, Ar-H). 

δC (75 MHz; CDCl3) 11.2 (2-CH3), 22.1, 22.2 and 22.3 (4'-OCH(CH3)2, 4''-OCH(CH3)2 and 

3'''-OCH(CH3)2), 47.9 (NCH2Ar), 55.2 (5'-OCH3), 55.7 (5'''-OCH3), 56.5 (3''-OCH3), 60.6 

(4'''-OCH3), 71.0, 71.2, 71.3, 71.4 (OCH2Ar, 4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-

OCH(CH3)2), 105.7 (C-3'), 108.1 and 111.9 (C-2''' and C-6'''), 114.1 (C-2''), 115.6 (C-5''), 

117.3 (C-6'), 119.3 (C-4), 121.8 (C-3), 121.9 (C-6''),  125.7 (Ar-CH), 126.1 (C-1'), 126.9, 

127.9, 128.2, 128.6, 128.7 and 128.8 (Ar-CH, C-2, C-1'' and C-1'''), 130.0 (C-1''), 133.5 (C-

1'''), 138.2 (OCH2Ar), 138.4 (C-5), 139.2 (C-5), 139.3 (NCH2Ar), 144.3 (C-3''), 144.9 (C-4''), 

146.2 (C-4'), 149.3 (C-5'), 150.9 (C-2'), 150.0 (C-5'''), 152.9 (C-3'''). 

IR: νmax(film)/cm-1; 2976 and 2931 (C-H, aromatic), 1663, 1595, 1459 and 1418 (C=C, 

alkene), 1235, 1184 and 1113 (C-O, ether), 920 and 855 (C-H bending, aromatic). 

The sample decomposed prior to mass spectrum acquisition. 
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1-Benzyl-3-(4'-isopropoxy-2',5'-dioxocyclohexa-1,4-dienyl)-4-(4''-isopropoxy-3''-

methoxyphenyl)-5-(3'''-isopropoxy-4''',5'''-dimethoxyphenyl)-1H-pyrrole-2-

carbaldehyde 236 

 

To a solution of pyrrole aldehyde 215 (38 mg, 0.047 mmol) in ethyl acetate (5 mL), was 

added Pd/C (12 mg, 10 mol %), and the reaction was stirred under an atmosphere of 

hydrogen for 2 d. The crude reaction mixture was filtered through a slurry of silica gel and 

ethyl acetate and the solvent was removed under reduced pressure to yield the crude product 

as a mixture of lactol 230a and phenol 230b, which were reacted in the subsequent reaction 

without further purification. 

To a solution of the crude mixture of 230a and 230b in DCM (3 mL), under an atompshere 

of nitroigen was added PCC (30 mg, 0.14 mmol), and the resultant mixture was stirred for 24 

h. The reaction mixture was filtered through a slurry of silica gel and ethyl acetate and the 

solvent was removed under reduced pressure to give the crude product, which was purified 

by flash chromatography (19:1 DCM, methanol) to yield the title compound (8.0 mg, 24 % 

over two steps) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.22  

δH (400 MHz; CDCl3; Me4Si) 1.07 (6H, d, J = 6.1 Hz, 4'-OCH(CH3)2), 1.30 (6H, d, J = 6.1 

Hz, 4''-OCH(CH3)2 or 3'''-OCH(CH3)2, 1.42 (6H, d, J = 6.1 Hz, 4''-OCH(CH3)2 or 3'''-

OCH(CH3)2,), 3.42 (3H, s, 5'''-OCH3), 3.54 (3H, s, 3''-OCH3), 3.80 (3H, s, 4'''-OCH3), 4.02 

(1H, sept., J = 6.1 Hz, 4'-OCH(CH3)2), 4.39-4.53 (2H, m, 4''-OCH(CH3)2) and 3'''-

OCH(CH3)2), 5.60 (2H, s, CH2Ar), 5.96 (1H, s, 3'-H), 6.24 (1H, d,  J = 1.5 Hz, 2'''- or 6'''-H), 

6.28 (1H, d, J = 1.5 Hz, 2'''- or 6'''-H), 6.46 (1H, d, J = 1.7 Hz, 2''-H), 6.50 (1H, dd, J = 1.7, 



                    
Experimental Procedures 

 

276 
 

8.2 Hz, 6''-H), 6.67 - 6.69 (1H, m, 6'- and 5''-H), 7.00-7.02 and 7.18-7.33 (5H, m, Ar-H), 9.51 

(1H, s, CHO). 

δC (100 MHz; CDCl3) 21.1 (4'-OCH(CH3)2), 21.9 and 22.0 (4''-OCH(CH3)2 and 3'''-

OCH(CH3)2), 49.7 (NCH2Ar), 55.7 (3''-OCH3 and 5'''-OCH3), 60.7 (4'''-OCH3), 71.2, 71.3 

and 71.6 (CH2Ar, 4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-OCH(CH3)2), 107.6 (C-2''' or C-6'''), 

108.4 (C-3'), 111.5 (C-2''' or C-6'''), 113.9 (C-2''), 115.2 (C-5''), 122.2 (C-6''), 124.3 (C-3), 

125.5 (C-1'''), 125.9, 127.3 and 128.7 (NCH2Ar-CH), 127.1 (C-4), 128.2 (C-1'), 128.9 (C-2), 

134.7 (C-6'), 138.3 (NCH2Ar-C), 139.8 (C-4'''), 140.5 (C-1'), 141.8 (C-5''), 146.1 (C-4''), 

149.8 (C-3''), 151.3 (C-5), 153.2 (C-3'''), 156.9 (C-4'), 178.6 (CHO), 181.8 (C-2'), 186.3 (C-

5'). 

IR: νmax(film)/cm-1; 2980 and 2937 (C-H, aromatic), 1660 (C=O, aldehyde), 1589 and 1462 

(C=C, aromatic), 1263 and 1239 (C-O, ether), 1115 (C-N, amine). 

m/z (ESI+) 730 (100 %), 586 (25), 449 (10). High Resolution (ESI+): found (MNa+): 

730.2981 C42H45NNaO9 requires 730.2987. 

 

 

4-Benzyl-20-isopropoxy-1-(14-isopropoxy-13-methoxyphenyl)-10b-(7-isopropoxy-8,9-

dimethoxyphenyl)-21-methoxychromeno[3,4-b]pyrrol-4(3H)-one 232 

 

To a solution of pyrrole aldehyde 215 (31 mg, 0.038 mmol) in ethyl acetate (4 mL), was 

added Pd/C (10 mg, 7.6 µmol) and the reaction was stirred under an atmosphere of hydrogen 

for 2 d. The crude reaction mixture was filtered through a slurry of silica gel and ethyl 

acetate. The filtrate was collected and the solvent was removed under reduced pressure to 
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yield the crude deprotection product as a mixture of lactol 230a and phenol 230b, which 

were reacted in the subsequent reaction without further purification.  

To a solution of the crude mixture of 230a and 230b (17 mg, 2.3 µmol) in DMF (0.50 mL), 

under an atmosphere of nitrogen, was added Pd(PPh3)4 (<1.0 mg, 0.31 µmol), K2CO3 (7.0 

mg, 4.9 µmol) and PPh3 (<1.0 mg, 0.92 µmol) followed by bromobenzene (5.0 µL, 4.9 µmol) 

dropwise. The resultant mixture was stirred at 120 °C under an atmosphere of nitrogen for 24 

h. Water (2 mL) and diethyl ether (2 mL) were added and the organic layer was separated. 

The aqueous mixture was further extracted with diethyl ether (3 × 2 mL) and the combined 

organic fractions were washed with water (3 × 2 mL) and then dried (MgSO4). The solvent 

was removed under reduced pressure to give the crude product, which was purified by flash 

chromatography (3:1 hexanes, ethyl acetate) to give the title compound as an orange oil (15 

mg, 53 % over two steps). 

RF (2:1 hexanes, ethyl acetate) = 0.47  

δH (400 MHz; CDCl3; Me4Si) 1.11 (6H, d, J = 6.1 Hz, 7-OCH(CH3)2 or 14-OCH(CH3)2 or 

20-OCH(CH3)2), 1.34 (6H, d, J = 6.1 Hz, 7-OCH(CH3)2 or 14-OCH(CH3)2 or 20-

OCH(CH3)2), 1.40 (6H, d, J = 6.0 Hz, 7-OCH(CH3)2 or 14-OCH(CH3)2 or 20-OCH(CH3)2), 

3.46 (3H, s, 9-OCH3), 3.48 (3H, s, 21-OCH3), 3.68 (3H, s, 13-OCH3), 3.81 (3H, s, 8-OCH3), 

4.06 (1H, sept., J = 6.0 Hz, 7-OCH(CH3)2 or 14-OCH(CH3)2 or 20-OCH(CH3)2), 4.47-4.59 

(2H, m, 7-OCH(CH3)2 and/or 14-OCH(CH3)2 and/or 20-OCH(CH3)2), 5.75 (2H, br s, 5-H), 

6.25 (1H, d, J = 1.8 Hz, 22-H), 6.31 (1H, d, J = 1.8 Hz, 10-H), 6.79 (1H, s, 19-H), 6.88 (1H, 

s, 6-H), 6.94 (1H, d, J = 5.2 Hz, 15-H), 7.03 (1H, d, J = 7.1 Hz, 12-H), 7.21 (1H, d, J = 7.0 

Hz, 16-H), 7.25-7.29 (5H, m, Ar-H). 

δC (100 MHz; CDCl3) 21.8, 21.9 and 22.0 (7-OCH(CH3)2, 14-OCH(CH3)2 and 20-

OCH(CH3)2), 49.5 (C-5), 55.7 and 55.9 (9-OCH3, 13-OCH3 and 21-OCH3), 60.7 (8-OCH3), 

71.4, 71.5 and 71.6 (7-OCH(CH3)2, 14-OCH(CH3)2 and 20-OCH(CH3)2), 103.5 (C-12), 105.3 

(C-15), 107.7 (C-6), 110.2 (C-17), 111.7 (C-10), 114.9 (C-19), 115.9 (C-22), 118.8 (C-3), 

123.5 (C-16), 124.7 (C-10a), 126.3, 127.2 and 128.6 (Ar-CH), 127.6 (C-1 and C-2), 128.4 

(C-11), 138.8 (Ar-C), 139.8 (C-8), 143.2 (C-10b), 146.3 (C-21), 146.6 and 147.3 (C-20, C-14 

and C-18), 150.3 (C-13), 151.2 (C-7), 153.1 (C-9), 155.4 (C-23).  
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IR: νmax(film)/cm-1; 2923 and 2853 (C-H, aromatic), 1713 (C=O, ester), 1509 and 1462 

(C=C, aromatic), 1249 (C-N, amine), 1115 (C-O, ester), 740 and 700 (C-H bending, 

aromatic). 

m/z (ESI+) 744 (100 %), 413 (20). High Resolution (ESI+): found (MH+): 744.3164 

C43H47NNaO9 requires 744.3143. 

 

 

4-Benzyl-20-hydroxy-1-(14-hydroxy-13-methoxyphenyl)-10b-(7-hydroxy-8,9-

dimethoxyphenyl)-21-methoxychromeno[3,4-b]pyrrol-4(3H)-one 234 

 

To a solution of pyrrole lactone 232 (6.0 mg, 8.3 µmol) in DCM (0.5 mL), under an 

atmosphere of nitrogen, was added AlCl3 (4.0 mg, 0.033 mmol) and the resultant suspension 

was stirred for 5 h. 2M HCl (1 mL) and DCM (1 mL) were added and the orgamic layer was 

separated. The aquous mixture was further extracted with DCM (5 × 1 mL) and the combined 

organic extracts were dried (MgSO4) and the solvent was removed under reduced pressure. 

The crude product was purified by flash chromatography (2:1 hexanes, ethyl acetate) to yield 

the title compound (1.4 mg, 28 %) as a yellow oil as a mixture of two rotational isomers. 

RF (2:1 hexanes, ethyl acetate) = 0.09  

δH (400 MHz; CDCl3; Me4Si) 3.46 and 3.47, 3.54 and 3.55, 3.71 and 3.74, 3.81 and 3.89 

(4× 3H, s, 8-OCH3, 9-OCH3, 13-OCH3 and 21-OCH3), 5.58, 5.71, 6.10, 6.26, 6.31, 6.32 and 

6.46 (7 × 1H, s, Ar-H), 6.74 -7.00 (5H, m, Ar-H). 
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δC (100 MHz; CDCl3) 49.3 (CH2Ar), 55.6, 55.8 and 56.0 (9-OCH3, 13-OCH3, 21-OCH3), 

61.0 (8-OCH3), 103.4, 104.3, 107.3, 107.8, 110.1, 110.7, 111.9, 113.6, 114.2, 114.4, 124.3, 

126.4, 127.2, 128.5, 128.6, 138.5 and 149.0 (Ar-CH, Ar-C and C-10b, C-1, C-2 and C-3). 

IR: νmax(film)/cm-1; 3387 (O-H, phenol), 2922 and 2852 (C-H, aromatic), 1715 (C=O, 

lactone), 1592 and 1467 (C=C, alkene), 1280, 1207 and 1118 (C-O, ether), 859 and 744 (C-H 

bending, aromatic). 

m/z (ESI+) 618 (MNa+, 95 %), 449 (100),. High Resolution (ESI+): found (MNa+): 618.1751 

C34H29NNaO9 requires 618.1735. 

 

 

3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-

methoxyphenyl)-5-(3'''-isopropoxy-4''',5'''-dimethoxyphenyl)-1-phenethyl-1H-pyrrole-

2-carbaldehyde 217 
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The reaction was carried out according to general procedure H, using diketone 212 (23 mg, 

0.032 mmol) and phenethylamine (4.0 mg, 0.032 mmol) with a reaction time of 3 d. A 

solvent mixture of 2:1 hexanes, ethyl acetate was used for flash chromatography to yield the 

title compound (17 mg, 66 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.39  

δH (400 MHz; CDCl3; Me4Si) 1.27 (18H, d, J = 6.0 Hz, 4'-OCH(CH3)2, 4''-OCH(CH3)2 and 

3'''-OCH(CH3)2), 2.92-2.97 (2H, m, NCH2CH2Ar), 3.32 (3H, s, 3''-OCH3), 3.66 (3H, s, 5'-

OCH3), 3.70 (3H, s, 3'''-OCH3), 3.86 (3H, s, 4'''-OCH3), 4.31-4.43 (3H, m, 4'-OCH(CH3)2, 4''-

OCH(CH3)2 and 3'''-OCH(CH3)2), 4.59-4.61 (2H, m, NCH2CH2Ar), 4.72 (1H, d, J = 12.4 Hz, 



                    
Experimental Procedures 

 

280 
 

Ar-CHA), 4.86 (1H, d, J = 12.4 Hz, Ar-CHB), 6.29-6.33 (4H, m, 2''-, 6''-, 2'''- and 6'''-H), 6.52-

6.56 (2H, m, 3'-H and 5''-H), 6.69 (1H, s, 6'-H), 6.99-7.25 (10H, m, NCH2CH2Ar-H and 

CH2Ar-H), 9.56 (1H, s, CHO). 

δC (100 MHz; CDCl3) 21.8, 21.9 and 22.0 (4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-

OCH(CH3)2), 38.0 (NCH2CH2Ar), 47.6 (NCH2CH2Ar), 55.3 (3''-OCH3), 56.2 (3'''-OCH3), 

56.6 (5'-OCH3), 60.8 (4'''-OCH3), 71.2, 71.3 and 71.8 (4'-OCH(CH3)2, 4''-OCH(CH3)2 and 

3'''-OCH(CH3)2), 104.1 (C-3'), 107.9 (C-5''), 109.9 (C-4), 112.2 (C-6'''), 113.8 (C-2'''), 114.8 

(C-1'), 115.3 (C-2''), 117.3 (C-6'), 121.9 (C-6''), 124.3 and 125.8 (C-1'' and C-1'''), 126.3 and 

126.9 (Ar-CH), 127.6 (C-2), 127.8, 128.3 and 129.0 (Ar-CH), 134.2 (C-3), 137.4 and 138.3 

(-NCH2CH2Ar-C and CH2Ar-C), 139.8 (C-5), 140.1 (C-4'''), 144.6 (C-5), 147.6 (C-2''), 149.4 

(C-3''), 150.9 and 151.3 (C-4'' and C-4'''), 153.4 (C-3'''), 181.0 (CHO). 

IR: νmax(film)/cm-1; 2980, 2921 and 2850 (C-H, aromatic), 1720 (C=O, aldehyde), 1508, 

1464 and 1453 (C=C, alkene), 1243, 1214 and 1112 (C-O, ether), 926, 864, 839, 739, 699 

(C-H bending, aromatic). 

m/z (ESI+) 850 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 850.3941 

C51H57NNaO9 requires 850.3926. 
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3-(2'-Hydroxy-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-methoxyphenyl)-

5-(3'''-isopropoxy-4''',5'''-dimethoxyphenyl)-1-phenethyl-1H-pyrrole-2-carbaldehyde 

231b 

 

To a solution of pyrrole aldehyde 217 (17 mg, 21 µmol) in ethyl acetate (2 mL), was added 

Pd/C (2.0 mg, 2.0 µmol), and the reaction was stirred under an atmosphere of hydrogen for 2 

d. The crude reaction mixture was filtered through a slurry of silica gel and ethyl acetate. The 

filtrate was collected and the solvent was removed under reduced pressure. The crude 

product was purified by flash chromatography (3:1 hexanes, ethyl acetate) to yield the title 

compound (5.4 mg, 36 %) as a yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.33 

δH (400 MHz; CDCl3; Me4Si) 1.27-1.29 (18 H, m, 4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-

OCH(CH3)2), 2.91-3.00 (2H, m, NCH2CH2Ar), 3.50 (3H, s, 3''-OCH3), 3.71 (3H, s, 5'-

OCH3), 3.74 (3H, s, 3'''-OCH3), 3.85 (3H, s, 4'''-OCH3), 4.32-4.54 (3H, m, 4'-OCH(CH3)2, 4''-

OCH(CH3)2 and 3'''-OCH(CH3)2), 4.64 (2H, dd, J = 6.9, 15.2 Hz,  NCH2CH2Ar), 4.70 (1H, 

br, s, OH), 6.35-6.43 (4H, m, 2''-H, 6''-H, 2'''-H and 6'''-H), 6.50 (1H, s, 3'-H), 6.59 (1H, d, J 

= 8.3 Hz, 5''-H), 6.67 (1H, s, 6'-H), 7.04-7.23 (5H, m, Ar-H), 9.48 (1H, s, CHO). 

δC (100 MHz; CDCl3) 22.0 (4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-OCH(CH3)2), 37.8 

(NCH2CH2Ar), 47.6 (NCH2CH2Ar), 55.4 (3''-OCH3), 56.3 (3'''-OCH3), 56.8 (5'-OCH3), 60.8 

(4'''-OCH3), 71.1, 71.2 and 71.6 (4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-OCH(CH3)2), 103.6 

(C-3'), 107.8 (C-5''), 110.1 (C-4),  112.1 (C-6'''), 113.3 (C-2'''), 115.1 (C-1'), 117.3 (C-2''), 

121.6 (C-6'), 124.3 (C-6''), 125.3 and 125.5 (C-1'' and C-1'''), 126.6 (C-2), 127.5 (Ar-C), 
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127.8,  127.9 and 128.9 (Ar-CH), 131.5 (C-3), 137.9 (C-4'''), 140.6 (C-5), 147.6 (C-2''), 144.1 

(C-5'), 145.8 (C-4'' and C-4'''), 148.0 (C-2'), 149.6 (C-3''), 151.5 (C-5'''), 153.6 (C-3'''), 180.4 

(CHO). 

IR: νmax (film)/cm-1; 3445 (O-H, phenol), 2975, 2928 and 2855 (C-H, aromatic), 1650 (C=O, 

aldehyde), 1583, 1507 and 1460 (C=C, aromatic), 1236 (C-O, ether), 1114 (C-N, amine), 

1032 (C-O, ether). 

m/z (ESI+) 760 (MNa+, 50 %), 647 (100). High Resolution (ESI+): found (MNa+): 760.3417 

C44H51NNaO9 requires 760.3456. 

 

 

20-Isopropoxy-1-(14-isopropoxy-13-methoxyphenyl)-2-(7-isopropoxy-8,9-

dimethoxyphenyl)-21-methoxy-4-phenethylchromeno[3,4-b]pyrrol-4(3H)-one 233 

 

To a solution of phenol 231b (5.0 mg, 6.8 µmol) in DMF (0.5 mL), under an atmosphere of 

nitrogen, was added Pd(PPh3)4 (<1.0 mg, 0.088 µmol), K2CO3 (2.0 mg, 14 µmol) and PPh3 

(<1.0 mg, 0.26 µmol), followed by bromobenzene (2 µL, 14 µmol) dropwise. The resultant 

mixture was then stirred at 120 °C for 5 h. Water (2 mL) and diethyl ether (2 mL) were added 

and the organic layer was separated. The aqueous mixture was further extracted with diethyl 

ether (3 × 2 mL) and the combined organic extracts were washed with water (3 × 2 mL) and 

dried (MgSO4). The solvent was removed under reduced pressure to give the crude product, 

which was purified by flash chromatography (2:1 hexanes, ethyl acetate) to yield the title 

compound (5.1 mg, quantitative) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.55  
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δH (400 MHz; CDCl3; Me4Si) 1.19 (6H, d, J = 6.1 Hz, 7-OCH(CH3)2 or 14-OCH(CH3)2 or 

20-OCH(CH3)2), 1.33 (6H, d, J = 6.1 Hz, 7-OCH(CH3)2 or 14-OCH(CH3)2 or 20-

OCH(CH3)2), 1.40 (6H, d, J = 6.0 Hz, 7-OCH(CH3)2 or 14-OCH(CH3)2 or 20-OCH(CH3)2), 

3.05 (2H, t, J = 7.4 Hz, 6-H), 3.47 (13-OCH3), 3.67 and 3.68 (9-OCH3 and 21-OCH3), 3.84 

(8-OCH3), 4.30 (1H, sept., J = 6.0 Hz, 7-OCH(CH3)2 or 14-OCH(CH3)2 or 20-OCH(CH3)2), 

4.48 (1H, sept., J = 6.1 Hz, 7-OCH(CH3)2 or 14-OCH(CH3)2 or 20-OCH(CH3)2), 4.58 (1H, 

sept., J = 6.1 Hz, 7-OCH(CH3)2 or 14-OCH(CH3)2 or 20-OCH(CH3)2), 4.68 (2H, br s, 5-H), 

6.71 (1H, d, J = 1.8 Hz, Ar-H), 6.80-6.98 (5H, m, Ar-H), 7.17-7.31 (5H, m, Ar-H). 

δC (100 MHz; CDCl3) 21.8, 21.9 and 22.7 (7-OCH(CH3)2, 14-OCH(CH3)2 and 20-

OCH(CH3)2), 37.1 (C-6), 47.8 (C-5), 55.6, 55.9, 56.1 (9-OCH3, 13-OCH3 and 21-OCH3), 

60.7 (8-OCH3), 68.1, 71.5 and 71.4 (7-OCH(CH3)2, 14-OCH(CH3)2 and 20-OCH(CH3)2), 

103.5 (C-19), 107.8 (C-15), 110.2 (C-1), 112.1 (C6a and C-10), 114.6 (C-17), 115.9 (C-12), 

123.4 (C-22), 124.9 (C-16), 125.1, 125.5, 127.6, 127.8, 127.9, 128.0, 128.8, 129.7 (Ar-CH, 

Ar-C, C-2, C-3, C-11 and C-10a), 134.7, 138.0, 143.6, 146.3, 146.5, 147.3, 150.3, 151.0, 

152.2 and 155.5 (C-7, C-8, C-9, C-10b, C-13, C-14, C-18, C-20, C-21). *Due to the small 

amount of product obtained, carbon shifts were assigned, where possible, by comparison 

with the 13C-NMR spectrum of the starting material, pyrrole 231b. 

IR: νmax(film)/cm-1; 2974 and 2921 (C-H, aromatic), 1714 (C=O, lactone), 1455 and 1407 

(C=C, aromatic), 1245, 1066 and 1057 (C-O, ether). 

m/z (ESI+) 758 (MNa+, 100 %), 751 (10). High Resolution (ESI+): found (MNa+): 758.3323 

C44H49NNaO9 requires 758.3300. 

 

 

 

 

 

 

 

 



                    
Experimental Procedures 

 

284 
 

3-(2'-(Benzyloxy)-4'-isopropoxy-5'-methoxyphenyl)-4-(4''-isopropoxy-3''-

methoxyphenyl)-5-(3'''-isopropoxy-4''',5'''-dimethoxyphenyl)-1H-pyrrole-2-

carbaldehyde 218 

 

The reaction was carried out according to general produre H, using diketone 212 (24 mg, 

0.033 mmol) and NH4OAc (18 mg, 0.024 mmol) given a reaction time of 24 h. A solvent 

mixture of 4:1 hexanes, ethyl acetate was used for flash chromatography to yield the title 

compound (8.0 mg, 33 %) as a deep blue oil. 

RF (2:1 hexanes, ethyl acetate) = 0.19  

δH (400 MHz; CDCl3; Me4Si) 1.21-1.33 (18H, m, 4'-OCH(CH3)2, 4''-OCH(CH3)2 and 5''-

OCH(CH3)2), 3.44 (3H, s, 5'-OCH3), 3.60 (3H, s, 3''-OCH3), 3.70 (3H, s, 5'''-OCH3 ), 3.84 

(3H, s, 4'''-OCH3), 4.20-4.31 (1H, sept., J = 6.0 Hz, 3'''-OCH(CH3)2), 4.34-4.46 (2H, m, 4'-

OCH(CH3)2 and 4''-OCH(CH3)2), 4.80 (2H, s, CH2Ar), 6.52 (2H, s, 3'-H and 6'''-H), 6.55-6.59 

(3H, m, 2'''-H, 2''-H and 6''-H), 6.65 (1H, s, 6'-H), 6.71 (1H, d, J = 8.4 Hz, 5''-H), 6.98-7.28 

(5H, m, Ar-H), 9.32 (1H, br, s, N-H), 9.48 (1H, s, CHO).  

δC (100 MHz; CDCl3) 22.0 (4'-OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-OCH(CH3)2), 55.6 (5'-

OCH3), 56.0 (3'''-OCH3), 56.4 (3''-OCH3), 60.7 (4'''-OCH3), 71.3, 71.5 and 71.7 (CH2Ar, 4'-

OCH(CH3)2, 4''-OCH(CH3)2 and 3'''-OCH(CH3)2), 104.4 (C-3'), 104.6 (C-2'''), 108.7 (C-2''), 

111.3 (C-4), 114.1 (C-1'), 114.4 (C-6'''), 115.7 (C-5''), 116.8 (C-6'), 122.8 (C-6''), 126.3 (C-

1''), 126.9, 127.6, 127.8 and 128.4 (Ar-CH and C-5), 129.4 (C-1'''), 132.6 (C-2), 135.7 (C-3), 

137.4 (Ar-C), 144.6 (C-4'''), 145.9 (C-3''), 147.6 (C-4' and C-4''), 149.9 (C-5'), 150.5 (C-2'), 

151.6 (C-5'''), 153.6 (C-3'''), 180.2 (CHO).  
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IR: νmax(film)/cm-1; 3282 (N-H, amine), 2959, 2924  and 2856 (C-H, aromatic), 1733 (C=O, 

aldehyde), 1637, 1509 and 1459 (C=C, aromatic), 1245, 1212 and 1034 (C-O, ether), 1114 

(C-N, amine). 

m/z (ESI+) 242 (100 %), 746 (60), 449 (20), 413 (30), 311 (40), 130 (20). High Resolution 

(ESI+): found (MNa+): 746.3274 C43H49NNaO9 requires 746.3300. 
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10.4.2 Part 2: Model pyrroles and pyrrole aldehydes 

 

 (E)-But-2-en-1-ol 116 
 

 

To a stirred suspension of lithium aluminium hydride (2.2 g, 0.057 mol) in diethyl ether (40 

mL) under an atmosphere of nitrogen, was added a solution of (E)-crotylaldehyde 115 (10 g, 

0.14 mol) in diethyl ether (10 mL) dropwise. The resultant suspension was stirred at room 

temperature for 24 h. A saturated aqueous solution of Na2SO4 (50 mL) was added slowly to 

the reaction mixture and left to stir at room temperature for 1 h. The mixture was filtered and 

dried (MgSO4), and the solvent was removed under reduced pressure. The crude product was 

distilled under reduced pressure to give the title compound (7.1 g, 70 %) as a pale yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.10 

δH (400 MHz; CDCl3; Me4Si) 1.71 (3H, d, J = 5.1 Hz, 4-H), 4.07 (2H, t, J = 4.3 Hz, 1-H) 

and 5.61-5.76 (2H, m, 2- and 3-H). 

Spectroscopic data were in accordance with literature values.77,191  
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(E)-4-(But-2-enyl)morpholine 102 

 

 

To a stirred solution of alcohol 116 (3.0 g, 42 mmol) in diethyl ether (40 mL), under an 

atmosphere of nitrogen at 0 °C, was added phosphorous tribromide (2.0 mL, 21 mmol) 

dropwise. The resultant solution was warmed to room temperature and stirred for 24 h. The 

solution was poured on ice and allowed to warm to room temperature. The organic layer was 

separated and the aqueous mixture was further extracted with diethyl ether (3 x 30 mL). The 

combined organic extracts were washed with aqueous 1 M NaOH (30 mL), brine (30 mL) 

and then dried (MgSO4). The solvent was removed under reduced pressure to yield (E)-1-

bromobut-2-ene 117 (4.5 g, 81 %) as a pale yellow oil, which was used without further 

purification. 

 

To a stirred solution of bromide 117 (4.5 g, 33 mmol) in DCM (60 mL), under an atmosphere 

of nitrogen at 0 °C, was added morpholine (3.2 mL, 37 mmol) dropwise. The resultant 

solution was stirred at 0 °C for 15 min prior to the dropwise addition of triethylamine (10 

mL, 74 mmol), and the mixture was then warmed to room temperature and stirred for 24 h. 

Water (40 mL) was added and the organic layer was separated. The aqueous mixture was 

further extracted with DCM (3 x 40 mL). The combined organic extracts were washed with 

an aqueous solution of 1 M NaOH (50 mL), dried (MgSO4) and the solvent was removed 

under reduced pressure to yield the crude product which was purified by flash 

chromatography (2:1 hexanes, ethyl acetate) to yield the title compound (2.8 g, 59 %) as a 

pale yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.28  

δH (300 MHz; CDCl3; Me4Si) 1.69 (3H, dq, J = 1.0, 6.2 Hz, 4-H), 2.43 (4H, t, J = 4.5 Hz, 

N(CH2CH2)2O), 2.91 (2H, dt, J = 1.0, 6.6 Hz, 1-H), 3.72 (4H, t, J = 4.5 Hz, N(CH2CH2)2O), 

5.44-5.51 (2H, m, 2- and 3-H). 
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Spectroscopic data were in accordance with literature values.192 

 

(2R*, 3S*)-2,3-Dimethyl-1-morpholinopent-4-en-1-one 108 
 

 

The reaction was carried out according to general procedure D, using crotyl morpholine 102 

(4.3 g, 30 mmol) and propanoyl chloride 106 (3.2 mL, 37 mmol) in the presence of 10 mol % 

aluminium chloride (0.4 g, 3.1 mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was 

used for flash chromatography to yield the title compound (5.0 g, 82 %) as a pale yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.16  

δH (300 MHz; CDCl3; Me4Si) 1.03 (3H, d, J = 6.8 Hz, 3-CH3), 1.10 (3H, d, J = 6.8 Hz, 2-

CH3), 2.48 (1H, sext., J = 6.8 Hz, 3-H), 2.57 (1H, pent., J = 6.8 Hz, 2-H), 3.51-3.52 and 3.65-

3.66 (8H, m, N(CH2CH2)2O), 4.95-5.05 (2H, m, 5-H), 5.76 (1H, ddd, J = 7.2, 10.3, 17.4 Hz, 

4-H). 

Spectroscopic data were in accordance with literature values.55 
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(2R*, 3S*)-1-(4'-Methoxyphenyl)-2,3-dimethylpent-4-en-1-one 244 
 

 

The reaction was carried out according to general procedure E, using morpholine amide 108 

(0.20 g, 1.0 mmol) and 4-bromoanisole 142 (0.23 g, 1.2 mmol). A solvent mixture of 3:1 

hexanes, ethyl actetate was used for flash chromatography to yield the title compound (0.21 

g, 96 %) as a colourless oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.80  

δH (300 MHz; CDCl3; Me4Si) 0.99 (3H, d, J = 6.9 Hz, 3-CH3), 1.13 (3H, d, J = 6.9 Hz, 2-

CH3), 2.64 (1H, sext., J = 6.9 Hz, 3-H), 3.43 (1H, pent., J = 6.9 Hz, 2-H), 3.87 (3H, s, 

OCH3), 4.91-5.04 (2H, m, 5-H), 5.81 (1H, ddd, J = 7.1, 10.3, 17.3 Hz, 4-H), 6.94 (2H, d, J = 

8.8 Hz, 3'- and 5'-H), 7.93 (2H, d, J = 8.8 Hz, 2'-and 6'-H). 

Spectroscopic data were in accordance with literature values. 194 
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(2R*, 3R*)-1-(4'-Methoxyphenyl)-2,3-dimethylpentane-1,4-dione 224 

 

The reaction was carried out according to general procedure G, using alkene 244 (0.40 g, 1.8 

mmol) aerated with oxygen. A solvent mixture of 2:1 hexanes, ethyl acetate was used for 

flash chromatography to yield the title compound (0.39 g, 91 %) as a brown-green oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.40  

δH (400 MHz; CDCl3; Me4Si) 1.17 (6H, t, J = 7.1 Hz, 2-CH3 and 3-CH3), 2.22 (3H, s, 5-

CH3), 3.07 (1H, pent., J = 7.2 Hz, 3-H), 3.69 (1H, pent., J = 7.2 Hz, 2-H), 3.87 (3H, s, 

OCH3), 6.93 (2H, m, 3'- and 5'-H), 7.94 (2H, m, 2'- and 6'-H). 

δC (100 MHz; CDCl3) 13.9 (2-CH3), 15.3 (3-CH3), 29.0 (C-5), 42.7 (C-2), 48.8 (C-3), 55.4 

(OCH3), 113.7 (C-3' and C-5'), 128.9 (C-1'), 130.6 (C-2' and C-6'), 163.3 (C-4'), 202.6 (C-4), 

212.3 (C-1). 

IR: νmax(film)/cm-1; 2973 (C-H, aromatic), 1669 (C=O, ketone), 1598 (C=C, alkene), 1510 

(C=C, aromatic), 1257 and 1167 (C-O, ether) and 1028 (C-H bending, aromatic). 

m/z (ESI+) 257 (MNa+, 100%). High Resolution (ESI+): found (MH+): 235.1324 C14H19O3 

requires 235.1329. 
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2-(4'-Methoxyphenyl)-3,4,5-trimethyl-1-phenyl-1H-pyrrole 291 

 

The reaction was carried out according to general procedure H, using diketone 224 (0.10 g, 

0.43 mmol) and aniline (40 mg, 0.43 mmol) with a reaction time of 4 h. A solvent mixture of 

2:1 hexanes, ethyl acetate was used for flash chromatography to yield the title compound (89 

mg, 72 %) as a yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.32  

δH (400 MHz; CDCl3; Me4Si) 2.08 (9H, s, 3-CH3, 4-CH3 and 5-CH3), 3.73 (3H, s, OCH3), 

6.70 (2H, d, J = 8.7 Hz, 3'- and 5'-H), 6.95 (2H, d, J = 8.7 Hz, 2'- and 6'-H), 7.02 -7.06 (2H, 

m, Ar-H), 7.22-7.26 (3H, m, Ar-H).  

δC (100 MHz; CDCl3) 9.5, 10.1, 10.9 (3-CH3, 4-CH3 and 5-CH3), 55.0 (OCH3), 113.2 (C-3' 

and C-5'), 113.5 (C-4), 116.1 (C-1'), 125.5 (C-3), 125.7 (C-5), 126.5, 128.5, 128.6 (Ar-CH), 

130.7 (C-2), 131.3 (C-2' and C-6'), 139.7 (Ar-C), 157.6 (C-4'). 

IR: νmax(film)/cm-1; 2914 (C-H, aromatic), 1595, 1497 (C=C, aromatic), 1244 and 1176 (C-

O, ether and C-N, pyrrole) and 1030 (C-H bending, aromatic). 

m/z (ESI+) 292 (MH+, 100%), 290 (60). High Resolution (ESI+): found (MH+): 292.1707 

C20H22NO requires 292.1696. 
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4'''-(2-(4'-Methoxyphenyl)-3,4,5-trimethyl-1H-pyrrol-1-yl)benzenesulfonamide 292 

 

The reaction was carried out according to general procedure H, using diketone 224 (50 mg, 

0.21 mmol) and 4-aminobenzenesulfonamide (40 mg, 0.24 mmol) with a reaction time of 1 h. 

A solvent mixture of 4:1 hexanes, ethyl acetate was used for flash chromatography to yield 

the title compound (51 mg, 65 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.22  

δH (400 MHz; CDCl3; Me4Si) 2.04, 2.06 and 2.08 (9H, s, 3-OCH3, 4-OCH3 and 5-CH3), 

3.721 (3H, s, OCH3), 5.18 (2H, s, NH2), 6.72 (2H, d, J = 8.8 Hz, 3'- and 5'-H), 6.91 (2H, d, J 

= 8.8 Hz, 2'- and 6'-H), 7.12 (2H, d, J = 8.8 Hz, 3''- and 5''-H), 7.78 (2H, d, J = 8.8 Hz, 2''- 

and 6''-H).  

δC (100 MHz; CDCl3) 9.5 (4-CH3), 10.0 (3-CH3), 11.1 (5-CH3), 55.0 (OCH3), 113.5 (C-3' 

and C-5'), 116.4 (C-4), 117.5 (C-3), 125.0 (C-1'), 125.3 (C-5), 126.9 (C-2'' and C-6''), 128.7 

(C-3'' and C-5''), 129.2 (C-2), 131.3 (C-2' and C-6'), 139.4 (C-4'') 143.6 (C-1''), 157.8 (C-4'). 

IR: νmax(film)/cm-1; 3296 (N-H, sulfonamide), 2961 and 2925 (C-H, aromatic), 1597, 1500 

and 1457 (C=C, aromatic), 1250 and 1027 (C-O, ether), 1162 (C-N, amine), 828 (C-H 

bending, aromatic). 

The sample decomposed prior to mass spectrum acquisition. 
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1-Benzyl-2-(4'-methoxyphenyl)-3,4,5-trimethyl-1H-pyrrole 223 

 

 

The reaction was carried out according to general procedure H, using diketone 224 (0.10 g, 

0.43 mmol) and benzylamine (46 mg, 0.43 mmol) with a reaction time of 2 h. A solvent 

mixture of 2:1 hexanes, ethyl acetate was used for flash chromatography to yield the title 

compound (0.12 g, 94 %) as a viscous brown oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.67   

δH (400 MHz; CDCl3; Me4Si) 1.99-2.03 (9H, m, 3-CH3, 4-CH3 and 5-CH3), 3.75 (3H, s, 

OCH3), 4.94 (2H, s, CH2Ar), 6.82-6.93 (4H, m, Ar-H), 7.11-7.25 (5H, m, Ar-H). 

δC (100 MHz; CDCl3) 9.5, 10.0 (3-CH3, 4CH3 and 5-CH3), 42.8 (CH2Ar), 55.1 (OCH3), 

113.8 (C-3' and C-5'), 113.9 (C-4), 119.2 (C-1'), 123.1 (C-3 and C-5), 129.7 (Ar-CH), 130.7 

(Ar-CH and C-2), 131.5 (C-2' and C-6'), 131.3 (Ar-C), 158.9 (C-4'). 

IR: νmax(film)/cm-1; 2961, 2921, 2839 (C-H, aromatic), 1601, 1643, 1674 (C=C, aromatic), 

1028, 1170, 1249 (C-O, ether and C-N, pyrrole), 1028 (C-H bending, aromatic)  

m/z (ESI+) 306 (MH+, 100 %). High Resolution (ESI+): found (MH+): 306.1866 C14H19O2 

requires 306.1839. 
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1-Benzyl-5-(4'-methoxyphenyl)-3,4-dimethyl-1H-pyrrole-2-carbaldehyde 225 

 

The reaction was carried out according to general procedure H, using diketone 224 (70 mg, 

0.30 mmol) and benzylamine (0.033 mL, 0.33 mmol) with a reaction time of 48 h. A solvent 

mixture of 9:1 hexanes, ethyl acetate was used for flash chromatography to yield the title 

compound as a yellow oil (25 mg, 26 %). 

RF (2:1 hexanes, ethyl acetate) = 0.59  

δH (400 MHz; CDCl3; Me4Si)1.91 (3H, s, 3-CH3), 2.33 (3H, s, 4-CH3), 3.81 (3H, s, OCH3), 

5.44 (2H, s, CH2Ar), 6.83-6.86 (2H, m, Ar-H), 6.90 (2H, d, J = 8.8 Hz, 3'- and 5'-H), 7.10 

(2H, d, J = 8.8 Hz, 2'- and 6'-H), 7.14-7.25 (3H, m, Ar-H), 9.71 (1H, s, CHO).. 

δC (100 MHz; CDCl3) 9.3 (4-CH3), 9.4 (3-CH3), 48.8 (CH2Ar), 55.2 (OCH3), 113.9 (C-3' 

and C-5'), 118.8 (C-4), 122.8 (C-1'), 126.1 and 126.8 (Ar-CH), 127.2 (C-2), 128.3 (Ar-CH), 

131.4 (C-2' and C-6'), 133.8 (C-3), 139.1 (Ar-C), 141.4 (C-5), 159.8 (C-4'), 177.4 (CHO). 

IR: νmax(film)/cm-1; 2934 and 2837 (C-H, aromatic), 1642 (C=O, aldehyde), 1610 and 1455 

(C=C, aromatic), 1246 and 1028 (C-O, ether), 1176 (C-N, amine), 842, 789, 730 and 697 (C-

H bending, aromatic). 

m/z (ESI+) 342 (MNa+, 100 %), 330 (50), 320 (20), 271 (10). High Resolution (ESI+): found 

(MNa+): 342.1464 C21H21NNaO2 requires 342.1465. 
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5-(4'-Methoxyphenyl)-3,4-dimethyl-1-phenethyl-1H-pyrrole-2-carbaldehyde 257 

 

 

 

The reaction was carried out according to general procedure H, using diketone 224 (0.10 g, 

0.43 mmol) and 3-phenyl propylamine (60 mg, 0.43 mmol) with a reaction time of 72 h. A 

solvent mixture of 2:1 hexanes, ethyl acetate was used for flash chromatography to yield the 

title compound (86 mg, 58 %) as a viscous green-brown oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.65  

δH (300 MHz; CDCl3; Me4Si) 1.22-1.34 (2H, m, NCH2CH2CH2Ar), 1.85 (3H, s, 3-CH3), 

2.30 (3H, s, 4-CH3), 2.46 (2H, t, J = 7.8 Hz, NCH2CH2CH2Ar), 3.87 (3H, s, OCH3), 4.20 

(2H, t, J = 7.8 Hz, NCH2CH2CH2Ar), 6.87-7.00 (3H, m, 3'- and 5'-H and Ar-H), 7.10-7.21 

(4H, m, Ar-H), 7.96 (2H, dd, J = 1.9, 8.9 Hz, 2'- and 6'-H),  9.72 (1H. s, CHO). 

δC (75 MHz; CDCl3) 9.1 and 9.2 (3-CH3 and 4-CH3), 29.7 (NCH2CH2CH2Ar), 32.7 

(NCH2CH2CH2Ar), 45.3 (NCH2CH2CH2Ar), 55.3 (OCH3), 113.5 (C-3' and C-5'), 122.1 (C-

1'), 123.0 (C-4), 125.7 (C-2 and C-3), 128.1, 128.2 (Ar-CH), 130.7 (C-2' and C-6'), 131.7 

(Ar-CH), 141.3 (Ar-C), 159.7 (C-4' and C-5), 177.1 (CHO). 

IR: νmax(film)/cm-1; 2921 and 2954, (C-H, aromatic), 2854 (OCH, aldehyde), 1672 (C=O, 

aldehyde), 1601 and 1510 (C=C, aromatic), 1259 and 1171 (C-O, ether and C-N, pyrrole), 

1030 (C-H bending, aromatic). 

m/z (ESI+) 370 (MNa+, 100 %), 348 (60). High Resolution (ESI+): found (MH+): 348.1970 

C23H26NO2 requires 348.1958. 
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1-Butyl-5-(4'-methoxyphenyl)-3,4-dimethyl-1H-pyrrole-2-carbaldehyde 293 
 

 

 

The reaction was carried out according to general procedure H, using diketone 224 (0.10 g, 

0.43 mmol) and 1-butylamine (31 mg, 0.43 mmol) with a reaction time of 7 h. A solvent 

mixture of 2:1 hexanes, ethyl acetate was used for flash chromatography to yield the title 

compound (41 mg, 34 %) as a yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.65 

δH (400 MHz; CDCl3; Me4Si) 0.75 (3H, t, J = 8.0 Hz, NCH2CH2CH2CH3), 1.06-1.15 (2H, 

m, NCH2CH2CH2CH3), 1.48-1.54 (2H, m, NCH2CH2CH2CH3), 1.86 (3H, s, 4-CH3), 2.31 

(3H, s, 3-CH3), 3.87 (3H, s, OCH3), 4.13 (2H, t, J = 8.0 Hz, NCH2CH2CH2CH3), 6.99 (1H, d, 

J = 8.8 Hz, 3'- and 5'-H), 7.20 (2H, d, J = 8.8 Hz, 2'- and 6'-H), 9.73 (1H, s, CHO). 

δC (100 MHz; CDCl3) 9.2 and 9.3 (3-CH3 and 4-CH3), 13.6 (NCH2CH2CH2CH3), 19.7 

(NCH2CH2CH2CH3), 33.7 (NCH2CH2CH2CH3), 45.5 (NCH2CH2CH2CH3), 55.3 (OCH3), 

114.0 (C-2' and C-6'), 118.3 (C-1'), 131.4 (C-3', C-5' and C-4), 133.4 (C-2 and C-3), 141.0 

(C-5), 159.6 (C-4'), 177.1 (CHO). 

IR: νmax(film)/cm-1; 2957 and 2925 (C-H, aromatic), 2861 (OCH, aldehyde), 1639 (C=O, 

aldehyde), 1613 and 1511 (C=C, aromatic), 1246 and 1176 (C-O, ether and C-N, pyrrole), 

1028 (C-H bending, aromatic). 

m/z (ESI+) 286 (MH+, 90 %), 274 (10), 257 (3), 227 (3), 217 (8). High Resolution (ESI+): 

found (MH+): 286.1803 C18H24NO2 requires 286.1802. 
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(2S*, 3S*)-2,3-dimethylpent-4-enoic acid 248 

 

To a solution of diisopropylamine (2.30 mL, 16 mmol) in THF (20mL), under an atmopshere 

of nitrogen at 0 °C, was added n-butyllithium (8.0 mL, 1.6 M, 16 mmol) dropwise. The 

resultant solution was stirred for 5 min and was then further cooled to -78 °C. (E)-But-2-en-

1-yl propionate 249 (1.40 g, 11 mmol) was added dropwise, and the resultant solution was 

warmed to room temperature and stirred for 2 h. The solution was poured into 1M NaOH (30 

mL), and the aqueous mixture was extracted with diethyl ether (20 mL). The organic layer 

was discarded and the aqueous mixture was acidified with 2M HCl (30 mL). Diethyl ether 

(40 mL) was added and the organic layer was separated. The aqueous mixture was further 

extracted with diethyl ether (3 x 40 mL) and dried (MgSO4), to give the title compound (1.3 

g, 94 %) as a yellow oil as a 9:1 mixture of diastereomers. 

RF (2:1 hexanes, ethyl acetate) = 0.23  

δH (300 MHz; CDCl3; Me4Si) 1.07 (3H, d, J = 9.0 Hz, 3-CH3), 1.14 (3H, J = 9.0 Hz, 2-

CH3), 2.31-2.35 (1H, m, 2-H), 2.45-2.48 (1H, m, 3-H), 5.02-5.07 (2H, m, 5-H) and 5.65-5.70 

(1H, m, 4-H). 

Spectroscopic data were in accordance with literature values.193 

 

(2S*, 3S*)-2,3-dimethyl-1-morpholinopent-4-en-1-one 247 

 

To a solution of acid 248 (1.3 g, 10 mmol) in DCM (50 mL), under an atmosphere of 

nitrogen at 0 °C, was added morpholine (0.90 mL, 10 mmol) dropwise. DMAP (0.31 g, 2.6 

mmol) and DCC (2.3 g, 11 mmol) were added and the resultant mixture was allowed to warm 

to room temperatre and was stirred for 3 d. The mixture was filtered through a slurry of 
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Celite and DCM, and was washed with DCM (50 mL). The filtrate was collected and an 

aqueous solution of 2M HCl (40 mL) was added. The organic layer was separated and 

washed further with an aqueous solution of 1 M NaOH (30 mL). The organic layer was 

separated once more and was then dried (MgSO4), and the solvent was removed under 

reduced pressure. The crude product was purified by flash chromatography (2:1 hexanes, 

ethyl acetate) to yield the title compound (1.8 g, quantitative based on anti acid 248 reacted) 

as a viscous yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.38  

δH (300 MHz; CDCl3) 1.04 (3H, d, J = 7.2 Hz, 3-CH3), 1.09 (3H, d, J = 7.2 Hz, 2-CH3), 

2.45 (1H, sext., J = 7.2 Hz, 3-H), 2.60 (1H, pent., J = 7.2 Hz, 2-H), 3.51-3.71 (8H, m, 

N(CH2CH2)2O), 4.95-5.03 (2H, m, 5-H), 5.76 (1H, ddd,  J = 7.4, 10.4 and 17.3 Hz, 4-H). 

Spectroscopic data were in accordance with literature values.193,194 

 

 (2S*, 3S*)-1-(4'-Methoxyphenyl)-2,3-dimethylpent-4-en-1-one 252 

 

The reaction was carried out according to general procedure E, using amide 247 (67 mg, 0.34 

mmol) and 4-bromoanisole 142 (76 mg, 0.40 mmol). A solvent mixture of 2:1 hexanes, ethyl 

acetate was used for flash chromatography to yield the title compound (37 mg, 50 %) as a 

yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.72  

δH (400 MHz; CDCl3; Me4Si) 0.99 (3H, d, J = 6.8 Hz, 3-CH3), 1.12 (3H, d, J = 6.8 Hz, 2-

CH3), 2.61 (1H, sext., J = 6.8 Hz, 3-H), 3.29 (1H, pent., J = 6.8 Hz, 2-H), 3.87 (3H, s, 

OCH3), 5.00-5.05 (2H, m, 5-H), 5.70 (1H, ddd,  J = 8.8, 10.0, 18.0 Hz, 4-H), 6.94 (2H, d, J = 

8.8 Hz, 3'- and 5'-H), 7.95 (2H, d, J = 8.8 Hz, 2'- and 6'-H). 
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δC (100 MHz; CDCl3) 15.6 (2-CH3), 19.0 (3-CH3), 41.1 (C-3), 55.4 (C-2), 55.7 (OCH3), 

113.7 (C-3' and C-5'), 114.8 (C-5), 130.5 (C-1', C-2' and C-6'), 141.3 (C-4), 163.4 (C-4'), 

202.7 (C-1). 

IR: νmax(film)/cm-1; 2929 and 2855 (C-H, aormatic), 1672 (C=O, ketone), 1600, 1510 and 

1453 (C=C, aromatic), 1255 and 1032 (C-O, ether). 

m/z (ESI+) 241 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 241.1203 

C14H18NaO2 requires 241.1199.  

 

 

(2S*, 3R*)-1-(4'-Methoxyphenyl)-2,3-dimethylpentane-1,4-dione 254 

 

The reaction was carried out according to general procedure G, using alkene 252 (36 mg, 

0.16 mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (19 mg, 49 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.47  

δH (300 MHz; CDCl3; Me4Si) 2.04 (3H, d, J = 6.9 Hz, 3-CH3), 1.13 (3H, d, J = 6.9 Hz, 2-

CH3), 2.24 (3H, s, 5-CH3), 3.07 (1H, pent., J = 6.9 Hz, 3-H), 3.73 (1H, pent., J = 6.9 Hz, 2-

H), 3.88 (3H, s, OCH3), 6.95 (2H, d, J = 8.9 Hz, 3'- and 5'-H), 7.98 (2H, d, J = 8.9 Hz, 2'- and 

6'-H). 

δC (75 MHz; CDCl3) 16.0 (2-CH3), 16.9 (3-CH3), 30.4 (C-5), 42.3 (C-2), 49.4 (C-3), 55.5 

(OCH3), 113.8 and 113.9 (C-3' and C-5'), 129.7 (C-1'), 130.7 (C-2' and C-6'), 163.7 (C-4'), 

201.7 (C-1), 212.1 (C-4). 

IR: νmax(film)/cm-1; 2972 and 2935 (C-H, aromatic), 1710 (C=O, ketone), 1669 (C=O, aryl 

ketone), 1599 (C=C, aromatic), 1259 and 1169 (C-O, ether), 845 (C-H bending, aromatic). 

m/z (ESI+) 257 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 257.1150 

C14H18NaO3 requires 257.1148. 

 



                    
Experimental Procedures 

 

300 
 

(2S*, 3S*)-1-(Benzo[d][1',3']dioxol-5'-yl)-2,3-dimethylpent-4-en-1-one 253 

 

The reaction was carried out according to general procedure E, using amide 247 (0.12 g, 0.61 

mmol) and 5-bromobenzo[d][1,3]dioxole 243 (0.15 g, 0.73 mmol). A solvent mixture of 2:1 

hexanes, ethyl acetate was used for flash chromatography to yield the title compound (0.11 g, 

78 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.75 

δH (400 MHz; CDCl3; Me4Si) 0.98 (3H, d, J = 6.8 Hz, 3-CH3), 1.11 (3H, d, J = 6.8 Hz, 2-

CH3), 2.59 (1H, sext., J = 6.8 Hz, 3-H), 3.24 (1H, pent., J = 6.8 Hz, 2-H), 5.00-5.05 (2H, m, 

5-H), 5.69 (1H, ddd, J = 8.4, 9.6, 17.6 Hz, 4-H), 6.02 (2H, s, 2'–H), 6.84 (1H, d, J = 8.4 Hz, 

7'-H), 7.44 (1H, d, J = 1.6 Hz, 4'-H), 7.56 (1H, dd, J = 1.6, 8.4 Hz, 6'-H).  

δC (100 MHz; CDCl3) 15.6 (2-CH3), 18.9 (3-CH3), 41.1 (C-3), 45.2 (C-2), 101.7 (C-2'), 

107.7 (C-7'), 108.0 (C-4'), 114.8 (C-5), 124.2 (C-6'), 132.0 (C-5'), 141.1 (C-4), 148.2 (C-3a'), 

151.6 (C-1a'), 202.1 (C-1). 

IR: νmax(film)/cm-1; 2969 and 2929 (C-H, aromatic), 1670 (C=O, ketone), 1438 (C=C, 

aromatic), 1243 and 1037 (C-O, ether), 810 and 741 (C-H bending, aromatic). 

m/z (ESI+) 255 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 255.1001 

C14H16NaO3 requires 255.0992. 
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301 
 

(2S*, 3R*)-1-(Benzo[d][1',3']dioxol-5'-yl)-2,3-dimethylpentane-1,4-dione 255 

 

The reaction was carried out according to general procedure G, using alkene 253 (0.11 g, 

0.47 mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (78 mg, 68 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.53  

δH (400 MHz; CDCl3; Me4Si) 1.04 (3H, d, J = 6.8 Hz, 3-CH3), 1.12 (3H, d, J = 6.8 Hz, 2-

CH3), 2.23 (2H, s, 5-H), 3.06 (1H, pent., J = 6.8 Hz, 3-H), 3.69 (1H, pent., J = 6.8 Hz, 2-H), 

6.05 (2H, s, 2'-H), 6.87 (1H, d, J = 8.4 Hz, 7'-H), 7.46 (1H, d, J = 2.0 Hz, 4'-H), 7.61 (1H, dd, 

J = 2.0 Hz, 8.4 Hz, 6'-H). 

δC (100 MHz; CDCl3) 15.8 (3-CH3), 16.9 (2-CH3), 30.2 (C-5), 42.4 (C-2), 49.3 (C-3), 101.8 

(C-2'), 107.8 (C-4'), 108.0 (C-7'), 124.6 (C-6'), 131.5 (C-5'), 148.3 (C-3a'), 151.9 (C-1a'), 

201.2 (C-1), 211.8 (C-4).  

IR: νmax(film)/cm-1; 2924 and 2854 (C-H, aromatic), 1710 (C=O, ketone), 1669 (C=O, aryl 

ketone), 1607, 1504, 1480 and 1439 (C=C aromatic), 1243 and 1036 (C-O, ether), 808 and 

756 (C-H bending, aromatic). 

m/z (ESI+) 271 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 271.0945 

C14H16NaO4 requires 271.0954. 
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302 
 

(2S*, 3S*)-3-Methyl-1-morpholino-2-phenylpent-4-en-1-one 109 

 

The reaction was carried out according to general procedure D, using crotyl morpholine 103 

(1.0 g, 7.1 mmol) and phenylacetyl chloride 107 (1.1 mL, 8.5 mmol) in the presence of AlCl3 

(0.90 g, 7.1 mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (1.6 g, 86 %) as a yellow solid. 

RF (2:1 hexanes, ethyl acetate) = 0.33  

Melting point: 65-70 °C 

δH (400 MHz; CDCl3; Me4Si) 0.78 (3H, d, J = 6.9 Hz, 3-CH3), 3.05-3.11 (1H, m, 3-H), 

3.14-3.19  and 3.47-3.70 (9H, m, 2-H and N(CH2CH2)2O), 5.01-5.12 (2H, m, 5-H), 5.87-5.96 

(1H, m, 4-H), 7.23-7.28 (5H, m, Ar-H).  

δC (100 MHz; CDCl3) 17.3 (3-CH3), 40.1 (C-3), 42.4 and 46.2 (N(CH2CH2)2O), 54.2 (C-2), 

66.4 and 66.8 (N(CH2CH2)2O), 114.0 (C-5), 127.1, 128.4 and 128.7 (Ar-CH), 138.0 (Ar-C), 

142.5 (C-4), 171.0 (C-1).  

IR: νmax(film)/cm-1; 2966 and 2853 (C-H, aromatic), 1626 (C=O, amide), 1454 (C=C, 

aromatic), 754 and 703 (C-H bending, aromatic). 

m/z (ESI+) 282 (100 %), 260 (60), 200 (20), 130 (40). High Resolution (ESI+): found (MH+): 

260.1650 C16H22NO2 requires 260.1645. 
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303 
 

(2S*, 3S*)-1-(4'-Methoxyphenyl)-3-methyl-2-phenylpent-4-en-1-one 270 

 

 

 

The reaction was carried out according to general procedure E, using amide 109 (50 mg, 0.19 

mmol) and 4-bromoanisole 142 (43 mg, 0.23 mmol). A solvent mixture of 9:1 hexanes, ethyl 

acetate was used for flash chromatography to yield the title compound (34 mg, 62 %) as a 

yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.72  

δH (400 MHz; CDCl3; Me4Si) 0.84 (3H, d, J = 4.0 Hz, 3-CH3), 3.15-3.23 (1H, m, 3-H), 3.81 

(3H, s, OCH3), 4.35 (1H, d, J = 10.2 Hz, 2-H), 4.92-5.09 (2H, m, 5-H), 5.83 (1H, ddd, J = 

7.0, 10.4, 17.3 Hz, 4-H), 6.86 (2H, d, J = 8.9 Hz, 3'- and 5'-H), 7.18-7.35 (5H, m, Ar-H), 7.95 

(2H, d, J = 8.9 Hz, 2'- and 6'-H). 

δC (100 MHz; CDCl3) 17.7 (3-CH3), 40.4 (C-3), 55.4 (OCH3), 58.9 (C-2), 113.7 (C-3' and 

C-5'), 114.3 (C-5), 127.1, 128.7, 128.8 (Ar-CH and C-1'), 130.8 (C-2' and C-6'), 138.0 (Ar-

C), 142.2 (C-4), 163.3 (C-4'), 198.1 (C-1). 

IR: νmax(film)/cm-1; 2961 (C-H, aromatic), 1671 (C=O, ketone), 1639 (C=C, alkene), 1598, 

1510 and 1455 (C=C, aromatic), 1261, 1169 and 1031 (C-O, ether), 746 and 702 (C-H 

bending, aromatic). 

m/z (ESI+) 303 (MNa+, 100 %), 281 (30). High Resolution (ESI+): found (MNa+): 303.1360 

C19H20NaO2 requires 303.1356. 
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304 
 

(2S*, 3R*)-1-(4'-Methoxyphenyl)-3-methyl-2-phenylpentane-1,4-dione 281 

 

 

The reaction was carried out according to general procedure G, using alkene 270 (32 mg, 

0.11 mmol). A solvent mixture of 9:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (24 mg, 72 %) as a yellow oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.56  

δH (400 MHz; CDCl3; Me4Si) 0.94 (3H, d, J = 7.2 Hz, 3-CH3), 2.32 (1H, s, 5-H), 3.46 (1H, 

dq, J = 7.2, 10.8 Hz, 3-H), 3.78 (3H, s, OCH3), 4.74 (1H, d, J = 10.8 Hz, 2-H), 6.81 (2H, d, J 

= 8.8 Hz, 3'- and 5'-H), 7.27-7.29 (5H, m, Ar-H), 7.91 (2H, d, J = 8.8 Hz, 2'- and 6'-H). 

δC (100 MHz; CDCl3) 14.8 (3-CH3), 29.2 (C-5), 49.9 (C-3), 55.3 (C-2), 56.5 (OCH3), 113.6 

(C-3' and C-5'), 127.3, 128.7 and 129.0 (Ar-CH),129.3 (C-1'), 131.1 (C-2' and C-6'), 137.5 

(C-1''), 163.2 (C-4'), 198.2 (C-1), 212.5 (C-4). 

IR: νmax(film)/cm-1; 2968, 2935 and 2841 (C-H, aromatic), 1710 (C=O, ketone), 1667 (C=O, 

aryl ketone), 1597, 1575, 1510 and 1454 (C=C, aromatic), 1260, 1233, and 1029 (C-O, 

ether), 743 and 702 (C-H bending, aromatic). 

m/z (ESI+) 319 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 319.1298 

C19H20NaO3 requires 319.1305. 
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305 
 

2-(4'-Methoxyphenyl)-4,5-dimethyl-1,3-diphenyl-1H-pyrrole 300 

 

The reaction was carried out according to general procedure H, using diketone 281 (53 mg, 

0.18 mmol) and aniline (0.017 mL, 0.19 mmol) with a reaction time of 24 h. A solvent 

mixture of 19:1 hexanes, ethyl acetate was used for flash chromatography to yield the title 

compound (39 mg, 61 %) as a yellow foam. 

RF (2:1 hexanes, ethyl acetate) = 0.85  

δH (400 MHz; CDCl3; Me4Si) 2.12 (6H, s, 2-CH3 and 3-CH3), 3.65 (3H, s, OCH3), 6.54 (2H, 

d, J = 6.8 Hz, 3'- and 5'-H), 6.79 (2H, d, J = 6.8 Hz, 2'- and 6'-H), 7.10-7.22 (10 H, m, Ar-H). 

δC (100 MHz; CDCl3) 10.3 (4-CH3), 11.0 (5-CH3), 54.9 (OCH3), 113.0 (C-3' and C-5'), 

114.1 (C-4), 122.9 (C-1'), 125.2 (C-5 and Ar-CH), 126.4 (C-2), 126.9, 127.8, 128.6 and 128.8 

(Ar-CH), 129.8 (C-3), 130.5 and 131.9 (Ar-CH), 136.5 (Ar-C), 139.3 (Ar-C), 157.6 (C-4'). 

IR: νmax(film)/cm-1; 2971 and 2919 (C-H, aromatic), 1598, 1510 and 1497 (C=C, aromatic), 

1246 and 1048 (C-O, ether), 835, 732 and 699 (C-H bending, aromatic). 

m/z (ESI+) 376 (MNa+, 100 %), 368 (15), 365 (20), 360 (25), 352 (85). High Resolution 

(ESI+): found (MNa+): 376.1672 C25H23NNaO requires 376.16752. 
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306 
 

1-Benzyl-2-(4'-methoxyphenyl)-4,5-dimethyl-3-phenyl-1H-pyrrole 301

 

The reaction was carried out according to general procedure H, using diketone 281 (21 mg, 

0.071 mmol) and benzylamine (8.4 mg, 0.078 mmol) with a reaction time of 24 h. A solvent 

mixture of 2:1 hexanes, ethyl acetate was used for flash chromatography to yield the title 

compound (10 mg, 39 %) as a pink oil. 

RF (2:1 hexanes, ethyl acetate) = 0.87  

δH (400 MHz; CDCl3; Me4Si) 2.03 (6H, s, 4-CH3 and 5-CH3), 3.66 (3H, s, OCH3), 4.94 (2H, 

s, CH2), 6.63 (2H, d, J = 8.4 Hz, 3'- and 5'-H), 6.88 (2H, d, J = 7.2 Hz, Ar-H), 6.94 (2H, d, J 

= 8.4 Hz, 2'- and 6'-H), 7.03-7.17 (8H, m, Ar-H). 

δC (100 MHz; CDCl3) 10.2 (4-CH3), 10.4 (5-CH3), 47.6 (CH2Ar), 55.1 (OCH3), 113.5 (C-3' 

and C-5'), 113.7 (C-5), 122.4 (C-2), 124.9, 125.3, 125.4, 125.8, 126.8, 127.7, 128.6, 130.0, 

130.3, 132.2 136.7, 139.3 (Ar-CH), 158.5 (C-4'). 

IR: νmax(film)/cm-1;  2927 and 2857 (C-H, aromatic), 1647, 1603, 1510 and 1454 (C=C, 

aromatic), 1247 (C-N, amine), 730 and 699 (C-H bending, aromatic). 

m/z (ESI+) 382 (15), 354 (15), 332 (100), 354 (15), 368 (MH+, 10 %). High Resolution 

(ESI+): found (MH+): 368.2019 C26H26NO requires 368.2009. 
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307 
 

5-(4'-Methoxyphenyl)-3-methyl-1-phenethyl-4-phenyl-1H-pyrrole-2-carbaldehyde 302 

 

The reaction was carried out according to general procedure H, using diketone 281 (38 mg, 

0.13 mmol) with phenethylamine (17 mg, 0.14 mmol) with a reaction time of 48 h. A solvent 

mixture of 4:1 hexanes, ethyl acetate was used for flash chromatography to yield the title 

compound (22 mg, 43 %) as a dark orange oil. 

RF (2:1 hexanes, ethyl acetate) = 0.69  

δH (400 MHz; CDCl3; Me4Si) 2.31 (3H, s, 3-CH3), 2.83 (2H, t, J = 7.6 Hz, NCH2CH2Ar), 

3.72 (3H, s, OCH3), 4.34 (2H, t, J = 7.6 Hz, NCH2CH2Ar), 6.71 (2H, d, J = 9.2 Hz, 3'- and 5'-

H), 6.83 (2H, d, J = 8.8 Hz, 2'- and 6'-H), 6.91-6.95 (5H, m, NCH2CH2Ar-H), 7.09-7.18 (5H, 

m, Ar-H), 9.82 (CHO). 

δC (100 MHz; CDCl3) 9.8 (3-CH3), 37.8 (NCH2CH2Ar), 47.5 (NCH2CH2Ar), 55.2 (OCH3), 

113.7 (C-3' and C-5'), 122.6 (C-1'), 126.1 and 126.4 (Ar-CH), 127.2 (C-3), 127.9, 128.4, 

128.6, 128.9 and 130.3 (Ar-CH), 131.8 (C-2' and C-6'), 133.1 (C-2), 134.2 (C-4), 138.3 

(NCH2CH2Ar-C and Ar-C), 141.0 (C-5), 159.6 (C-4'), 177.8 (CHO).  

IR: νmax(neat)/cm-1; 2966, 2931 and 2841 (C-H, aromatic), 1646 (C=O, aldehyde), 1604 and 

1456 (C=C, aromatic), 1250 and 1031 (C-O, ether), 1176 (C-N, amine), 703 (C-H bending, 

aromatic). 

m/z (ESI+) 418 (MNa+, 100 %), 333 (60). High Resolution (ESI+): found (MNa+): 418.1781 

C27H25NNaO2 requires 418.1778. 
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308 
 

5-(4'-Methoxyphenyl)-3-methyl-4-phenyl-1-(3''-phenylpropyl)-1H-pyrrole-2-

carbaldehyde 303 

 

The reaction was carried out according to general procedure H, using diketone 281 (35 mg, 

0.12 mmol) and 3-phenylpropylamine (0.018 mL, 0.13 mmol) with a reaction time of 48 h. A 

solvent mixture of 9:1 hexanes, ethyl acetate was used for flash chromatography to yield the 

title compound (26 mg, 55 %) as a viscous orange oil. 

RF (2:1 hexanes, ethyl acetate) = 0.72 

δH (400 MHz; CDCl3; Me4Si) 1.85-1.91 (2H, m, 2''-H), 2.28 (3H, s, 3-CH3), 2.36 (2H, t, J = 

8.0 Hz, 3''-H), 3.73 (3H, s, OCH3), 4.19 (2H, t, J = 7.6 Hz, 1''-H), 6.71 (2H, d, J = 8.8 Hz, 3'-

H and 5'-H), 6.93-7.17 (12H, m, 2'-H, 6'-H and Ar-H), 9.76 (1H, s, CHO). 

δC (100 MHz; CDCl3) 9.8 (3-CH3), 32.6 (C-2''), 32.8 (C-3''), 45.5 (C-1''), 55.2 (OCH3), 

113.9 (C-3' and C-5'), 122.7 (C-1'), 125.7 and 126.1 (Ar-CH), 127.4 (C-3), 127.2, 128.1, 

128.2 and 130.3 (Ar-CH),  131.8 (C-2' and C-6'), 132.2 (C-2), 132.8 (C-4), 134.2 (Ar-C), 

140.6 (C-5), 141.2 (NCH2CH2CH2Ar-C), 159.6 (C-4'), 177.8 (CHO).  

IR: νmax(film)/cm-1; 2961, 2925 and 2854 (C-H, aromatic), 1645 (C=O, aldehyde), 1603 and 

1455 (C=C, aromatic), 1248 and 1027 (C-O, ether), 1174 (C-N, amine), 802, 789, 733 and 

700 (C-H bending, aromatic). 

m/z (ESI+) 432 (MNa+, 100 %), 281 (25). High Resolution (ESI+): found (MNa+): 432.1930 

C28H27NNaO2 requires 432.1934. 
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309 
 

(3S*, 4S*)-3-Methyl-4-phenylnon-1-en-5-one 271 

 

The reaction was carried out according to general procedure E, using amide 109 (50 mg, 0.19 

mmol), 1.4 M n-butyllithium (0.33 mL, 0.46 mmol) and 2-iodopropane (20 µL, 2.3 mmol). A 

solvent mixture of 2:1 hexanes, ethyl acetate was used for flash chromatography to yield the 

title compound (32 mg, 73 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.89  

δH (300 MHz; CDCl3; Me4Si) 0.75-0.81 (6H, m, 3-CH3, 9-H), 1.07-1.26 (2H, m, 8-H), 1.38- 

1.50 (2H, m, 7-H), 2.31- 2.42 (2H, m, 6-H), 2.96-3.06 (2H, m, 3-H), 3.48 (1H, d, J = 9.0 Hz, 

4-H), 5.03 (2H, ddd, J = 7.4, 10.3, 17.4 Hz, 1-H), 5.72-5.84 (1H, m, 2-H), 7.20-7.33 (5H, m, 

Ar-H). 

δC (75 MHz; CDCl3) 13.7 (C-9), 17.6 (3-CH3), 22.0 (C-8), 25.4 (C-7), 39.5 (C-3), 42.9 (C-

6), 64.8 (C-4), 114.4 (C-1), 127.2, 128.7 and 128.9 (Ar-CH), 137.2 (Ar-C), 141.9 (C-2), 

209.8 (C-5). 

IR: νmax(neat)/cm-1; 2959, 2932 and 2874 (C-H, aromatic), 1713 (C=O, ketone), 1641 (C=C, 

alkene), 1494 and 1454 (C=C, aromatic), 915 (C-H bending, alkene), 743 (C-H bending, 

aromatic). 

m/z (ESI+) 231 (MH+, 100 %), 253 (20). High Resolution (ESI+): found (MH+): 231.1743 

C16H23Orequires 231.1743. 
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310 
 

(3R*, 4S*)-3-Methyl-4-phenylnonane-2,5-dione 282 

 

The reaction was carried out according to general procedure G, using alkene 271 (47 mg, 

0.20 mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (50 mg, quantitative) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.81  

δH (300 MHz; CDCl3; Me4Si) 0.75-0.85 (6H, m, 3-CH3, 9-H), 1.11-1.17 (2H, m, 8-H), 1.39-

1.52 (2H, m, 7-H), 2.28 (3H, s, 1-H), 2.31-2.41 (2H, m, 6-H), 3.28-3.35 (1H, m, 3-H), 3.95 

(1H, d, J = 12.0 Hz, 4-H), 7.15-7.33 (5H, m, Ar-H). 

δC (75 MHz; CDCl3) 13.7 (3-CH3), 14.6 (C-9), 22.0 (C-8), 25.6 (C-7), 29.0 (C-1), 41.3 (C-

6), 48.6 (C-3), 61.4 (C-4), 127.5, 128.8, 129.0 (Ar-CH), 136.5 (Ar-C), 210.4 (C-5), 212.4 (C-

2). 

IR: νmax(neat)/cm-1; 2959, 2933 and 2874 (C-H, aromatic), 1707 (C=O, ketone), 1494 and 

1454 (C=C, aromatic), 742 (C-H bending, aromatic). 

m/z (ESI+) 269 (MNa+, 100 %), 247 (60), 229 (20), 175 (40). High Resolution (ESI+): found 

(MH+): 247.1691 C16H23O2requires 247.1693. 
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311 
 

2-Butyl-4,5-dimethyl-1,3-diphenyl-1H-pyrrole 304  

 

 

The reaction was carried out according to general procedure H, using diketone 282 (16 mg, 

0.065 mmol) and aniline (6.7 mg, 0.071 mmol) with a reaction time of 24 h. A solvent 

mixture of 2:1 hexanes, ethyl acetate was used for flash chromatography to yield the title 

compound (14 mg, 71 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.63  

δH (400 MHz; CDCl3; Me4Si) 0.49 (3H, t, J = 7.6 Hz, 4'-H), 0.89 (2H, sext., J = 7.6 Hz, 3'-

H), 1.02 (2H, pent., J = 7.6 Hz, 2'-H), 1.91 (3H, s, 5-CH3), 1.95 (3H, s, 4-CH3), 7.14-7.40 

(10H, m, Ar-H). 

δC (100 MHz; CDCl3) 10.1 (4-CH3), 10.7 (5-CH3), 13.4 (C-4'), 22.1 (C-3'), 24.5 (C-2'), 32.3 

(C-1'), 122.8 (C-4), 122.0 (C-2), 124.7 (C-5), 125.4, 127.6, 127.8, 127.9, 128.7, 128.9, 129.7 

and 130.2 (Ar-CH), 130.1 (C-3), 137.1 and 139.3 (Ar-C). 

IR: νmax(film)/cm-1; 2957, 2928 and 2859 (C-H, aromatic), 1598, 1538, 1497 and 1454 (C=C, 

aromatic), 1260 (C-N, amine), 801, 755 and 699 (C-H bending, aromatic). 

m/z (ESI+) 304 (MH+, 100 %), 302 (90), 301 (80). High Resolution (ESI+): found (MH+): 

304.2047 C22H26N requires 304.2060. 
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5-Butyl-3-methyl-4-phenyl-1-(3''-phenylpropyl)-1H-pyrrole-2-carbaldehyde 305 

 

The reaction was carried out according to general procedure H, using diketone 282 (50 mg, 

0.20 mmol) and 3-phenylpropylamine (30 mg, 0.22 mmol) with a reaction time of 24 h. A 

solvent mixture of 9:1 hexanes, ethyl acetate was used for flash chromatography to yield the 

title compound (32 mg, 44 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.66  

δH (400 MHz; CDCl3; Me4Si) 0.73 (3H, t, J = 7.2 Hz, 4'-H), 1.11-1.16 (2H, m, 3'-H), 1.26-

1.33 (2H, m, 2'-H), 2.03-2.09 (2H, m, 2''-H), 2.39 (2H, t, J = 8.0 Hz, 1'-H), 2.72 (2H, t, J = 

7.6 Hz, 3''-H), 4.27 (2H, t,  J = 8.0 Hz, 1''-H), 7.16-7.40 (10H, m, Ar-H), 9.68 (1H, s, CHO). 

δC (100 MHz; CDCl3) 9.5 (3-CH3), 13.5 (C-4'), 22.5 (C-3'), 23.9 (C-1'), 31.9 (C-2'), 32.9 (C-

3''), 33.1 (C-2''), 44.9 (C-1''), 124.8 (C-5), 126.0, 126.6, 128.3, 128.4 and 130.2 (Ar-CH), 

130.6 (C-3), 133.1 (C-4), 134.8 (Ar-C), 141.0 (C-2), 141.3 (NCH2CH2CH2Ar-C), 176.8 

(CHO).  

IR: νmax(film)/cm-1; 2958, 2930 and 2862 (C-H, aromatic), 1709 (C=O, aldehyde), 1644 

(C=C, alkene), 1496 and 1454 (C=C, aromatic), 750 and 701 (C-H bending, aromatic). 

m/z (ESI+) 360 (MNa+, 100 %). High Resolution (ESI+): found (MH+): 360.2312 C25H30NO 

requires 360.2322. 
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N-Allylmorpholine 258 

 

 

 

To a stirred suspension of NaH (prewashed with pentane to remove the mineral oil coating) 

(0.65 g, 16 mmol) in THF (6 mL), was added TBAI (15 mg, 0.040 mmol) and the mixture 

was placed under an atmosphere of nitrogen. Allyl bromide 259 (0.71 mL, 8.3 mmol) was 

then added and the mixture was cooled to 0 °C before the addition of morpholine (0.72 mL, 

8.3 mmol) dropwise. The resultant mixture was warmed to room temperature and stirred for 

24 h. The resultant mixture was filtered through Celite and washed with ethyl acetate (30 

mL). The filtrate was concentrated under reduced pressure with care to yield the title 

compound (1.02 g, 97 %) as a volatile yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.25  

δH (400 MHz; CDCl3; Me4Si) 2.47 (4H, t, J = 4.5 Hz, N(CH2CH2)2O), 3.00-3.02 (2H, m, 1-

H), 3.73 (4H, t, J = 4.5 Hz, N(CH2CH2)2O), 5.16-5.24 (2H, m, 3-H), 5.82-5.89 (1H, m, 2-H). 

Spectroscopic data were in accordance with literature values. 195
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2-Methyl-1-morpholinopent-4-en-1-one 263 

 

The reaction was carried out according to general procedure D, using allyl morpholine 258 

(0.30 g, 2.4 mmol) and propionyl chloride 106 (0.25 mL, 2.8 mmol) in the presence of AlCl3 

(0.31 g, 2.4 mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (0.29 g, 67 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.20  

δH (400 MHz; CDCl3; Me4Si) 1.14 (3H, d, J = 6.8 Hz, 2-CH3), 2.13-2.18 (1H, m, 3-HA), 

2.40-2.47 (1H, m, 3-HB), 2.72 (1H, sext., J = 6.8 Hz, 2-H), 3.52-3.53 and 3.63-3.69 (8H, m, 

N(CH2CH2)2O), 5.01-5.09 (2H, m, 5-H), 5.71-5.81 (1H, m, 4-H). 

Spectroscopic data were in accordance with literature values.55 
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1-(4'-Methoxyphenyl)-2-methylpent-4-en-1-one 267 

O

1

2
3

4

5
1'
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4'MeO
5'

6'

 

The reaction was carried out according to general procedure E, using amide 263 (50 mg, 0.27 

mmol) and 4-bromoanisole (61 mg, 0.33 mmol). A solvent mixture of 9:1 hexanes, ethyl 

acetate was used for flash chromatography to yield the title compound (55 mg, 99 %) as a 

yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.74  

δH (400 MHz; CDCl3; Me4Si) 1.19 (3H, d, J = 7.2 Hz, 2-CH3), 2.15-2.23 (1H, m, 3-HA),  

and 2.51-2.58 (1H, m, 3-HB), 3.49 (1H, q, J = 7.2 Hz, 2-H), 3.86 (3H, s, OCH3), 4.98-5.07 

(2H, m, 5-H), 5.73-5.83 (1H, m, 4-H), 6.94 (2H, d, J = 8.8 Hz, 3'- and 5'-H), 7.95 (2H, d, J = 

8.8 Hz, 2'- and 6'-H). 

Spectroscopic data were in accordance wih literature values.196 
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1-(4'-Methoxyphenyl)-2-methylpentane-1,4-dione 278 

 

The reaction was carried out according to general procedure G, using ketone 267 (55 mg, 

0.27 mmol). A solvent mixture of 9:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (46 mg, 77 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.48  

δH (300 MHz; CDCl3; Me4Si) 1.15 (3H, d, J = 7.2 Hz, 2-CH3), 2.14 (3H, s, 5-H), 2.47-2.54 

(1H, m, 3-HA), and 3.07-3.16 (1H, m, 3-HB), 3.84 (3H, s, OCH3), 3.86-3.94 (1H, m, 2-H), 

6.92 (2H, d, J = 8.8 Hz, 3'- and 5'-H), 7.95 (2H, d, J = 8.8 Hz, 2'- and 6'-H). 

δC (75 MHz; CDCl3) 17.9 (2-CH3), 30.1 (C-5), 35.7 (C-2), 46.8 (C-3), 55.4 (OCH3), 113.7 

and 113.8 (C-3' and C-5'), 128.8 (C-1'), 130.5 and 130.6 (C-2' and C-6'), 163.4 (C-4'), 201.6 

(C-1), 207.1 (C-4). 

IR: νmax(film)/cm-1; 2969, 2935 and 2842 (C-H, aromatic), 1714 (C=O, ketone), 1671 (C=O, 

aryl ketone), 1599, 1575 and 1510 (C=C, aromatic), 1164 (C-O, ether), 841 and 760 (C-H 

bending, aromatic). 

m/z (ESI+) 243 (MNa+, 100 %), 113 (40). High Resolution (ESI+): found (MNa+): 243.0991 

C13H16NO3 requires 243.0992. 

The 1H-NMR and IR data are in accordance with literature values.197 Other spectroscopic 

data are not reported. As such, full spectroscopic data is reported here. 
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2-(4'-Methoxyphenyl)-3,5-dimethyl-1-phenyl-1H-pyrrole 287 

 

The reaction was carried out according to general procedure H, using diketone 278 (29 mg, 

0.13 mmol) and aniline (0.013 mL, 0.14 mmol) with a reaction time of 24 h. A solvent 

mixture of 14:1 hexanes, ethyl acetate was used for flash chromatography to yield the title 

compound (11 mg, 30 %) as a pink oil. 

RF (2:1 hexanes, ethyl acetate) = 0.83  

δH (300 MHz; CDCl3; Me4Si) 2.12 (3H, s, 3-CH3), 2.13 (3H, s, 5-CH3), 3.74 (3H, s, OCH3), 

5.94 (1H, s, 4-H), 6.71 (2H, d, J = 8.8 Hz, 3'- and 5'-H), 6.95 (2H, d, J = 8.8 Hz, 2'- and 6'-

H), 7.05-7.07 (2H, m, Ar-H), 7.23-7.24 (3H, m, Ar-H). 

δC (75 MHz; CDCl3)11.9 (3-CH3), 13.1 (5-CH3), 55.1 (OCH3), 109.3 (C-4), 113.2 (C-3' and 

C-5'), 116.2 (C-3), 125.6 (C-1'), 126.8, 128.4 and 128.6 (Ar-CH), 129.2 (C-5), 131.2 (C-2' 

and C-6'), 131.4 (C-2), 139.5 (Ar-C), 157.6 (C-4'). 

IR: νmax(film)/cm-1; 2923 and 2855 (C-H, aromatic), 1497 (C=C, aromatic), 1259 (C-N, 

amine), 1245 and 1020 (C-O, ether), 798, 759, 732 and 698 (C-H bending, aromatic). 

m/z (ESI+) 257 (100), 278 (MH+, 10 %). High Resolution (ESI+): found (MH+): 278.1504 

C19H20NO requires 278.1539. 
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5-(4'-Methoxyphenyl)-4-methyl-1-(3''-phenylpropyl)-1H-pyrrole-2-carbaldehyde 288 

 

The reaction was carried out according to general procedure H, using diketone 278 (25 mg, 

0.11 mmol) and 3-phenylpropylamine (0.017 mL, 0.12 mmol) with a reaction time of 72 h. 

The crude product was purified by flash chromatography (9:1 hexanes, ethyl acetate) to yield 

the title compound (5.0 mg, 13 %) as a purple oil. 

RF (2:1 hexanes, ethyl acetate) = 0.79  

δH (300 MHz; CDCl3; Me4Si) 1.88 (2H, pent., J = 7.7 Hz, 2''-H), 1.97 (3H, s, 4-CH3), 2.45 

(2H, t, J = 7.7 Hz, 3''-H), 4.21 (2H, t, J = 7.7 Hz, 1''-H), 6.81 (1H, s, 3-H), 6.93 (2H, d,  

J = 8.8 Hz, 3'- and 5'-H), 6.99 (1H, s, Ar-H), 7.12-7.21 (6H, m, Ar-H and 2'- and 6'-H), 9.47 

(1H, s, CHO).  

δC (75 MHz; CDCl3) 11.5 (4-CH3), 32.6 (C-2''), 32.7 (C-3''), 45.6 (C-1''), 55.3 (OCH3), 

114.1 (C-3' and C-5'), 119.3 (C-3), 122.8 (C-1'), 125.7, 128.2 and 128.4 (Ar-CH), 128.6 and 

128.8 (C-2 and C-4), 131.3 (C-2' and C-6'), 141.2 (C-5 and Ar-C), 159.7 (C-4'), 178.6 

(CHO). 

IR: νmax(neat)/cm-1; 3025, 2921 and 2853 (C-H, aromatic), 1655 (C=O, aldehyde), 1459, 

1454 and 1418 (C=C, aromatic), 1250 and 1036 (C-O, ether), 1176 (C-N, amine), 748 and 

698 (C-H, bending). 

m/z (ESI+) 356 (MNa+, 100 %), 352 (20), 301 (80), 245 (50). High Resolution (ESI+): found 

(MNa+): 356.1620 C22H23NNaO2 requires 356.1621. 
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1-Morpholino-2-phenylpent-4-en-1-one 264 

 

The reaction was carried out according to general procedure D, using allyl morpholine 258 

(0.30 g, 2.4 mmol) and phenylacetyl chloride 107 (0.37 mL, 2.8 mmol) in the presence of 

AlCl3 (0.31 g, 2.4 mmol). The crude product was purified by flash chromatography (2:1 

hexanes, ethyl acetate) to yield the title compound (0.29 g, 49 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.80  

δH (400 MHz; CDCl3; Me4Si) 2.42-2.49 (1H, m, 3-HA), 2.83-2.90 (1H, m, 3-HB), 3.09-3.75 

(8H, m, N(CH2CH2)2O), 5.0-5.05 (2H, m, 5-H), 5.72-5.80 (1H, ddt, J = 7.2, 10.0, 17.2 Hz, 4-

H), 7.22-7.34 (5H, m, Ar-H). 

δC (75 MHz; CDCl3) 39.0 (C-3), 42.4 and 46.0 (N(CH2CH2)2O), 48.9 (C-2), 66.3 and 66.7 

(N(CH2CH2)2O), 116.5 (C-5), 127.1, 127.7, 128.9 (Ar-CH), 136.3 (C-4), 139.4 (Ar-C), 171.0 

(C-1). 

IR: νmax(film)/cm-1; 2967, 2919 and 1856 (C-H, aromatic), 1636 (C=O, amide), 1454 and 

1431 (C=C, aromatic), 1219 (C-O, ether), 1113 (C-N, amine), 751 and 700 (C-H bending, 

aromatic). 

m/z (ESI+) 246 (MH+, 100), 268 (80). High Resolution (ESI+): found (MH+): 246.1486 

C15H20NO2 requires 246.1489. 
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1-(4'-Methoxyphenyl)-2-phenylpent-4-en-1-one 268 

 

The reaction was carried out according to general procedure E, using amide 264 (0.20 g, 0.82 

mmol) and 4-bromoanisole 142 (0.18 g, 0.98 mmol). A solvent mixture of 14:1 hexanes, 

ethyl acetate was used for flash chromatography to yield the title compound (0.18 g, 83 %) as 

a colourless oil. 

 

RF (2:1 hexanes, ethyl acetate) = 0.89  

δH (400 MHz; CDCl3; Me4Si) 2.55 (1H, pent., J = 7.2 Hz, 3-HA), 2.95 (1H, pent., J = 7.2 

Hz, 3-HB), 3.70 (3H, s, OCH3), 4.58 (1H, t, J = 7.2 Hz, 2-H), 4.93-5.05 (1H, m, 5-H), 5.70-

5.80 (1H, m, 4-H), 6.81 (2H, d, J = 8.9 Hz, 3'- and 5'-H), 7.23-7.34 (5H, m, Ar-H), 7.94 (2H, 

d, J = 8.9 Hz, 2'- and 6'-H). 

δC (100 MHz; CDCl3) 38.0 (C-3), 53.0 (C-2), 55.2 (OCH3), 113.5 (C-3' and C-5'), 116.4 (C-

5), 126.8, 128.0 and 128.7 (Ar-CH), 129.4 (C-1'), 130.8 (C-2' and C-6'), 136.0 (C-4), 139.3 

(Ar-C), 163.2 (C-4'), 197.6 (C-1). 

IR: νmax(film)/cm-1; 3064, 2936 and 2839 (C-H, aromatic), 1670 (C=O, ketone), 1641 (C=C, 

alkene), 1510 and 1489 (C=C, aromatic), 1245 and 1029 (C-O, ether), 824 and 700 (C-H 

bending, aromatic). 

m/z (ESI+) 289 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 289.1167 

C18H18NaO2 requires 289.1199. 
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1-(4'-Methoxyphenyl)-2-phenylpentane-1,4-dione 279 

 

The reaction was carried out according to general procedure G, using ketone 268 (0.13 g, 

0.49 mmol). A solvent mixture of 9:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (74 mg, 54 %) as a colourless oil. 

RF (2:1 hexanes, ethyl acetate) = 0.68  

δH (300 MHz; CDCl3; Me4Si) 2.16 (3H, s, 5-H), 2.68 (1H, dd, J = 3.9, 17.7 Hz, 3-HA),  3.57 

(1H, dd, J = 9.9, 17.7 Hz, 3-HB), 3.76 (3H, s, OCH3), 5.06 (1H, dd, J = 3.9, 9.9 Hz, 2-H), 

6.82 (2H, d, J = 9.0 Hz, 3'- and 5'-H), 7.16-7.29 (5H, m, Ar-H), 7.93 (2H, d, J = 9.0 Hz, 2'- 

and 6'-H) 

δC (75 MHz; CDCl3) 29.9 (C-5), 47.9 (C-3), 48.4 (C-2), 55.3 (OCH3), 113.6 (C-3' and C-5'), 

127.1, 127.8 and 128.1(Ar-CH), 131.1 (C-2' and C-6'), 139.0 (Ar-C), 163.2 (C-4'), 197.2 (C-

1), 206.9 (C-4). 

IR: νmax(film)/cm-1; 2937 and 2840 (C-H, aromatic), 1714 (C=O, ketone), 1670 (C=O, aryl 

ketone), 1598 and 1510 (C=C, aromatic), 728 and 700 (C-H bending, aromatic). 

m/z (ESI+) 305 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 305.1157 

C18H18NaO3 requires 305.1148. 

The 1H-NMR and IR data are in accordance with literature values.197 Other spectroscopic 

data are not reported. As such, full spectroscopic data is reported here. 
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2-(4'-Methoxyphenyl)-5-methyl-1,3-diphenyl-1H-pyrrole 289 

 

The reaction was carried out according to general procedure H, using diketone 279 (37 mg, 

0.13 mmol) and aniline (13 µL, 0.14 mmol) with a reaction time of 24 h. A solvent mixture 

of 9:1 hexanes, ethyl acetate was used for flash chromatography to yield the title compound 

(13 mg, 30 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.62 

δH (400 MHz; CDCl3; Me4Si) 2.08 (3H, s, 5-CH3), 3.65 (3H, s, OCH3), 6.22 (1H, s, 4-H), 

6.56 (2H, d, J = 8.8 Hz, 3'- and 5'-H), 6.74 (1H, d, J = 10.1 Hz, 4-H), 6.85 (2H, d, J = 8.8 Hz, 

2'- and 6'-H), 7.01-7.04 (4H, m, Ar-H), 7.10-7.23 (6H, m, Ar-H). 

δC (100 MHz; CDCl3) 13.1 (5-CH3), 55.0 (OCH3), 107.6 (C-4), 113.3 (C-3' and C-5'), 121.9 

(C-3), 125.0 (Ar-CH), 125.4 (C-1'), 127.2, 128.0, 128.6 and 128.7 (Ar-CH and C-2' and C-

6'), 130.0 (C-2 and C-5), 132.2 (C-4'). 

IR: νmax(film)/cm-1; 2933, 2964 and 2855 (C-H, aromatic), 1599 and 1508 (C=C, aromatic), 

1250 and 1031 (C-O, ether), 1175 (C-N, amine), 836, 761 and 699 (C-H bending, aromatic). 

m/z (ESI+) 362 (MNa+, 10 %), 360 (40), 319 (50), 298 (100). High Resolution (ESI+): found 

(MNa+): 362.1511 C24H21NNaO requires 362.1515. 
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1-Benzyl-2-(4'-methoxyphenyl)-5-methyl-3-phenyl-1H-pyrrole 290 

 

The reaction was carried out according to general procedure H, using diketone 279 (37 mg, 

0.13 mmol) and benzylamine (16 µL, 0.14 mmol) with a reaction time of 24 h. A solvent 

mixture of 9:1 hexanes, ethyl acetate was used for flash chromatography to yield the title 

compound (6.0 mg, 13 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.65 

δH (400 MHz; CDCl3; Me4Si) 2.17 (3H, s, 5-CH3), 3.78 (3H, s, OCH3), 4.95 (2H, s, CH2Ar), 

6.27 (1H, s, 4-H), 6.79 (2H, d, J = 8.8 Hz, 3'- and 5'-H), 6.90 (1H, d, J = 7.1 Hz, 4-H), 7.10 

(2H, d, J = 8.8 Hz, 2'- and 6'-H), 7.13-7.44 (10H, m, Ar-H). 

δC (75 MHz; CDCl3)12.5 (5-CH3), 47.4 (CH2Ar), 55.2 (OCH3), 107.0 (C-4), 113.9 (C-3' and 

C-5'), 121.4 (C-3), 124.7 (Ar-CH), 125.6 (C-1'), 125.7, 126.9, 127.4 and 128.0 (Ar-CH), 

128.5 (C-5), 128.6 (Ar-CH), 130.0 (C-2), 132.4 (C-2' and C-6'), 136.7 (Ar-C), 138.9 

(NCH2Ar-C), 159.0 (C-4'). 

IR: νmax(film)/cm-1; 2935 (C-H, aromatic), 1602, 1510 and 1453 (C=C, aromatic), 1250 and 

1030 (C-O, ether), 1174 (C-N, amine), 840, 763 and 698 (C-H bending, aromatic). 

m/z (ESI+) 376 (10), 360 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 376.1665 

C25H23NNaO requires 376.1672. 
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(2R*, 3S*)-1-(3',4'-Dimethoxyphenyl)-2,3-dimethylpent-4-en-1-one 269 

 

The reaction was carried out according to general procedure E, using amide 108 (0.54 g, 2.7 

mmol) and 4-bromoveratrole (0.65 g, 3.0 mmol). A solvent mixture of 19:1 hexanes, ethyl 

acetate was used for flash chromatography to yield the title compound (0.61 g, 90 %) as a 

yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.57 

δH (300 MHz; CDCl3; Me4Si) 1.01 (3H, d, J = 6.9 Hz, 2-CH3), 1.14 (3H, d, J = 6.9 Hz, 3-

CH3), 2.65 (1H, sext., J = 6.9 Hz, 3-H), 3.46 (1H, pent., J = 6.9 Hz, 2-H), 3.94 (3H, s, 3'-

OCH3), 3.95 (3H, s, 4'-OCH3), 4.92-5.03 (1H, m, 5-H), 5.81 (1H, ddd, J = 7.0, 10.1, 17.4 Hz, 

4-H), 6.89 (1H, d, J = 8.4 Hz, 5'-H), 7.53 (1H, d, J = 1.8 Hz, 2'-H), 7.57 (1H, dd, J = 1.8, 8.4 

Hz, 6'-H). 

Spectroscopic data were in accordance with literature values.194,198  
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(2R*, 3R*)-1-(3',4'-Dimethoxyphenyl)-2,3-dimethylpentane-1,4-dione 280 

 

The reaction was carried out according to general procedure G, using alkene 269 (0.61 g, 2.5 

mmol) and the crude product was purified by flash chromatography (9:1 hexanes, ethyl 

acetate) to yield the title compound as a pale yellow solid (0.64 g, 98 %). 

RF (2:1 hexanes, ethyl acetate) = 0.30  

Melting point: 61-64 °C 

δH (300 MHz; CDCl3; Me4Si) 1.18 (3H, d, J = 7.2 Hz, 2-CH3), 1.20 (3H, d, J = 7.3 Hz, 3-

CH3), 2.22 (3H, s, 5-H), 3.09 (1H, pent., J = 7.3 Hz, 3-H), 3.70 (1H, pent., J = 7.2 Hz, 2-H), 

3.93 (3H, s, 3'-OCH3), 3.94 (3H, s, 4'-OCH3), 6.90 (1H, d, J = 8.4 Hz, 5'-H), 7.50 (1H, d, J = 

2.0 Hz, 2'-H), 7.63 (1H, dd, J = 2.0, 8.4 Hz, 6'-H). 

δC (75 MHz; CDCl3) 13.9 (3-CH3), 15.4 (2-CH3), 28.9 (C-5), 42.6 (C-2), 48.9 (C-3), 55.8 

and 55.9 (3'-OCH3 and 4'-OCH3), 110.0 (C-5'), 110.5 (C-2'), 122.8 (C-6'), 129.0 (C-1'), 149.0 

(C-3'), 153.1 (C-4'), 202.6 (C-1), 212.2 (C-4). 

IR: νmax(film)/cm-1; 2970, 2936 and 2841 (C-H, bending), 1710 (C=O, ketone), 1667 (C=O, 

aryl ketone), 1594, 1584, 1514 and 1456 (C=C, aromatic), 1258 and 1158 (C-O, ether), 766 

and 754 (C-H bending, aromatic). 

m/z (ESI+) 287 (MNa+, 100 %), 265 (20). High Resolution (ESI+): found (MNa+): 287.1245 

C15H20NaO4 requires 287.1254. 
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2-(3',4'-Dimethoxyphenyl)-3,4,5-trimethyl-1-phenyl-1H-pyrrole 294 

 

The reaction was carried out according to general procedure H, using diketone 280 (50 mg, 

0.19 mmol) and aniline (18 µL, 0.20 mmol) with a 24 h reaction time. A solvent mixture of 

14:1 hexanes, ethyl acetate was used for flash chromatography to yield the title compound 

(15 mg, 25 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.63  

δH (400 MHz; CDCl3; Me4Si) 2.06 (6H, s, 2-CH3, 3-CH3), 2.12 (3H, s, 4-CH3), 3.53 (3H, s, 

4'-OCH3), 3.83 (3H, s, 3'-OCH3), 6.42 (1H, s, 5'-H), 6.69-6.75 (2H, m, 2'- and 6'-H), 7.05-

7.08 (1H, m, Ar-H), 7.22-7.30 (4H, m, Ar-H). 

δC (100 MHz; CDCl3) 9.5 (3-CH3), 10.2 (4-CH3), 10.9 (5-CH3), 55.4 (3'-OCH3), 55.7 (4'-

OCH3), 110.5 (C-2'), 113.6 (C-5'), 122.5 (C-6'), 115.2 (C-4), 116.2 (C-3), 125.7 (C-1'), 125.9 

(C-5), 126.6, 128.5  and 128.6 (Ar-CH), 129.4 (C-2), 139.7 (Ar-C), 147.0 (C-4'), 148.0 (C-

3'). 

IR: νmax(film)/cm-1; 2926 and 2855 (C-H, aromatic), 1597 and 1501 (C=C, aromatic), 1251, 

1139 and 1026 (C-O, ether), 763 and 699 (C-H bending, aromatic). 

m/z (ESI+) 344 (MNa+, 10 %), 360 (100). High Resolution (ESI+): found (MNa+): 344.1603 

C21H23NNaO2 requires 344.1621. 
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1-Benzyl-5-(3',4'-dimethoxyphenyl)-3,4-dimethyl-1H-pyrrole-2-carbaldehyde 295 

 

The reaction was carried out according to general procedure H, using diketone 280 (38 mg, 

0.14 mmol) and benzylamine (17 µL, 0.16 mmol) with a 24 h reaction time. A solvent 

mixture of 4:1 hexanes, ethyl acetate was used for flash chromatography to yield the title 

compound (24 mg, 48 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.65 

δH (400 MHz; CDCl3; Me4Si)1.94 (3H, s, 3-CH3), 2.36 (3H, s, 4-CH3), 3.55 (3H, s, 4'-

OCH3), 3.90 (3H, s, 3'-OCH3), 5.44 (2H, s, CH2Ar), 6.54 (1H, d, J = 2.0 Hz, 2'-H), 6.78 (1H, 

dd, J = 2.0, 8.0 Hz, 6'-H), 6.88 (1H, d, J = 8.0 Hz, 5'-H), 7.16-7.27 (5H, m, Ar-H), 9.73 (1H, 

s, CHO). 

δC (100 MHz; CDCl3) 9.3 (4-CH3), 9.4 (3-CH3), 49.1 (CH2Ar), 55.5 (4'-OCH3), 55.8 (3'-

OCH3), 110.9 (C-5'), 113.0 (C-2'), 118.8 (C-3), 122.8 (C-6'), 126.0, 126.8 and 128.2 (Ar-

CH), 126.8 (C-1'), 127.2 (C-2), 128.4 (Ar-CH), 133.8 (C-4), 139.3 (Ar-C), 141.5 (C-5), 148.5 

(C-4'), 149.2 (C-3'), 177.4 (CHO). 

IR: νmax(film)/cm-1; 2934 and 2836 (C-H, aromatic), 1644 and 1436 (C=C, aromatic), 1247 

and 1139 (C-O, ether), 814, 731 and 698 (C-H bending, aromatic). 

m/z (ESI+) 372 (MNa+, 100 %), 350 (80). High Resolution (ESI+): found (MNa+): 372.1536 

C22H23NNaO3 requires 372.1570. 
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4''-(2-(3',4'-Dimethoxyphenyl)-3,4,5-trimethyl-1H-pyrrol-1-yl)benzenesulfonamide 296 

 

The reaction was carried out according to general procedure H, using diketone 280 (40 mg, 

0.15 mmol) and benzylamine (29 mg, 0.16 mmol) with a 24 h reaction time. The crude 

product was purified by flash chromatography (19:1 hexanes, ethyl acetate) to yield the title 

compound (34 mg, 74 % brsm.) as a pink oil.  

RF (2:1 hexanes, ethyl acetate) = 0.14  

δH (400 MHz; CDCl3; Me4Si) 2.07, 2.08 and 2.10 (3H, s, 3-CH3, 4-CH3 and 5-CH3), 3.59 

(3H, s, 3'-OCH3), 3.82 (3H, s, 4'-OCH3), 4.95 (2H, s, NH2), 6.44 (1H, d, J = 2.0 Hz, 2'-H), 

6.62 (1H, dd, J = 2.0, 8.2 Hz, 6'-H), 6.73 (1H, d, J = 8.2 Hz, 5'-H), 7.17 (2H, d, J = 8.6 Hz, 

3''- and 5''-H), 7.81 (2H, d, J = 8.6 Hz, 2''- and 6''-H). 

δC (100 MHz; CDCl3) 9.5 (4-CH3), 10.1 (3-CH3), 11.1 (5-CH3), 55.6 and 55.7 (3'-OCH3 and 

4'-OCH3), 110.8 (C-2'), 113.5 (C-5'), 116.6 (C-4), 117.6 (C-3), 122.7 (C-6'), 125.3 and 125.4 

(C-5 and C-1'), 127.0 (C-2'' and C-6''), 128.7 (C-3'' and C-5''), 129.4 (C-2), 139.6 (C-4''), 

143.7 (C-1''), 147.4 (C-4'), 148.2 (C-3'). 

IR: νmax(film)/cm-1; 3256 (N-H, sulfonamide), 2952, 2930 and 2862 (C-H, aromatic), 1595 

and 1505 (C=C, aromatic), 1252, 1139 and 1022 (C-O, ether), 1162 (C-N, amine), 836 and 

732 (C-H bending, aromatic). 

m/z (ESI+) 423 (MNa+, 100 %), 400 (20). High Resolution (ESI+): found (MNa+): 423.1355 

C21H24N2NaO4S requires 423.1349. 
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 (S)-5-(3',4'-Dimethoxyphenyl)-3,4-dimethyl-1-(1-phenylethyl)-1H-pyrrole-2-

carbaldehyde 297 

 

The reaction was carried out according to general procedure H, using diketone 280 (36 mg, 

0.14 mmol) and (S)-α-methylbenzylamine (18 mg, 0.15 mmol) with a reaction time of 48 h. 

A solvent mixture of 2:1 hexanes, ethyl acetate was used for flash chromatography to yield 

the title compound (13 mg, 26 %) as a pink oil. 

RF (2:1 hexanes, ethyl acetate) = 0.65  

αD = +86 (c= 1.3, CHCl3) 

δH (400 MHz; CDCl3; Me4Si) 1.76 (3H, d, J = 6.8 Hz, NCHCH3), 1.87 (3H, s, 3-CH3), 2.36 

(3H, s, 4-CH3), 3.63 (3H, s, 4'-OCH3), 3.89- 3.97 (4H, m, 3'-OCH3 and  NCHCH3), 6.85 (1H, 

d, J = 8.2 Hz, 5'-H), 7.03 (2H, d, J = 7.8 Hz, 2'- and 6'-H), 7.14-7.34 (5H, m, Ar-H), 9.63 

(1H, s, CHO). 

δC (75 MHz; CDCl3) 9.3 (4-CH3), 9.9 (3-CH3), 54.4 (NCHCH3), 55.0 and 55.9 (3'-OCH3 

and 4'-OCH3), 110.9 (C-5'), 113.2 (C-2'), 119.1 (C-3), 122.9 (C-6'), 124.1 (C-1'), 125.8, 

126.7 (Ar-CH), 127.2 (C-4), 128.2 (Ar-CH),  133.6 (C-2), 141.1 (C-5), 142.5 (Ar-C), 148.6 

(C-4'), 149.2 (C-3'), 177.8 (CHO). 

IR: νmax(film)/cm-1; 2936 and 2839 (C-H, aromatic), 1642 (C=O, aldehyde), 1465 (C=C, 

aromatic), 1258, 1244 and 1026 (C-O, ether), 1139 (C-N, amine), 766, 744 and 698 (C-H 

bending, aromatic). 

m/z (ESI+) 386 (MNa+, 100 %), 253 (20). High Resolution (ESI+): found (MNa+): 386.1726 

C23H25NNaO3 requires 386.1727. 
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5-(3',4'-Dimethoxyphenyl)-3,4-dimethyl-1-(3''-phenylpropyl)-1H-pyrrole-2-

carbaldehyde 298 

 

The reaction was carried out according to general procedure H, using diketone 280 (36 mg, 

0.14 mmol) and 3-phenylpropylamine (22 µL, 0.15 mmol) with a reaction time of 48 h. 

mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was used for flash chromatography to 

yield the title compound (13 mg, 25 %) as a brown oil. 

RF (2:1 hexanes, ethyl acetate) = 0.80 

δH (400 MHz; CDCl3; Me4Si) 1.85-1.89 (5H, m, 3-CH3 and 2''-H), 2.31 (3H, s, 4-CH3), 2.46 

(2H, t, J = 8.0 Hz, 3''-H), 3.83 (3H, s, 4'-OCH3), 3.95 (3H, s, 3'-OCH3), 4.20 (2H, t, J = 8.0 

Hz, 1''-H), 6.70 (1H, d, J = 1.6 Hz, 2'-H), 6.79 (1H, dd, J = 1.6, 8.0 Hz, 6'-H), 6.90 (1H, d,  

J = 8.4 Hz, 5'-H), 6.98-7.00 (2H, m, Ar-H), 7.11-7.19 (3H, m, Ar-H), 9.73 (1H, s, CHO). 

δC (100 MHz; CDCl3) 9.1 (4-CH3), 9.3 (3-CH3), 32.8 (C-2'' and C-3''), 45.4 (C-1''), 55.9 (3'-

OCH3 and 4'-OCH3), 111.1 (C-5'), 113.0 (C-2'), 118.3 (C-3), 122.8 (C-6'), 123.3 (C-1'), 125.7 

(Ar-CH), 126.9 (C-2), 128.1 and 128.2 (Ar-CH), 133.6 (C-4), 141.0 (C-5), 141.2 (Ar-C), 

148.8 (C-4'), 149.2 (C-3'), 177.2 (CHO). 

IR: νmax(film)/cm-1; 2931 and 2856 (C-H, aromatic), 1641 (C=O, pyrrole aldehyde), 1260, 

1245, 1139 and 1027 (C-O ether), 751 and 700 (C-H, bending). 

m/z (ESI+) 388 (100), 400 (MNa+, 80 %). High Resolution (ESI+): found (MNa+): 400.1878 

C24H27NNaO3 requires 400.1883. 
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(2R*,3S*)-2-Propyl-3-methyl-1-morpholinopent-4-en-1-one 265 

 

 

The reaction was carried out according to general procedure D, using crotyl morpholine 102 

(0.11 g, 0.78 mmol) and valeroyl chloride 260 (0.11 mL, 0.93 mmol) in the presence of 10 

mol % AlCl3 (10 mg, 0.078 mmol). A solvent mixture of 4:1 hexanes, ethyl acetate was used 

for flash chromatography to yield the title compound (84 mg, 48 %) as a pale yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.19  

δH (300 MHz; CDCl) 1.03 (3H, t, J = 8.9 Hz, CH2CH2CH3), 1.10 (3H, d, J = 6.8 Hz, 3-CH3), 

1.19-1.34 (2H, m, CH2CH2CH3), 1.29-1.80 (2H, m, CH2CH2CH3), 2.43-2.49 (1H, m, 3-H), 

2.57-2.64 (1H, m, 2-H), 3.48-3.67 (8H, m, N(CH2CH2)2O), 4.95-5.09 (2H, m, 5-H) and 5.65-

5.79 (1H, m, 4-H). 

Spectroscopic data were in accordance with literature values.194 
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(2R*, 3S*)-1-(4'-Methoxyphenyl)-2-propyl-3-methylpent-4-en-1-one 272 

 

 

 

The reaction was carried out according to general procedure E, using amide 265 (84 mg, 0.37 

mmol) and 4-bromoanisole 142 (84 mg, 0.45 mmol). A solvent mixture of 2:1 hexanes, ethyl 

acetate was used for flash chromatography to yield the title compound (81 mg, 88 %) as a 

pale yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.82 

δH (400 MHz; CDCl3) 0.92-1.01 (3H, m, CH2CH2CH3), 1.00 (3H, d, J = 6.9 Hz, 3-CH3), 

1.22-1.31 (4H, m, CH2CH2CH3), 2.62 (1H, q, J = 6.8 Hz, 2-H), 3.42 (1H, pent., J = 6.8 Hz, 

3-H), 3.87 (3H, s, OCH3), 4.91-5.05 (2H, m, 5-H), 5.76-5.87 (1H, m, 4-H), 6.94 (2H, d, J = 

8.9 Hz, 3'- and 5'-H) and 7.92 (2H, d, J = 8.9 Hz, 2'- and 6'-H). 

Spectroscopic data were in accordance with literature values.194 
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(2R*, 3R*)-1-(4'-Methoxyphenyl)-3-methyl-2-propylpentane-1,4-dione 283 

 

The reaction was carried out according to general procedure G, using ketone 272 (0.10 g, 

0.41 mmol). A solvent mixture of 2:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (58 mg, 55 %) as a colourless oil. 

RF (2:1 hexanes, ethyl acetate) = 0.57  

δH (300 MHz; CDCl3; Me4Si) 0.81 (3H, t, J = 7.2 Hz, CH2CH2CH3), 1.08-1.26 (2H, m, 

CH2CH2CH3), 1.17 (3H, d, J = 7.3 Hz, 3-CH3), 1.50-1.73 (2H, m, CH2CH2CH3), 2.18 (3H, s, 

5-H), 3.07-3.17 (1H, m, 2-H), 3.72 (1H, dq, J = 4.0, 8.1 Hz, 3-H), 3.86 (3H, s, OCH3), 6.93 

(2H, d, J = 8.8 Hz, 3'- and 5'-H), 7.95 (2H, d, J = 8.8 Hz, 2'- and 6'-H). 

δC (75 MHz; CDCl3) 13.9 (3-CH3), 14.4 (CH2CH2CH3), 19.7 (CH2CH2CH3), 29.1 (C-5), 

31.6 (CH2CH2CH3), 47.3 (C-2), 47.6 (C-3), 55.4 (OCH3), 113.7 (C-3' and C-5'), 130.6 (C-2' 

and C-6' and C-1'), 163.4 (C-4'), 202.7 (C-1), 212.0 (C-4). 

IR: νmax(film)/cm-1;  2959, 2935 and 2874 (C-H, aromatic), 1711 (C=O, ketone), 1668 (C=O, 

aryl ketone), 1598, 1574, 1509 and 1461 (C=C, aromatic), 1167 (C-O, ether), 842 and 771 

(C-H bending, aromatic). 

m/z (ESI+) 285 (MNa+, 100 %), 263 (40), 155 (40). High Resolution (ESI+): found (MH+): 

263.1640 C16H23O3 requires 263.1642. 
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(S)-5-(4'-Methoxyphenyl)-3-methyl-1-(1-phenylethyl)-4-propyl-1H-pyrrole-2-

carbaldehyde 306 

 

The reaction was carried out according to general procedure H, using diketone 283 (29 mg, 

0.11 mmol) and (S)-α-methylbenzylamine (16 µL, 0.12 mmol) with a reaction time of 24 h. 

A solvent mixture of 4:1 hexanes, ethyl acetate was used for flash chromatography to yield 

the title compound (9.0 mg, 30 % brsm) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.85  

δH (300 MHz; CDCl3; Me4Si) 0.79 (3H, t, J = 7.6 Hz, CH2CH2CH3), 1.35 (2H, pent. J = 7.6 

Hz, CH2CH2CH3), 1.78 (3H, d, J = 7.1 Hz, NCH(CH3)Ar), 2.20-2.25 (2H, m, CH2CH2CH3), 

2.36 (3H, s, 3-CH3), 3.82 (3H, s, OCH3), 5.82 (1H, br s, NCH(CH3)Ar), 6.86 (2H, d, J = 7.5 

Hz, 3'- and 5'-H), 6.98-7.01 (2H, m, Ar-H), 7.17-7.25 (5H, m, 2'-H, 6'-H and Ar-H), 9.57 

(1H, s, CHO). 

δC (75 MHz; CDCl3) 10.1 (3-CH3), 14.0 (CH2CH2CH3), 19.7 (NCH(CH3)Ar), 24.0 

(CH2CH2CH3), 26.2 (CH2CH2CH3), 54.1 (NCH(CH3)Ar), 55.3 (OCH3), 133.8 (C-3' and C-

5'), 123.9 (C-1' and C-4), 125.7 (Ar-CH), 126.7 (Ar-CH and C-2), 128.2 (Ar-CH), 131.6 (C-

2', C-6' and C-3), 142.3 (C-5 and Ar-C), 159.7 (C-4'), 177.9 (CHO). 

IR: νmax(film)/cm-1; 2926 and 2855 (C-H, aromatic), 1597 and 1501 (C=C, aromatic), 1251, 

1139 and 1026 (C-O, ether), 763 and 699 (C-H bending, aromatic). 

m/z (ESI+) 384 (MNa+, 100 %), 365 (20). High Resolution (ESI+): found (MNa+): 384.1946 

C24H27NNaO2 requires 384.1934. 
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(2R*, 3S*)-1-(Benzo[d][1',3']dioxol-5'-yl)-2,3-dimethylpent-4-en-1-one 245 

 

The reaction was carried out according to general procedure E, using amide 108 (1.0 g, 5.1 

mmol) and 5-bromobenzo[d][1,3]dioxole (1.2 g, 6.1 mmol). A solvent mixture of 3:1 

hexanes, ethyl acetate was used for flash chromatography to yield the title compound as a 

yellow oil (0.57 g, 49 %). 

RF (2:1 hexanes, ethyl acetate) = 0.74  

δH (400 MHz; CDCl3; Me4Si) 0.99 (3H, d, J = 6.8 Hz, 3-CH3), 1.13 (3H, d, J = 7.2 Hz, 2-

CH3), 2.62 (1H, pent., J = 6.8 Hz, 3-H), 3.36 (1H, pent., J = 6.8 Hz, 2-H), 4.91-5.02 (2H, m, 

5-H), 5.79 (1H, ddd, J = 7.2, 10.4, 17.2 Hz 4-H), 6.03 (2H, s, 2'-H), 6.86 (1H, d, J = 8.4 Hz, 

7'-H), 7.42 (1H, d, J = 1.6 Hz, 4'-H), 7.54 (1H, dd, J = 1.6, 8.3 Hz, 6'-H). 

δC (100 MHz; CDCl3) 13.5 (2-CH3), 15.6 (3-CH3), 40.0 (C-3), 45.0 (C-2), 101.8 (C-2'), 

107.8 (C-7'), 108.2 (C-4'), 112.3 (C-5), 124.2 (C-6'), 131.9 (C-5'), 142.1 (C-4), 148.2 (C-3a'), 

151.5 (C-1a'), 201.8 (C-1). 

IR: νmax(neat)/cm-1; 2972 and 2896 (C-H, aromatic), 1671 (C=O, ketone), 1605, 1502, 1472 

and 1438 (C-O, ether), 800 (C-H, bending). 

m/z (ESI+) 255 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 255.1006 

C14H16NaO3 requires 255.0992. 
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(2R*, 3R*)-1-(Benzo[d][1',3']dioxol-5'-yl)-2,3-dimethylpentane-1,4-dione 246 

 

The reaction was carried out according to general procedure G, using alkene 245 (0.47 g, 2.0 

mmol). A solvent mixture of 19:1 hexanes, ethyl acetate was used for flash chromatography 

to yield the title compound (0.14 g, 28 %) as a viscous colourless oil. 

RF (2:1 hexanes, ethyl acetate) = 0.50  

δH (400 MHz; CDCl3; Me4Si) 1.15-1.19 (6H, m, 2-CH3 and 3-CH3), 2.21 (1H, s, 5-H), 3.03-

3.11 (1H, m, 3-H), 3.60-3.67 (1H, m, 2-H), 6.03 (2H, s, 2'-H), 6.85 (1H, d, J = 8.2 Hz, 7'-H), 

7.41 (1H, d, J = 1.6 Hz, 4'-H), 7.58 (1H, dd, J = 1.6, 8.2 Hz, 6'-H) 

δC (100 MHz; CDCl3) 13.9 (2-CH3), 15.4 (3-CH3), 28.9 (C-5), 42.9 (C-2), 49.0 (C-3), 101.7 

(C-2'), 107.9 (C-7'), 108.3 (C-4'), 124.5 (C-6'), 130.7 (C-5'), 148.1 (C-3a'), 151.6 (C-1a'), 

202.2 (C-1), 212.2 (C-4). 

IR: νmax(film)/cm-1; 2975 and 2917 (C-H, aromatic), 1705 and 1659 (C=O, ketone), 1601, 

1498 and 1444 (C=C, aromatic), 1250, 1101 and 1035 (C-O, ether), 760, 738 and 696 (C-H, 

bending). 

m/z (ESI+) 271 (MNa+, 100 %), 227 (10). High Resolution (ESI+): found (MNa+): 271.0944 

C14H16NaO4 requires 271.0941. 
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5-(Benzo[d][1',3']dioxol-5'-yl)-1-benzyl-3,4-dimethyl-1H-pyrrole-2-carbaldehyde 256 

 

The reaction was carried out according to general procedure H, using diketone 246 (25 mg, 

0.10 mmol) and benzylamine (12 mg, 0.11 mmol) with a reaction time of 17 h. A solvent 

mixture of 3:1 hexanes, ethyl acetate was used for flash chromatography to yield the title 

compound (17 mg, 52 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.55  

δH (400 MHz; CDCl3; Me4Si) 1.92 (3H, s, 3-CH3), 2.33 (3H, s, 4-CH3), 5.45 (2H, s, 

CH2Ar), 5.99 (2H, s, 2'-H), 6.64-6.66 (2H, m, 6'- and 7'-H), 6.80-6.85 (3H, m, 4'-H and Ar-

H), 7.16-7.23 (3H, m, Ar-H), 9.70 (1H, s, CHO). 

δC (100 MHz; CDCl3) 9.3 (4-CH3), 9.4 (3-CH3), 48.8 (CH2Ar), 101.3 (C-2'), 108.4 (C-4'), 

110.4 (C-7'), 118.8 (C-3), 124.1 (C-5'), 124.2 (C-6'), 126.1 and 126.9 (Ar-CH), 127.2 (C-5), 

128.3 (Ar-CH), 133.7 (C-4), 139.0 (C-2), 141.0 (Ar-C), 147.7 and 147.9 (C-1a' and C-3a'), 

177.5 (CHO). 

IR: νmax(film)/cm-1; 2911 (C-H, aromatic), 1647 (C=O, aldehyde), 1467 (C=C, aromatic), 

1242, 1223 and 1037 (C-O, ether), 822 and 730 (C-H bending, aromatic). 

m/z (ESI+) 356 (MNa+, 100 %). High Resolution (ESI+): found (MNa+): 356.1254 

C21H19NNaO3 requires 356.1257. 
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5-(Benzo[d][1',3']dioxol-5'-yl)-1-(2'',6''-dimethoxyphenyl)-3,4-dimethyl-1H-pyrrole-2-

carbaldehyde 299 

 

The reaction was carried out according to general procedure H, using diketone 246 (40 mg, 

0.16 mmol) and 2,6-dimethoxyaniline (27 mg, 0.18 mmol) with a reaction time of 48 h. A 

solvent mixture of 2:1 hexanes, ethyl acetate was used for flash chromatography to yield the 

title compound (15 mg, 30 % brsm) as a yellow-green oil. 

RF (2:1 hexanes, ethyl acetate) = 0.31  

δH (400 MHz; CDCl3; Me4Si) 2.03 (3H, s, 4-CH3), 2.43 (3H, s, 3-CH3), 3.65 (6H, s, 2''-

OCH3 and 6''-OCH3), 5.92 (2H, s, 2'-H), 6.55 (1H, t, J = 1.8 Hz, 4'-H), 6.60 (1H, d, J = 7.6 

Hz, 7'-H), 6.68 (1H, dd, J = 1.2, 7.6 Hz, 6'-H), 6.83 (3H, d, J = 1.6 Hz, 3''-, 4''- and 5''-H), 

9.41 (1H, s, CHO). 

δC (100 MHz; CDCl3) 9.5 (4-CH3), 10.3 (3-CH3), 55.7 and 56.1 (2'-OCH3 and 6''-OCH3), 

101.1 (C-2'), 107.9 (C-7'), 110.0 (C-4'), 112.3 and 114.8 (C-3'' and C-5''), 116.1 (C-4''), 119.4 

(C-3), 123.9 (C-6'), 124.7 (C-5'), 126.8 (C-1''), 129.0 (C-5), 130.9 (C-4), 138.8 (C-2), 147.1 

and 147.2 (C-2'' and C-6''), 150.0 and 153.1 (C-1a' and C-3a'), 179.5 (CHO). 

IR: νmax(film)/cm-1; 2921 (C-H, aromatic), 1651 (C=O, aldehyde), 1507 and 1463 (C=C, 

aromatic), 1242, 1225 and 1036 (C-O, ether), 809 and 729 (C-H, bending). 

m/z (ESI+) 402 (MNa+, 100 %), 360 (90). High Resolution (ESI+): found (MNa+): 402.1302 

C22H21NNaO5 requires 402.1312. 
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1-(3',4'-Methylenedioxyphenyl)propan-3-oyl chloride 261 

 

 

 

To a solution of 1-(3,4-methylenedioxyphenyl)propanoic acid 262 (0.55 g, 2.8 mmol) in 

DCM (10 mL), under an atmosphere of nitrogen, was added a drop of DMF and thionyl 

cloride (0.67 mL, 8.5 mmol) dropwise. The resultant solution was stirred at room 

temperature for 24 h. The volatile solvent was removed under reduced pressure to yield the 

title compound (0.60 g, quantitative) as an orange oil, whose presence was confirmed by IR 

spectroscopy and which was used without further purification in the subsequent reaction. 

 IR: νmax(neat)/cm-1; 2896 (C-H, aromatic), 1792 (C=O, acid chloride), 11243 and 1035 (C-

O, ether), 792 and 705 (C-H, bending). 
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(2R*, 3S*)-2-(Benzo[d][1',3']dioxol-5-ylmethyl)-3-methyl-1-morpholinopent-4-en-1-one 

266 

 

The reaction was carried out according to general procedure D, using crotyl morpholine 102 

(0.36 g, 2.5 mmol) and acid chloride 261 (0.60 g, 3.1 mmol) in the presence of AlCl3 (0.34 g, 

2.5 mmol). A solvent mixture of 3:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (0.81 g, quantitative) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.28  

δH (400 MHz; CDCl3; Me4Si) 1.13 (3H, d, J = 7.2 Hz, 3-CH3), 2.55 (1H, pent., J = 7.2 Hz, 

3-H), 2.68-2.75 (1H, m, 2-H), 2.78-2.85 (2H, m, 2-CH2), 2.88-2.95 (1H, m, N(CH2CH2)2O), 

3.03-3.09 (1H, m, N(CH2CH2)2O), 3.19-3.25 (1H, m, N(CH2CH2)2O-), 3.32-3.39 (2H, m, 

N(CH2CH2)2O), 3.41-3.47 (1H, m, N(CH2CH2)2O), 3.55-3.60 (1H, m, N(CH2CH2)2O), 3.63-

3.68 (1H, m, N(CH2CH2)2O), 4.96-5.05 (2H, m, 5-H), 5.72-5.81 (1H, ddd, J = 7.6, 10.4, 17.6 

Hz, 4-H), 5.90-5.92 (2H, m, 2'-H), 6.60 (1H, dd, J = 1.6, 7.8 Hz, 6'-H), 6.50 (1H, d, J = 1.6 

Hz, 4'-H), 6.69 (1H, d, J = 7.8 Hz, 7'-H). 

δC (100 MHz; CDCl3) 17.2 (3-CH3), 36.4 (2-CH2), 40.2 (C-3), 41.9 and 46.2 

(N(CH2CH2)2O), 49.0 (C-2), 66.4 and 66.9 (N(CH2CH2)2O), 100.8 (C-2'), 108.2 (C-7'), 109.5 

(C-4'), 114.3 (C-5), 121.9 (C-6'), 133.8 (C-5'), 141.5 (C-4), 145.9 (C-1a'), 147.5 (C-3a'), 

172.7 (C-1). 

IR: νmax(film)/cm-1; 2964, 2896 and 2857 (C-H, aromatic), 1630 (C=O, amide), 1488 and 

1441 (C=C, aromatic), 1244, 1113 and 1036 (C-O, ether), 926 and 809 (C-H, bending). 

m/z (ESI+) 340 (MNa+, 100 %), 207 (30). High Resolution (ESI+): found (MNa+): 340.1518 

C18H23NNaO4 requires 340.1519. 
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(2R*, 3S*)-2-(Benzo[d][1',3']dioxol-5-ylmethyl)-1-(4''-methoxyphenyl)-3-methylpent-4-

en-1-one 274 

 

The reaction was carried out according to general procedure E, using amide 266 (0.40 g, 1.3 

mmol) and 4-bromoanisole 142 (0.28 g, 1.5 mmol). A solvent mixture of 19:1 hexanes, ethyl 

acetate was used for flash chromatography to yield the title compound as a yellow oil (0.17 g, 

42 %). 

RF (2:1 hexanes, ethyl acetate) = 0.62  

δH (400 MHz; CDCl3; Me4Si) 1.04 (3H, d, J = 7.0 Hz, 3-CH3), 2.61 (1H, q, J = 7.0 Hz, 3-

H), 2.71 (1H, dd, J = 3.6, 13.6 Hz, 2-CHCHA), 3.06 (1H, dd, J = 10.0, 13.6 Hz, 2-CHCHB), 

3.62-3.67 (1H, m, 2-H), 3.83 (3H, s, OCH3), 5.83-5.91 (4H, m, 4-H and 2'-H), 6.60-6.65 (3H, 

m, 4'-, 6'- and 7'-H), 6.86 (2H, d, J = 8.9 Hz, 3''- and 5''-H), 7.78 (2H, d, J = 8.9 Hz, 2''- and 

6''-H).  

δC (100 MHz; CDCl3) 16.0 (3-CH3), 33.6  (2-CH2),  40.1 (C-3), 52.9 (C-2), 55.2 (OCH3), 

100.5 (C-2'), 107.9 (C-7'), 109.3 (C-4'), 113.5 and 113.6 (C-3'' and C-5''), 114.4 (C-5), 121.7 

(C-6'), 130.3 and 130.4 (C-2'' and C-6''), 130.9 (C-1''), 134.2 (C-5'), 141.3 (C-4), 145.5 (C-

1a'), 147.3 (C-3a'), 163.1 (C-4''), 200.9 (C-1). 

IR: νmax(film)/cm-1; 2964, 2910 and 2842 (C-H, aromatic), 1667 (C=O, ketone), 1597, 1502, 

1487 and 1441 (C=C, aromatic), 1242, 1168 and 1035 (C-O, ether), 919, 803 and 732 (C-H, 

bending). 

m/z (ESI+) 360 (100), 361 (95). High Resolution (ESI+): found (MNa+): 361.1407 

C21H22NaO4 requires 361.1410. 
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(2R*, 3R*)-2-(Benzo[d][1',3']dioxol-5-ylmethyl)-1-(4''-methoxyphenyl)-3-

methylpentane-1,4-dione 285 

 

The reaction was carried out according to general procedure G, using alkene 274 (0.16 g, 

0.47 mmol). A solvent mixture of 9:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (0.14 g, 83 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.59  

δH (300 MHz; CDCl3; Me4Si) 1.22 (3H, d, J = 7.2 Hz, 3-CH3), 2.16 (3H, s, 5-H), 2.79-2.94 

(2H, m, 2-CH2), 3.03 (1H, pent., J = 7.2 Hz, 3-H), 3.79 (3H, s, OCH3), 3.97 (1H, pent., J = 

4.2 Hz, 2-H), 5.80 (2H, s, 2'-H), 6.48-6.64 (3H, m, 4'-, 6'- and 7'-H), 6.82 (2H, d, J = 8.6 Hz, 

3''- and 5''-H), 7.78 (2H, d, J = 8.6 Hz, 2''- and 6''-H). 

δC (75 MHz; CDCl3) 13.6 (3-CH3), 28.8 (C-5), 34.7 (2-CH2), 47.8 (C-2), 49.5 (C-3), 55.2 

(OCH3), 100.5 (C-2'), 107.8 (C-7'), 109.3 (C-4'), 113.4 (C-3'' and C-5''), 121.9 (C-6'), 129.9 

(C-1''), 130.4 (C-2'' and C-6''), 132.3 (C-5'), 145.7 and 147.2 (C-1a' and C-3a'), 163.1 (C-4''), 

201.4 (C-1), 211.2 (C-4). 

IR: νmax(film)/cm-1; 2975, 2935, 2896 and 2842 (C-H, aromatic), 1708 and 1667 (C=O, 

ketone), 1598, 1504, 1488 and 1442 (C-O, ether), 906 and 724 (C-H, bending). 

m/z (ESI+) 377 (MNa+, 100 %), 355 (20), 337 (15). High Resolution (ESI+): found (MNa+): 

377.1355 C21H22NaO5 requires 377.1359. 
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4'''-(3-(Benzo[d][1',3']dioxol-5-ylmethyl)-2-(4''-methoxyphenyl)-4,5-dimethyl-1H-

pyrrol-1-yl)benzenesulfonamide 309 

 

The reaction was carried out according to general procedure H, using diketone 285 (40 mg, 

0.1 mmol) and 4-aminobenzenesulfonamide (21 mg, 0.12 mmol) with a reaction time of 24 h. 

A solvent mixture of 14:1 hexanes, ethyl acetate was used for flash chromatography to yield 

the title compound (16 mg, 29 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.20  

δH (400 MHz; CDCl3; Me4Si) 1.92 (3H, s, 4-CH3), 2.08 (3H, s, 5-CH3), 3.72 (2H, s, 1'''-H), 

3.73 (3H, s, OCH3), 4.92 (2H, s, NH2), 5.90 (2H, s, 2'-H), 6.62-6.63 (2H, m, 6'-H and 7'-H), 

6.68-6.72 (3H, m, 3''-, 5''- and 4'-H), 6.89 (2H, d, J = 8.8 Hz, 2''- and 6''-H), 7.17 (2H, d, J = 

8.4 Hz, 3'''-H and 5'''-H), 7.81 (2H, d, J = 8.4 Hz, 2'''-H and 6'''-H). 

δC (100 MHz; CDCl3) 30.4 (3-CH2), 55.1 (OCH3), 100.7 (C-2'), 108.0 (C-4'), 108.7 (C-7'), 

113.6 (C-3'' and C-5''), 116.3 (C-4), 120.4 (C-3), 120.8 (C-6'), 124.8 (C-1''), 125.7 (C-5), 

127.0 (C-2''' and C-6'''), 128.8 (C-3''' and C-5'''), 130.4 (C-5'), 131.3 (C-2'' and C-6''), 136.0 

(C-2), 139.4 (C-1'''), 143.6 (C-4'''), 145.4 and 147.5 (C-1a' and C-3a'), 158.2 (C-4''). 

IR: νmax(film)/cm-1; 3267 (N-H, sulfonamide), 2917 (C-H, aromatic), 1596, 1499 and 1487 

(C=C, aromatic), 1245 and 1036 (C-O, ether), 1162 (C-N, amine), 837 and 730 (C-H 

bending, aromatic).  

m/z (ESI+) 513 (MNa+, 10 %), 391 (100). High Resolution (ESI+): found (MNa+): 513.1449 

C27H26N2NaO5S requires 513.1455. 
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 (2R*, 3S*)-1-(Benzo[d][1'',3'']dioxol-5-yl)-2-(benzo[d][1',3']dioxol-5-ylmethyl)-3-

methylpent-4-en-1-one 273 

 

The reaction was carried out according to general procedure E, using amide 266 (0.40 g, 1.3 

mmol) and 5-bromobenzo[d][1,3]dioxole (0.30 g, 1.8 mmol). A solvent mixture of 9:1 

hexanes, ethyl acetate was used for flash chromatography to yield the title compound (0.12 g, 

28 %) as an orange oil. 

RF (2:1 hexanes, ethyl acetate) = 0.63  

δH (400 MHz; CDCl3; Me4Si) 1.04 (3H, d, J = 6.8 Hz, 3-CH3), 2.60 (1H, pent., J = 6.8 Hz, 

3-H), 2.71 (1H, dd, J = 3.7, 13.5 Hz, 2-CHCHA), 3.04 (1H, dd, J = 10.4, 13.5 Hz, 2-CHCHB), 

3.56-3.60 (1H, m, 2-H), 4.99-5.07 (2H, m, 5-H), 5.80-5.89 (3H, m, 4-H and 2'-H), 6.00 (2H, 

s, 2''-H), 6.56-6.67 (3H, m, 4'-H, 6'-H and 7'-H), 6.76 (1H, d, J = 8.1 Hz, 7''-H), 7.29 (1H, d, 

J = 1.6 Hz, 4''-H), 7.35 (1H, dd, J = 1.6, 8.1 Hz, 6''-H). 

δC (100 MHz; CDCl3) 16.1 (3-CH3), 33.9 (2-CH2), 40.2 (C-3), 53.2 (C-2), 100.6 (C-2'), 

100.7 (C-2''), 107.6 and 107.7 (C-7' and C-7''), 108.0 (C-4''), 109.3 (C-4'), 114.6 (C-5), 121.8 

(C-6'), 124.3 (C-6''), 132.9 (C-5''), 134.1 (C-5'), 141.2 (C-4), 145.6 and 147.3 (C-1a' and C-

3a'), 148.0 (C-3a''), 151.4 (C-1a''), 200.6 (C-1). 

IR: νmax(film)/cm-1; 2971 and 2899 (C-H, aromatic), 1667 (C=O, ketone), 1604, 1502, 1486 

and 1438 (C=C, aromatic), 1242 and 1035 (C-O, ether), 925, 808 and 733 (C-H, bending). 

m/z (ESI+) 375 (MNa+, 40 %), 360 (100). High Resolution (ESI+): found (MNa+): 375.1191 

C21H20NaO5 requires 375.1203. 

 

 

 

 

 



                    
Experimental Procedures 

 

345 
 

(2R*, 3R*)-1-(Benzo[d][1'',3'']dioxol-5-yl)-2-(benzo[d][1',3']dioxol-5-ylmethyl)-3-

methylpentane-1,4-dione 284 

 

The reaction was carried out according to general procedure G, using alkene 273 (0.12 g, 

0.34 mmol). A solvent mixture of 9:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (84 mg, 69 %) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.47  

δH (400 MHz; CDCl3; Me4Si) 1.23 (3H, d, J = 7.4 Hz, 3-CH3), 2.17 (3H, s, 5-H), 2.81-2.90 

(2H, m, 2-CH2), 3.03 (1H, pent., J = 7.4 Hz, 3-H), 3.88-3.93 (1H, m, 2-H), 5.84 (2H, s, 2''-

H), 5.98 (2H, s, 2'-H), 6.48 (1H, dd, J = 1.2, 8.0 Hz, 6'-H), 6.53 (1H, d, J = 1.2 Hz, 4'-H), 

6.59 (1H, J = 8.0 Hz, 7'-H), 6.74 (1H, d, J = 8.4 Hz, 7''-H), 7.27 (1H, d, J = 1.6 Hz, 4''-H), 

7.36 (1H, dd, J = 1.6, 8.4 Hz, 6''-H).  

δC (100 MHz; CDCl3) 13.8 (3-CH3), 29.0 (C-5), 35.0 (2-CH2), 48.0 (C-3), 49.8 (C-2), 100.7 

(C-2'), 101.7 (C-2''), 107.7 (C-7'), 108.0 and 108.1 (C-4' and C-7''), 109.4 (C-4''), 122.0 (C-

6''), 124.5 (C-6'), 131.9 (C-5'), 132.2 (C-5''), 145.9 (C-1a'), 147.3 (C-3a'), 147.9 (C-3a''), 

151.5 (C-1a''), 201.3 (C-1), 211.3 (C-4). 

IR: νmax(film)/cm-1; 2900 (C-H, aromatic), 1708 and 1666 (C=O, ketone), 1502, 1487 and 

1439 (C=C, aromatic), 1243 and 1034 (C-O, ether), 928, 808 and 731 (C-H, bending). 

m/z (ESI+) 391 (MNa+, 100 %), 227 (40). High Resolution (ESI+): found (MNa+): 391.1144 

C21H20NaO6 requires 391.1152. 
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2-(Benzo[d][1'',3'']dioxol-5-yl)-3-(benzo[d][1',3']dioxol-5-ylmethyl)-1-(4'''-bromo-2'''-

fluorophenyl)-4,5-dimethyl-1H-pyrrole 307 

 

The reaction was carried out according to general procedure H, using diketone 284 (40 mg, 

0.11 mmol) and 4-bromo-2-fluoroaniline (22 mg, 0.12 mmol) with a reaction time of 24 h. A 

solvent mixture of 14:1 hexanes, ethyl acetate was used for flash chromatography to yield the 

title compound (14 mg, 24 %) as a colourless oil. 

RF (2:1 hexanes, ethyl acetate) = 0.79  

δH (400 MHz; CDCl3; Me4Si) 1.89 (3H, s, 4-CH3), 1.98 (3H, s, 5-CH3), 3.73 (2H, d, J = 5.1 

Hz, 3-CH2), 5.88 and 5.90 (4H, s, 2'- and 2''-H), 6.49-6.51 (2H, m, 4'- and 6'-H), 6.60-6.62 

(2H, m, 6''-H and 7'-H), 6.69-6.72 (2H, m, 4''- and 7''-H), 6.93 (1H, t, J = 8.3 Hz, 3'''-H),  

7.19-7.22 (1H, m, 5'''-H), 7.28 (1H, dd, J = 2.1, 9.0 Hz, 6'''-H).  

δC (100 MHz; CDCl3) 9.6 (4-CH3), 10.2 (5-CH3), 30.4 (3-CH2), 100.7 and 100.9 (C-2' and 

C-2''), 108.5 (C-4'' and C-7''), 108.7 (C-7'), 110.2 (C-4'), 115.5 (C-4), 119.8, 119.9 and 120.1 

(C-6''', C-4''' and C-3), 120.8 (C-6''), 123.6 (C-6'), 126.2, 126.6 and 127.0 (C-5,  C-5'' and C-

1'''), 127.6 (C-5'''), 130.9 (C-5'), 132.0 (C-3'''), 136.0 (C-2), 145.3, 146.4, 147.2 and 147.5 (C-

1a', C-3a', C-1a'' and C-3a''), 159.4 (C-2''').  

IR: νmax(film)/cm-1; 2895 (C-H, aromatic), 1499, 1485 and 1443 (C=C, aromatic), 1229 and 

1040 (C-O, ether), 813 and 734 (C-H bending, aromatic). 

m/z (ESI+) 544 (MNa+, 30 %), 405 (100). High Resolution (ESI+): found (MNa+): 544.0510 

C27H21BrFNNaO4 requires 544.0530. 



                    
Experimental Procedures 

 

347 
 

4'''-(2-(Benzo[d][1'',3'']dioxol-5-yl)-3-(benzo[d][1',3']dioxol-5-ylmethyl)-4,5-dimethyl-

1H-pyrrol-1-yl)benzenesulfonamide 308 

 

 

The reaction was carried out according to general procedure H, using diketone 284 (40 mg, 

0.11 mmol) and 4-aminobenzenesulfonamide (20 mg, 0.12 mmol) with a reaction time of 24 

h. A solvent mixture of 14:1 hexanes, ethyl acetate was used for flash chromatography to 

yield the title compound (8.2 mg, 15 %) as a colourless oil. 

RF (2:1 hexanes, ethyl acetate) = 0.20  

δH (400 MHz; CDCl3; Me4Si) 1.91 (3H, s, 4-CH3), 2.07 (3H, s, 5-OCH3), 3.74 (2H, s, 3-

CH2), 5.88 and 5.90 (4H, s, 2'-H and 2''-H), 6.45-6.48 (2H, m, 4'- and 6'-H), 6.60-6.62 (2H, 

m, 6''-H and 7'-H), 6.45-6.48 (2H, m, 4''- and 7''-H), 7.19 (2H, d, J = 8.6 Hz, 3'''- and 5'''-H), 

7.84 (2H, d, J = 8.6 Hz, 2'''- and 6'''-H). 

δC (100 MHz; CDCl3) 9.7 (4-CH3), 11.2 (5-CH3), 30.4 (3-CH2), 100.7 and 100.9 (C-2' and 

C-2''), 108.0 (C-4'' and C-7''), 108.1 (C-7'), 110.5 (C-4'), 116.3 (C-4), 120.8 (C-6''), 124.0 (C-

6'), 125.9 (C-1'''), 126.2 (C-3), 127.0 (C-5''), 127.1 (C-2''' and C-6'''), 128.6 (C-5), 128.7 (C-

3''' and C-5'''), 130.3 (C-5'), 135.8 (C-2), 139.5 (C-4'''), 143.6 (C-1'''), 145.4, 146.4, 147.3 and 

147.5 (C-1a', C-3a', C-1a'' and C-3a''). 

IR: νmax(film)/cm-1;  3377 (N-H, amine), 2920 (C-H, aromatic), 1501, 1486 and 1442 (C=C, 

aromatic), 1165 and 1038 (C-O, ether), 1247 (C-N, amine), 811 and 731 (C-H bending, 

aromatic). 
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The sample decomposed prior to mass spectrum acquision. 

 

 

(2R*, 3S*)-2-methyl-1-morpholino-3-phenylpent-4-en-1-one 110 

 

The reaction was carried out according to general procedure D, using cinnamyl morpholine 

103 (0.14 g, 0.69 mmol) propionyl chloride 106 (76 mg, 0.83 mmol) in the presence of AlCl3 

(89 mg, 0.66 mmol). The crude product was purified by flash chromatography (3:1 hexanes, 

ethyl acetate) to yield the title compound (24 mg, 14 %) as a pale yellow solid. 

 

RF (2:1 hexanes, ethyl acetate) = 0.29  

Melting point: 75-78 °C 

δH (400 MHz; CDCl3; Me4Si) 0.83 (3H, d, J = 6.8 Hz, 2-CH3), 2.98 (1H, dq, J = 6.8, 9.8 Hz, 

2-H), 3.40-3.56 (9H, m, N(CH2CH2)2O and 3-H), 4.89-4.98 (2H, m, 5-H), 5.93 (1H, ddd, J = 

7.8, 10.5, 17.9 Hz, 4-H), 7.09-7.14 (3H, m, Ar-CH), 7.20-7.23 (2H, m, Ar-CH). 

Spectroscopic data were in accordance with literature values.55
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(2R*, 3S*)-1-(Benzo[d][1',3']dioxol-5'-yl)-2-methyl-3-phenylpent-4-en-1-one 275 

 

The reaction was carried out according to general procedure E, using amide 110 (0.40 g, 1.5 

mmol) and 5-bromobenzo[d][1,3]dioxole (0.37 g, 1.9 mmol). A solvent mixture of 19:1 

hexanes, ethyl acetate was used for flash chromatography to yield the title compound (65 mg, 

14 %) as a yellow oil.  

RF (2:1 hexanes, ethyl acetate) = 0.77  

δH (300 MHz; CDCl3; Me4Si) 0.96 (3H, d, J = 6.6 Hz, 2-CH3), 3.72-3.83 (2H, m, 2-H and 3-

H), 4.89-4.97 (2H, m, 5-H), 5.94 (1H, ddd, J = 6.9, 13.6, 17.1 Hz, 4-H), 6.03 (2H, d, J = 8.2 

Hz, 7'-H), 7.22-7.35 (5H, m, Ar-H), 7.48 (1H, d, J = 1.6 Hz, 4'-H), 7.61 (1H, dd, J = 1.6, 8.2 

Hz, 6'-H). 

δC (75 MHz; CDCl3) 17.1 (2-CH3), 44.7 (C-2), 52.8 (C-3), 101.8 (C-2'), 107.9 (C-7'), 108.1 

(C-4'), 115.4 (C-5), 124.3 (C-6'), 126.6, 128.4 and 128.6 (Ar-CH), 132.1 (C-5'), 139.8 (C-4), 

141.7 (Ar-C), 148.3 (C-3a'), 151.7 (C-1a'), 201.6 (C-1). 

IR: νmax(film)/cm-1;  2977 and 2860 (C-H, aromatic), 1622 (C=O, ketone), 1241, 1110 and 

1033 (C-O, ether), 768 and 735 (C-H bending, aromatic). 
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(2R*, 3S*)-1-(Benzo[d][1',3']dioxol-5'-yl)-2-methyl-3-phenylpentane-1,4-dione 286 

 

The reaction was carried out according to general procedure G, using alkene 275 (65 mg, 

0.22 mmol). A solvent mixture of 9:1 hexanes, ethyl acetate was used for flash 

chromatography to yield the title compound (66 mg, 96 %) as a pale yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.69  

δH (400 MHz; CDCl3; Me4Si) 0.91 (3H, d, J = 7.6 Hz, 2-CH3), 2.07 (3H, s, 5-H), 4.02 (1H, 

dq, J = 7.6, 10.8 Hz, 2-H), 4.23 (1H, d, J = 10.8 Hz, 3-H), 6.03 (2H, s, 2'-H), 6.87 (1H, d, J = 

8.3 Hz, 7'-H), 7.27-7.39 (5H, m, Ar-H), 7.48 (1H, d, J = 1.6 Hz, 4'-H), 7.66 (1H, dd, J = 1.6, 

8.3 Hz, 6'-H). 

δC (75 MHz; CDCl3) 16.3 (2-CH3), 29.2 (C-5), 43.4 (C-2), 62.3 (C-3), 101.7 (C-2'), 107.9 

(C-7'), 108.3 (C-4'), 124.6 (C-6'), 127.7, 128.9 and 129.0 (Ar-CH), 130.7 (C-5'), 136.5 (Ar-

C), 148.1 (C-3a'), 151.7 (C-1a'), 202.1 (C-1), 207.9 (C-4). 

IR: νmax(film)/cm-1; 2975 and 2911 (C-H, aromatic), 1705 and 1659 (C=O, ketone), 1602, 

1499 and 1444 (C=C, aromatic), 1250, 1101 and 1035 (C-O, ether), 932, 760 and 696 (C-H 

bending, aromatic). 

m/z (ESI+) 333 (MNa+, 100%). High Resolution (ESI-): found (MNa+): 333.1102 

C19H18NaO4 requires 333.1097. 
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4-(2-(Benzo[d][1',3']dioxol-5''-yl)-3,5-dimethyl-4-phenyl-1H-pyrrol-1-

yl)benzenesulfonamide 310 

 

The reaction was carried out according to general procedure H, using diketone 286 (30 mg, 

0.097 mmol) and 4-aminobenzenesulfonamide 286 (18 mg, 0.11 mmol) with a reaction time 

of 24 h. The resultant crude product was purified by flash chromatography (14:1 hexanes, 

ethyl acetate) to yield the title compound (19 mg, 82 % brsm.) as a yellow oil. 

RF (2:1 hexanes, ethyl acetate) = 0.28  

δH (400 MHz; CDCl3; Me4Si) 2.07 (3H, s, 3-CH3), 2.14 (3H, s, 5-CH3), 4.84 (2H, br s, 

NH2), 5.93 (2H, s, 2'-H), 6.53-6.57 (2H, m, 6'- and 7'-H), 6.68 (1H, d, J = 8.0 Hz, 4'-H), 7.26-

7.29 (2H, m, 3''- and 5''-H), 7.37-7.45 (5H, m, Ar-H), 7.88 (2H, d, J = 8.7 Hz, 2''- and 6''-H). 

δC (100 MHz; CDCl3) 11.2 (3-CH3), 12.3 (5-CH3), 101.0 (C-2'), 108.1 (C-4'), 110.6 (C-7'), 

117.0 (C-3), 124.1 (C-6'), 126.0 (C-5'), 126.3 (C-5), 127.2 (C-2'' and C-6''), 128.2 (Ar-CH), 

128.7 (C-2 and C-3'' and C-5''), 130.0 (Ar-CH), 130.1 (C-4), 135.9 (Ar-C), 139.8 (C-4''), 

143.4 (C-1''), 146.2 and 147.3 (C-1a' and C-3a'). 

m/z (ESI-) 445 (MH+, 90%), 441 (100). High Resolution (ESI-): found (MH-): 445.1190 

C25H21N2O4S requires 445.1228. 
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11.1 Crystal structure data for (2S*, 3S*)-1-morpholino-2-phenyl-3-(2',4',5'-
trimethoxyphenyl)pent-4-en-1-one 112a  

C24H29NO5 V = 2154.2 (2) Å3 
Mr = 411.48 Z = 4 
a = 14.7672 (10) Å F(000) = 880 
b = 13.3361 (9) Å Dx = 1.269 Mg m−3 
c = 11.0415 (7) Å Mo Kα radiation, λ = 0.71073 Å 
α = 90° µ = 0.09 mm−1 
β = 97.823 (4)° T = 293 K 
γ = 90°  

Table 23: Crystal data for (2S*, 3S*)-1-morpholino-2-phenyl-3-(2',4',5'-
trimethoxyphenyl)pent-4-en-1-one 112a 

 

Radiation source: fine-focus sealed tube Rint = 0.054 
Graphite monochromator θmax = 28.0°, θmin = 1.4° 
42885 measured reflections h = −19→19 
5187 independent reflections k = −17→17 
4250 reflections with I > 2σ(I) l = −14→14 

Table 24: Data collection for (2S*, 3S*)-1-morpholino-2-phenyl-3-(2',4',5'-
trimethoxyphenyl)pent-4-en-1-one 112a 

 

Refinement on F2 Primary atom site location: structure-invariant direct methods 
Least-squares matrix: full Secondary atom site location: difference Fourier map 
R[F2 > 2σ(F2)] = 0.038 Hydrogen site location: inferred from neighbouring sites 
wR(F2) = 0.104 H atoms treated by a mixture of independent and constrained 

refinement 
S = 1.03 w = 1/[σ2(Fo

2) + (0.0488P)2 + 0.6294P]  
where P = (Fo

2 + 2Fc
2)/3 

5187 reflections (Δ/σ)max < 0.001 
294 parameters Δρmax = 0.33 e Å−3 
0 restraints Δρmin = −0.21 e Å−3 

Table 25: Refinement for (2S*, 3S*)-1-morpholino-2-phenyl-3-(2',4',5'-
trimethoxyphenyl)pent-4-en-1-one 112a 
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 x y z Uiso*/Ueq 
C1 0.81712 (7) 0.22438 (8) 0.60880 (9) 0.0168 (2) 
C2 0.77746 (7) 0.30323 (8) 0.51526 (9) 0.0160 (2) 
C3 0.82509 (7) 0.40454 (8) 0.55087 (9) 0.0162 (2) 
C4 0.92600 (8) 0.39476 (9) 0.53975 (10) 0.0203 (2) 
C5 0.99083 (8) 0.37862 (10) 0.63179 (12) 0.0259 (3) 
C6 0.67404 (7) 0.30355 (8) 0.51323 (10) 0.0197 (2) 
C7 0.62073 (9) 0.24773 (10) 0.42342 (12) 0.0289 (3) 
H7 0.6490 0.2106 0.3678 0.035* 
C8 0.52601 (10) 0.24671 (12) 0.41577 (14) 0.0400 (4) 
H8 0.4912 0.2088 0.3559 0.048* 
C9 0.48409 (9) 0.30229 (14) 0.49757 (15) 0.0459 (4) 
H9 0.4207 0.3025 0.4921 0.055* 
C10 0.53583 (10) 0.35775 (14) 0.58770 (14) 0.0453 (4) 
H10 0.5071 0.3949 0.6428 0.054* 
C11 0.63094 (9) 0.35810 (11) 0.59606 (11) 0.0309 (3) 
H11 0.6656 0.3949 0.6572 0.037* 
C12 0.78304 (7) 0.49292 (8) 0.47565 (9) 0.0172 (2) 
C13 0.80207 (7) 0.59062 (8) 0.51708 (10) 0.0186 (2) 
C14 0.76586 (8) 0.67368 (9) 0.44938 (11) 0.0211 (2) 
H14 0.7802 0.7383 0.4774 0.025* 
C15 0.70837 (7) 0.65911 (9) 0.34021 (11) 0.0213 (2) 
C16 0.68769 (7) 0.56156 (9) 0.29772 (10) 0.0207 (2) 
C17 0.72649 (7) 0.48060 (9) 0.36455 (10) 0.0191 (2) 
H17 0.7145 0.4161 0.3345 0.023* 
C18 0.88493 (9) 0.69708 (9) 0.66821 (12) 0.0278 (3) 
H18A 0.9166 0.7295 0.6086 0.042* 
H18B 0.9246 0.6926 0.7445 0.042* 
H18C 0.8316 0.7353 0.6794 0.042* 
C19 0.67777 (10) 0.83465 (10) 0.31442 (14) 0.0340 (3) 
H19A 0.6542 0.8380 0.3912 0.051* 
H19B 0.6442 0.8799 0.2574 0.051* 
H19C 0.7412 0.8532 0.3261 0.051* 
C20 0.59573 (11) 0.45490 (10) 0.15789 (13) 0.0400 (4) 
H20A 0.6454 0.4133 0.1402 0.060* 
H20B 0.5502 0.4586 0.0871 0.060* 
H20C 0.5692 0.4267 0.2249 0.060* 
C21 0.88761 (8) 0.12407 (9) 0.44957 (10) 0.0217 (2) 
H21A 0.9537 0.1226 0.4549 0.026* 
H21B 0.8647 0.1771 0.3935 0.026* 
C22 0.84824 (9) 0.02411 (9) 0.40279 (10) 0.0252 (3) 
H22A 0.7821 0.0283 0.3905 0.030* 
H22B 0.8681 0.0098 0.3244 0.030* 
C23 0.84914 (8) −0.03540 (9) 0.60263 (11) 0.0246 (2) 
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H23A 0.8687 −0.0900 0.6581 0.029* 
H23B 0.7830 −0.0314 0.5947 0.029* 
C24 0.89004 (8) 0.06200 (8) 0.65587 (10) 0.0215 (2) 
H24A 0.8694 0.0750 0.7341 0.026* 
H24B 0.9562 0.0573 0.6686 0.026* 
N 0.86108 (7) 0.14359 (7) 0.57056 (8) 0.0191 (2) 
O1 0.80594 (6) 0.23421 (6) 0.71696 (7) 0.02251 (18) 
O2 0.85833 (6) 0.59902 (6) 0.62691 (7) 0.02392 (19) 
O3 0.66836 (6) 0.73479 (6) 0.26765 (8) 0.0289 (2) 
O4 0.62916 (6) 0.55348 (6) 0.18985 (8) 0.0278 (2) 
O5 0.87608 (6) −0.05599 (6) 0.48569 (8) 0.0263 (2) 
H2 0.7890 (8) 0.2854 (10) 0.4336 (11) 0.015 (3)* 
H3 0.8198 (9) 0.4169 (10) 0.6371 (12) 0.018 (3)* 
H4 0.9418 (10) 0.3976 (11) 0.4578 (14) 0.031 (4)* 
H5 0.9747 (10) 0.3732 (12) 0.7164 (14) 0.037 (4)* 
H5A 1.0557 (11) 0.3715 (12) 0.6214 (14) 0.037 (4)* 

Table 26: Fractional atomic co-ordinates and isotropic or equivalent isotropic 
displacement parameters (Å2) for (2S*, 3S*)-1-morpholino-2-phenyl-3-(2',4',5'-

trimethoxyphenyl)pent-4-en-1-one 112a 
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 U11 U22 U33 U12 U13 U23 
C1 0.0191 (5) 0.0139 (5) 0.0168 (5) −0.0036 (4) 0.0003 (4) 0.0000 (4) 
C2 0.0194 (5) 0.0141 (5) 0.0145 (5) 0.0002 (4) 0.0017 (4) −0.0003 (4) 
C3 0.0179 (5) 0.0136 (5) 0.0168 (5) 0.0001 (4) 0.0013 (4) 0.0009 (4) 
C4 0.0201 (5) 0.0173 (5) 0.0235 (5) −0.0007 (4) 0.0034 (4) 0.0039 (4) 
C5 0.0194 (6) 0.0283 (7) 0.0298 (6) 0.0006 (5) 0.0021 (5) 0.0025 (5) 
C6 0.0192 (5) 0.0193 (5) 0.0200 (5) −0.0028 (4) 0.0002 (4) 0.0052 (4) 
C7 0.0277 (6) 0.0256 (7) 0.0309 (6) −0.0045 (5) −0.0049 (5) 0.0016 (5) 
C8 0.0281 (7) 0.0443 (9) 0.0432 (8) −0.0144 (6) −0.0114 (6) 0.0100 (7) 
C9 0.0181 (6) 0.0729 (12) 0.0460 (8) −0.0069 (7) 0.0015 (6) 0.0215 (8) 
C10 0.0255 (7) 0.0759 (12) 0.0368 (7) 0.0067 (7) 0.0120 (6) 0.0050 (8) 
C11 0.0231 (6) 0.0452 (8) 0.0250 (6) −0.0005 (6) 0.0055 (5) −0.0014 (5) 
C12 0.0164 (5) 0.0151 (5) 0.0206 (5) 0.0012 (4) 0.0036 (4) 0.0017 (4) 
C13 0.0175 (5) 0.0174 (5) 0.0206 (5) −0.0001 (4) 0.0015 (4) 0.0002 (4) 
C14 0.0193 (5) 0.0142 (5) 0.0294 (6) 0.0005 (4) 0.0026 (4) 0.0004 (4) 
C15 0.0171 (5) 0.0172 (6) 0.0292 (6) 0.0028 (4) 0.0017 (4) 0.0061 (4) 
C16 0.0180 (5) 0.0204 (6) 0.0227 (5) 0.0017 (4) −0.0008 (4) 0.0024 (4) 
C17 0.0191 (5) 0.0153 (5) 0.0225 (5) 0.0004 (4) 0.0017 (4) 0.0000 (4) 
C18 0.0346 (7) 0.0174 (6) 0.0294 (6) −0.0024 (5) −0.0028 (5) −0.0048 (5) 
C19 0.0344 (7) 0.0161 (6) 0.0492 (8) 0.0039 (5) −0.0032 (6) 0.0063 (5) 
C20 0.0453 (8) 0.0265 (7) 0.0404 (8) −0.0009 (6) −0.0226 (6) −0.0003 (6) 
C21 0.0265 (6) 0.0191 (6) 0.0200 (5) 0.0054 (5) 0.0051 (4) 0.0012 (4) 
C22 0.0330 (6) 0.0210 (6) 0.0202 (5) 0.0068 (5) −0.0020 (5) −0.0022 (4) 
C23 0.0294 (6) 0.0176 (6) 0.0252 (6) 0.0008 (5) −0.0017 (5) 0.0032 (4) 
C24 0.0268 (6) 0.0165 (5) 0.0194 (5) 0.0021 (4) −0.0030 (4) 0.0025 (4) 
N 0.0252 (5) 0.0151 (5) 0.0163 (4) 0.0025 (4) 0.0008 (3) 0.0017 (3) 
O1 0.0325 (5) 0.0191 (4) 0.0158 (4) −0.0001 (3) 0.0028 (3) 0.0003 (3) 
O2 0.0295 (4) 0.0148 (4) 0.0250 (4) −0.0009 (3) −0.0052 (3) −0.0015 (3) 
O3 0.0277 (5) 0.0167 (4) 0.0388 (5) 0.0022 (3) −0.0078 (4) 0.0064 (4) 
O4 0.0298 (5) 0.0213 (4) 0.0287 (4) 0.0023 (3) −0.0096 (4) 0.0025 (3) 
O5 0.0339 (5) 0.0172 (4) 0.0262 (4) 0.0054 (3) −0.0023 (3) −0.0016 (3) 
Table 27: Atomic displacement parameters (Å2) for (2S*, 3S*)-1-morpholino-2-phenyl-

3-(2',4',5'-trimethoxyphenyl)pent-4-en-1-one 112a 
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C1—O1 1.2347 (13) C13—O2 1.3781 (13) 
C1—N 1.3547 (14) C13—C14 1.4010 (15) 
C1—C2 1.5333 (14) C14—C15 1.3903 (16) 
C2—C6 1.5243 (15) C15—O3 1.3714 (13) 
C2—C3 1.5489 (15) C15—C16 1.4025 (16) 
C3—C4 1.5174 (15) C16—O4 1.3773 (13) 
C3—C12 1.5246 (14) C16—C17 1.3868 (15) 
C4—C5 1.3156 (16) C18—O2 1.4225 (14) 
C6—C11 1.3890 (17) C19—O3 1.4283 (16) 
C6—C7 1.3946 (16) C20—O4 1.4316 (16) 
C7—C8 1.3897 (19) C21—N 1.4657 (14) 
C8—C9 1.379 (2) C21—C22 1.5165 (17) 
C9—C10 1.384 (2) C22—O5 1.4302 (14) 
C10—C11 1.3949 (19) C23—O5 1.4285 (14) 
C12—C17 1.3966 (15) C23—C24 1.5168 (16) 
C12—C13 1.3967 (15) C24—N 1.4644 (14) 
O1—C1—N 121.26 (10) O2—C13—C14 123.08 (10) 
O1—C1—C2 119.31 (10) C12—C13—C14 121.17 (10) 
N—C1—C2 119.39 (9) C15—C14—C13 119.72 (10) 
C6—C2—C1 107.57 (8) O3—C15—C14 124.57 (11) 
C6—C2—C3 114.88 (9) O3—C15—C16 115.49 (10) 
C1—C2—C3 107.98 (8) C14—C15—C16 119.94 (10) 
C4—C3—C12 110.73 (9) O4—C16—C17 124.36 (10) 
C4—C3—C2 108.76 (9) O4—C16—C15 116.37 (10) 
C12—C3—C2 113.51 (9) C17—C16—C15 119.26 (10) 
C5—C4—C3 124.82 (11) C16—C17—C12 122.01 (10) 
C11—C6—C7 118.87 (11) N—C21—C22 109.20 (9) 
C11—C6—C2 122.67 (10) O5—C22—C21 112.03 (9) 
C7—C6—C2 118.46 (10) O5—C23—C24 111.70 (10) 
C8—C7—C6 120.97 (13) N—C24—C23 108.72 (9) 
C9—C8—C7 119.53 (13) C1—N—C24 120.05 (9) 
C8—C9—C10 120.36 (13) C1—N—C21 128.63 (9) 
C9—C10—C11 120.12 (14) C24—N—C21 111.31 (9) 
C6—C11—C10 120.15 (13) C13—O2—C18 117.64 (9) 
C17—C12—C13 117.84 (10) C15—O3—C19 117.52 (10) 
C17—C12—C3 122.55 (10) C16—O4—C20 116.09 (9) 
C13—C12—C3 119.60 (9) C23—O5—C22 110.11 (9) 
O2—C13—C12 115.75 (9)   
Table 28: Geometric parameters (Å, º) for (2S*, 3S*)-1-morpholino-2-phenyl-3-(2',4',5'-

trimethoxyphenyl)pent-4-en-1-one 112a 
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11.2 Results of One Dose NCI Testing of model pyrroles 

1-Benzyl-5-(3',4'-dimethoxyphenyl)-3,4- 1H-pyrrole dimethyl--2-carbaldehyde 295
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(S)-5-(3',4'-Dimethoxyphenyl)-3,4-dimethyl-1-(1-phenylethyl)-1H-pyrrole-2-

carbaldehyde 297 
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2-(Benzo[d][1'',3'']dioxol-5-yl)-3-(benzo[d][1',3']dioxol-5-ylmethyl)-1-(4'''-bromo-2'''-

fluorophenyl)-4,5-dimethyl-1H-pyrrole 307
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4'''-(2-(Benzo[d][1'',3'']dioxol-5-yl)-3-(benzo[d][1',3']dioxol-5-ylmethyl)-4,5-dimethyl-

1H-pyrrol-1-yl)benzenesulfonamide 308
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4'''-(3-(Benzo[d][1',3']dioxol-5-ylmethyl)-2-(4''-methoxyphenyl)-4,5-dimethyl-1H-

pyrrol-1-yl)benzenesulfonamide 309
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2-(4'-Methoxyphenyl)-3,4,5-trimethyl-1-phenyl-1H-pyrrole 291 
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4'''-(2-(4'-Methoxyphenyl)-3,4,5-trimethyl-1H-pyrrol-1-yl)benzenesulfonamide 292 
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1-Benzyl-2-(4'-methoxyphenyl)-3,4,5-trimethyl-1H-pyrrole 223 
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1-Benzyl-5-(4'-methoxyphenyl)-3,4-dimethyl-1H-pyrrole-2-carbaldehyde 225 
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5-(4'-Methoxyphenyl)-3,4-dimethyl-1-phenethyl-1H-pyrrole-2-carbaldehyde 257 
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2-(4'-Methoxyphenyl)-4,5-dimethyl-1,3-diphenyl-1H-pyrrole 300 
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1-Benzyl-2-(4'-methoxyphenyl)-4,5-dimethyl-3-phenyl-1H-pyrrole 301 
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5-(4'-Methoxyphenyl)-3-methyl-1-phenethyl-4-phenyl-1H-pyrrole-2-carbaldehyde 302 
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5-(4'-Methoxyphenyl)-3-methyl-4-phenyl-1-(3''-phenylpropyl)-1H-pyrrole-2- 

carbaldehyde 303
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2-Butyl-4,5-dimethyl-1,3-diphenyl-1H-pyrrole 304 
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5-Butyl-3-methyl-4-phenyl-1-(3''-phenylpropyl)-1H-pyrrole-2-carbaldehyde 305 
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2-(4'-Methoxyphenyl)-5-methyl-1,3-diphenyl-1H-pyrrole 289 
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2-(3',4'-Dimethoxyphenyl)-3,4,5-trimethyl-1-phenyl-1H-pyrrole 294 
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4''-(2'-(3',4'-Dimethoxyphenyl)-3,4,5-trimethyl-1H-pyrrol-1-yl)benzenesulfonamide 296 
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