
University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other 
copyright owners. A copy can be downloaded for personal non-commercial 
research or study, without prior permission or charge. This thesis cannot be 
reproduced or quoted extensively from without first obtaining permission in writing 
from the copyright holder/s. The content must not be changed in any way or sold 
commercially in any format or medium without the formal permission of the 
copyright holders.
  

 When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name 
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk

http://eprints.soton.ac.uk/


UNIVERSITY OF SOUTHAMPTON 

 

 

 

 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 

 

 

 

Department of Chemistry 

 

 

 

 

 

Asymmetric synthesis of bioactive alkaloids from Amaryllidaceae 

 

 

 

 

Valerio Isoni 

 

 

 

 

Thesis for the degree of Doctor of Philosophy 

 

 

 

 

May 2013





UNIVERSITY OF SOUTHAMPTON 

 

ABSTRACT 
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Doctor of Philosophy 

 

ASYMMETRIC SYNTHESIS OF BIOACTIVE ALKALOIDS FROM 

AMARYLLIDACEAE 

 

By Valerio Isoni 

 

A new route towards the diasteroselective synthesis of (+)-maritidine, a bioactive alkaloid 

from Amaryllidaceae, has been proposed. In our approach, an intramolecular Heck 

reaction was used to form the quaternary stereocentre C10b driven by the stereochemical 

information at C4a of the precursor. Allylic oxidation of intermediate 3.25 followed by 

diasteroselective reduction, introduced the alcohol at C3 with the correct stereochemistry. 

An advanced intermediate (3.29) in the synthesis of (+)-maritidine was produced, and 

routes to complete the total synthesis were proposed. 

 

A series of polymer-supported sulfonate ester linkers were developed for use in the resin-

linker-vector (RLV) approach for the synthesis of [
18

F]-radiopharmaceuticals used as 

imaging probes in positron-emission-tomography (PET). Upon exposure of the RLV 

construct to [
18

F]-fluoride, a small quantity of [
18

F]-radiotracer is released in solution 

which is separated from the unreacted material and cleaved resin, by simple filtration. 

The RLV strategy was successfully applied for the synthesis of the known 

radiopharmaceutical O-(2-[
18

F]-fluoroethyl)-L-tyrosine, [
18

F]-FET. 

 

A C-H activation-cyclisation sequence was used to achieve the synthesis of the 

Amaryllidaceae alkaloid oxoassoanine as well as a phenanthridinoid analogue, part of 

potential non-charged dual reactivators of acetylcholinesterase (AChE) poisoned by 

organophosphorous (OP) nerve agents. 
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Chapter 1 - Introduction 

1.1 The Amaryllidaceae family 

The Amaryllidaceae is a widely spread monocotyledonous family of plants found 

across many areas, composed of more than 800 species and grouped into 59 genera.
3
 

Plants in the Amaryllidaceae family may live in different habitats, resulting in 

biodiversity and secondary metabolites that can vary in chemical structure. South 

America and South Africa are the regions with the major diversity (80% of the 

genera), followed by the Mediterranean region (14%) and Australia (5%).  

Plants of the Amaryllidaceae family are known for the production of a group of 

alkaloids, generally addressed as “Amaryllidaceae alkaloids” which are isolated from 

plants of all genera of this family. Despite their different structures, these alkaloids 

are known to be biosynthesised from norbelladines via phenolic oxidative coupling. 

Depending on their structures, the Amaryllidaceae alkaloids are classified into eight 

backbone types which take the name from the representative alkaloid.
4
  

 

Scheme 1. Eight sub-groups of Amaryllidaceae alkaloids 
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According to this classification, (+)-maritidine (1.09) should be considered a crinine-

type alkaloid. However, it is not uncommon to find in the literature different 

classifications such as “maritidine-type alkaloid”
 
or

 
“crinane alkaloid”.

5,6
  

 

Scheme 2. The core structures are enantiomeric with different substitution on the 

aromatic ring 

 

1.2 Biosynthesis of Amaryllidaceae alkaloids 

Most of the biosynthetic studies on the Amaryllidaceae alkaloids were performed in 

the 1960s and 1970s.
7
 Norbelladine (1.11) has been identified and widely accepted as 

the common intermediate for the biosynthesis of alkaloids of the Amaryllidaceae 

family (Scheme 3).
8,9 

It derives from the reaction of tyramine (1.10) with 3,4-

dihydroxybenzaldehyde followed by reduction of the resulting imine. Subsequent 

regiospecific enzymatic methylation catalysed by catechol-O-methyltransferase 

yields 4’-O-methylnorbelladine (1.12), the key oxidative phenolic coupling precursor 

of crinine-type, lycorine-type and galanthamine-type alkaloids.
10

  

 

Scheme 3. Biosynthesis of key intermediate 4’-O-methylnorbelladine 

4’-O-Methylnorbelladine (1.12) can undergo oxidative coupling in three different 

ways: ortho-para, para-para and para-ortho (Scheme 4). Crinine-type alkaloids are 
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formed via para-para coupling whereas galanthamine- and lycorine-type are 

biosynthesised via para-ortho and ortho-para coupling, respectively. 

 

Scheme 4. Phenolic oxidative couplings generate diversity in Amaryllidaceae 

alkaloids 

1.3 Pancratium maritimum: a source of crinine alkaloids 

Pancratium is the most common of all the genera of the Eurasian clade 

(κλάδος, klados, "branch") of Amaryllidaceae. The name derives from the Greek 

word παγκράτιον, literally meaning “all powers, almighty” (pankration; pan = all, 

kratos = power, strength), possibly due to the medicinal properties that plants of this 

genus posses. Pancratium maritimum, also known as the “sea lilly”, grows 

prolifically in the Mediterranean area, by the seaside (maritimum = maritime); for 

decades this species has been extensively studied and more than half of all alkaloids 

from the genus Pancratium have been found in Pancratium maritimum, including 

(+)-maritidine (1.09).
11

 Due to the antiviral, antitumor and immunostimulant 

properties that many of the crinine alkaloids isolated from this genus possess,
12,13

 

many research groups around the world have worked, and are working on the 

synthesis of these natural products.
14
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Maritidine is a crinine alkaloid isolated from Pancratium maritimum, Pancratium 

tortuosum, and Zephyranthes genus (Figure 1).
15–17

 It is one of the few crinine 

alkaloids with a 5,10b-ethanophenanthridine nucleus that contains a dimethoxy 

moiety rather than a methylenedioxy on the aromatic residue. A peculiar element to 

consider in the synthesis of this family of natural products is the presence of 

quaternary and tertiary stereocenters with a fused pyrrolidine ring. Maritidine is of 

particular interest due to its cytotoxic properties and inhibition of [3H] citalopram 

binding to the rat brain serotonin transporter (IC50 = 20.8 µmol/L).
18–20

 

 

Figure 1. Ghosal’s numbering model applied to (+)-maritidine
21

 

 

1.4 Previous syntheses: an overview 

Maritidine has been synthesised by several groups around the world, mainly forming 

the quaternary stereocenter as a spiro-fused dienone, which was then elaborated to 

yield (±)-maritidine. Different techniques such as, para-para phenolic oxidative 

coupling, intramolecular Heck reaction, anodic oxidation, solid phase synthesis, a 

flow process and iron complex mediated cyclisation have been used to achieve the 

same kind of intermediate.
5,22–27

  

In 1970, just after Barton and Kirby’s biosynthetically inspired synthesis
7
 of 

galanthamine from 4’-O-methylnorbelladine via ortho-para phenolic oxidative 

coupling, Schwartz and Holton reported their synthesis of (±)-maritidine via ortho-

ortho phenolic coupling (Scheme 5).
26

 Their synthesis started with the reduction 

with NaBH4 of the imine formed by the interaction of tyramine and isovanillin 

yielding 4’-O-methylnorbelladine (1.12). Treatment with trifluoroacetic anhydride 

yielded amide 1.13 which, upon exposure to VOCl3 and heat, provided spiro dienone 
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1.14 after purification by preparative TLC. Similar intermediates were subsequently 

used by other research groups since removal of the protecting group on the nitrogen 

results in spontaneous intramolecular 1,4-addition, providing easy access to the 

tetracyclic core of maritidine seen in 1.15. Carbonyl reduction (NaBH4) of 1.15  

followed by treatment with CH2N2 yielded (±)-epimaritidine (1.16) which, under 

refluxing in diluted HCl, yielded (±)-maritidine after preparative TLC (29 %), as 

described by Whitlock and Smith in their synthesis of (±)-crinine.
28

 

 

 Scheme 5. Schwartz and Holton’s biogenetic-type synthesis of maritidine 

The stereochemical outcome of the acid-catalysed epimerisation was described by 

the authors with the formation of cyclohexenyl cation 1.17 under acidic conditions 

(E1 mechanism), which traps water in a pseudo-axial way. Due to the shape of the 

molecule, sterics favour the mixture of epimers (separated by preparative thin layer 

chromatography) over regioisomers.  
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Scheme 6. Proposed mechanism for the acid-catalysed epimerisation of (±)-

epimaritidine 

Several variants of the biogenetic-type approach are to be found in the literature 

where the authors detail their contributions to improve the synthesis in different 

ways. In 1973 Kotani et al. reported anodic oxidation of amide 1.13 at a current of 

1.10-1.18 V using platinum electrodes and fluoroboric acid as electrolyte (0.1 M) 

obtaining spirodienone 1.14 in 62% yield. A different oxidative cyclisation method  

to obtain the desired spirodienone was introduced in 1996 by Kita et al.
23

 using 

hypervalent iodine(III) reagents in trifluoroethanol (61%). Three years later, Ley et 

al.
25

 reported their improved polymer-supported version obtaining the desired 

spirodienone in 70% yield. That approach was further improved in 2006 by the same 

group
24

 and adopted in the elegant multi-step synthesis of (±)-oxomaritidine by 

means of flow techniques using polymer-supported reagents and no purification of 

the synthetic intermediates. 

An alternative synthetic approach to maritidine was reported in 2003 by Bru et al. 

(Scheme 7). Their synthesis differed from the previously described ones, since no 

oxidative coupling was involved in the formation of the quaternary carbon which 

was instead created by an intramolecular Heck reaction. The synthesis started with 

reductive amination of known aryl iodide 1.18
29

 and amine 1.19, obtained from Birch 

reduction of p-methoxyphenethylamine,
30

 followed by formation of acetal 1.21 and 

subsequent Boc protection of the amino group to yield the Heck precursor 1.22. The 

quaternary carbon was formed by treating aryl iodide 1.22 with Pd2(dba)3 (10 mol 

%), dppe (20 mol %) and thallium acetate (1.2 eq) in acetonitrile providing the acetal 

protected spiro enone 1.23 in 59% yield. Removal of the dioxolane using diluted HCl 

in THF was followed by oxidation to dienone 1.25 by using selenium dioxide and 
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acetic acid in 
t
BuOH (73%). Upon treatment with trifluoroacetic acid, the N-Boc 

group was removed, resulting in spontaneous cyclisation to afford (±)-oxomaritidine 

1.26. Luche reduction of the carbonyl group yielded (±)-epimaritidine. To invert the 

stereochemistry at C3, the authors adopted a different reaction sequence from the acid 

catalysed epimerisation previously described. The final steps involved mesylation of 

the allylic alcohol of (±)-epimaritidine, displacement by CsOAc and methanolysis of 

the so formed acetate to liberate (±)-maritidine. 

 

Scheme 7. Concise synthesis (±)-maritidine via intramolecular Heck reaction 
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More recently, in 2008 Roe and Stephenson reported their formal total synthesis of 

(±)-maritidine using an electrophilic iron complex to introduce the aromatic part, 

followed by the construction of the quaternary carbon via an iterative process 

(Scheme 8).
22

 The synthesis started with the addition of organolithium reagent 1.27 

(prepared by treatment of 2-bromo-4,5-dimethoxybenzyloxysilyl ether with 
n
BuLi) to 

the known
31

 salt 1.28 (prepared in three steps from 1,4-dimethoxybenzene) to form 

adduct 1.29, followed by precipitation as BF4
-
 salt 1.30. Organonitrile 1.31 was then 

obtained via a one-pot malononitrile addition/ in situ desilylation /dealkoxylation 

/decarboxylation procedure.
32

 The following steps involved the reduction of the 

nitrile to the amine then iodination of the benzylic alcohol with spontaneous 

intramolecular nucleophilic substitution. N-Boc protection followed by iron 

decomplexation led the authors to spirodienone 1.24, an intermediate described by 

Bru et al. in their synthesis of maritidine.  

Scheme 8. Roe and Stephenson’s formal synthesis of (±)-maritidine via electrophilic 

iron-complex 
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A different synthetic approach via (±)-oxomaritidine was presented by Pandey et al. 

in 2009 where the authors took advantage of their experience with intramolecular 

1,3-dipolar cycloaddition of a nonstabilized azomethine ylide to synthesise (±)-

maritidine (Scheme 9).
33

 Contrary to the syntheses described so far, the C-N bond 

was not installed via a spontaneous intramolecular 1,4-addition, but it was the result 

of a multi-step convergent synthesis of fragment 1.36. Starting from aminoalcohol 

1.33 (prepared in five steps from Boc-NH2 and methyl vinyl ketone)
34

, oxidation of 

the secondary alcohol by IBX was followed by formation of dioxolane 1.34 upon 

treatment with ethylene glycol and p-toluenesulfonic acid. Removal of the N-Boc 

group by TFA was followed by N-alkylation with iodomethyltrimethylsilane 

providing bis-silylated amine 1.35. Synthesis of the cycloaddition precursor 1.36 was 

achieved by nucleophilic displacement of benzyl iodide 1.37 by amine 1.35 followed 

by Stille coupling with 1.38. Subsequent treatment with Ag(I)F induced the [3+2] 

cycloaddition yielding adduct 1.39 (56%) which, after a few manipulations, was 

converted into (±)-oxomaritidine.   

 

Scheme 9. [3+2] Cycloaddition approach to maritidine reported by Pandey et al. 
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It is worthwhile mentioning that a similar synthetic approach  based on a 

cycloaddition reaction was also reported in 1997 by Pearson and Lovering in their 

synthesis of (±)-crinine (Scheme 10).
35

 Their synthesis started with known
36

 MOM 

protected propargyl alcohol 1.41 (prepared in two steps by addition of lithium 

acetylide to 3-(tert-butyldimethylsilyl)oxypropanal, followed by MOM protection). 

Enyne 1.43 was then obtained via Negishi cross coupling with vinyl bromide 1.42, 

followed by Lindlar reduction to diene 1.44 and subsequent TBAF deprotection of 

the silyl group. Oxidation of the liberated alcohol 1.45 under Swern conditions, 

followed by condensation with (aminomethyl)tri-n-butylstannane, provided (2-

azaallyl)stannane 1.46  which was used without further purification in the next step 

yielding cycloadduct 1.47 (80%) upon treatment with 
n
BuLi at low temperatures. 

Pictet-Spengler cyclisation provided (±)-epicrinine which was then converted into 

(±)-crinine via the usual three-step inversion protocol.  

 

Scheme 10. Pearson and Lovering’s synthesis of (±)-epicrinine and (±)-crinine. 

Despite the many synthetic approaches towards (±)-maritidine, to date, the only 

asymmetric, biogenetic-type synthesis of (+)-maritidine 1.09 was reported in 1975 by 

Yamada et al.
37

 who recognised diasteroselective cyclisation of spirodienone 1.53 as 

the key (Scheme 11). Starting from L-tyrosine methyl ester 1.50 and veratraldehyde 
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1.49 they formed spiro-dienone 1.52 via a para-para phenolic oxidative coupling of 

1.51 induced by thallium trifluoroacetate. Amidation with ammonia in methanol and 

subsequent removal of the N-trifluoroacetyl group resulted in spontaneous 

diastereoselective cyclisation (single diastereoisomer) and the stereochemistry 

confirmed with the conversion of amide 1.54 into (+)-maritidine.  Dehydration of 

amide 1.54 furnished organonitrile 1.55 which underwent NaBH4 reduction 

providing allylic alchol 1.56. Reductive decyanisation with sodium in liquid 

ammonia/THF yielded (+)-epicrinine which epimerised under refluxing diluted HCl, 

furnishing (+)-maritidine after preparative TLC (17%). 

 

Scheme 11. First asymmetric synthesis of (+)-maritidine 

 

To the best of our knowledge, no other asymmetric total synthesis of (+)-maritidine 

has been reported in the literature so far. We believed that a concise, yet 
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diasteroselective synthesis of (+)-maritidine, a bioactive alkaloid owning such an 

intriguing architecture, is highly desirable. Moreover, some unanswered questions 

from previous syntheses arose from the final stage manipulations: they mostly 

obtained epimaritidine upon 1,2-reduction of oxomaritidine instead of maritidine 

(Scheme 12). Could we design such a synthesis which yielded the desired product 

instead of correcting the “wrong stereochemistry” at the end? Could we install such 

defined stereochemistry early on in the synthesis, perhaps on an advanced chiral 

intermediate, as in the stereocontrolled synthesis of galanthamine reported by the 

Brown group? 

 

Scheme 12. Luche reduction of oxomaritidine yielded maritidine’s epimer, 

epimaritidine. 

 

 

1.5 The Brown group approach to Amaryllidacaeae alkaloids: synthesis of                

(−)-galanthamine 

 

Galanthamine is probably the most famous Amaryllidaceae alkaloid which is used, in 

the form of its hydrobromide salt, for clinical treatment of mild to moderate 

Alzheimer’s disease. Despite being present in different genera of the Amaryllidaceae 

plants (including Pancratium), galanthamine was named after its first the isolation 

from Galanthus genus (common snow-drop; Greek: gala = milk, anthos = flower). 

Syntheses of galanthamine rely on two main reaction protocols: a biomimetic 

approach via oxidative phenolic coupling and the intramolecular Heck reaction.
38

 In 

this section attention will be focused on the intramolecular Heck approach only. In 

2000 Trost et al. reported the asymmetric synthesis of (−)-galanthamine
39

 and 

improved versions in 2002
40

 and 2005
41

 taking advantage of their asymmetric allylic 

alkylation (or AAA reaction). In 2001 a racemic synthesis of galanthamine was also 

described by Guillou et al.
42

 where the allylic oxidation via SeO2 used by Trost, was 
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replaced by L-Selectride
® 

stereoselective
 
reduction of an enone intermediate to 

furnish the desired allylic alcohol. More recently, in 2007 the enantioselective 

synthesis of (−)-galanthamine 1.03 has been achieved by the Brown group in 11 

linear steps from isovanillin 1.57 (Scheme 13). To afford the tetracyclic ring system, 

a sequence of reactions was employed such as Mitsunobu aryl ether formation, enyne 

ring-closing metathesis, intramolecular Heck reaction and N-alkylation. Moreover to 

control the relative and absolute stereochemistry, an accessible enantiomerically 

enriched propargylic alcohol 1.59 was used as chiral building block.
43

 

 

Scheme 13. Representative synthesis of galanthamine achieved by the Brown group 

Construction of the tetracyclic structure was achieved via a carefully selected 

reaction sequence. Ring B was built via RCM of enyne 1.61 obtained from a 

Mitsunobu etherification of propargyl alcohol 1.59 with modified isovanillin 1.58. 

After hydroboration-oxidation of diene 1.62, ring C was formed via an 

intramolecular Heck reaction of aryl iodide 1.63. In analogy with Trost’s synthesis, 
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the stereochemistry of the quaternary carbon was believed to be determined by a 

cyclisation from the same side of the ether (only cis ring junction is possible). 

 

Scheme 14. Asymmetric intramolecular Heck reaction 

Another example of such a stereocontrol while attempting an intramolecular Heck 

reaction, was reported in 1998 by Overman et al.
44

 in the enantioselective synthesis 

of cardenolide precursors (Scheme 15).  

 

 

Scheme 15. Asymmetric intramolecular Heck reaction of cardenolide precursors 

Allylic oxidation of tricyclic alkene 1.64 mediated by SeO2 under Trost’s conditions 

furnished the desired diol 1.65 as a mixture of diasteroisomers (4.8:1 in favour of the 

desired one) (Scheme 16). SeO2 could in principle react from both faces in the first 

step, but the shape of the molecule suggested that one side (the bottom one) was 

favoured because of a reduced steric encumbrance compared to the opposite one. 
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Scheme 16. Suggested mechanism for diastereoselective allylic oxidation 

Selective mesylation of the primary alcohol of diol 1.65 followed by treatment with 

TFA and neutralisation with NaHCO3 resulted in N-alkylation and formation of ring 

D, yielding (−)-galanthamine 1.03 after purification by column chromatography. 

 

1.6 Second generation synthesis of (−)-galanthamine 

 

A second generation asymmetric synthesis of ()-galanthamine 1.03 and derivatives, 

was completed in the Brown group by Miller and Topley (Scheme 17).
1,45

 Isovanillin 

or the derivative with a 2-O-Boc-ethoxy chain on the 4-position 1.57, underwent a 

series of transformations to give aromatic fragment 1.66. As previously described, 

the enantiomerically enriched propargylic alcohol 1.67 was coupled to the aromatic 

fragment 1.66 before oxidative cleavage of the terminal olefin gave aldehyde 1.69. 

Asymmetric allylation mediated by (R,R)-TADDOL gave alcohol 1.70 and enyne 

RCM on the TBS ether closed the B ring.  Hydroboration, intramolecular Heck 

coupling to close the C ring and finally azepine ring formation provided (−)-

galanthamine.   
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Scheme 17. Second generation synthesis of (−)-galanthamine 

1.7 The Brown group approach towards (+)-maritidine 

In analogy with the syntheses previously described for (−)-galanthamine 1.03, a 

similar strategy was designed to achieve a synthesis of (+)-maritidine 1.09 starting 

from commercially available compounds such as 3,4-dimethoxybenzyl alcohol and 

5-hexen-1-ol (Scheme 18). In this approach, a Mitsunobu reaction between the 

propargylic alcohol and the aromatic fragment would be replaced by a Williamson 

etherification due to the less acidic nature of benzyl alcohols compared to phenols. 
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Inspired by the work of both Trost and Overman,
41,44,46

 as well as the Brown’s group 

syntheses of (−)-galanthamine,
1,43,45

 we could imagine to install the quaternary 

stereocentre of (+)-maritidine 1.09 via an intramolecular Heck reaction controlling 

the configuration at C4a of the adjacent tethered benzyl ether. Using the opposite 

configuration in comparison to the natural product, we aimed to achieve a syn 

cyclisation. Then, in the late stages of the synthesis, introduction of a nitrogen source 

with inversion of configuration at C4a would lead to the desired stereochemistry, en 

route to (+)-maritidine 1.09. 

Scheme 18. Retrosynthetic analysis of (+)-maritidine 
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Chapter 2 – First approach to (+)-maritidine 

In this chapter the initial approach towards (+)-maritidine will be illustrated. The 

reader will be guided through the scope and limitations of such a strategy. The results 

are reported in such a way to better follow the evolution of the synthesis from the 

original plan, as it developed during the period of research in the laboratory. As it 

often happens when attempting to synthesise complex molecules (either natural 

products or simply structurally intriguing compounds), the original synthetic plan can 

undergo more or less substantial changes to overcome unsuccessful steps, especially 

in linear syntheses. In this chapter is highlighted the limited applicability of enyne 

RCM precursors obtained from propargylic alcohol 1.59. 

 

2.1 Synthesis of propargylic alcohol (±)-1.59 

During the preliminary study, it was decided to start with a racemic synthesis of 

propargyl alcohol 1.59, keeping in mind that an enantioselective approach could be 

accessed by taking advantage of the experience during the (−)-galanthamine 

synthesis.
43

  

Propargyl alcohol (±)-1.59 was obtained in a concise, high yielding, 3-step procedure 

(Scheme 19). Treating 5-hexen-1-ol under the Swern oxidation conditions, 5-hexenal 

was isolated after distillation at reduced pressure in 90% yield.
47

 Subsequent 

propargylation with TMS-acetylene and 
n
BuLi at low temperature yielded TMS-

protected enyne 1.59 in near quantitative yield. Finally, following a modified 

procedure by Young et al.,
48

 where KOH was replaced by K2CO3, the silyl protecting 

group was removed, affording the desired propargylic alcohol 2.03 (78%). 

 

Scheme 19. Synthesis of propargylic alcohol 1.59 
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At this stage, one of the two fragments required for the Williamson etherification 

described in the retrosynthetic analysis (Scheme 18) was ready. Synthesis of the 

aromatic part was next investigated. 

2.2 Synthesis of benzyl bromide 2.06 

The synthesis started with an investigation of a series of regio- and chemo-selective 

iodination reactions of commercially available starting materials (Scheme 20). 

Various electrophilic iodinating agents are available for use in organic synthesis (I2, 

N-iodosuccinimide, iodine monochloride, etc.) obtaining good results in many cases, 

but usually their preparation involves chemical and energy consuming processes and 

many of these reagents produce considerable amounts of waste.
49

 In the literature a 

variety of iodine- or iodide-containing iodinating systems have been applied
50

 on 

anisole and other more complex aromatic substrates bearing methoxy substituents, so 

we decided to start from those methodologies to attempt the iodination of 3,4-

dimethoxybenzyl alcohol or veratraldehyde. 

   

Scheme 20. Iodination trials 

Despite the promising results reported for iodination of similar compounds, we 

noticed low/no reactivity for our substrates. Using ceric ammonium nitrate (CAN) 

and I2 in acetonitrile as Biswanath et al. reported,
51

 or the ICl-dioxane system 

successfully used in the group for the synthesis of (−)-galanthamine,
1
 3,4-

dimethoxybenzyl alcohol (2.04) did not react even after one week. At this point we 

decided to change the “activating system”, moving our attention to silver triflate and 

carboxylate Lewis acids. In this case, only the combination of silver trifluoroacetate 

and I2 in chloroform gave satisfactory results.
52

 The reaction was quite convenient to 

perform, fast (typically complete in 30 min) and proceeded with acceptable yield. 
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However, chlorinated solvents are undesirable towards both the user and the 

environment when used on large scale, therefore we moved to ethyl acetate as 

solvent, affording the desired compound more quickly and in higher yield (89%). 

Subsequent benzylic bromination was straightforward and could be achieved by 

treating the iodinated benzyl alcohol 2.05 with PBr3 in Et2O at 0 °C (90%). 

 

Scheme 21. Successful iodination promoted by silver trifluoroacetate followed by 

conversion to benzyl bromide 2.06  

 

2.3 Synthesis of cyclohexadiene (±)-2.08 

 

Synthesis of the enyne RCM precursor 2.07 via Williamson etherification of 

propargyl alcohol (±)-1.59 with benzyl bromide 2.06 proved to be more challenging 

than initially expected. Treating propargyl alcohol (±)-1.59 with NaH in THF 

followed by addition of benzyl bromide 2.05, only afforded the desired benzyl ether 

in poor yield. Purification of the obtained product was very difficult and 

spectroscopic assignment was tentatively done by 
1
H NMR only. 

 

Scheme 22. Williamson etherification provided enyne 2.07 which was used in the 

next step despite the lack of a full set of spectroscopic data 

Despite the poor characterisation of enyne 2.07, it was decided to attempt the enyne-

RCM on the substrate with both first and second generation Grubbs’ catalyst.  
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Treating enyne 2.07 with Grubbs’ I (5-10 mol %) under typical metathesis conditions 

(CH2Cl2, reflux), we could not obtain the desired cyclohexadiene 2.08, yielding 

instead a complex reaction mixture where the characteristic olefinic signals were not 

observed. Using the more reactive second generation Grubbs’ catalyst we obtained 

the same results, but with an increased rate in the degradation process. A more in 

depth study seemed to be necessary at this stage to better understand such an 

unexpected result. At a first inspection, the main difference between the substrate 

used in the past by the Brown group for the synthesis of (−)-galanthamine and enyne 

2.07 was the presence or absence of benzylic protons. 

 

Figure 2. Contrary to enyne 2.07, phenol ether 1.61 has no benzylic protons  

However, for a better understanding of the side reaction, enyne RCM was also 

carried out on simplified substrate 2.09 (fully characterised) lacking the iodide group, 

to see whether the iodine atom could interfere or not in the metathesis due to steric 

hindrance. Unfortunately, no substantial difference was observed with previous 

metathesis attempts on iodinated enyne 2.07, resulting again in a complex reaction 

mixture lacking the characteristic olefinic protons. 

 

Scheme 23. Failed RCM on enyne 2.09 

Discarding the idea of interaction of Ru-carbene intermediate with the iodide on the 

aromatic fragment, reaction of the benzylic protons may be the source of the 

problem. Treating propargyl alcohol 1.59 with TBS-Cl or Ac2O, TBS or acetyl 

derivatives 2.11 and 2.12 were easily prepared. Such derivatisation allowed us to test 

known compounds with no benzylic ether hydrogens under the same reaction 

conditions and verify the quality of the catalyst. Enyne derivatives 2.11 and 2.12 
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underwent successful RCM, affording the corresponding cyclohexadienes in 

comparable yields to those reported in the literature.
53

 

 

Scheme 24. Test reactions on known substrates proved the catalyst was good for the 

purpose 

Kinoshita et al. observed that esters or silyl ether derivatives at the propargylic 

position of an enyne did not affect the RCM process. In contrast the authors 

experienced reluctance of some substrates bearing a methyl ether at the propargylic 

position to undergo metathesis.
54

  

They proposed that the etheral oxygen strongly coordinated to the ruthenium carbene 

complex decreasing dramatically the catalytic activity. Such an explanation could in 

principle account for the degradation experienced by us in the benzyl ether series. A 

cyclic Ru-intermediate strongly coordinated to the ethereal oxygen, may be unable to 

undergo metathesis resulting in slow degradation. 

 

Figure 3. Possible coordination between Ru carbene complex and ethereal oxygen 

However, there was another possibility. Yeh et al. showed that 3-benzyl but-1-ynyl 

ethers could be converted into 1,3-dienes and benzaldehyde via a ruthenium-

catalysed hydrogen-transfer reaction (Scheme 25) using cationic catalyst 1. Their 

proposed mechanism (supported by labelling experiments) involved the formation of 

allene species from the triple bond, via hydrogen transfer from the benzylic position, 

releasing benzaldehyde, 1,3-diene and the active ruthenium species.
55
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Scheme 25. Proposed mechanism for the benzylic hydrogen abstraction 

In a similar manner we could imagine the ruthenium-based Grubbs’ catalyst 

coordinating with ethereal oxygen, then slowly degrading into a cationic species 

which can interact with the triple bond of enyne 2.07, forming the allene species and 

releasing 2-iodo-4,5-dimethoxybenzaldehyde. A closer inspection of the 
1
H NMR of 

the crude material from enyne RCM attempt on benzyl ether 2.07, clearly showed 

peaks corresponding to an aromatic aldehyde, which could be explained by the 

mechanism proposed by Yeh et al. 

However, with the data collected it was not possible to establish whether the 

mechanism was as Yeh et al. described, since no further investigation was carried out 

for such a transformation. The evidence of the collateral reaction in the enyne RCM 

was identified a posteriori, after a careful analysis of the crude NMR spectra that 

showed formation of 2-iodo-4,5-dimethoxybenzaldehyde, perhaps via a benzylic 

hydrogen-transfer.  
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Figure 4. NMR expansion of the crude material after attempted enyne RCM of 2.07. 

The highlighted peaks for 2-iodo-4,5 dimethoxybenzaldehyde matched the literature 

data.
56

 

We decided at this point to deviate slightly from the proposed synthesis to overcome 

the unexpectedly unsuccessful enyne RCM on benzyl ether 2.07. Since test reactions 

on TBS ethers and acetyl derivatives of propargyl alcohol 1.59 showed good results 

for the metathesis, the reaction on dimethoxybenzoates was investigated. In 

principle, such esters would not have suffered from the previously encountered 

problem during the RCM process since no benzylic hydrogens were present. 

 

Scheme 26. Proposed substrates for enyne RCM 

 

2.4 Synthesis of dimethoxybenzoates 

 

Ester 2.15 was easily synthesized from the corresponding commercially available 

3,4-dimethoxybenzoic acid and propargylic alcohol (±)-1.59 using standard coupling 

reagents (DCC, DMAP and Et3N; Steglich esterification) (Scheme 27). The resulting 

enyne 2.15 was used as a model compound for the RCM reaction. In this case the 

desired cyclohexadiene 2.16 was obtained in good yield (87%), strengthening the 
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hypothesis that a benzylic hydrogen abstraction could be involved when benzyl 

ethers were used in the process.  

 

Scheme 27. Successful RCM on model substrate 2.16 

Encouraged by this results, in a similar manner we decided to prepare the iodinated 

ester starting once again from cheap and available chemicals. Selective ortho 

iodination of 3,4-dimethoxybenzoic was achieved using a modified procedure from 

Kryska et al.
57

 The subsequent steps reproduced the route described for the model 

substrate. Finally, enyne RCM on benzoate 2.17 yielded the desired compound, 

forming ring B of the tetracyclic maritidine. 

 

Scheme 28. Successful formation of ring B via enyne RCM 

Once the second ring was formed we needed to convert the 1,3-diene into a terminal 

alcohol via hydroboration and oxidation. This transformation would have been 

important to limit possible side products which could arise from cyclisation of 

cyclohexadiene 2.20 during the Heck reaction, where an 8-membered ring could be 
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formed instead of the desired one (Scheme 29). The interaction of the less sterically 

encumbered end of a 1,3-diene system during a Pd-catalysed arylation was observed 

during the stereocontrolled synthesis of (−)-galanthamine reported by Satcharoen et 

al.
43

 The authors attributed the observed regioselectivity to the intermediacy of π-

allyl palladium species.
58

 

 

Scheme 29. Previously observed reaction of a 1,3-diene in the intramolecular Heck 

reaction forming an 8-membered ring 

Hydration of the less encumbered alkene of 1,3-diene 2.18 could be achieved via 

hydroboration and oxidation (Scheme 30). However, our concern was the 

competitive hydrolysis of the ester functionality during the oxidation of the borane 

intermediate. Actually, despite application of milder methodologies reported in the 

literature that employ sodium perborate as oxidant/base,
59

 we only obtained the fully 

hydrolysed compound after a 4 h reaction time at room temperature. Under the 

classic conditions (NaOH, H2O2), we managed to obtain the desired compound, 

albeit in moderate yield (45%). 

 

Scheme 30. Hydroboration-oxidation sequence on diene 2.18 
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Despite the non-optimised synthesis of alcohol 2.21, we were able to isolate enough 

material to explore the intramolecular Heck reaction. The structure was clearly 

different from the tethered 2-iodo-4,5-dimethoxybenzyl ether originally designed, 

but it could have potentially led us to an advanced tricyclic intermediate if 

successful, en route to (+)-maritidine. However, when we attempted the 

intramolecular Pd-coupling on alcohol 2.21, using Pd(OAc)2, dppp, Ag2CO3 in 

refluxing toluene, only a deiodinated product was observed, tentatively assigned as 

aldehyde (±)-2.22, based on spectroscopic data of the crude reaction mixture 

(Scheme 31).  

Since we could not obtain the desired compound, the alcohol function was protected 

as that could have been the cause of the observed complex reaction mixture. Once 

again, when acetate 2.23 was exposed to the Heck reaction, loss of iodine from the 

aromatic ring was observed, but no cyclisation. 

 

Scheme 31. Attempted Heck reaction on alcohol 2.21 and acetate 2.23 

The Heck reaction is known to proceed by three different mechanistic pathways 

occurring under different reaction conditions. The conditions we employed would 

favour the “anionic pathway”. Dounay et al. described a loss of the halogen in the 

early steps of the reaction to form intermediate A (Scheme 32) which should be 

more reactive towards the cyclisation reaction.
46

 The author also reported a possible 
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side equilibrium of this species that in our case could be quenched in situ, resulting 

in loss of iodine without cyclisation. 

 

Scheme 32. Anionic pathway for the Heck reaction
46

 

Since the loss of iodine on 2.23 occurred under “the anionic conditions”, we decided 

to change the reaction conditions to achieve the “neutral pathway” (avoiding silver 

salts). Unfortunately, even in this case the main product of this transformation was 

the deiodinated product rather than the desired one (Scheme 33). 

 

Scheme 33. Failed cyclisation of 2.23 under both “anionic” and “neutral” 

conditions 
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Assuming that the carbonyl of the ester group doesn’t allow the substrate to explore 

all the possible conformations because of its sp
2 

geometry, we thought that an ether 

would provide a much more flexible linker to achieve our goal (Figure 5).  

 

Figure 5. Comparison between s-cis and s-trans conformations of ester 2.23  

A study by Woodcock et al. seemed to be consistent with our experimental 

observation.
60

 The authors reported that benzoyl esters struggle to undergo 

cyclisation under the intramolecular Heck reaction conditions with or without silver 

salts, in contrast with structurally analogous tethered ethers. Their proposed 

explanation was that the Pd-aryl intermediate 2.26 formed in both cases, but due to 

higher rotational barrier for the benzoate compared to the tethered benzyl ether, such 

an intermediate was unable to cyclise, decomposed slowly yielding deiodinated 

product. It is easier for the ether tether to explore the different conformations to 

interact with the alkene and complete the cyclisation. In contrast, C-O single bonds 

in esters are rotationally restricted owning a higher rotational barrier compared to the 

benzyl ether.
61

 Preference for the s-cis conformation over the s-trans, could lead to a 

latent Pd-aryl intermediate, unable to cyclise, leading to side reactions such as 

deiodination. 

To support this hypothesis the authors treated both esters and tethered ethers with 

styrene (3 eq). They observed that cross-coupling only occurred in the ester series, 

whereas benzyl ethers underwent intramolecular cyclisation only (Scheme 34).  
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Scheme 34. Competition experiments for ester and ether linked substrates in the 

Heck reaction 

In light of the failure to achieve an intramolecular Heck reaction on benzoate 2.23, 

believed to be due to its predominant s-cis conformation (unfavourable towards 

cyclisation), it was decided not to pursue any further investigation with the 

intramolecular Heck approach on our ester-linked substrate 2.23. 
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2.5 Conclusions 

To summarise, the unexepected results from the attempted enyne RCM led us to a 

deviation from the originally planned synthetic route to overcome the postulated 

hydrogen abstraction from benzyl ether 2.06. The ether linkage was replaced with an 

ester to circumvent the difficulties experienced with the metathesis and push forward 

with the synthesis, but unfortunately we discovered that our ester-linked substrates 

2.21 and 2.23 failed to undergo intramolecular Heck cyclisation and led us to a dead 

end.  

Both experimental evidence and literature research suggested that benzyl ethers such 

as 2.25 should successfully undergo an intramolecular Heck reaction. Our attention 

therefore re-focussed on an ether-linked Heck precursor, requiring a different 

approach by-passing the problematic enyne RCM reaction. The results of these 

efforts are described in the following chapter of this thesis. 
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Chapter 3 – Towards the synthesis of (+)-maritidine 

In this chapter different approaches towards (+)-maritidine will be illustrated, 

including a successful etherification strategy applied to the synthesis of advanced 

intermediates. A variety of etherification protocols on different substrates, palladium-

catalysed reactions, benzylic and allylic oxidations will be discussed in detail.  

 

3.1  A convergent, new approach to cyclohexadiene 2.08 

The diene 2.08 was identified as a key intermediate in our approach to (+)-

maritidine, but the failure to create such a substrate via enyne-RCM, led us to 

redesign the strategy (Scheme 35).  

 

Scheme 35. A new convergent approach to benzyl ether 2.08 

We proposed that the B ring could be introduced at the beginning of the synthesis, 

starting from a cyclohexyl derivative such as 2-cyclohexen-1-one which after 

manipulation could lead us to the desired benzyl ether 2.08. Commercially available 

2-cyclohexen-1-one was transformed into dienol 3.03 following a reaction sequence 

reported in the literature to proceed in 53% overall yield (30% in our hands) 

(Scheme 36). In the first step a Baylis-Hillman type reaction, trapping with 

elemental iodine, yielded vinyl iodide 3.01.
62

 Subsequent chemoselective Negishi 

cross-coupling with vinylzinc bromide (formed in situ from the correspondent 

Grignard reagent via transmetallation) yielded diene 3.02 in very good yield.
63
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Finally, Luche reduction of the carbonyl provided the desired alcoholic function. 

However, despite an excellent conversion for the reduction, only 40% of the desired 

product was isolated when concentrated at reduced pressure. Dienol 3.03 was found 

to be very volatile and attempts to isolate it via distillation at atmospheric pressure 

resulted in a black tar (probably as a result of Diels-Alder reaction with itself). 

  

Scheme 36. Synthetic route to dienol 3.03 

Inspired by a common alkylating strategy used in carbohydrate chemistry,
64

 we tried 

to achieve etherification of dienol 3.03 with a benzyl trichloroacetamidate such as 

3.04 (Scheme 37). The two fragments were reacted together in the presence of an 

organic acid (CSA, PPTS or CF3SO3H) yielding the desired ether in just 28% yield. 

The result was not optimal, but it gave us, for the first time, the possibility to 

investigate the Heck reaction to create the quaternary centre and create the D ring of 

the alkaloid. 

 

Scheme 37. Etherification mediated by trichloroacetimidate 3.04 
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Hydration of the less encumbered double bond of diene 2.08 was achieved via 

hydroboration with 9-BBN followed by oxidation using hydrogen peroxide (Scheme 

38). The primary alcohol was then protected as its tert-butyldimethylsilyl ether, 

yielding the desired silyl ether 3.06 in 65% yield over 2 steps. 

 

Scheme 38. Hydroboration-oxidation followed by TBS protection 

Treatment of aryl iodide 3.06 with Pd(OAc)2 (10 mol %), PPh3 (40 mol %) and 

Ag2CO3 in THF at reflux for 24 h left the substrate almost unaffected (Scheme 39). 

Considering that the reaction was performed on a small scale, and that the ratio 

between Pd and ligand is critical, we decided to add Pd(PPh3)4 (10 mol %). After 2 h 

TLC showed that most of the starting material was converted into a new major 

product. Once isolated and purified, this compound was analysed and fully 

characterised by NMR spectroscopy and mass spectrometry, showing the successful 

cyclisation had been achieved. The relative stereochemistry of the product 3.07 was 

determined by NMR NOESY. 

 

Scheme 39. Successful intramolecular Heck reaction 

NOESY showed an interaction between proton Ha and CH2OTBS, consistent with 

the expected stereochemistry, due to a cross peak in the NOESY NMR spectrum of 

the protons (Scheme 40). In the case of opposite stereochemistry, NOESY would not 

have been observed between the protons due to the different geometry of the 

molecule. 
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Figure 6. NOESY experiment confirmed expected stereochemistry at C10b 

Despite the “non-orthodox” methodology used to carry out the Heck reaction, we 

were able to prove for the first time that an ether was necessary to allow cyclisation. 

This result reinforced the hypotheses presented in Chapter 2, that a more flexible 

ether linkage could explore different conformations compared to the more 

rotationally restricted benzoate derivative, resulting in the cyclised product 3.07.  

However, a more efficient synthetic approach to tricyclic compound 3.07 needed to 

be developed. The etherification obtained via trichloroacetimidate 3.04 was indeed 

unacceptably low yielding for a total synthesis, especially at such an early stage in 

the route. The electron-rich benzylic ether 2.08 was found to be sensisitive to the 

acidic conditions employed, resulting in partial cleavage of the newly formed ether.  

Moreover, the intramolecular Heck needed a more in-depth study to develop a more 

robust and reproducible protocol. 

 

3.2 Benzylic etherification: an extended study 

Since our first approach to cyclohexadiene 2.08 via trichloroacetimidate 3.04 

occured in only modest yield (28%), we tried to optimise the etherification step 

(Scheme 40). Several trials under the classical Williamson etherification conditions 

were performed, but unfortunately we could not obtain more than 35% yield 

(estimated by NMR) of the desired product as shown in Table 1.  
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Scheme 40. Williamnson etherification trials 

a) X = I;  b) X = H 

Table 1. Williamson type etherification trials 

We initially thought that the steric hindrance of the iodine atom together with the 

bromine, could explain the low yielding etherification of the two fragments. 

Unfortunately, reacting dienol 3.03 with the less encumbered dimethoxybenzyl 

bromide (X = H) we encountered similar results as shown in Table 1. 

Other methodologies to form ethers were explored such as formation of 

diphenylphosphine derivatives
65

 or using silver triflate,
66

 resulting in even worse 

yields (traces or no product) (Scheme 41). Moreover dienol 3.03 was volatile making 

it problematic to synthesise and handle, so some modifications were applied to best 

optimise this synthetic path towards (+)-maritidine through intermediate 3.06. 

Bromide Alcohol System Conditions Yield (%) 

 

 

 

 

     

 

NaH, THF Room temp. 30
a
 

NaH, THF Reflux 33
a
 

NaH, THF/DMF Reflux 32
a
, 35

b
 

THF W, 100˚ C 33
a
,
 
28

b
 

THF W, 125˚ C 31
a
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Scheme 41. Attempted benzylic etherification using diphenylphosphines 

A strategy reported in the literature for the synthesis of 3,4-dimethoxybenzyl ethers 

was the selective reduction of benzylidene acetals by DIBAL-H at low temperature 

(Scheme 42).
64,67

  

Scheme 42. Synthesis of DMB ethers via reduction of benzylidene acetals 

Although the size of the acetal ring in our case was bigger than the one in the 

literature (7 vs 6), we tried to form 7-membered 3,4-dimethoxybenzylidene acetal 

3.09 reacting diol 3.14 and 2-iodo-4,5-dimethoxybenzaldehyde 3.08 in the presence 

of p-toluenesulfonic acid or (EtO)3CH with catalytic 2,4,4,6-tetrabromo-2,5-

cyclohexadienone (TABCO) (Scheme 43). 

 

Scheme 43. Attempted formation of 7-membered benzylidene acetals  
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However, although a few papers reported successful formation of 7-membered ring  

benzylidene acetals, we could only recover unreacted/degraded starting material 

under the reaction conditions described.
68,69

 Unable to form the 7-membered 

benzylidene acetal, we decided to abandon such an approach and screened several 

substrates for Williamson etherification on an alternative secondary alcohol 

substrate, TBS ether 3.15 (Scheme 44). 

 

 

Scheme 44. Synthetic route to silyl ether 3.15 

Commencing the synthesis of alcohol 3.15, 2-iodocyclohexenone 3.01 was treated 

under the Luche reduction conditions and the resulting alcohol protected as its TBS 

ether followed by Negishi cross-coupling affording diene 3.12 in 72% overall yield. 

Hydroboration-oxidation, followed by deprotection by TBAF yielded diol 3.14 

which, after selective protection of the primary alcohol as its tert-butylsilyl ether, 

afforded alcohol 3.15 in 48% yield over 3 steps. 
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Scheme 45. Screening for Williamson etherification 

 

Table 2. Etherification trials 

Synthesis of benzyl ethers 3.06 and 3.23 was attempted by treating alcohol 3.15 with 

several different bases, in different solvents, at different temperatures (Scheme 45, 

Table 2). Also the nature of benzylic fragment was screened, varying the leaving 

group on the benzylic position and/or halogen on the aromatic ring as shown in 

Table 2.  

Benzyl fragment Alcohol System Conditions Yield (%) 

 

 

 

 

    

 

NaH or KH, DMF 0 ˚C → rt 26 

NaOH, CH2Cl2 rt, 48 h 25 

KH,THF rt, 24 h 24 

 
t
BuOK, THF rt, 24 h 19 

 

 

NaH, THF
a
 or 

DMF
b
 

0 ˚C → rt 22
a
, 23

b
 

t
BuOK, THF rt, 24 h 16 

 

 

t
BuOK, THF rt, 24 h < 5 

NaH or KH, DMF 0 ˚C → rt < 5 

 

NaH, THF
a
 or 

DMF
b
 

0 ˚C → rt 28
a
, 33

b
 

KH, THF rt 27 
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The general observation was an efficient deprotonation of alcohol 3.15 (a vigorous 

H2 development was observed when either NaH or KH were added), but the resulting 

alkoxide was probably not nucleophilic enough to participate in the SN2 reaction 

with the corresponding benzyl halide. However an important observation should be 

mentioned. When trying to improve the etherification step, we decided to swap the 

benzylic bromide for the corresponding iodide expecting a better conversion due to 

the superior leaving-group ability of the latter (I
−
 > Br

−
 > Cl

−
). Surprisingly, in this 

case a lower yield was observed, with a majority of starting material recovered after 

quenching. This result, initially counterintuitive, could have been explained by a 

combination of steric hindrance on both the secondary alcohol 3.15 and the leaving 

group on the aromatic fragment. We could imagine that using a less sterically 

demanding halide on both the benzylic position and on the aromatic ring, we could 

possibly favour the bimolecular substitution reaction. However, only a modest 

improvement was observed experimentally when 2-bromo-3,4-dimethoxybenzyl 

chloride was reacted with the alkoxide generated from alcohol 3.15. 

After much effort, we were close to abandoning efforts to the synthetic pathway 

explored so far. However, a last etherification trial was attempted using a different 

substrate (Scheme 46). Since the steric bulk was already reduced to minimum on the 

aromatic fragment, we thought to reduce it in the alcoholate nucleophile as well, 

removing the side alkyl chain. Ideally iodo alcohol 3.10 could be used in the 

Williamson reaction forming benzyl ether 3.17. A selective Negishi cross-coupling 

could in principle take place with the more reactive vinyl iodide (over the aryl 

bromide) providing a shortcut to diene 3.18.  

Scheme 46. A possible alternative route to cyclohexadiene 3.18 

Iodo allylic alcohol 3.10 was deprotonated with NaH in DMF, followed by addition 

of 2-bromo-3,4-dimethoxybenzyl chloride at room temperature (we firstly tried the 

conditions which gave us the best results in the etherification series). After three 

hours we noticed a full consumption of the starting material and a new product 
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formed. Work-up followed by purification (flash chromatography) provided the 

desired ether 3.17 in 89% yield.  

For the first time we had successfully prepared the desired benzyl ethers on scale and 

in very good yield, although we still needed to prove the chemoselectivity of 

subsequent Negishi cross-coupling with vinylzinc bromide on dihalide 3.17 (Scheme 

47). However, subsequent palladium-catalysed cross-coupling provided diene 3.18 in 

very good yield, opening the way for a large scale production of TBS ether 3.16 and 

exploration of the all important intramolecular Heck reaction. 

Scheme 47. Synthesis of cyclohexadiene 3.18 via chemoselective Negishi cross-

coupling 

In this modified synthetic approach, we moved from an aryl iodide (favoured 

substrates for the Heck reaction, I ≥ TfO > Br >> Cl) to the corresponding bromide 

which could affect the cyclisation step due to a lower reactivity in the oxidative 

insertion of palladium. This limitation arose from the poor yield observed when the 

same etherification-Negishi cross-coupling sequence was attempted to obtain diene 

2.07 via diiodide 3.19 (Scheme 48). We believed the similar reactivity of a vinyl 

iodide and an aryl iodide towards palladium-catalysed reactions at room temperature, 

affected dramatically the chemoselectivity observed for the bromo-iodo ether 3.17. 

Scheme 48. Unselective cross-coupling of diiodide 3.19 
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3.3 The Heck reaction: a closer look 

The intramolecular Heck reaction has been widely employed in natural products 

synthesis to form 5 or 6 membered rings.
46

 However, Overman observed that no 

catalyst recipe has been found optimal so far to achieve all such transformations.
70

 

On the same line, de Meijere reinforced the concept referring to the “diverse and 

sometimes mysterious composition of applicable catalyst cocktails” for the Heck 

reaction.  

This “hit or miss” approach  can be time consuming, so the substrate was usually 

first treated in the most extreme reaction conditions (temperature, pressure, silver 

salts) to see whether the Heck reaction occurs or not. Different sources of Pd
0
 

catalyst were explored, both preformed and generated in situ from Pd
II
 species, 

several different ligands (mostly phosphines), a variety of bases (organic or 

inorganic) and solvents. The nature of both the aryl halide and the substituents on the 

ring could be crucial, with dramatic changes in the observed results. Moreover, 

competitive dehalogenation (as observed in chapter 2 for the ester series) is 

frequently a problem together with possible regioselective collateral reactions (if 

more than one alkene could react).  

Our first candidate for the intramolecular Heck was cyclohexadiene 3.18, bearing an 

aryl bromide on an electron rich aromatic ring, produced via the etherification-

Negishi sequence described (Scheme 47). Despite the presence of two alkenes in the 

molecule, we screened different reaction conditions to see whether the oxidative 

insertion of palladium could occur on notoriously difficult electron-rich aromatic 

substrates (Scheme 49).
71

 

Different Pd catalysts were screened, including the Fu catalyst
72

 (Table 3), trying to 

achieve the target molecule, but no desired product was isolated. We observed the 

formation of a side product instead which was tentatively identified as the 8-

membered ring structure 3.21.  
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Scheme 49. Proposed side product while attempting the intramolecular Heck on 

diene 3.18  

 

Substrate 

 

Pd source 

 

Reaction 

conditions 

 

Base 

 

Product 

 

 

 

Pd(PPh3)4 

 

 

(PPh3)2PdCl2 

 

 

 

THF, µW, 

130 ºC, 1 h 

 

THF, µW, 

130 ºC, 1 h 

 

 

Ag2CO3 

 

 

Ag2CO3 

 

 

 

3.21 (31%) 

 

 

3.21 (33 %) 

 

 

“Fu catalyst” 

Pd2(dba)3 

+ 

Pd(P(t-Bu)3)2 

Dioxane, 

RT→100 ºC 

 

Ag2CO3 

 

No product* 

 

*upon microwave irradiation, the reaction vial exploded (2 trials). At lower 

temperatures, no product was observed. 

Table 3. Attempted intramolecular Heck on diene 3.18 provided no desired product 

Low-resolution mass-spectrometry showed a single molecular ion (chemical 

ionisation, 273 m/z, [M+H]
+
), consistent with the proposed structure 3.21. Moreover, 

from NMR (
1
H, 

13
C, COSY, HMQC), it was possible to see three olefinic protons 

and only one set of benzylic protons, so we excluded the possibility of isomers. This 

side reaction was also observed by previous members of the Brown group while 

attempting an intramolecular Heck reaction of a 1,3-diene, during the 

stereocontrolled synthesis of (−)-galanthamine.
43

 

Since we could not obtain the desired product, we decided to move on and focus on 

the synthesis TBS ether 3.23 (Scheme 50). Hydroboration-oxidation on the less 

encumbered side of diene 3.18 followed by silyl protection of the alcoholic function, 

provided TBS ether 3.23 (61% over 2 steps). 
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Scheme 50. Synthesis of aryl bromide 3.23 and intramolecular Heck reaction 

 

Substrate 

 

Pd source 

 

Reaction 

conditions 

 

Base 

 

Product 

(±)-3.07 

 

 

 

 

 

 

 

 

Pd(PPh3)4 

 

 

 

THF, µW,  

130 ºC, 20 min 

 

THF, µW,  

150 ºC, 2 h 

 

DMSO, µW, 

150 ºC, 10 min 

Ag2CO3 

 

 

Ag2CO3 

 

 

Ag2CO3 

 

35 % 

 

 

20 % 

 

 

degraded 

 

“Fu catalyst” 

Pd2(dba)3 

+ 

Pd(P(t-Bu)3)2 

Dioxane or 

diglyme, 

pressure vial, 

120 ºC, 48 h 

 

 

Ag2CO3 

 

 

 

Complex 

mixture 

 

 

Table 4.  Heck reaction of bromide 3.23  

As feared, aryl bromide 3.23 was reluctant to undergo the intramolecular Heck 

reaction, giving the desired product (±)-3.07 only under forcing conditions, in low 

yield (Table 4). Due to time restrictions we did not investigate much further the 

transformation on the aryl bromide, focusing our attention on the more reactive aryl 

iodide system 3.06 (Scheme 51). Moreover, at this stage we decided to move to the 

enantiomerically pure series, via enantioselective reduction (Corey-Bakshi-Shibata, 

CBS) of iodo enone 3.01.
73,74
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   Scheme 51. Asymmetric synthesis of aryl iodide 3.06 

Apart from the asymmetric reduction of iodo enone 3.09, the synthesis of aryl 

bromide 3.23 was carried out exactly in the same way as previously described. 

Conversion into aryl iodide 3.06 was achieved via lithium-bromine exchange at low 

temperature to form an organolithium intermediate which upon addition of I2 

underwent lithium-iodine exchange yielding the desired product (+)-3.06. The main 

observed side reaction was protonation, especially when the reaction was carried out 

on larger scales (> 1 mmol). 

With aryl iodide 3.06 in hand, we started investigating the intramolecular Heck 

reaction starting with the conditions which provided the desired cyclised product on 

the first trial (Pd(PPh3)4, Ag2CO3,THF) (Scheme 52). However, when the reaction 

was carried out in THF under reflux, no product was observed even after 5 days. We 

decided then to transfer the reaction mixture into a vial and under microwave 

irradiation instead (100 °C) the product was obtained very quickly (15 min), together 

with deiodinated molecule as major side product. 

The need of a high yielding robust method is always desirable, but most importantly 

the reproducibility of such method should be such that it can be replicated within the 

limitation of experimental errors. Therefore a combination of Pd sources, ligands, 

solvent and temperature were screened to improve the intramolecular Heck reaction 

(Table 5). 
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Scheme 52. Intramolecular Heck under modified Fu conditions provided desired 

tricyclic compound 3.07 and impurity tentatively assigned to be diasteroisomer 3.24 

 

Substrate 

 

Pd source 

 

Reaction 

conditions 

 

Base 

 

Product 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pd(PPh3)4 

 

 

 

 

THF, 66 ºC,  

24 h 

 

THF, µW,  

75 ºC, 3 h 

 

THF, µW,  

100 ºC, 30 min 

 

MeCN, µW, 115 

ºC,  5 min 

 

MeCN, µW, 135 

ºC,  2 min 

 

Dioxane,  

101 ºC, 4 h 

 

Ag2CO3 

 

 

Cy2NMe 

 

 

Cy2NMe 

 

 

Cy2NMe 

 

 

Cy2NMe 

 

 

Ag2CO3 

 

38%* 

 

 

No 

conversion 

 

51%** 

 

 

10% 

 

 

15% 

 

 

12% 

 

Pd2(dba)3 

+ 

Pd(P(t-Bu)3)2 

 

 

Dioxane,  

85 ºC, 3 h  

 

 

 

Ag2CO3 

 

 

 

67%** 

* the reaction mixture went to dryness overnight;   ** mixture of compounds (3:1 by 

NMR) 

Table 5. Investigation of the Heck reaction of (+)-3.06 
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Among the screened reaction conditions the combination of Pd2(dba)3 and Pd(P(t-

Bu)3)2 (Fu catalyst), widely adopted for the less reactive aryl bromides and chlorides, 

gave the best result in terms of reproducibility and yield. However, a new inseparable 

product was observed in the 
1
H NMR spectrum with two new peaks in the aromatic 

area and an AB system in the benzylic area with different J couplings from the 

desired product, consistent with a structurally similar compound. 
13

C NMR also 

showed additional carbon signals, but high resolution mass spectrometry showed 

only one molecular ion. Bearing in mind that a single peak observed in mass 

spectrometry can mean that under those conditions only one compound ionised, we 

strongly believed that the impurity was a diastereoisomer arising from cyclisation on 

the wrong face of the alkene or isomerisation of the product. Unfortunately, attempts 

to separate the impurity via preparative HPLC failed to provide a pure sample for full 

characterisation. 

 

 

Figure 7. 
1
H NMR expansion for the intramolecular Heck obtained on the first trial 

(a) compared with the reaction under modified Fu conditions (b).  

(a)
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b)
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The formation of a diastereoisomer was observed only when the Fu catalyst was used 

or at high temperatures. When the reaction was attempted with Pd(PPh3)4 on the very 

first fortuitous trial, NMR showed no such impurity, suggesting that the solution will 

derive from the right combination of solvent, temperature and ligands. However, 

further investigation to find the optimal conditions could be extremely time-

consuming, so we decided to focus our attention on the next challenges of the 

synthesis, namely benzylic and allylic oxidations using the mixture of isomeric 

compounds. 

3.4 Benzylic and allylic oxidations 

With tethered benzyl ether 3.07 in hand, we started exploring the benzylic oxidation 

aiming to produce a compound such as a lactone 3.25 or a hemiacetal 3.26 suitable 

for the subsequent introduction of nitrogen e.g. via amide formation or reductive 

amination (Scheme 53).  

 

Scheme 53. Benzylic oxidation of benzyl ether 3.07 for subsequent nitrogen 

introduction 

Since the intramolecular Heck reaction provided the desired product as an 

inseparable mixture of diastereoisomers, in each following step isolation of the major 

product was attempted. Unfortunately we were unable to separate the isomers, thus 

the oxidation of benzyl ether 3.07 was actually performed on the mixture of 

stereoisomers. 

A wide range of oxidants are available for benzylic oxidation, but the need of a 

chemoselective, yet high yielding method was required. Strong oxidising reagents 

such RuCl3/IO4
- 
 led to a complex reaction mixture since the double bond can react 

under these reaction conditions,
75

 whereas treatment with KO2 and 2-

nitrobenzensulfonyl chloride resulted in loss of the TBS protecting group only.
76
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With the intention of forming hemiacetal 3.26, we tried a single electon transfer 

(SET) reagent such as DDQ or CAN in the presence of small amounts of water 

(Scheme 54). However, when benzyl ether 3.07 was treated with DDQ in a 

vigorously stirred mixture of CH2Cl2/H2O (18:1) overnight rt, a complex reaction 

mixture was obtained from which two products were isolated: lactone 3.25 and acetal 

3.27. Using CAN in place of DDQ resulted in similar results yielding lactone 3.25 

(28%), but no acetal was observed.  

 

Scheme 54. DDQ oxidation provided lactone 3.25 and cyclic acetal 3.27 

A possible explanation for the observed cyclic acetal 3.27 could be in the aqueous 

reaction conditions used in which the TBS protecting group was probably not stable. 

We could imagine that the liberated hydroxyl group could have been trapped by the 

benzylic radical cation to form the observed acetal. Several examples could be found 

in the literature of such intramolecular acetalisation, where the molecule bearing both 

a DMB (or PMB) ether and a free hydroxyl group was intentionally exposed to DDQ 

in CH2Cl2.
77–80

 

Scheme 55. Suggested mechanism for the formation of benzylidene acetal 3.27 
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Despite the low yielding benzylic oxidation, due to time restrictions we decided to 

start exploring the allylic oxidation step to introduce the hydroxyl group at C3, 

possibly with the correct stereochemistry rather than correcting it by inversion. A 

classic approach to achieve such transformation is the use of SeO2, employed for 

example in the previously described synthesis of (−)-galanthamine by Trost et al. and 

later Brown et al. (Chapter 1, Scheme 16). In principle, employing such an approach, 

is possible to take advantage of the stereochemical information of the oxidation 

precursor to favour the pericyclic reaction of SeO2 [2,3]-sigmatropic rearrangement 

of the organoselenium intermediate towards the less encumbered side of the 

molecule, yielding the allylic alcohol with the desired stereochemistry.  

 

Scheme 56. Proposed allylic oxidation of benzyl ether 3.07 mediated by SeO2 

However, the use of poisonous reagents is undesirable for both the operator and has 

adverse environmental implications, so we decided to explore the allylic oxidation 

mediated by Mn(OAc)3 (Scheme 57).
81

 According to the mechanism proposed by the 

authors for such a transformation, the expected product would be the α,β-unsaturated 

ketone 3.28, a suitable candidate to investigate diastereoselective carbonyl reduction 

to yield allylic alcohol 3.29.  
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Scheme 57. Allylic oxidation of lactone 3.25 mediated by Mn(OAc)3 

Interestingly, when Mn(OAc)3/TBHP was used as oxidising system, we observed the 

formation of the desired dienone 3.28 in good yield (70%) (Scheme 58).  

 

Scheme 58. Successful allylic oxidation mediated by Mn(OAc)3 

Following this encouraging result we tried to use this oxidising system to achieve the 

benzylic oxidation as well, bearing in mind that potentially we could do the benzylic 

and allylic oxidations in one pot (Scheme 59). Treating the tethered benzyl ether 

3.07 with the Mn(OAc)3/TBHP system we observed full conversion of the substrate 

into the desired lactone (by TLC). However, when trying to isolate the desired 

product, we noticed a poorer yield than expected, possibly due to the non-optimised 

work-up procedure. We decided to try the reaction again, without isolation the 

lactone intermediate (simple filtration through a short pad of silica of the crude 
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material), adding fresh Mn(OAc)3/TBHP and trying to isolate the desired dienone. In 

this way we managed to isolate the expected product in 50% yield over 2 steps. 

 

Scheme 59. Benzylic and allylic oxidations were achieved in a two step procedure 

 

3.5 Stereoselective reduction of enone 3.28 

Once enone 3.28 was synthesised we had the chance to investigate a 

diastereoselective 1,2-reduction of it, aiming to yield the desired allylic alcohol with 

the correct stereochemistry. Previous syntheses of maritidine involved the use of 

NaBH4 as reducing agent, a “small” reducing agent which usually provides an 

equatorial alcohol due to an axial hydride delivery,
82,83

 obtaining the opposite 

stereochemistry of that in the natural product. However, we would have expected a 

mixture of diastereoisomers from such reduction, but a statement by Guillou et al. on 

the syntheses of crinine alkaloids drew our attention: “no direct diasteroselective 

reduction was possible”. A simple MM2 simulation on both our intermediate and 

oxomaritidine showed that one face of the carbonyl was more accessible towards 

reduction, yielding the wrong stereochemistry in the crinine series. Thus we thought 

that treating enone 3.28 with a bulky hydride source could result in the formation of 

alcohol 3.29 with the “correct stereochemistry” in our case.  
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Scheme 60. Reduction with L-Selectride
®

 should provide alcohol 3.29 with the 

desired stereochemistry (as in the natural product) 

To avoid 1,4-addition while attempting the above mentioned reduction, 1 eq of 

CeCl3
.
7H2O was added and the reaction was performed in THF at -40 ºC. L-

Selectride
®

 was then added dropwise and the resulting solution stirred for 2 h at that 

temperature, then the reaction mixture was slowly allowed to warm up to 0 ºC until 

completion (2 h). The reduction was achieved in good yield (85%, dr 8:1, by 
1
H 

NMR), but further analysis was required in order to determine the stereochemical 

outcome of the reaction.  

2D NMR experiments (COSY, TOCSY, HMQC, HMBC) were important for the 

peak assignment “beyond any reasonable doubt” whereas NOESY experiments 

helped us in the stereochemical elucidation (Scheme 61). First of all we started with 

confirmation of the relative stereochemistry at C10b, arising from the intramolecular 

Heck. NOESY showed an interaction of proton Ha with CH2OTBS, consistent with 

the expected stereochemistry due to a cross peak in the NOESY NMR spectrum of 
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the protons. In the case of opposite stereochemistry, NOESY would not have been 

observed between the protons due to the different geometry of the molecule.  

Once the stereochemistry of quaternary carbon C10b was established, we took 

advantage of both correlation spectroscopy and GOESY to identify Hb and Hc. 

Then, evaluating J couplings between these protons and Hd, we tried to establish the 

orientation of Hd. Once again NOESY led us to the conclusion that the obtained 

compound 3.29 was the expected alcohol with the desired stereochemistry. The 

assignment arose from the observation that Ha and Hd could only interact with each 

other in a molecule where both protons were close in space on the same side. 

 

Scheme 61. The spatial proximity of protons Ha and Hd for the expected molecule 

resulted in observed NOESY interaction 

Despite the non-crystalline nature of alcohol 3.29 (liquid at room temperature) and 

the unavailability of a suitable derivative for x-ray structural confirmation, the 

combined NMR data supported that the carbonyl reduction with L-Selectride
®
 was 

achieved with the correct stereochemistry at the new carbinol (as in the natural 

product). Such a result, albeit not definitive, could be interpreted as an important 

breakthrough for future direct stereoselective synthesis of crinine alkaloids, since no 

epimerisation would be needed at the end.  

With the benzylic and allylic oxidations successfully achieved, further research effort 

was dedicated to an investigation of C-N bond formation, en route to the synthesis of 

(+)-maritidine. 
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3.6 Introduction of nitrogen at C4a 

The stereocontrolled introduction of nitrogen in the molecule is an important step 

towards the synthesis of (+)-maritidine, requiring inversion at C4a. We demonstrated 

in the previous sections the ability to form 3 out of the 4 rings composing the natural 

product with our approach, so we started investigating the C-N bond formation 

reaction. In our proposed synthetic plan, introduction of nitrogen could be 

theoretically achieved in several different ways, at different stages of the synthesis 

(prior the intramolecular Heck or afterwards) and in different positions, highlighting 

the versatility of the approach (Scheme 62). 

 

Scheme 62. Possible strategies for C-N bond formation 

A straightforward way to start was to try an hydroboration-amination
84

 sequence on 

diene 2.08, already identified as a key intermediate in our synthetic approach 

(Scheme 63). Unfortunately such attempted transformation resulted in a complex 

reaction mixture where none of the desired product was observed.  

 

Scheme 63. Attempted hydroboration-amination on diene 2.08 

On the same lines, we continued exploring the C-N bond formation prior to the Heck 

cyclisation and, after a literature search, we found an interesting paper where the 

authors showed a Suzuki cross-coupling reaction starting from vinyl carbamate 3.31 

(Scheme 64).
85

 The reaction involved hydroboration to form the organoborane, 

aqueous basic work-up and cross coupling in one pot. However, the starting material 

was not commercially available and its synthesis proved to be challenging due to the 

hazard and handling of both reagents and intermediates. Typically, acroyl chloride 
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(or acrylic acid) was treated with a source of azide (NaN3 or phosphorylazide), 

followed by Curtius rearrangement upon heating, which seemed to proceed smoothly 

(vigourous N2 evolution was observed). The unstable isocyanate was subject to 

reaction with different alcohols, resulting in poor yields of the desired vinyl 

carbamate 3.31 and the presence of inseparable impurities. Subsequent 

hydroboration/Suzuki coupling of the described mixture of compounds, failed to 

provide the expected product. Different approaches to vinyl carbamate 3.31 were 

explored as suggested in the literature
86

 for similar compounds, but without good 

results. 

 

Scheme 64. Attempted Suzuki coupling of diiodide 3.19 with boronate theoretically 

generated from vinyl carbamate 3.31 

Unable to perform the one-pot cross-coupling as desired, we decided to move to a 

slightly different approach to obtain the same intermediate 3.31. The idea was to use 

Boc-protected aminoethyl iodide 3.32 to form an organometallic reagent
87

 suitable 

for Negishi cross-coupling with iodide 3.19 (Scheme 65). However, in this case we 

observed a rapid consumption of aminoethyl iodide 3.32 (TLC), suggesting the 

organozinc formed in situ, but no desired cross-coupling product was observed. Such 

a result could be explained by an unstable organozinc species which degraded before 

any cross-coupling could take place. 
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Scheme 65. Failed Negishi coupling between vinyl iodide 3.19 and alkyl zinc 

We also tried to induce elimination of iodide 3.32 by 
t
BuOK to obtain vinyl 

carbamate 3.31, but once again, none of the desired product was observed. Although 

a short synthesis is ultimately required, due to time restrictions we decided to move 

to a different way to form the desired C-N bond via a safer but longer route. Indeed 

we spotted the possibility of using the Fukuyama-Mitsunobu protocol on alcohol 

3.05 to form the nosyl-protected amine as a possible candidate for the subsequent 

intramolecular Heck reaction (Scheme 66).
88,89

 The desired protected amine 3.33 

was obtained in good yield (80%), showing the usefulness of the protocol to 

introduce a protected amino-group on the aliphatic chain of the molecule. 

Unfortunately, when molecule 3.33 was treated under the previously optimised 

intramolecular Heck reaction conditions, no cyclisation was observed. When more 

forcing conditions (µW, 110 °C, 1 h) were used for the recovered starting material, 

the vial exploded and the material degraded. 

 

Scheme 66. Nosylamide 3.33 failed to cyclise under optimised Heck reaction 

conditions 
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Unable to obtain cyclisation with nosylamine 3.33, we tried to form the C-N bond 

after the intramolecular Heck reaction. At this stage we had many conceivable 

approaches to the alkaloid, but were limited by amount of material to hand and time. 

It was decided to explore a more standard procedure: nucleophilic substitution of a 

mesylate by azide ion. Such a choice was made after an unsuccessful attempt to 

perform the Fukuyama-Mitsunobu protocol on lactone 3.34 (5 mg), which failed to 

provide the desired product (Scheme 67).  

 

Scheme 67. Unsuccessful attempt to form C-N bond on 3.34 via the Fukuyama-

Mitsunobu  

For this reason we moved to a more standard approach, preparing mesylate from 

alcohol 3.35, followed by displacement with NaN3 (Scheme 68). However, our 

efforts to produce the desired azide 3.36, met with failure and when forcing 

conditions were used (high temperature and long reaction time, microwave 

irradiation), degradation was observed. It is not clear what the problem was here, but 

the product azide may have been unstable under the forcing conditions applied. 

 

Scheme 68. Attempt of nucleophilic substitution by NaN3 failed to provide 3.36 

The synthetic work was terminated at this point due to time constraints. The 

following sections provide a summary of the achievements made, along with the 

problems encountered in the proposed synthesis. Plans for the future work towards 

the total synthesis of (+)-maritidine are also provided, based on the knowledge 

gained through these synthetic studies. 
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3.7 Conclusions 

A new route to the diasteroselective synthesis of (+)-maritidine has been proposed 

(Scheme 69). In our approach we managed to demonstrate that an intramolecular 

Heck reaction could be used to form the quaternary stereocentre C10b via a tethered 

benzyl ether 3.06; the stereoselectivity of this process was found to be dependant on 

the Heck reaction conditions, and unfortunately, more forcing conditions led to 

mixtures of stereoisomers. Further work on the intramolecular Heck reaction will be 

focused on the optimisation of the reaction conditions to achieve the cyclised product 

3.07 as single diasteroisomer. Moreover, the major Heck product obtained from such 

process possesses the incorrect relative stereochemistry at C4a, which will later be 

corrected during the introduction of the nitrogen via SN2 displacement. The tricyclic 

synthetic intermediate 3.07 was then subjected to benzylic and allylic oxidation 

providing lactone 3.28 which upon reduction with L-Selectride
®
 yielded allylic 

alcohol 3.29 with the correct stereochemistry at C3 (by NMR). Finally we observed 

that C-N bond could be formed on the aliphatic side chain at C12 via the Fukuyama-

Mitsunobu protocol, with the possibility to use such approach after the 

intramolecular Heck has been performed. 

Scheme 69. Summary of the explored synthetic approach to (+)-maritidine 
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3.8 Future work  

With lactone 3.29 in hand we imagine to conclude the synthesis of (+)-maritidine by 

protecting the alcohol at C3, followed by liberation of the primary alcohol from its 

TBS ether upon treatment with fluoride ion (Scheme 70). The resulting lactone 3.37 

would be subject to reduction to triol 3.38 using LiAlH4, followed by mesylation. 

The tris-mesylated compound 3.39 would be treated with 1 equivalent of azide ion, 

followed by reduction of the azido group (Staudinger reduction or LiAlH4) to amine. 

The transient nucleophilic primary amine, should substitute the two mesylates in a 

intramolecular way, closing Ring C and Ring D with inversion of configuration at 

C4a, yielding the protected alkaloid 3.40. Final deprotection should give the desired 

natural product, (+)-maritidine. 

 

Scheme 70. Future work  
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Chapter 4 – Radiochemistry and C-H activation: development of 

neuroscientific tools within a European collaboration  

In this last chapter the design of a new methodology for the synthesis of labelled 

tracers for PET-imaging (first part) and the design of dual reactivators of poisoned 

AChE by organophosphorous nerve agents (second part), will be discussed. These 

two projects in the field of neuroscience were collaborations with research groups in 

Rouen and Caen, as part of a larger IS:CE-Chem (Interreg IV A) project involving an 

Anglo-French consortium of 8 institutions across the English Channel which aims at 

enhancing scientific knowledge in the field of molecular chemistry through joint-

projects and collaboration between the institutions. Every Ph.D student contributing 

to this project has a scheduled exchange period in one institution residing in the other 

country (students within English universities have research placements in France and 

vice versa). The aim is the development of the student skills taking advantage of the 

expertise of the collaborators through research of mutual interest, such as the 

synthesis of bioactive molecules for future development of new neuroimaging 

agents, development of new radiofluorination methodologies and the design of novel 

dual reactivators of poisoned AChE.  

 

4.1  A Resin-Linker-Vector (RLV) Approach to Radiopharmaceuticals 

Containing 
18

F  

In the first part of this chapter, a Resin-Linker-Vector (RLV) strategy is described for 

the synthesis of radiopharmaceuticals containing 
18

F upon nucleophilic substitution 

of a polystyrene-bound arylsulfonate linker with [
18

F]-fluoride ion. The project was 

initiated by Dr. Amy Clare Topley during her Ph.D in the Brown group and was 

completed during my Interreg exchange period in Cyceron, Plateforme de Imagerie 

Medicale, Caen (France). A brief introduction to positron-emission tomography PET 

imaging and the RLV approach to the synthesis of radiotracers is given below. 

 

4.1.1 Introduction 

Positron-emission tomography (PET) is recognised as the most specific and sensitive 

tool adopted for imaging in vivo, with sensitivity surpassing other imaging 
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techniques.
90

 Therefore, this imaging modality is widely applied in neurology,
91

 

cardiology
92

 and oncology.
93

  

Among the radionuclides usually employed in PET radiotracers, 
18

F provides the best 

compromise with a “long” half-life (109.8 min) and a short path in vivo before the 

annihilation of the emitted positron (resulting in enhanced resolution compared to 

other radionuclides such as 
11

C).
94–97

 However, the synthesis of radiopharmaceuticals 

containing 
18

F requires an efficient protocol to achieve radiofluorination, 

purification, formulation and analysis prior injection in the shortest time possible. In 

particular, the purification stage could be complicated by the fact that the labelling 

precursor is generally used in large excess compared to the [
18

F]-fluoride (> 1000 

fold) to release a very small quantity of the radiopharmaceutical in solution (and 

consequent acceptably low radioactivity level), on the way to be injected in the 

patient. Accordingly, radiochemists have shown strong interest in techniques which 

simplify the isolation and purification of radiotracers such as solid phase extraction 

(SPE) with cationic ion-exchange resins or the immobilization of labelling precursors 

on solid supports.
98

  

For example, Gouverneur et al. described the easy clean-up of fluorous-tagged 

sulfonate ester labelling precursors via fluorous solid-phase extraction (FSPE), 

taking advantage of the affinity of the flourous tag for the fluorinated silica (Scheme 

71).
99

 However, a decreased specific activity of the so produced radiotracer was 

reported compared to that obtained from non-fluorous precursor, possibly due to 

leaching of [
19

F]-fluoride ion from the tag. 

 

Scheme 71. Fluorous radiosynthesis of [
18

F]-cis-4-fluoro-L-proline 

Another strategy based on on reverse-phase SPE was described by Perrío and co-

workers for the convenient removal of sultone labelling precursors from the polar 

sulfonate product obtained by treatment with nucleophilic [
18

F]-fluoride (Scheme 

72).
100
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Scheme 72. Sultone opening with [
18

F]-fluoride 

4.1.2 The RLV strategy for the synthesis of radiotracers containing 
18

F 

An alternative approach, the resin-linker-vector (RLV) strategy, was reported in 

2007 by the Brown group working with scientists from GE Healthcare for the 

radiosynthesis of [
18

F]-2-fluoro-2-deoxy-D-glucose ([
18

F]-FDG) (Scheme 73).
101

 The 

concept behind this strategy is quite straightforward: a D-mannose derivative was 

immobilised on polystyrene resin beads separated by a highly reactive “triflate-like” 

perfluoroalkylsulfonate linker which upon nucleophilic displacement by [
18

F]-

fluoride, released the desired radiotracer in solution.  

 

Scheme 73. Radiosynthesis of [
18

F]-FDG using the Resin-Linker-Vector (RLV) 

approach 

In principle, the unreacted precursor and sulfonate by-products should remain 

attached to the solid support and allow easy separation from the product by a simple 

filtration process. 
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To extend the RLV approach to a broader range of radiotracers, a series of 

arylsulfonate ester linkers with varying reactivity towards fluorination, were 

developed. The optimised resin-linker system was successfully employed for the 

radiosynthesis of the known radiopharmaceutical O-(2-[
18

F]-fluoroethyl)-L-tyrosine 

([
18

F]-FET).
2
 

Aims and objectives 

During my Interreg exchange period in Caen (France), I reproduced the synthesis of 

the RLV constructs 4.06b and 4.20, according to the synthetic protocol described by 

Dr. Topley in her Ph.D. thesis and synthesised the radioactive compounds [
18

F]-4.07 

and [
18

F]-FET.
1
 The intention was to improve the synthetic route, to investigate the 

nature of the chemical impurities observed by Dr. Topley arising from the 

radiochemistry experiments carried out by scientists at GE Healthcare and ultimately, 

the production of the actual radiopharmaceutical O-(2-[
18

F]-fluoroethyl)-L-tyrosine 

([
18

F]-FET).  

4.1.3 Synthesis of 4-alkylphenylsulfonate linkers 

Mimicking the tosylate leaving group in solution [
18

F]-fluoridation, arysulfonates 

were identified as suitable candidates to prepare linkers for the RLV statregy. Since 

the length of the carbon chain between the polystyrene support and the vector 

molecule plays an important role in determining the reaction rate in solid phase 

synthesis, three 4-alkylphenylsulfonate linkers were prepared by Dr. Topley 

(Scheme 74), containing different alkyl spacers between the arylsulfonate and the 

point of attachment to the resin. For initial evaluation of the new linkers, a model 

vector molecule, (4-hydroxybutyl)-phenylcarbamic acid tert-butyl ester (4.08) was 

used to prepare RLV constructs 4.06a-c, which upon fluoridolysis produced 

fluoroalkylphenylamine 4.07. (-Fluoroalkyl)phenylamines have been used as model 

systems by GE Healthcare when investigating tracers suitable for localisation of 

GABAA receptors for both in vitro and in vivo  
18

F PET imaging, but this aspect was 

not followed up by our group.  

Starting from commercially available phenylalkanoic acids 4.01a-c, the 

corresponding methyl esters were prepared via Fischer esterification.
102

 Subsequent 

chlorosulfonylation of the aryl group was achieved using chlorosulfonic acid
103

 

which, due to its acidity, resulted in partial cleavage of the carboxylate ester. To 
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overcome the difficulties of isolation of the intermediate carboxylic acids, an in situ 

re-esterification provided the desired sulfonyl chlorides 4.03a-c with a superior yield 

compared to attempts of direct chlorosulfonylation on the free acids. The linker-

vector constructs 4.06a-c were prepared by coupling sulfonyl chlorides 4.03a-c with 

the model vector molecule, (4-hydroxybutyl)-phenylcarbamic acid tert-butyl ester 

4.08.  

At this stage, the coexistence of a sulfonate and a carboxylate ester on the same 

molecule was incompatible towards a standard basic hydrolysis, so a chemoselective 

enzymatic hydrolysis mediated by the immobilised lipase Novozym 435
®
 was 

employed to liberate free acids 4.05a-c in acceptable yields (45-59%).
104

 Final 

coupling to the aminopolystyrene resin using N,N’-diisopropylcarbodiimide, yielded 

the RLV constructs 4.06a-c. 

 

Scheme 74. Synthesis of 4-alkylphenylsulfonate RLVs 4.06a–c. 
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To verify the suitability of the RLV constructs 4.06a-c towards fluoridation, 

treatment with K
19

F and Kryptofix 2.2.2 in CH3CN at 80 °C was performed. Since it 

is difficult to replicate the typical reaction conditions adopted in radiochemistry, in 

which a very large excess of the labelling precursor is employed relative to a very 

small amount of [
18

F]-fluoride, 0.25 equivalents of K
19

F were used with respect to 

the RLV, to ease the quantification of 4.07. Purification of the fluorinated product 

4.07 obtained in this way was achieved by filtration of the reaction mixture (to 

remove the resin) followed by elution through a short pad of silica to remove the 

cryptand, affording the desired product [
19

F]-4.07 in 28, 28 and 27 % yields, 

respectively. The yields of the fluorinated compounds were calculated based on the 

loading of the resin used (estimated from sulfur elemental analysis) and were 

consistent with what would be expected for nucleophilic fluorination reactions. 

With the HPLC reference standard [
19

F]-4.07 in hand, radiochemistry experiments 

were carried out manually by using cyclotron-generated [
18

F]-fluoride (from 
18

O-

enriched water) with low activity levels (40-150 MBq), RLV 4.06a-c, K2CO3 and 

Kryptofix 2.2.2 in CH3CN at 100-110 °C for a reaction time of 15 min.
 

Radiochemical yields of vector [
18

F]-4.07 were determined via reverse-phase HPLC 

with the aid of γ detector and/or by using radio TLC. RLVs 4.06a and 4.06b 

containing the longer linker, showed a higher incorporation of [
18

F]-fluoride (≈ 60%) 

than RLV 4.06c (≈ 40%) in the short reaction time used for the radiochemistry 

reactions. The major radiochemical product was identified by scientists at GE 

Healthcare (who carried out the radiochemical experiments) as [
18

F]-4.07 (Figure 8).  

However, from the UV trace it was possible to notice a chemical impurity co-eluting 

with the radiofluorinated compound 4.07 which was not separated even after 

subsequent HPLC purification. Attempts were made by Dr. Topley to identify the 

chemical nature of the co-eluting impurity, but with limited success, suggesting an 

elimination process of RLV construct 4.06b under the radiochemical reaction 

conditions or degradation of the resin-bound compound (not supported by 

experimental evidence). It is important to highlight that such impurity was not 

observed during the “cold” fluoridolysis, emphasising the difference in the reaction 

conditions.  
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Figure 8. Reverse phase HPLC analyses of the [
18

F]-fluoridolysis reaction with 

resin 4.06b of the crude reaction mixture (top) and the formulated reaction mixture 

(bottom). In both cases the red line is the radioactive trace and the blue line is the 

UV trace (254 nm). 

During my exchange period in Caen, I was able to reproduce the synthesis of RLV 

construct 4.06b and subsequently explore the radiofluoridolysis reaction, thanks to 

the available radiochemistry facilities in Cyceron, in order to characterise the 

chemical impurity.  

Surprisingly, under similar radiochemical reaction conditions adopted by the GE 

Healthcare scientists, the HPLC trace of radiofluoridation of RLV 4.06b showed 

three radioactive peaks due to unreacted [
18

F]-fluoride salts, [
18

F]-4.07 and an 

unidentified radioactive by-product (not observed by radioTLC; Figure 9b), but no 

UV active chemical impurity. The UV trace showed a major peak corresponding to 

18
F 
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the co-injected cold standard [
19

F]-4.07 and minor impurities that were not identified 

due to the very small quantity of material produced (Figure 9a).  

 

 

Figure 9. Reverse-phase HPLC analysis of the [
18

F]-fluoridolysis reaction mixture 

from RLV 4.06b, before Sep-pack filtration. a) UV trace (λ=254 nm) co-injected with 

[
19

F]-4.07 (13.3 µg) as a reference. b) Radioactivity trace. 

Puzzled by such a result, we tried to understand what was so different from the 

radiofluorination carried out by scientists at GE Healthcare. We believed that the 

issue could be in the temperature control during the radiofluoridolysis, so we started 

to “stress” the RLV contruct 4.06b by exposing it to [
19

F]-fluoride at 110 °C and 

prolonging the reaction time to one hour. The resin beads turned from an initial pale 

yellow colour to green. An HPLC analysis of the crude material showed the presence 

of a UV active chemical impurity that co-eluted with the co-injected HPLC reference 

[
19

F]-4.07 (Figure 10), similarly to what was observed by Dr. Topley.  

 

Figure 10. The UV trace (λ=254 nm) shows the presence of a chemical impurity co-

eluting with the co-injected [
19

F]-4.07 (13.3 µg) as reference. 
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Further analysis of the chemical impurity (mass spectrometry, NMR spectroscopy 

and HPLC comparison with a synthesised sample) led us to the evidence that the by-

product formed under prolonged heating of RLV 4.06b, either with or without base, 

was N-phenylpyrrolidine 4.09.  

A possible explanation for the formation of the unexpected N-phenylpyrrolidine 4.09 

could be an intramolecular nucleophilic displacement of the “tosylate-type” polymer-

bound sulfonate 4.06b forming the unstable pyrrolidinium intermediate 4.10 which 

subsequently collapses to 4.09, induced by the entropically favoured loss of carbon 

dioxide and tert-butyl carbocation (Scheme 75).  

 

Scheme 75. Proposed mechanism for the formation of N-phenylpyrrolidine under 

prolonged heat of RLV 4.06b. 

Once demonstrated that high incorporation of [
18

F] could be obtained employing 

RLVs 4.06a and 4.06b for a model-vector molecule, we decided to focus our 

attention on estabilished radiotracer O-(2-[
18

F]-fluoroethyl)-L-tyrosine ([
18

F]-FET). 

 

4.1.4 The RLV approach to O-(2-[
18

F]-fluoroethyl)-L-tyrosine ([
18

F]-FET) 

[
18

F]-FET (4.11) is a clinically promising tracer for imaging of tumors such as 

gliomas, because of its high brain uptake, metabolically stable fluoroalkylated chain 

and for showing no significant accumulation in peripheral organs.
105

 Previous 

radiosyntheses of [
18

F]-FET include [
18

F]-fluoridation of O-tosyloxyethyl tyrosine 

derivative 4.12 followed by deprotection under acidic conditions (TFA in DCE, 70 

°C),
106

 [
18

F]-fluoroethylination of L-tyrosine dipotassium or disodium salt 4.13 

(DMSO, Δ)
107–109

 and [
18

F]-fluoridation of chiral O-tosyloxyethyl Ni
II
 complex 4.14 

followed by deprotection under acidic conditions (Scheme 76).
110
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Scheme 76. Previous syntheses of [
18

F]-FET required multiple HPLC purification or 

distillation of volatile radioactive intermediates prior to formulation. 

To the best of our knowledge, no solid supported [
18

F]-FET precursor has been 

previously reported in the literature. The RLV approach described for the model 

molecule 4.07 was extended to the synthesis O-(2-[
18

F]-fluoroethyl)-L-tyrosine 

([
18

F]-FET, 4.11), aiming to develop a simpler purification process based on 

filtration of both the unreacted material and polymer-bound sulfonic residues 

resulting from radiofluoridolysis. The solid-phase synthesis of RLV 4.20 started 

from N-(tert-butoxycarbonyl)-L-tyrosine 4.15 which was protected as its tert-butyl 

ester,
111

 followed by phenolic alkylation to afford hydroxyethyl derivative 4.17 in 

67% overall yield (Scheme 77). Alcohol 4.17 was then reacted with sulfonyl choride 

linker 4.03a, affording free acid 4.19 after the chemoselective enzymatic hydrolysis 

of methyl ester 4.18. Finally, coupling of the liberated acid 4.19 with aminomethyl 

polystyrene provided the RLV construct 4.20, ready for [
19

F/
18

F] fluoridation 

experiments.  
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Scheme 77. Synthesis of [
19

F]-FET and [
18

F]-FET. 

 

Synthesis of the HPLC reference sample of protected [
19

F]-FET (4.21) via direct 

[
19

F]-fluoridation of RLV 4.20 was achieved in 50% yield, a better result compared 

to the previously synthesised fluorinated molecule 4.07 from RLV 4.06b (28%). 

Subsequent manually operated radiofluoridolysis of RLV 4.20 at Cyceron, Caen, 

afforded a single major radioactive product, identified as protected [
18

F]-FET (4.21) 

by HPLC analysis (UV and γ-detection) of a sample co-injected with the synthesised 

[
19

F]-reference. Excellent radiochemical yield (94%) and radiochemical purity were 

achieved as it is possible to observe from both radioTLC and HPLC analysis (Figure 

11). 
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Figure 11. RadioTLC (top) showed high incorporation of 
18

F (94%) whereas from 

the HPLC chromatogram (bottom) it was possible to confirm the nature of the 

radioactive compound via co-injection of the reference sample [
19

F]-4.21 and 

comparison of retention time. 

The UV trace of the crude protected [
18

F]-FET showed less chemical impurities, 

probably due to a more thorough washing process (CH2Cl2, MeOH, CH3CN, 3 x 5 

mL each) of the RLV construct 4.20 prior to labelling, compared to the previous 

attempt of radiofluoridolysis by radiochemists at GE Healthcare (Figure 12).  

UV 

γ 

[
19

F]-4.21 

[
18

F]-4.21 
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Figure 12. Reverse phase HPLC analysis of the [
18

F]-fluoridolysis reaction with 

resin 4.20 of the crude reaction mixture observed by Dr. Topley. The red line is the 

radioactive trace and the blue line is the UV trace (254 nm). 

To conclude the work, final deprotection of the tert-butyl ester and N-Boc groups 

from [
18

F]-4.21 was explored and achieved in Cyceron, by treatment with 

trifluoroacetic acid (TFA) in 1,2-dichloroethane (DCE) at 70 °C affording the actual 

radiopharmaceutical [
18

F]-FET ([
18

F]-4.11) with a radiochemical yield of 41% and 

97.5% radiochemical purity. As usual, the identity of [
18

F]-4.11 was confirmed by 

HPLC analysis against the “cold” reference [
19

F]-4.11 (Figure 13). Despite the 

presence in the literature of different protecting group strategies applied in the 

synthesis of [
18

F]-FET, no further optimisation of the deprotection step was carried 

out in the current work, although a faster-cleaving protecting group might prove 

advantageous in further development of this work.  

 

Figure 13. HPLC Chromatograms of [
19

F]-FET reference and crude [
18

F]-FET 

obtained from [
18

F]-4.21. A) UV trace of [
19

F]-FET reference; B) UV trace of the 

crude product after deprotection; C) Radioactivity () trace of the crude product 

after deprotection step 
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Conclusions 

Radiosynthesis of tracer molecules containing 
18

F with the described RLV approach 

was successfully applied in a new synthetic route to known PET imaging agent [
18

F]-

FET (4.11). Washing more thoroughly the labelling precursor (resin) resulted in a 

cleaner radiofluoridation, achieving high 
18

F incorporation and radiochemical purity 

with no need for HPLC purification of the tracer molecules. Mimicking tosylate-like 

reactivity, 4-alkylphenylsulfonate linkers attached to a solid support (resin) 

underwent nucleophilic substitution by treatment with [
18

F]-fluoride, releasing in 

solution small quantities of the desired [
18

F]-vector molecule. Simple separation of 

excess starting material and sulfonate by-product by filtration resulted in both good 

radiochemical yields in timescales suitable for application in PET imaging.  

The methodology was shown to be robust with different vector molecules, producing 

the desired fluorinated product in a short reaction time, with easy and quick 

separation from starting materials and reduced chemical impurities (except in the 

case of substrate-specific side reaction of RLV construct 4.06b). 

  

 

4.2 Development of dual AChE reactivators within a European collaboration 

In the second part of this chapter, a C-H activation-driven synthesis of 

phenanthridinoid alkaloids from Amaryllidaceae and corresponding analogues will 

be discussed. The main objective was the development of broad-spectrum dual 

AcetylCholinEsterase (AChE) reactivators based on such analogues, in collaboration 

with Prof. Pierre-Yves Renard’s research group at University of Rouen, France. 

 

4.2.1 Background 

 

Acetylcholinesterase (AChE) is an enzyme with an important role in the regulation 

of the concentration of neutrotransmitter acetylcholine (Ach) at the cholinergic 

synapses,
112

 able to hydrolize more than 10
4
 molecules of acetylcholine per second 

thanks to the synergic cooperation of serine-histidine-glutamate triad situated in its 

active site.
113

 Inhibition of AChE leads to hyperstimulation of the cholinergic system 

through accumulation of acetylcholine and saturation of both muscarinic and 

nicotinic receptors, resulting in paralysis and respiratory failure. This is the case 
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when the efficient hydrolytic mechanism becomes the target of organophosphorous 

(OP) nerve agents (pest control and warfare sources), which mimicking acetylcholine 

undergo nucleophilic substitution at the phosphorous atom by serine with consequent 

formation of stable phosphylserine 4.22 (Scheme 78). The so inhibited AChE can 

undergo either spontaneous hydrolysis (typically a very slow process) or dealkylation 

(time dependant on the specific OP) forming a stable salt bridge between the 

protonated triad-histidine and the phosphonic oxyanion, which prevents the approach 

of any negatively charged nucleophile (aged AChE).
114

 The use of oximes has been 

widely adopted to treat poisoned AChE prior to the “aging” process since the 

discovery of their reactivating properties based on formation of phosphyloximes, 

liberating the catalytic enzymatic site. However it is important to highlight the 

observation that oxime-based AChE reactivators show different efficacy towards 

poisoning by different OP agents and no reactivator of “aged” AChE has been 

reported in the literature so far.
115

 

 

Scheme 78. Schematic representation of the mechanism of inhibition, aging and 

reactivation of poisoned AChE by organophosphorous nerve agents 
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The evolution of oxime-based AChE reactivators has promoted a bloom of antidotes 

to OP poisoned AChE, from hydroxylamine
116

 and nicotinhydroxamic acid
117

 

(1950s) to the more recent 2-oxoaldoximes,
118

 2-pyridinium aldoxime (2-PAM)
119

 

and uncharged reactivators (Figure 14). The main features of these compounds 

(excluding the uncharged reactivators) are a permanent positively charged 

pyridinium derivatives to easily reach the active site and a proper orientation in the 

enzymatic pocket of the oxime group for displacement of the phosphyl group. 

However, because of their permanent charge, these reactivators has been successfully 

used only for treatment of poisoned peripheral AChE, but shown limited application 

to treat poisoned AChE in the central nervous system (CNS). The blood-brain barrier 

(BBB) is indeed nearly impenetrable to viruses, bacteria and polar molecules, 

including the most commonly used pyridinium reactivators.
120

 A recent approach to 

improve the permeability through the BBB of the reactivators is the synthesis of 

uncharged molecules, capable to diffuse across the barrier and target AChEs in the 

CNS, reported in 2011 by Mercey et al. (Pierre-Yves Renard research group) by 

linking a nonquaternary pyridinaldoxime (acting in the active enzymatic site) to 

phenyl-tetrahydroisoquinoline (a peripheral site ligand).
121

 The synthesised dual 

reactivator 4.23 was shown to be 5-fold more efficient at reactivating tabun-inhibited 

AchE than the currently best available bispyridinium oxime reactivator 

(trimedoxime). 

 

Figure 14. Evolution of the antidotes for inhibithed AChE by OP nerve agents 
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The uncharged dual reactivators presented by the Renard group, possess a general 

structure composed from a reactivator (oxime), a linker (aliphatic chain) and a 

peripheral site binder (tetrahydroisoquinoline). In principle, varying one of the three 

parameters (the peripheral binder for example) it could be possible to create more 

effective antidotes, by increasing the overall affinity of the dual reactivator for the 

enzyme. 

The interest of the Brown group in alkaloids from Amaryllidaceae such as assoanine 

(4.24) (IC50 = 3.87 µM)
122

 and their potential value as peripheral site binders, led to a 

collaborative project with the Renard group, aiming to the synthesis of dual 

reactivators of AChE poisoned by OP nerve agents, replacing the phenyl-

tetrahydroisoquinoline scaffold with air-stable assoanine analogues such as 4.25.  

 

 

Figure 15. Phenanthridinoid alkaloid assoanine (4.24) and its homologue 4.25 

First of all, a docking study was carried out by Dr. Florian Nanchon (Grenoble, 

France) to understand the affinity of assoanine and analogue 4.25 for the peripheral 

site (Figure 16). The result of docking clearly indicated that those compounds had 

the potential to act as peripheral site binders, interacting through sandwich π-stacking 

between Trp286 and Tyr124 showing assoanine as a perfect example of π-stacking 

(stabilising energy estimated to -9.4 kcal/mol).  
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Figure 16. Sandwich π-stacking of assoanine between Trp286 and Tyr124 

6-Membered-ring analogue 4.25 showed similar results to those with assoanine, but 

due to its easier synthesis, two dual reactivators based analogue 4.25 were 

investigated for further docking studies in both human and mouse inhibited AChE by 

different OPs. The only difference between the two proposed molecules 4.26 and 

4.27, was the length of the linker (2 or 3 carbons) between the reactive function 

(oxime) and the phenanthridinoid scaffold. The docking analyses were performed on 

VX-inhibited mouse AChE (mAChE) and Tabun-inhibited human AChE (hAChE) 

for both substrates and the calculated affinities seemed to be promisingly good (-9 to 

11 kcal/mol). 
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Tabun-hAChE (Affinity -9 kcal/mol)               Tabun-hAChE (Affinity -9.6 kcal/mol) 

 

   

VX-mAChE (Affinity -11.6 kcal/mol)           VX-mAChE (Affinity -11.4 kcal/mol) 

Figure 17. Docking studies for proposed inhibitors 4.26 and 4.27 showed good 

affinities for both human and mouse inhibited AchEs by Tabun or VX nerve agents. 
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The synthesis of the proposed dual reactivators 4.26 and 4.27 was split in two 

fragments, in which our task was the synthesis of the phenanthridinoid scaffold 4.28 

while the Renard group focused on the synthesis of the oxime-linker 4.29.  

 

Scheme 79. Retrosynthetic analysis of the proposed dual reactivators 4.26 and 4.27 

In the following sections a C-H activation-cyclisation approach to phenanthridinoid 

alkaloids and analogues will be discussed, culminating with the synthesis of a direct 

precursor of 4.28.  

 

4.2.2 Synthesis of phenanthridinoid alkaloids and analogues via C-H 

activation-cyclisation 

The phenanthridinone core is often found in bioactive alkaloids,
123

 including 

assoanine (4.24) and oxoassoanine (4.30) isolated from Narcissus Assoanus 

(Amarylllidaceae),
124

 which are modest AChE inhibitors (IC50 in the order of µM).
122

 

Many methodologies have been described in the literature for the synthesis of this 

class of natural products,
125–128

 but limited coverage has been reported in the fast-

paced emerging area of transition-metal-catalysed oxidative C-H coupling reaction. 

This powerful tool for the construction of C-C bonds, could be seen as the evolution 

of Pd cross-couplings where no pre-functionalisation (synthesis of aryl halides and or 

triflates) is required, opening to potentially more environmentally tolerant processes 

avoiding/limiting the use of halogens or simply reducing the overall number of steps 

in a synthesis (Scheme 80).
129

 Depending on the reaction conditions, different 

catalytic pathways are possible, involving Pd
II
/Pd

0
, Pd

II
/Pd

IV
 or Pd

0
/Pd

II
/Pd

IV
 species 
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which can be advantageously used to form a wide array of C(sp
2
)-C(sp

2
), C(sp

2
)-

C(sp
3
) or even C(sp

3
)-C(sp

3
) bonds.

130
 

 

Scheme 80. Comparison of reaction mechanism between “classic” Pd cross-

couplings and Pd
II
/Pd

0
 C-H activation/cross-couplings 

However, despite the promising features of C-H activation/cross-couplings, there is 

still the need of a general protocol that can be applied to a large variety of substrates, 

since an ortho-directing group (e.g. an amide) is usually required for the formation of 

the organopalladium intermediate which can subsequently undergo cross-coupling or 

intramolecular cyclisation.
131

 Such an apparent limitation was recognised by our 

group to be potentially beneficial for the synthesis of phenanthridinoid alkaloids and 

analogues via a Pd
II
/Pd

IV 
C-H activation followed by intramolecular C(sp

2
)-C(sp

2
) 

bond (Heck-type reaction) (Scheme 81). 
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Scheme 81. Proposed synthesis of analogue 4.35 via Pd
II
/Pd

IV 
C-H activation  

We could imagine that treatment of amide 4.31 with catalytic Pd(OAc)2 under 

strongly acidic conditions could induce C-H activation of the aryl hydrogen ortho to 

the amide with subsequent formation of Pd
II
 intermediate 4.32, followed by oxidation 

to Pd
IV 

species
 
4.33 and final reductive elimination to afford phenanthridinoid 

analogue 4.35. As a proof of concept, we decided to attempt C-H activation on amide 

4.31 starting with known protocols (Scheme 82).  

 

Scheme 82. C-H activation-cross coupling trials with known protocols 

A second objective was to develop a more sustainable protocol for the C-H 

activation-cross coupling process since the procedures reported in the literature 

usually require high temperature and the use of chlorinated solvent (1,2-
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dichloroethane)
132

 or to perform the reaction in neat trifluoroacetic acid at room 

temperature.
133

  

The synthesis of amide 4.31 was achieved in quantitative yield by reacting 

commercially available 3,4-dimethoxybenzoic acid (4.36) and tetrahydroquinoline 

(4.37) in the presence of propylphosphonic anhydride (T3P
®
) in EtOAc (Scheme 83). 

The resulting cyclisation precursor 4.31 was then treated with Pd(OAc)2 and 

Na2S2O8 in 1,2-dichloroethane at 70 °C for 48 h, affording the desired cyclised 

product 4.35 in 38% yield after chromatographic purification. Encouraged by the 

result, we started trying to optimise the process swapping the chlorinated solvent 

with EtOAc and by using microwave irradiation (100 °C, 30 min), since 

conventional heating was shown to be insufficient to achieve C-H activation. 

However no substantial improvement was observed under these reaction conditions, 

so a different approach was explored. At this stage, considering that substrate 4.31 

was suitable for C-H activation-cyclisation, we decided to try the reaction at room 

temperature in neat methanesulfonic acid (20 equiv), Pd(OAc)2 (10 mol %) and 

Na2S2O8 (4 equiv) in analogy to the protocol reported by Karthikeyan and Cheng
133

 

using trifluoroacetic acid. Methanesulfonic acid was conveniently chosen because of 

its availability, pKa in the range of trifluoroacetic acid (MSA = -2.6, TFA = -0.3), 

but most importantly because of the environmental benefits of MSA over other acids 

(TFA, HBF4) usually employed in C-H activation.
134

 The cyclised product was 

obtained in 60% yield after 2 h reaction time, but attempts to achieve improved 

yields by prolonging reaction times failed to improve the protocol. Also, decreasing 

the equivalents of acid, and/or of oxidant resulted in sluggish conversions and poorer 

yields. Therefore, it was decided to keep the ratio fixed for further investigations. 

The 2-step synthetic protocol was also adopted for the synthesis of naturally 

occurring oxoassoanine 4.30 by reacting indoline 4.38 with commercially available 

3,4-dimethoxy benzoic acid 4.36, followed by C-H activation-cyclisation. 

Surprisingly, when literature conditions
132

 were used, the unexpected oxidation of 

amide 4.40  to indole derivative 4.39 was observed instead. 
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Scheme 83. Successful C-H activation-cyclisation of amides 4.31, and 4.40 was 

achieved at room temperature in neat MSA.  

Finally, the explored chemistry was applied to the synthesis of compound 4.46, 

necessary for the joint synthesis of dual AChE reactivators 4.26 and 4.27 (Scheme 

84). The synthesis started from commercially available isovanillin 4.41 which was 

O-protected on the phenolic group via mesylation, followed by Pinnick oxidation to 

acid 4.43. Coupling with tetrahydroquinoline 4.37 provided amide 4.44, which under 

basic conditions was deprotected yielding cyclisation precursor 4.45. Such a 

deprotection was necessary since attempts to cyclise 4.44 under the developed 

reaction conditions, resulted in complex reaction mixtures. This was also true for the 

phenolic compound 4.45 which was ultimately cyclised following the literature 

protocol reported by Dong et al.
132

 affording cyclised product 4.46 in modest yield. 
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Scheme 84. Synthesis of phenanthridinoid compound 4.46 via C-H activation-

cyclisation
a
 

Taking advantage of the C-H activation-cyclisation reaction sequence, it was 

possible to successfully synthesise the phenanthridinoid fragment 4.46, a direct 

precursor of the peripheral site binder in dual reactivators 4.26 and 4.27. The 

compound was subsequently shipped overseas to the Renard research group in Rouen 

where the work continues to prepare the dual reactivators 4.26 and 4.27 of inhibited 

AChE by organophosphorous nerve agents  using the peripheral site binding ligand 

4.46, followed by biological assays.  

 

4.2.3 Conclusion 

To summarise, we reported the synthesis via C-H activation-cyclisation of the 

naturally occurring alkaloid from Amaryllidaceae oxoassoanine 4.30, as well as 

designed analogues 4.35 and the peripheral site binder 4.46. Despite the unoptimised 

yield for the cyclisation step, the synthesis of the phenanthridinoid fragment 4.46 

                                                             
a
 I acknowledge Dr. Lynda J. Brown for conducting the synthesis of 4.46 according 

to the designed synthetic route shown in Scheme 84.  
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(part of more complex dual reactivators of inhibited AChE by organophosphorous 

nerve agents), via C-H activation should be seen as an achievement. No pre-

functionalisation was needed, giving opportunities for extremely concise syntheses 

of such valuable substrates, via intramolecular C-H activation-cyclisation.  

Moreover, we discovered that using methanesulfonic acid in the C-H activation 

sequence as reagent-solvent we could achieve cyclisation of selected examples at 

room temperature, instead of using chlorinated solvent and high temperatures. 

However, we found that the reaction conditions were not general, since different 

substrates showed varying reactivity and/or yields, requiring optimisation. Moreover, 

conducting a reaction in neat acid is still undesirable, but it shows the potential for 

future shorter syntheses taking advantage of C-H activation at room temperature, 

with no need of pre-functionalisation. 
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5. Experimental Details 

Both 
1
H NMR and 

13
C NMR spectra were recorded on either a Bruker AV-300 

spectrometer (at 300 MHz and 75 MHz respectively) or a Bruker DPX-400 

spectrometer (at 400 MHz and 100 MHz respectively) in CDCl3 at 300 K. Chemical 

shifts for proton and carbon spectra are reported on the  scale in ppm and were 

referenced to residual solvent references. Infrared data were collected on a Thermo 

Nicolet 380 FT-IR spectometer with a Smart Orbit Goldengate attachment using 

OMNIC software. The IR spectra are reported in wavenumbers (cm
−1

). Absorprtion 

peaks are repoted as either: weak (w), medium (m), strong (s) or broad (br). Optical 

rotations measurements were collected on an Optical Activity PolAAr 2001 machine.  

Melting points were collected on a Gallenkamp Electrothermal
®
 melting point 

apparatus and are uncorrected. Microwave assisted reactions were performed on 

CEM Discover
®
. All electrospray low resolution mass spectra were recorded on a 

Waters ZMD quadrupole spectrometer. Solvents were distilled before use: THF was 

distilled over sodium/benzophenone; CH2Cl2, CH3CN and MeOH were distilled over 

CaH2. Dry reactions were performed under a nitrogen atmosphere and all glassware 

was oven or flame dried prior to use unless otherwise stated. The enzyme used was 

kindly donated by the manufacturer: Novozym 435


 from NovoNordisk A/S. 

Aminomethyl polystyrene resin was purchased from Novabiochem. Resin loadings 

have been estimated using sulfur elemental analysis and assume that the only sulfur 

present originates from covalently attached linker.                                                                                 

 

Hex-5-enal (2.02) 

 

To a solution of oxalyl chloride (4.20 mL, 49.4 mmol) at –60 °C in CH2Cl2 (75 mL) 

was added DMSO (5.45 mL, 76.5 mmol) dropwise. After 5 min a solution of 5-

hexen-1-ol (4.50 g, 45 mmol) in CH2Cl2 (5 mL) was added dropwise. After a further 

30 min, Et3N (31.0 mL, 222.5 mmol) was added dropwise. The reaction mixture was 

allowed to warm up to rt over 40 min whereupon water (75 mL) was added. The 

organic phase was separated and sequentially washed with citric acid (10% w/v, 2 x 
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100 mL) and water (2 x 25 mL). The organic layer was dried (MgSO4) and 

concentrated in vacuo to give a volatile yellow oil. Purification was performed by 

vacuum distillation (bp 58-60 °C at 136 mbar). The product was isolated as a 

colourless, fragrant oil (4.19 g, 42.69 mmol, 95%). Spectroscopic data were 

consistent with those published.
135

  

1
H NMR (300 MHz, CDCl3)  9.74 (1H, t, J  = 1.6 Hz, CHO), 5.74 (1H, ddt, J = 

17.0, 10.7, 7.3 Hz, CH=CH2), 4.90–5.09 (2H, m, CH=CH2), 2.45 (2H, td, J = 7.3, 

1.6 Hz, CH2CHO), 2.07 (2H, q, J = 7.3 Hz, CH2CH=CH2), 1.72 (2H, quint., J = 

7.3 Hz, CH2CH2CH2) ppm  

13
C NMR (75 MHz, CDCl3) δ 202.4 (CHO), 137.5 (CH=), 115.4 (CH2=), 43.0 

(CH2), 32.9 (CH2), 21.1 (CH2) ppm  

IR max neat (cm
−1

): 2941 (s), 2819 (s), 2722 (s), 1726 (s), 1638 (m), 990 (m), 912 

(s). 

 

Trimethylsilyloct-7-en-1-yn-3-ol (1.59) 

 

In an oven-dried round bottom flask, a solution of TMS-acetylene (1.75 g, 17.83 

mmol) in  THF (38 mL) cooled to −78 C  was treated dropwise with a solution of n-

BuLi solution (7.86 mL of a 2.5 M solution in hexanes, 19.65 mmol ) over 10 min. 

After the reaction was stirred for 20 min, hex-5-enal (2.02) (1.75 g, 17.83 mmol) was 

added, neat, dropwise via syringe. The reaction mixture was stirred at −78 C for 2 h 

and then quenched by addition of saturated aqueous NH4Cl (30 mL). The aqueous 

layer was extracted with EtOAc (3 x 50 mL) and the combined organic solutions 

were dried (MgSO4). The crude was purified by column chromatography on SiO2 

(eluant hexane:EtOAc = 8:2), affording the desired product as a colourless oil (3.34 

g, 17.0 mmol, 95%). Spectroscopic data were consistent with those reported in 

literature.
136
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1
H NMR (300 MHz, CDCl3)  5.81 (1H, ddt, J = 17.0, 10.2, 6.4 Hz, CH2=CH), 

5.07-4.95 (2H, m, CH2=CHCH2), 4.37 (1H, dd, J = 12.1, 6.4 Hz, CHOH), 2.10 (2H, 

m, =CHCH2), 1.79-1.69 (3H, m, CH2CH2CHOH + OH), 1.66-1.51 (2H, m, 

CH2CH2CHOH), −0.05 (9H, s, TMS) ppm 

13
C NMR (75 MHz, CDCl3)  138.3 (CH=), 114.7 (CH2=), 104.8 (C≡C), 90.6 

(C≡C-TMS), 62.9 (CHOH), 37.2 (CH2), 33.4 (CH2), 24.5 (CH2), −0.04 ((CH3)3Si) 

ppm  

LR ESI
+
 MS: 219 m/z [M+Na]

+
. 

 

Oct-7-en-1-yn-3-ol (2.03) 

 

To a solution of TMS-protected alkyne 1.59 (204 mg, 1.04 mmol) in MeOH (6 mL), 

K2CO3 (158 mg, 1.14 mmol) was added. The heterogeneous mixture was stirred for 4 

h at rt. The reaction was quenched with saturated aqueous NH4Cl (8 mL) then 

concentrated in vacuo before partitioning between EtOAc (25 mL) and water (8 mL). 

The phases were separated and the aqueous phase was extracted with EtOAc (3 x 40 

mL). The combined organic solutions were washed with brine (10 mL), dried 

(MgSO4) and the solvent evaporated in vacuo yielding the desired product as a 

colourless oil (101 mg, 0.81 mmol, 78%). No further purification was necessary. 

Spectroscopic data were consistent with those published.
137

 

 
1
H NMR (300 MHz, CDCl3)  5.81 (1H, ddt, J = 17.0, 10.2, 6.4 Hz, CH2=CH), 

5.07-4.95 (2H, m, CH2=CHCH2), 4.37 (1H, td, J = 6.5, 2.2 Hz, CHOH), 2.51 (1H, br 

s, OH), 2.46 (1H, d, J = 2.2 Hz, C≡CH), 2.10 (2H, m, =CHCH2), 1.79-1.69 (2H, m, 

CH2CH2CHOH), 1.66-1.51 (2H, m, CH2CH2CHOH) ppm 

13
C NMR (75 MHz, CDCl3)  138.2 (CH=), 114.8 (CH2=), 84.9 (C≡CH), 72.9 

(C≡CH), 62.0 (CHOH), 36.9 (CH2), 33.2 (CH2), 24.2 (CH2) ppm 

IR max neat (cm
−1

): 3330 (s), 2942 (s), 1640 (s), 1258 (s), 1638 (m), 1493 (m), 1031 

(m). 
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2-Iodo-4,5-dimethoxybenzyl alcohol (2.05) 

 

A solution of I2 (16.38 g, 64.7 mmol) in EtOAc (80 mL) was added to a suspension 

of CF3COOAg (14.13 g, 64.7 mmol) and 3,4-dimethoxybenzyl alcohol (2.04) (10.69 

g, 63.7 mmol) in EtOAc (30 mL). The dark suspension turned yellow. The reaction 

mixture was stirred at rt during 30 min, then the AgI precipitate was filtered off and 

the resulting solution was washed with saturated aqueous Na2S2O3 (3 x 50 mL). 

Evaporation of the solvent afforded the desired iodinated alcohol as a pale yellow 

solid (17.00 g, 57.80 mmol, 89% yield). Spectroscopic data were consistent with 

those described in literature.
52

 

1
H NMR (300 MHz, CDCl3)  7.23 (s, 1H, Ar-H), 7.02 (s, 1H, Ar-H), 4.63 (s, 2H, 

CH2), 3.89 (s, 3H, OCH3), 3.87 (s, 3H, OCH3), 1.96 (s, 1H, OH) ppm  

13
C NMR (75 MHz, CDCl3)  149.5 (CArOCH3), 149.0 (CArOCH3), 135.3 

(CArCH2), 121.5 (CArH), 111.7 (CArH), 85.4 (CArI), 69.2 (CH2), 56.2 (OCH3), 56.0 

(OCH3) ppm 

IR max neat (cm
−1

): 3491 (s), 2963 (m), 2837 (s), 1597 (s), 1496 (s). 

(2-Iodo-4,5-dimethoxy)benzyl bromide (2.06) 

 

Following the procedure described by Ruiz et al.,
52

 PBr3 (0.2 mL, 2 mmol) was 

added to a solution of iodinated alcohol 2.05 (0.3 g, 1 mmol) in dry Et2O (10 mL), 

and the reaction mixture was stirred at rt for 16 h. The solvent was evaporated and 

the resulting oil was treated with saturated aqueous NaHCO3 (15 mL). The resulting 

aqueous phase was extracted with Et2O (3 × 15 mL). The combined organic extracts 

were dried (Na2SO4) and concentrated in vacuo, yielding the desired bromide as a 

white solid (0.3 g, 0.9 mmol, 90%). Spectroscopic data were consistent with those 

reported in the literature.
52
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1
H NMR (300 MHz, CDCl3)  7.18 (1H, s, Ar-H), 6.94 (1H, s, Ar-H), 4.48 (2H, s, 

CH2Br), 3.89 (3H, s, OCH3), 3.87 (3H, s, OCH3) ppm 

13
C NMR (75 MHz, CDCl3)  149.6 (2 x CArOCH3), 132.5 (CCH2), 121.8 (CArH), 

112.7 (CArH), 88.5 (CArI), 56.2 (OCH3), 56.0 (OCH3), 39.4 (CH2Br) ppm 

 

IR max neat (cm
−1

): 3000 (w), 2828 (m), 1026 (s).  

 

 

3,4-Dimethoxybenzyl trichloroacetimidate (3.41) 

 

A solution of 3,4-dimethoxybenzyl alcohol 2.04 (841 mg, 5.00 mmol) in THF (1 mL) 

was slowly added to a suspension of 60% NaH (40 mg, 1.00 mmol ) in THF (1 mL) 

(CAUTION: evolution of H2 gas). The solution was then cooled to 0 C and 

trichloroacetonitrile (0.59 mL, 5.84 mmol) was added dropwise. The mixture was 

stirred for 1 h at 0 C and 2 h at rt. Pentane containing MeOH (6 mL of a solution 

50:1) was added followed by activated charcoal. The reaction mixture was stirred for 

1 h before being filtered through celite. The celite was washed with pentane and the 

organic phase was concentrated under reduced pressure to afford the desired product 

as yellow oil (1.51 g, 4.85 mmol, 97%). No further purification was necessary. 

Spectroscopic data were consistent with those published.
138

  

1
H NMR (300 MHz, CDCl3)  8.39 (1 H, s, NH), 6.98 (2 H, m, 2 x Ar-H), 6.86 (1 

H, d, J = 8.1 Hz, Ar-H), 5.29 (2 H, s, CH2), 3.87 (6 H, s, 2 x CH3O) ppm  

13
C NMR (75 MHz, CDCl3) δ 162.3 (C=NH), 149.0 (CArOCH3), 148.9 (CArOCH3), 

127.7 (CArCH2), 120.6 (CArH), 111.0 (CArH), 110.7 (CArH), 91.4 (CCl3), 70.6 

(CH2), 55.8 (2 x OCH3) ppm  

IR max neat (cm
−1

): 3330 (b), 2935 (m), 1662(m), 1593 (s), 1463 (m), 1420 (m), 

1267 (s), 1240 (s), 1160 (m), 1079 (s), 1028, 828 (s), 796 (s), 648 (m). 
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1-Iodo-4,5-dimethoxy-2-((oct-7-en-1-yn-3-yloxy)methyl)benzene (2.07) 

 

Alcohol 2.03 (0.15 g, 0.76 mmol) in dry THF (10 mL) was cooled to 0 C in an ice 

bath. NaH (46 mg, 1.15 mmol) was added (CAUTION: evolution of H2 gas) and the 

solution was left stirring for 30 min. Bromide 2.06 (0.27 g, 0.76 mmol) was then 

added and the ice bath was removed. After 3 h, the starting material was consumed 

as shown by TLC. Saturated aqueous NH4Cl (15 mL) was added to quench the 

reaction. The aqueous layer was separated and extracted with EtOAc (3 x 15 mL). 

The combined organic layers were then dried (MgSO4) and the solvent removed at 

reduced pressure. The crude was purified by column chromatography yielding the 

desired product as a pale yellow oil (85 mg, 0.21 mmol, 28%). 

1
H NMR (300 MHz, CDCl3)  7.23 (1H, s, Ar-H), 6.97 (1H, s, Ar-H), 5.89-5.74 

(1H, m, CH=CH2), 5.07-4.95 (2H, m, CH=CH2), 4.58 (2H, s, ArCH2), 4.38 (1H, td, 

J = 6.4, 1.9 Hz, OCH(C≡CH), 3.89 (3H, s, OCH3), 3.86 (3H, s, OCH3), 2.40 (1H, d, 

J = 1.9 Hz, HC≡C), 2.00-2.11 (2H, m, CH2CH=), 1.61-1.71 (2H, m, CH2CH2CHO), 

1.48-1.56 (2H, m, CH2CH2CHO) ppm. 

 

(±)-3,4-Dimethoxybenzyl oct-7-en-1-yn-3-yl ether (2.09) 

 

To a mixture of propargylic alcohol  2.03 (100 mg, 0.80 mmol) in CH2Cl2 (2.5 mL) 

were added trichloroacetimidate 3.41 (501 mg, 1.61 mmol) and CSA (18.6 mg, 0.08 

mmol). The resulting mixture was stirred at rt overnight. After completion, the 

reaction mixture was filtered and the organic layer washed with saturated aqueous 

NaHCO3 (2 x 5 mL). The organic layer was dried (MgSO4) and the solvent 
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evaporated in vacuo. The crude product was purified by column chromatography 

(hexane/EtOAc = 8/2) to afford the desired compound as a colourless oil (66 mg, 

0.24 mmol, 30%).  

1
H NMR (400 MHz, CDCl3)  6.91-6.82 (3H, m, Ar-H), 5.77 (1H, ddt, J = 17.0, 

10.2, 6.7 Hz, CH2=CH), 5.03-4.93 (2H, m, =CH2), 4.75 (1H, d, J = 11.3 Hz, 

ArCHaHb), 4.45 (1H, d, J = 11.3 Hz, ArCHaHb), 4.05 (1H, td, J = 6.5, 2.2 Hz, 

OCH(C≡CH), 3.89 (3H, s, OCH3), 3.87 (3H, s, OCH3), 2.47 (1H, d, J = 2.2 Hz, 

C≡CH), 2.12-2.02 (2H, m, CH2), 1.82-1.68 (2H, m, CH2), 1.60-1.51 (2H, m, CH2) 

ppm 

13
C NMR (100 MHz, CDCl3)  148.9 (CArOCH3), 148.6 (CArOCH3), 138.3 (CH=), 

130.2 (CArCH2O), 120.6 (CArH), 114.7 (CH2=), 111.3 (CArH), 110.8 (CArH), 82.7 

(C≡CH), 77.2 (CHOCH2Ar), 70.3 (CH2Ar), 67.8 (HC≡C), 55.9 (OCH3), 55.8 

(OCH3), 35.0 (CH2), 33.2 (CH2), 24.4 (CH2) ppm  

LR ESI
+
 MS: 338 m/z [M+Na+CH3CN]

+
; 297 m/z [M+Na]

+
 

HRMS (ES
+
): Calculated for C17H22O3Na, [M+Na]

+
 297.1467, found 297.1461 Da.

 

IR max neat (cm
−1

): 2938 (w), 2835 (w), 1603 (m), 1498 (m), 1033 (m). 

 

Oct-7-en-1-yn-3-yl 3,4-dimethoxybenzoate (2.15) 

  

To a solution of 3,4-dimethoxybenzoic acid (0.16 g, 0.88 mmol) in CH2Cl2 (7.0 mL), 

were added DCC (0.18 g, 0.88 mmol), Et3N (0.14 mL, 0.97 mmol), propargylic 

alcohol 1.59 (0.11 g, 0.88 mmol) and DMAP (10 mg, 0.080 mmol). The 

heterogeneous mixture was stirred for 2 days at rt. The reaction did not go to 

completion (TLC). The mixture was filtered and the resulting solution was washed 

with saturated aqueous NH4Cl (4 mL), NaHCO3 (4 mL) and H2O (4 mL). The 

organic layer was filtered through a short pad of silica. Additional purification was 
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achieved by column chromatography (hexane/EtOAc = 7/3) to give the desired 

product as a colourless oil (0.14 g, 0.50 mmol, 57%).  

1
H NMR (400 MHz, CDCl3)  7.72 (1H, dd, J = 8.6, 2.0 Hz, Ar-H), 7.56 (1H, d, J  

= 1.8 Hz, Ar-H), 6.89 (1H, d, J = 8.4 Hz, Ar-H), 5.82 (1H, ddt, J = 17.2, 10.3, 6.7 

Hz, CH=CH2), 5.59 (1H, td, J = 6.6, 2.2 Hz, OCH(CCH), 5.08-4.96 (2H, m, =CH2), 

3.94 (3H, s, OCH3), 3.93 (3H, s, OCH3), 2.49 (1H, d, J = 2.2 Hz, HC≡C), 2.17-2.08 

(2H, m CH2), 1.97-1.89 (2H, m, CH2), 1.70-1.62 (2H, m, CH2) ppm 

 13
C NMR (100 MHz, CDCl3)  165.2 (C=O), 153.2 (CArOCH3), 148.6 (CArOCH3), 

138.0 (CH=), 123.8 (CArH), 122.2 (CArC=O), 115.1 (CH2=), 112.1 (CArH), 110.2 

(CArH), 81.3 (HC≡C), 73.6 (HC≡C), 64.0 (CHOC=O), 56.0 (2 x OCH3), 34.1 (CH2), 

33.1 (CH2), 24.2 (CH2) ppm 

IR max neat (cm
−1

): 3330 (s), 2942 (s), 1711 (s), 1638 (m), 1493 (m), 1258 (s), 1031 

(m).
 

LR ESI
+
 MS: 311 m/z [M+Na]

+ 
 

HRMS (ES
+
): Calculated for C17H20O4Na, [M+Na]

+ 
 311.1259, found 311.1254 Da. 

 

 

2-Vinylcyclohex-2-en-1-yl 3,4-dimethoxybenzoate (2.16) 

 

In an oven-dried vial, enyne 2.15 (43 mg, 0.15 mmol) was introduced under a 

nitrogen flow, followed by CH2Cl2 (0.5 mL) and Grubb’s I catalyst (11 mg, 0.015 

mmol). The resulting solution was stirred at rt overnight. The solvent was evaporated 

in vacuo affording the desired product as a brown oil after purification through a 

short pad of silica (49 mg, 0.13 mmol, 87%). No further purification was necessary. 
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1
H NMR (400 MHz, CDCl3)  7.69 (1H, dd, J = 8.4, 1.8 Hz, Ar-H), 7.55 (1H, d, J = 

1.8 Hz, Ar-H), 6.85 (1H, d, J = 8.4 Hz, Ar-H), 6.29 (1H, dd, J = 17.9, 11.0 Hz, 

CH=CHaHb), 6.10 (1H, m, OCH(CCH)), 5.89 (1H, bs, C=CHCH2), 5.14 (1H, d, J = 

17.9 Hz, =CHaHb), 4.93 (1H, d, J = 11.0 Hz, =CHaHb), 3.93 (6H, s, 2 x OCH3), 2.12-

2.04 (2H, m, CH2), 1.80-1.69 (4H, m, 2 x CH2) ppm  

13
C NMR (100 MHz, CDCl3)  166.0 (C=O), 152.8 (CArOCH3), 148.5 (CArOCH3), 

137.1 (CHC=CH), 134.4 (CH=CH2), 134.2 (CHC=CH), 123.5 (CArH), 123.1 

(CArC=O), 112.0 (CArH), 111.6 (CH2=CH), 110.1 (CArH), 65.6 (CHOC=O), 56.0 (2 

x OCH3), 28.7 (CH2), 25.7 (CH2), 17.5 (CH2) ppm 

IR max neat (cm
−1

): 2933 (m), 2852 (s), 1699 (s), 1599 (s), 1512 (s), 1451 (s). 

LR ESI
+
 MS: 311 m/z [M+Na]

+ 
 

HRMS (ES
+
): Calculated for C17H20O4Na, [M+Na]

+ 
 311.1259, found 311.1254 Da.  

 

2-Iodo-4,5-dimethoxybenzoic acid (2.19) 

 

Iodobenzene diacetate (IBDA) (976 mg, 3.03 mmol), was dissolved in a 1:1 solution 

of acetic acid and acetic anhydride (7 mL), followed by powdered I2 (907 mg, 3.58 

mmol) and 3,4-dimethoxybenzoic acid (501 mg, 2.75 mmol). Concentrated sulfuric 

acid was then added dropwise (CARE, the reaction is exothermic and the acid is 

highly corrosive) and stirring was continued until the iodine colouration faded. The 

mixture was poured into a 5% Na2SO3 solution (30 mL). The pale yellow precipitate 

(iodinated acid) was filtered through a sintered funnel and washed with water (2 x 15 

mL). The product was recrystallised from Et2O/hexane giving a white powder (559 

mg, 1.81 mmol, 60% yield). The spectroscopic data were consistent with those 

published.
139
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1
H NMR (300 MHz, CDCl3)  11.50 (1H, bs, COOH), 7.63 (1H, s, Ar-H), 7.45 

(1H, s, Ar-H), 3.98 (3H, s, CH3O), 3.95 (3H, s, OCH3) ppm 

13
C NMR (75 MHz, CDCl3)    170.2 (C=O), 152.7 (CArOCH3), 148.7 (CArOCH3), 

124.2 (CArH), 114.6 (CArH), 85.7 (CArI), 56.3 (OCH3), 56.0 (OCH3) ppm 

IR max neat (cm
−1

):  3491 (s), 2963 (m), 2837 (s), 1779 (s), 1597 (s), 1496 (s). 

LR ESI
-
 MS: 307 m/z [M-H]

− 
; 127 m/z [I

−
]. 

 

Oct-7-en-1-yn-3-yl (2-iodo-3,4-dimethoxy)benzoate (2.17) 

  

To a solution of 2-iodo-4,5-dimethoxybenzoic acid 2.19 (375 mg, 1.22 mmol) in 

THF (7 mL), were added DCC (251 mg, 1.22 mmol), Et3N (0.19 mL, 1.34 mmol), 

propargylic alcohol 1.59 (151 mg, 1.22 mmol) and DMAP (15 mg, 0.12 mmol). The 

heterogeneous mixture was stirred for 2 days at rt. The reaction did not go to 

completion. The mixture was filtered through a sintered funnel and the resulting 

solution was washed with saturated aqueous NH4Cl (4 mL), NaHCO3 (4 mL) and 

H2O (4 mL). The organic layer was filtered through a short pad of silica. Additional 

purification was achieved by column chromatography (hexane/EtOAc = 7/3). The 

product was isolated as a colourless oil (288 mg, 0.69 mmol, 57%). 

1
H NMR (400 MHz, CDCl3)  7.45 (1H, s, Ar-H), 7.40 (1H, s, Ar-H), 5.88-5.77 

(1H, m, CH=CH2), 5.62 (1H, td, J = 6.6, 2.2 Hz, OCH(C≡CH)), 5.08-4.97 (2H, m, 

=CH2), 3.92 (3H, s, OCH3), 3.91 (3H, s, OCH3), 2.51 (1H, d, J = 2.2 Hz, HC≡C), 

2.17-2.11 (2H, m, CH2), 1.98-1.89 (2H, m, CH2), 1.72-1.65 (2H, m, CH2) ppm 

13
C NMR (100 MHz, CDCl3)  161.2 (C=O), 152.1 (COCH3), 148.6 (COCH3), 

138.0 (CH=), 125.6 (CArC=O), 123.8 (CArH), 115.1 (CH2=), 114.1 (CArH), 84.9 

(CArI), 80.9 (HC≡C), 74.1 (HC≡C), 64.8 (CHOC=O), 56.3 (OCH3), 56.0 (OCH3), 

33.9 (CH2), 33.1 (CH2), 24.3 (CH2) ppm 
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IR max neat (cm
−1

): 2940 (s), 1710 (s), 1637 (m), 1599 (m), 1256 (s), 1029 (m).
 

 

LR ESI
+
 MS: 437 m/z [M+Na]

+
 

HRMS (ES
+
): Calculated for C17H19IO4Na, [M+Na]

+ 
 437.0226, found 437.0220 Da.  

 

2-Vinylcyclohex-2-en-1-yl 2-iodo-4,5-dimethoxybenzoate (2.18) 

  

In an oven-dried vial, enyne 2.17 (43 mg, 0.10 mmol) was introduced under a 

nitrogen flow, followed by CH2Cl2 (0.5 mL) and Grubb’s I catalyst (8 mg, 0.01 

mmol). The resulting solution was stirred at rt overnight. The solvent was evaporated 

in vacuo yielding the desired product as a brown oil after a purification through a 

short pad of silica (31 mg, 0.075 mmol, 75%). No further purication was carried out. 

1
H NMR (400 MHz, CDCl3)  7.37 (2H, s, Ar-H), 6.31 (1H, dd, J = 17.9, 11.0 Hz, 

CH=CHaHb), 6.10 (1H, dd, J = 4.8, 3.3 Hz, OCH), 5.90 (1H, bs, C=CHCH2), 5.16 

(1H, d, J = 17.9 Hz, =CHaHb), 4.98 (1H, d, J = 11.0 Hz, =CHaHb), 3.90 (3H, s, 

OCH3), 3.86 (3H, s, OCH3), 2.20-2.12 (2H, m, CH2), 1.83-1.70 (4H, m, 2 x CH2) 

ppm 

13
C NMR (100 MHz, CDCl3)  165.3 (C=O), 151.7 (CArOCH3), 148.6 (CArOCH3), 

137.2 (CHC=CH), 134.7 (CH=CH2), 134.0 (CHC=CH), 126.8 (CArC=O), 123.6 

(CArH), 113.9 (CArH), 111.6 (CH2=CH), 84.4 (CArI), 66.5 (CHOC=O), 56.2 

(OCH3), 56.0 (OCH3), 28.6 (CH2), 25.7 (CH2), 17.6 (CH2) ppm  

LR ESI
+
 MS: 437 m/z [M+Na]

+  

HRMS (ES
+
): Calculated for C17H19IO4Na, [M+Na]

+ 
 437.0226, found 437.0222 Da. 

IR max neat (cm
−1

): 2934 (w), 2837 (w), 1713 (s), 1502 (s), 1256 (s), 1209 (s), 1155 

(s), 1083 (s), 791 (m). 
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(±)-2-(2-Hydroxyethyl)cyclohex-2-en-1-yl 2-iodo-4,5-dimethoxybenzoate (2.21) 

 

To a solution of diene 2.18 (100 mg, 0.24 mmol) in THF (1.0 mL) was added a 

solution of 9-BBN (0.6 mL of 0.5 M in THF, 0.30 mmol) and stirred at rt overnight. 

NaOH 1.5 M (0.2 mL) was added to the solution and the system was put in an ice 

bath. Carefully H2O2 (0.4 mL of a 30% aqueous solution) was added dropwise. After 

5 min, the organic layer was separated and the aqueous phase was extracted with 

EtOAc (3 x 5 mL). The combined organic extracts were concentrated in vacuo. The 

crude was purified by column chromatography (hexane/EtOAc = 6/4) yielding the 

desired product as a colourless oil (47 mg, 0.11 mmol, 45%). 

1
H NMR (400 MHz, CDCl3)  7.44 (H, s, Ar-H), 7.39 (H, s, Ar-H), 5.90 (1H, t, J = 

3.5 Hz, =CHCH2), 5.57 (1H, t, J = 4.0 Hz, OCH), 3.91 (3H, s, OCH3), 3.89 (3H, s, 

OCH3), 3.76-3.68 (2H, m, CH2OH), 2.43-2.30 (2H, m, CH2), 1.86-1.53 (6H, m, 3 x 

CH2) ppm 

13
C NMR (100 MHz, CDCl3)   165.3 (C=O), 151.9 (CArOCH3), 148.7 (CArOCH3), 

131.9 (OCHC=CH), 131.2 (OCHC=CH), 126.5 (CArC=O), 123.7 (CArH), 113.9 

(CArH), 84.5 (CArI), 70.6 (CHOC=O), 60.9 (CH2OH), 56.3 (OCH3), 56.0 (OCH3), 

37.8 (CH2CH2OH), 28.9 (CH2), 25.3 (CH2), 18.2 (CH2) ppm  

LR ESI
+
 MS: 455 m/z [M+Na]

+ 
 

HRMS (ES
+
): Calculated for C17H21IO5Na, [M+Na]

+ 
 455.0332, found 455.0326 Da. 

 

IR max neat (cm
−1

): 3392 (br), 2926 (w), 2833 (w), 1718 (s), 1498 (s), 1254 (s), 

1201 (s), 1027 (s), 750 (s). 
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(±)-2-(2-Acetoxyethyl)cyclohex-2-en-1-yl 2-iodo-4,5-dimethoxybenzoate (2.23) 

 

To a solution of alcohol 2.21 (64 mg, 0.15 mmol) in CH2Cl2 (1.5 mL), were added 

sequentially Ac2O (16 mg, 0.16 mmol), DMAP (5 mol %) and Et3N (0.20 mL). The 

solution was stirred for 2 h. The crude was washed with saturated aqueous NH4Cl (3 

mL) and the aqueous layer was extracted with EtOAc (3 x 5 mL). Purification by 

column chromatography (hexane/EtOAc = 4/6) gave the desired compound as a 

colourless oil (50 mg, 0.11 mmol, 71%). 

1
H NMR (300 MHz, CDCl3)  7.43 (1H, s, Ar-H), 7.38 (1H, s, Ar-H), 5.82 (1H, t, J 

= 3.5 Hz, =CHCH2), 5.56 (1H, t, J = 4.0 Hz, OCH(CCH)), 4.23-4.10 (2H, m, 

CH2OAc), 3.90 (3H, s, OCH3), 3.89 (3H, s, OCH3), 2.42-2.34 (2H, m, 

CH2CH2OAc), 1.99 (3H, s CH3CO), 1.95-1.64 (6H, m) ppm 

13
C NMR (75 MHz, CDCl3)  170.9 (CH3C=O), 165.2 (C=O), 151.8 (CArOCH3), 

148.6 (CArOCH3), 131.8 (C=CHCH2), 130.4 (OCHC=CH), 126.5 (CArC=O), 123.7 

(CArH), 113.8 (CArH), 84.4 (CArI), 70.6 (CHOC=O), 63.1 (CH2OAc), 56.2 (OCH3), 

56.0 (OCH3), 41.8  (CH2CH2OAc),  28.8 (CH2), 25.3 (CH2), 20.9 (CH3C=O), 18.2 

(CH2) ppm  

LR ESI
+
 MS: 497 m/z [M+Na]

+  

2-Iodocyclohex-2-enone (3.01) 

 

Following a modified procedure by Krafft et al.,
62

 to a stirred solution of 2-

cyclohexenone (50 g, 0.52 mol) in THF/water (1:1, 1000 mL) was added K2CO3 (86 

g, 0.62 mol), I2 (176 g, 0.69 mol) and DMAP (12 g, 0.1 mol) successively. Upon 

completion (TLC, 3 h), the reaction mixture was diluted with EtOAc (300 mL) and 
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washed with saturated aqueous Na2S2O3 (3 x 150 mL) and 0.1 M HCl (2 x 100 mL) 

successively. The aqueous layers were extracted with EtOAc (3 x 150 mL), the 

combined organic extracts were dried (MgSO4) and concentrated under reduced 

pressure. The crude solid material was recrystallised from Et2O/hexane yielding the 

desired product as pale yellow flakes (103.9 g, 0.47 mol, 90%). Spectroscopic data 

were consistent with those reported.
140

 

MP: 50-52 °C (lit. Mp: 49-51 °C) 

1
H NMR (300 MHz, CDCl3)   7.78 (1H, t, J = 4.4 Hz, =CH), 2.80-2.61 (2H, m, 

CH2C=O), 2.44 (1H, dt, J = 5.9, 4.5 Hz, =CHCH2), 2.10 (2H, td, J = 13.5, 5.9 Hz, 

O=CCH2CH2) ppm  

13
C NMR (75 MHz, CDCl3)  192.2 (C=O), 159.4 (=CH), 103.9 (C-I), 37.2 

(O=CCH2), 29.9 (=CHCH2), 22.8 (CH2) ppm 

IR max neat (cm
−1

): 2937 (m), 2664 (w), 1671 (s), 1581 (s), 1331 (s), 966 (s).
 

LR ESI
+
 MS (m/z): 245 [M+Na]

+ 

 

(±)-2-Vinylcyclohex-2-enol (3.03) 

 

To a stirred solution of 2-vinylcyclohex-2-enone 3.02
63

 (231 mg, 1.89 mmol) and 

CeCl3
.
7H2O (775 mg, 2.08 mmol) in MeOH (7 mL) was added NaBH4 (79 mg, 2.08 

mmol) at rt. Upon completion (TLC, 30 min), the reaction mixture was quenched 

with saturated aqueous NH4Cl (10 mL) followed by extraction with Et2O (3 x 10 

mL). The combined organic solutions were dried (MgSO4), concentrated at reduced 

pressure and the crude residue was purified by flash chromatography (hexane/EtOAc 

= 8/2) yielding the desired product as a colourless oil (95 mg, 0.77 mmol, 41%). 

Spectroscopic data were consistent with those reported.
141
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1
H NMR (300 MHz, CDCl3)   6.25 (1H, dd, J = 17.6, 11.0 Hz, CH=CH2), 5.85 

(1H, t, J = 4.2 Hz, CH=CH2), 5.36 (1H, d, J = 17.6 Hz, CH=CHaHb), 5.02 (1H, d, J = 

11.0 Hz, CH=CHaHb), 4.51-4.40 (1H, m, CHOH), 2.19-1.98 (2H, m, CH2), 1.96-

1.80 (2H, m, CH2), 1.77-1.52 (3H, m, CH2 + OH) ppm  

13
C NMR (75 MHz, CDCl3)  137.8 (CH2CH=), 132.4 (CH=CH2), 111.4 

(CH=CH2), 62.7 (CHOH), 30.9 (CH2CHOH), 25.8 (CH2CH=C), 16.9 (CH2) ppm 

 

2-Iodo-4,5-dimethoxybenzyl trichloroacetimidate (3.04) 

 

A solution of 2-iodo-4,5-dimethoxybenzyl alcohol 2.05 (882 mg, 3.00 mmol) in THF 

(2 mL) was slowly added to a suspension of 60% NaH (40 mg, 1.00 mmol ) in THF 

(3 mL). The solution was then cooled to 0 C and trichloroacetonitrile (0.35 mL, 3.51 

mmol) was added dropwise. The mixture was stirred for 1 h at 0 C and 2 h at rt. 

Pentane containing MeOH (6 mL of a solution 50:1) was added followed by 

activated charcoal. The reaction mixture was stirred for 1 h before being filtered 

through celite. The celite was washed with pentane and the organic phase was 

concentrated under reduced pressure to afford the desired product as an orange 

powder (800 mg, 4.85 mmol, 61%) which was used in the next step without further 

purification. 

MP: 74-76 °C  

1
H NMR (300 MHz, CDCl3)  8.45 (1 H, s, NH), 7.27 (1H, s, Ar-H), 7.05 (1 H, s, 

Ar-H), 5.29 (2 H, s, CH2), 3.88 (3H, s, CH3O), 3.87 (3 H, s, CH3O) ppm  

13
C NMR (75 MHz, CDCl3)  162.2 (C=NH), 149.4 (CArOCH3), 149.3 (CArOCH3), 

130.3 (CArCH2), 121.6 (CArH), 112.3 (CArH), 86.3 (CArI), 74.4 (ArCH2O), 56.2 

(OCH3), 55.9 (OCH3) ppm 
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IR max neat (cm
−1

): 3308 (m), 2933 (w), 1675 (s), 1530 (s), 1436 (m), 1380 (s), 

1257 (s), 1206 (s), 1070 (s), 1021 (s), 790 (s).
 

 

(R)-1-Iodo-4,5-dimethoxy-2-((2-vinylcyclohex-2-en-1-yl)oxy)methyl)benzene 

(2.08) 

 

To a mixture of alcohol 3.03 (120 mg, 0.98 mmol) in CH2Cl2 (3 mL) were added 

trichloroacetimidate 3.04 (860 mg, 1.97 mmol) and camphorsulfonic acid (24 mg, 

0.10 mmol). The resulting mixture was stirred at rt overnight. After completion, the 

reaction mixture was filtered and the organic layer washed with saturated aqueous 

NaHCO3 (2 x 3 mL). The organic layer was dried (MgSO4) and the solvent 

evaporated in vacuo. The crude product was purified by column chromatography 

(hexane/EtOAc = 8/2) yielding the desired compound as a colourless oil (110 mg, 

0.28 mmol, 28 %).  

1
H NMR (400 MHz, CDCl3)  7.21 (1H, s, Ar-H), 7.07 (1H, s, Ar-H), 6.29 (1H, dd, 

J = 17.6, 11.0 Hz, CH=CH2), 5.97 (1H, t, J = 4.0 Hz, C=CHCH2), 5.20 (1H, d, J = 

17.6 Hz, =CHaHb), 4.97 (1H, d, J = 11.0 Hz, =CHaHb), 4.64 (1H, d, J = 12.4 Hz, 

ArCHaHb), 4.45 (1H, d, J = 12.4 Hz, ArCHaHb), 4.28-4.23 (1H, m, OCH(C=CH)), 

3.86 (3H, s, OCH3), 3.85 (3H, s, OCH3), 2.30-2.08 (2H, m, CH2), 1.92-1.76 (2H, m, 

CH2), 1.68-1.54 (2H, m, CH2) ppm 

13
C NMR (100 MHz, CDCl3)  149.4 (CArOCH3), 148.8 (CArOCH3), 138.2 

(CHC=CH), 135.9 (CHC=CH), 133.7 (CH=CH2), 121.1 (CArH), 112.3 (CArH), 

111.1 (CH2=CH), 85.6 (CArI), 74.4 (CH2Ar), 70.9 (CHOCH2Ar), 56.2 (OCH3), 55.9 

(OCH3), 26.6 (CH2), 26.0 (CH2), 17.2 (CH2) ppm 

LR ESI
+
 MS (m/z): 464 [M+Na+CH3CN]

+ 

HRMS (ES
+
): Calculated for C17H21IO3Na, [M+Na]

+
 423.0433, found: 423.0429 Da.
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IR max neat (cm
−1

): 2932 (w), 2836 (w), 1500 (s), 1254 (s), 1208 (s), 1155 (s), 1080 

(s), 790 (m). 

[]D = −4.1 (c 0.97, CHCl3, 24 °C) 

 

(R)-2-(6-((2-Iodo-4,5-dimethoxybenzyl)oxy)cyclohex-1-en-1-yl)ethanol (3.05) 

  

To a solution of diene 2.07 (150 mg, 0.37 mmol) in THF (1.0 mL) was added a 

solution of 9-BBN (0.95 mL of 0.5 M in THF, 0.468 mmol) and stirred at rt 

overnight. NaOH 1.5 M (0.3 mL) was added to the solution and the system was put 

in an ice bath. Carefully H2O2 (0.6 mL of a 30% aqueous solution) was added 

dropwise. After 5 min, the organic layer was separated and the aqueous phase was 

extracted with EtOAc (3 x 5 mL). The combined organic solutions were concentrated 

in vacuo. The crude was purified by column chromatography (hexane/EtOAc = 6/4) 

yielding the desired product as a colourless oil (117 mg, 0.28 mmol, 75%). 

1
H NMR (400 MHz, CDCl3)  7.22 (1H, s, Ar-H), 7.03 (1H, s, Ar-H), 5.75 (1H, t, J 

= 3.5 Hz, C=CHCH2), 4.62 (1H, d, J = 12.0 Hz, ArCHaHb), 4.44 (1H, d, J = 12.0 Hz, 

ArCHaHb), 3.90-3.85 (1H, m, overlapping, OCH(C=CH)), 3.88 (3H, s, OCH3), 3.86 

(3H, s, OCH3), 3.70 (1H, dt, J = 10.8, 5.5 Hz, CHaHbOH), 3.64-3.60 (1H, m, 

CHaHbOH), 2.50-2.20 (2H, m, CH2), 2.10-2.01 (4H, m, 2 x CH2), 1.68-1.59 (2H, m, 

CH2) ppm 

13
C NMR (100 MHz, CDCl3)  149.5 (CArOCH3), 149.0 (CArOCH3), 134.4 

(CHC=CH), 133.1 (CArCH2), 129.8 (CHC=CH), 121.4 (CArH), 112.4 (CArH), 86.5 

(CArI), 74.6 (ArCH2), 74.5 (ArCH2OCH), 61.9 (CH2OH), 56.2 (OCH3), 56.0 

(OCH3), 38.7 (CH2CH2OH), 27.0 (CH2), 25.6 (CH2), 17.7 (CH2) ppm 

LR ESI
+
 MS (m/z): 441 [M+Na]

+
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HRMS (ES
+
): Calculated for C17H23IO4Na, [M+Na]

+
 441.0539, found 441.0534 Da.

 

IR max neat (cm
−1

): 3398 (b), 2931 (w), 2836 (w), 1501 (s), 1254 (s), 1208 (s), 1026 

(s), 751 (s). 

 

(R)-(2-(6-((2-Iodo-4,5-dimethoxybenzyl)oxy)cyclohex-1-en-1-yl)ethoxy)(tert-

butyl)dimethylsilane (3.06) 

 

Method A: alcohol 3.05 (180 mg, 0.43 mmol) was dissolved in dry Et2O (1 mL). 

Imidazole (44 mg, 0.65 mmol) was then added followed by TBS-Cl (72 mg, 0.47 

mmol). The resulting mixture was stirred at rt for 16 h whereupon saturated aqueous 

NH4Cl (1 mL) was added and the two layers separated. The aqueous phase was 

extracted with Et2O (3 x 5 mL), the combined organic solutions were then washed 

with brine (2 x 10 mL), dried (MgSO4) and the solvent evaporated in vacuo. The 

crude was purified through a short pad of silica (hexane/EtOAc = 9/1) affording the 

desired compound as a colourless oil (198 mg, 0.37 mmol, 86%). 

Method B: Aryl bromide 3.18 (1.20 g, 2.48 mmol) was dissolved in THF (50 mL) 

and the resulting solution cooled to −78 °C. 
n
BuLi (1.62 mL of 2.5 M solution in 

hexanes, 3.72 mmol, 1.5 eq) was added dropwise over 5 min keeping the temperature 

at around −70 °C. The mixture was stirred at this temperature for 30 min. I2 (1.26 g, 

4.96 mmol) was quickly added neat in one portion. The resulting solution (deep 

red/brown) was stirred for 1 h at −78 °C. Saturated aqueous NH4Cl (12.5 mL) was 

added at this temperature to quench residual organolithium species. The mixture was 

allowed to warm up to rt then poured in a saturated aqueous solution of NaS2O3 (75 

mL) and extracted with Et2O (3 x 110 mL). The combined organic phases were 

washed with brine (1 x 60 mL), dried (MgSO4) and concentrated in vacuo. Column 

chromatography (hexane/EtOAc = 9/1) yielded the desired product as a pale yellow 

oil (1.06 g, 1.98 mmol, 80%). 
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1
H NMR (400 MHz, CDCl3)  7.22 (1H, s, Ar-H), 7.05 (1H, s, Ar-H), 5.66 (1H, t, J 

= 3.7 Hz, C=CH), 4.58 (1H, d, J = 12.1 Hz, ArCHaHb), 4.41 (1H, d, J = 12.1 Hz, 

ArCHaHb), 3.90-3.84 (1H, m, overlapping, OCH(C=CH)), 3.87 (3H, s, OCH3), 3.85 

(3H, s, OCH3), 3.70-3.64 (2H, m, CH2OTBS), 2.41-2.20 (2H, m, CH2CH2OTBS), 

2.13-1.98 (4H, m, 2 x CH2), 1.71- 1.57 (2H, m, CH2), 0.87 (9H, s, C(CH3)3), 0.02 

(6H, s, Si(CH3)2) ppm 

13
C NMR (100 MHz, CDCl3)  149.4 (CArOCH3), 148.8 (CArOCH3), 134.8 

(C=CH), 133.8 (CH=CH2), 130.0 (CArCH2O), 121.3 (CArH), 112.3 (CArH), 86.1 

(CArI), 74.5 (CHOCH2Ar), 74.4 (ArCH2O), 62.7 (CH2OTBS), 56.2 (OCH3), 55.9 

(OCH3), 37.8 (CH2CH2OTBS), 27.4 (CH2), 25.9 (C(CH3)3), 25.5 (CH2), 18.3 

(C(CH3)3), 18.1 (CH2), −5.3 (Si(CH3)2) ppm 

LR ESI
+
 MS (m/z): 596 [M+Na+CH3CN]

+
; 555 [M+Na]

+
; 

HRMS (ES
+
): Calculated for C23H37IO4SiNa, [M+Na]

+
 555.1403, found 555.1393 

Da.
 

IR max neat (cm
−1

): 2928 (m), 2854 (m), 1500 (s), 1461 (m), 1368 (m), 1254 (s), 

1096 (s), 834 (s), 774 (s). 

 

()-tert-Butyl(2-((4aR*,10bR*)-8,9-dimethoxy-4,4a,6,10b-tetrahydro-3H-

benzo[c]chromen-10b-yl)ethoxy)dimethylsilane (3.07) 

 

Method A: To a solution of aryl iodide 3.06 (100 mg, 0.19 mmol) in 1,4-dioxane (4 

mL), was added Pd2(dba)3 (5 mg, 5.46 µmol, 2.5 mol %), Pd(P(
t
Bu)3)2 (5 mg, 9.80  

µmol, 5 mol %) and Ag2CO3 (105 mg, 0.38 mmol) and the resulting dark suspension 

was heated to 85 °C for 2 h. After cooling to room temperature, the reaction mixture 

was filtered through a short pad of silica to remove metallic impurities, followed by 

column chromatography which yielded the desired product (as an inseparable 
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mixture of diasteroisomers, 3:1 in favour of the desired one) as a colourless oil (52 

mg, 0.13 mmol, 67%). 

Method B: In an oven-dried microwave vial aryl iodide 3.06 (130 mg, 0.24 mmol) 

was dissolved in dry THF (5 mL). Ag2CO3 (0.48 mmol) and Pd(PPh3)4 (28 mg, 10 

mol %) were then added to the reaction mixture and the system heated up to 100 °C 

for 20 min. The metallic species were filtered off using a syringe filter. The solvent 

was removed under reduced pressure and the crude purified by column 

chromatography (hexane/EtOAc = 9/1) yielding 44 mg of desired product (single 

stereoisomer) as pale yellow oil (45 %).  

1
H NMR (400 MHz, CDCl3)  6.81 (1H, s, Ar-H), 6.45 (1H, s, Ar-H), 5.74 (1H, d, J 

= 10.2 Hz, CH=CHCH2), 5.67 (1H, dt, J = 10.2, 3.6 Hz, CH=CHCH2), 4.71 (2H, s, 

ArCH2O), 4.04 (1H, t, J = 4.4 Hz, ArCH2OCH), 3.87 (3H, s, OCH3), 3.84 (3H, s, 

OCH3), 3.66-3.37 (2H, m, CH2OTBS), 2.28-1.84 (6H, m), 0.85 (9H, s, C(CH3)3), 

0.00 (6H, s, Si(CH3)2) ppm 

Minor stereoisomer (not overlapping peaks):  6.77 (1H, s, Ar-H), 6.48 (1H, s, Ar-

H), 4.88 (1H, d, J = 14.6 Hz, ArCHaHbO), 4.78 (1H, d, J = 14.6 Hz, ArCHaHbO), 

3.85 (3H, s, OCH3) 2.71-2.63 (1H, m, CHaHbCH2OTBS), 2.45-2.40 (1H, m, 

CHaHbCH2OTBS), -0.04 (3H, s, SiCH3) ppm 

13
C NMR (100 MHz, CDCl3)  148.2 (CArOCH3), 147.2 (CArOCH3), 133.7 

(CH=CH), 131.1 (CArC), 126.5 (CArCH2O), 125.1 (CH=CH), 109.6 (CArH), 106.9 

(CArH), 74.7 (ArCH2O), 66.1 (ArCH2OCH), 59.9 (CH2OTBS), 56.0 (OCH3), 55.8 

(OCH3), 43.2 (CH2CH2OTBS), 25.9 (C(CH3)3), 24.0 (CH2), 21.6 (CH2), 18.2 

(C(CH3)3), −4.6 (Si(CH3)2) ppm 

LR ESI
+
 MS (m/z): 468 [M+Na+CH3CN]

+
  

HRMS (ES
+
): Calculated for C23H37O4Si, [M+H]

+
 405.2461, found 405.2447 Da.

 

IR max neat (cm
−1

): 2930 (m), 2854 (m), 1512 (s), 1462 (m), 1250 (s), 1097 (s), 834 

(s), 773 (s).
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 (R)-2-iodocyclohex-2-enol (3.10) 

 

In a flame dried flask was added (S)-2-methyl-CBS-oxazaborolidine (3.32 g, 12.0 

mmol) under an inert atmosphere, followed by BH3
.
THF (60 mL). The resulting 

mixture stirred at room temperature for 20 min, then cooled to 0 °C and iodinated 

cyclohexenone 3.01 (22.2 g, 100 mmol) in THF (100 mL) was added via dropping 

funnel over 4 h while maintaining the temperature at 0 °C for a further hour after the 

addition was completed. The reaction mixture was poured into stirring water (300 

mL), followed by addition of 2 M HCl (10 mL) then the aqueous layer was extracted 

with EtOAc (2 x 125 mL, 2 x 50 mL), the combined organic extracts were dried 

(MgSO4) and concentrated under reduced pressure. Purification through a pad of 

silica yielded the desired product as a pale yellow oil (20.16 g, 90 mmol, 90%, 95% 

ee). Spectroscopic data were consistent with those reported for the racemic 

compound.
142

 

1
H NMR (300 MHz, CDCl3)   6.49 (1H, t, J = 4.0 Hz, =CH), 4.18 (1H, t, J = 5.1 

Hz, CHOH), 2.46-2.16 (1H, bs, OH), 2.15-1.93 (3H, m), 1.86 (1H, m), 1.80-1.61 

(2H, m) ppm  

13
C NMR (75 MHz, CDCl3)   141.0 (=CH), 103.6 (C-I), 72.0 (CHOH), 31.9 

(CH2CHOH), 29.3 (=CHCH2), 17.6 (CH2CH2CHOH) ppm 

LR ESI
+
 MS (m/z): 247 [M+Na]

+
 

[]D = + 52.1 (c 0.98, CHCl3, 23 °C) 
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tert-Butyl((2-Iodocyclohex-1-en-1-yl)oxy)dimethylsilane (3.11) 

 

In a oven-dried RBF, iodo-alcohol 3.10 (448 mg, 2.00 mmol) was dissolved in dry 

Et2O (2 mL). Imidazole (272 mg, 8.00 mmol) was then added followed by TBS-Cl 

(603 mg, 4.00 mmol). The resulting mixture was stirred at rt for 16 h whereupon 

saturated aqueous NH4Cl (5 mL) was added and the two layers separated. The 

aqueous phase was extracted with Et2O (3 x 5 mL), the combined organic phases 

were then washed with brine, dried (MgSO4) and the solvent evaporated in vacuo. 

The crude was purified through a short pad of silica (hexane/EtOAc = 9/1) affording 

the desired compound (590 mg, 1.74 mmol, 87%) as a colourless oil. 

1
H NMR (400 MHz, CDCl3)  6.47 (1H, t, J = 4.0 Hz, CH=C-I), 4.21 (1H, t, J = 4.5 

Hz, CHOTBS), 2.11-1.92 (2H, m, CH2), 1.88-1.80 (2H, m, CH2), 1.79-1.63 (2H, m, 

CH2), 0.94 (9H, s, t-Bu), 0.21 (3H, s, SiCH3), 0.12 (3H, s, SiCH3) ppm 

13
C NMR (100 MHz, CDCl3)    140.4 (C=CH), 103.7 (HC=C-I), 72.7 (CHOTBS), 

33.6 (CH2), 29.4 (CH2), 25.9 (C(CH3)3), 25.7 (C(CH3)3), 17.5 (CH2), −4.2 (SiCH3), 

−4.4 (SiCH3) ppm 

LR ESI
+
 MS (m/z): 339 [M+H]

+
 

IR max neat (cm
−1

): 2928 (m), 2855 (m), 1250 (m), 1088 (s), 892 (m), 831 (s), 772 

(s).
 

 

 (R)-tert-Butyldimethyl((2-vinylcyclohex-1-en-1-yl)oxy) silane (3.12) 

 

A solution of flame dried ZnBr2 (414 mg, 1.84 mmol) in dry THF (10 mL) was 

cooled to −78 ˚C. Vinylmagnesium bromide (1.84 mL, 1.84 mmol) was then added 
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and the reaction temperature was raised to rt over 1 h (to generate the organozinc 

reagent). In a separate flask, TBS ether 3.11 (310 mg, 0.92 mmol) and Pd(PPh3)4 (32 

mg, 3 mol %) were dissolved in a mixture of dry DMF (1.25 mL) and THF (1.25 

mL) and added dropwise via syringe to the flask containing the prepared organozinc 

reagent. Upon completion (30 min), saturated aqueous NH4Cl (7 mL) was added, the 

layers were separated and the aqueous phase was extracted with EtOAc (3 x 10 mL). 

The combined organic layers were dried over MgSO4 and the solvent evaporated in 

vacuo. The crude was purified through a short pad of silica (hexane/EtOAc = 9/1) 

yielding the desired compound as a yellow oil (190 mg, 0.80 mmol, 87%). 

Spectroscopic data were consistent with those reported for the racemic compound.
141

 

1
H NMR (300 MHz, CDCl3)  6.25 (1H, dd, J = 17.6, 10.6 Hz, CH=CH2), 5.86 (1H, 

t, J = 3.7 Hz, C=CHCH2), 5.25 (1H, d, J = 17.6 Hz, =CHaHb), 4.96 (1H, d, J = 10.6 

Hz, =CHaHb), 4.45 (1H, t, J = 2.9 Hz, CHOTBS), 2.19-1.87 (2H, m, CH2), 1.86-1.82 

(2H, m, CH2), 1.61-1.55 (2H, m, CH2), 0.91 (9H, s, t-Bu), 0.14 (3H, s, SiCH3), 0.12 

(3H, s, SiCH3) ppm 

13
C NMR (75 MHz, CDCl3)  138.1 (C=CH & C=CH), 130.5 (CH=CH2), 111.1 

(CH=CH2), 64.3 (CHOTBS), 32.0 (CH2), 26.0 (C(CH3)3), 25.9 (CH2), 18.2 

(C(CH3)3), 17.0 (CH2), −3.6 (SiCH3), −4.4 (SiCH3) ppm 

IR max neat (cm
−1

):  2929 (m), 2856 (m), 1251 (m), 1084 (m), 1064 (m), 833 (s), 

771 (s). 

[]D = + 30.9 (c 0.95, CHCl3, 29 °C) 

 

(R)-2-(6-((tert-butyldimethylsilyl)oxy)cyclohex-1-en-1-yl)ethanol (3.13) 

 

To a stirred solution of 3.12 (2.15 g, 9.00 mmol), in THF (50 mL) was added a 

solution of 9-BBN (27 mL of 0.5 M in THF, 13.5 mmol). The reaction mixture was 

stirred rt for 15 h. Aqueous NaOH (3 M, 60 mL) was added dropwise then chilled 
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H2O2 (60 mL of a 30% aqueous solution) was slowly added. The resulting solution 

was stirred rt for 4 h, then quenched with water (100 mL). The two layers were 

separated and the aqueous phase extracted with Et2O (3 x 100 mL). The combined 

organic solutions were washed with brine (2 x 150 mL), dried (MgSO4) and 

concentrated in vacuo. Purification was performed by column chromatography 

(hexane/ Et2O = 9/1) affording the desired product as a pale yellow oil (1.70 g, 6.63 

mmol, 74%). Spectroscopic data were consistent with those reported.
23 

1
H NMR (300 MHz, CDCl3)  5.55 (1H, t, J = 4.0 Hz, C=CHCH2), 4.05 (1H, t, J = 

4.4 Hz, CHOTBS), 3.70 (1H, m, CH2CHaHbOH), 3.55 (1H, m, CH2CHaHbOH), 

2.37-2.22 (1H, m, CHaHbCH2OH), 2.18-2.02 (1H, m, CHaHbCH2OH), 1.90-1.80 

(2H, m, CH2), 1.71-1.54 (2H, m, CH2), 1.49-1.10 (2H, m, CH2), 0.85 (9H, s, t-Bu), 

0.08 (6H, s, Si(CH3)2) ppm 

13
C NMR (75 MHz, CDCl3)    136.6 (C=CH), 127.3 (C=CH), 68.4 (CHOTBS), 

61.5 (CH2OH), 37.1 (CH2CH2OH), 32.7 (CH2), 25.9 (C(CH3)3), 25.5 (CH2), 18.7 

(CH2), 18.1 (C(CH3)3), −4.1 (SiCH3), −4.6 (SiCH3) ppm 

IR max neat (cm
−1

): 3320 (br), 2929 (m), 2856 (m), 1521 (m), 1064 (m), 833 (s). 

LRMS (ES
+
) (m/z): 279 [M+Na]

+
 

HRMS (ES
+
): Calculated for C14H28O2SiNa, [M+Na]

+
 279.1756, found 279.1750 

Da.
 

[]D = + 10.6 (c 0.94, CHCl3, 26 °C) 

 

(R)-2-(2-Hydroxyethyl)cyclohex-2-enol (3.14) 

 

 

TBS ether 3.13 (174 mg, 0.68 mmol) was dissolved in THF (1 mL) and TBAF (0.68 

mL, 0.68 mmol) was added. The reaction was stirred rt for 2 h. The crude was then 

diluted with water (5 mL) and the aqueous layer separated, then extracted with 
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EtOAc (4 x 5 mL). The combined organic solutions were dried (MgSO4) and 

concentrated under reduced pressure. The resulting crude was purified through a 

short pad of silica (hexane/EtOAc = 6/4) yielding the desired compound as a 

colourless oil (72 mg, 0.51 mmol, 74%). 

1
H NMR (300 MHz, CDCl3)  5.63 (1H, t, J = 3.5 Hz, C=CHCH2), 3.98 (1H, bs, 

CHOH), 3.91-3.72 (1H, bs, OH), 3.70-3.63 (1H, m, CH2CHaHbOH), 3.52 (1H, td, J 

= 10.0, 3.9 Hz, CH2CHaHbOH,), 2.39-2.24 (1H, m, CHaHbCH2OH), 2.12 (1H, ddd, J 

= 14.1, 9.0, 4.8 Hz, CHaHbCH2OH), 2.06-1.82 (2H, m, CH2), 1.71-1.56 (4H, m, 2 x 

CH2) ppm 

13
C NMR (75 MHz, CDCl3)  137.0 (C=CH), 128.1 (C=CH), 66.8 (CHOH), 62.6 

(CH2CH2OH), 38.8 (CH2CH2OH), 31.6 (CH2), 25.5 (CH2), 17.6 (CH2) ppm 

IR max neat (cm
−1

): 3289 (br), 2931 (m), 2864 (m), 1434 (m), 1044 (m), 751 (s) 

cm
−l

 

LR EI MS (m/z): 142 [M
+

], 124 [M-H2O]
+
  

HRMS (ES
+
): Calculated for C8H14O2, [M

+
] 142.0994, found 142.0998 Da. 

[]D = + 48.2 (c 0.94, CHCl3, 26 °C) 

 

 (R)-2-(2-((tert-Butyldimethylsilyl)oxy)ethyl)cyclohex-2-enol (3.15) 

 

To a solution of diol 3.14 (100 mg, 0.71 mmol) was dissolved in DMF (3 mL), was 

added DMAP (10 mg, 0.08 mmol) and Et3N (0.1 mL, 0.71 mmol). After 10 minutes 

was added TBS-Cl (212 mg, 1.42 mmol). The resulting mixture was stirred rt for 16 

h whereupon saturated aqueous NH4Cl (5 mL) and water (5 mL) were added and the 

two layers separated. The aqueous phase was extracted with CH2Cl2 (3 x 15 mL), the 

combined organic solutions were then washed with brine (15 mL), dried (MgSO4) 

and the solvent evaporated in vacuo. The crude was purified through a short pad of 
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silica (hexane/EtcOAc = 9/1) affording the desired compound as a pale yellow oil 

(157 mg, 0.61 mmol, 87%). 

1
H NMR (300 MHz, CDCl3)  5.55 (1H, t, J = 4.0 Hz, C=CHCH2), 3.85-3.72 (1H, 

m, CHOH), 3.64 (1H, dt, J = 10.0, 5.0 Hz, CHaHbOTBS), 3.45 (1H, td, J = 10.0, 3.9 

Hz, CHaHbOTBS), 2.28 (1H, dt, J = 14.0, 3.8 Hz, CHaHbCH2OTBS), 2.21 (1H, ddd, 

J = 14.0, 8.9, 4.9 Hz, CHaHbCH2OTBS), 2.03-1.98 (2H, m, CH2), 1.80-1.68 (4H, m), 

0.91 (9H, s, t-Bu), 0.08 (6H, s,  Si(CH3)2) ppm 

13
C NMR (75 MHz, CDCl3)  138.2 (C=CH), 127.0 (C=CH), 66.9 (CHOH), 64.4 

(CH2CH2OTBS), 38.7 (CH2CH2OTBS), 31.2 (CH2), 25.9 (C(CH3)3), 25.6 (CH2), 

18.3 (C(CH3)3), 18.0 (CH2), −3.6 (SiCH3), −5.5 (SiCH3) ppm 

IR max neat (cm
−1

):  3343 (br), 2929 (m), 2857 (m), 1251 (m), 1067 (m), 1014 (m), 

832 (s). 

LR CI MS (m/z): 239 [M-OH]
+
 (base peak). 

HRMS (ES
+
): Calculated for C14H28O2SiNa, [M+Na]

+
, 279.1756, found 279.1757 

Da.
 

[]D = + 28.4 (c 0.94, CHCl3, 28 °C) 

 

2-Iodo-4,5-dimethoxybenzyl chloride 

 

Iodobenzyl alcohol 2.05 (19.39 g, 78.50 mmol) was dissolved in Et2O (100 mL) and 

conc. HCl (100 mL of 37% w/v) was slowly added over 30 min (exothermic). The 

initial suspension turned into a yellow/orange solution after addition of acid and after 

2 h TLC showed no starting material. The layers were separated and the aqueous 

phase was extracted with Et2O (3 x 100 mL). The combined organic extracts were 

washed with brine (2 x 50 mL), dried (MgSO4) and concentrated in vacuo. The 

obtained crude orange solid, was subject to a purification through a short pad of 
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silica (hexane/EtOAc = 8/2) affording the desired product as a white solid (18.43 g, 

59.00 mmol, 75%). Spectroscopic data were consistent with those reported.
143

 

MP: 83-85°C (lit. mp: 83-85 °C) 

1
H NMR (300 MHz, CDCl3)   7.22 (1H, s, Ar-H), 6.96 (1H, s, Ar-H), 4.63 (2H, s, 

CH2), 3.86 (3H, s, OCH3), 3.85 (3H, s, OCH3) ppm  

13
C NMR (75 MHz, CDCl3)  149.4 (CArOMe), 149.3 (CArOMe), 132.0 

(CArCH2Cl), 121.5 (CArH), 112.6 (CArH), 87.8 (CArI), 56.1 (CH3O) 55.8 (CH3O), 

51.2 (CH2Cl) ppm  

IR max neat (cm
−1

): 2934 (w), 2833 (w), 1594 (m), 1502 (s), 1254 (s), 1205 (s), 

1158 (s), 1022 (s). 

 

2-Bromo-4,5-dimethoxybenzyl alcohol 

 

To a solution of 3,4-dimethoxybenzyl alcohol (33.6 g, 200 mmol) and NH4Br (23.60 

g, 240 mmol) in acetic acid (200 mL), H2O2 30% (120 mL) was carefully added over 

a period of 15 min. The resulting mixture was allowed to stir at rt for 4 h. The 

reaction mixture was poured into ice/water (200 mL) and the white solid (product) 

precipitate was collected via filtration through a sintered funnel. The wet solid 

product was dissolved in CH2Cl2 (50 mL), the aqueous layer discarded and the 

organic layer dried (Na2SO4) and concentrated at reduced pressure. The obtained 

crude material was recrystallised from dichloromethane-hexane, affording the 

desired product as a white crystalline solid (39.52 g, 160 mmol, 80%). Spectroscopic 

data were consistent with those reported.
144

 

MP: 94-96 °C (lit. mp: 91-93 °C) 

1
H NMR (300 MHz, CDCl3)   7.02 (1H, s, Ar-H), 7.01 (1H, s, Ar-H), 4.68 (2H, 

apt d, J = 5.6 Hz, ArCH2), 3.89 (3H, s, OCH3), 3.88 (3H, s, OCH3), 1.99 (1H, bs, 

OH) ppm  
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13
C NMR (75 MHz, CDCl3)  149.0 (CArOMe), 148.6 (CArOMe), 131.8 

(ArCCH2OH), 115.4 (CArH), 112.5 (CArBr), 111.9 (CArH), 64.9 (CH2OH), 56.2 

(OCH3) 56.1 (OCH3) ppm 

IR max neat (cm
−1

): 3492 (s), 1501 (s), 1462 (m), 1257 (s), 1149 (s), 1060 (s), 957 

(m), 854 (m), 796 (s). 

 

2-Bromo-4,5-dimethoxybenzyl chloride 

  

2-Bromo-4,5-dimethoxybenzyl alcohol (19.39 g, 78.5 mmol) was dissolved in Et2O 

(100 mL) and conc. HCl (100 mL of 37% w/v) was slowly added over 30 min 

(CARE:exothermic). The initial suspension turned into a yellow/orange solution after 

addition of acid and after 2 h TLC showed no starting material. The layers were 

separated and the aqueous phase was extracted with Et2O (3 x 100 mL). The 

combined organic layers were washed with brine (2 x 50 mL), dried (MgSO4) and 

concentrated in vacuo. The obtained crude orange solid, was subject to purification 

through a short pad of silica (hexane/EtOAc = 8/2) affording the desired product as a 

white solid (16.79 g, 63.2 mmol, 80 %). Spectroscopic data were consistent with 

those reported.
144

 

MP: 61-62 °C (lit. mp: 60-61 °C) 

1
H NMR (300 MHz, CDCl3)   7.04 (1H, s, Ar-H), 6.96 (1H, s, Ar-H), 4.68 (2H, s, 

CH2Cl), 3.89 (3H, s, OCH3), 3.88 (3H, s, OCH3) ppm  

13
C NMR (75 MHz, CDCl3)  149.0 (CArOMe), 148.6 (CArOMe), 128.6 

(ArCCH2Cl), 115.6 (CArH), 114.6 (CArBr), 113.3 (CArH), 56.2 (OCH3) 56.1 

(OCH3), 46.5 (CH2Cl) ppm 

IR max neat (cm
−1

): 2934 (w), 2838 (w), 1599 (m), 1502 (s), 1436 (m), 1259 (s), 

1217 (s), 1148 (s), 1029 (s).
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(R)-1-Bromo-2-(((2-iodocyclohex-2-en-1-yl)oxy)methyl)-4,5-dimethoxybenzene 

(3.17) 

 

NaH (1.94 g, 60% dispersion in mineral oil, 48.4 mmol) was placed in a flask and 

washed with hexane (2 x 20 mL) under an atmosphere of N2 to remove the oil. DMF 

(33 mL) was added and the suspension cooled to 0 °C. A solution of alcohol 3.10 

(3.62 g, 16.15 mmol) in DMF (33 mL) was added dropwise over a period of 5 min to 

the NaH suspension at 0 °C (CAUTION: evolution of H2 gas). The resulting beige 

suspension was stirred for 10 min, until H2 bubbling ceased. 2-Bromo-4,5-

dimethoxybenzyl chloride (4.28 g, 16.15 mmol) in DMF (33 mL) was added 

dropwise to the beige suspension (alkoxide) over 15 min. The resulting reaction 

mixture was allowed to warm to rt and left stirring for 3 h, when all starting material 

disappeared (TLC). The reaction mixture was poured onto crushed ice (400 mL, 

under N2) then extracted with Et2O (3 x 150 mL). The combined organic layers were 

washed with brine (1 x 100 mL), dried (MgSO4) and concentrated. Column 

chromatography (hexane/EtOAc = 9/1) yielded the desired product as a pale yellow 

oil (6.53 g, 14.41 mmol, 89%) 

1
H NMR (400 MHz, CDCl3)  7.28 (1H, s, Ar-H), 7.00 (1H, s, Ar-H), 6.58 (1H, t, J 

= 3.8 Hz, C=CH), 4.72 (1H, d, J = 12.3 Hz, ArCHaHb), 4.54 (1H, d, J = 12.3 Hz, 

ArCHaHb), 4.00 (1H, t, J = 3.8 Hz, ArCH2OCH), 3.93 (3H, s, OCH3), 3.87 (3H, s, 

OCH3), 2.10-1.90 (2H, m), 1.82-1.63 (4H, m) ppm 

13
C NMR (100 MHz, CDCl3)  148.9 (CArOMe), 148.5 (CArOMe), 142.1 (C=CH) 

129.6 (CArCH2), 115.0 (CArH), 112.8 (CArH), 112.5 (CAr-Br), 99.1 (C-I), 78.9 

(ArCH2OCH), 70.2 (CH2O), 56.2 (2 x OCH3), 29.5 (CH2), 29.0 (CH2), 17.3 (CH2) 

ppm   

LR ESI
+
 MS (m/z): 518/516 [M+Na+CH3CN]

+
 

HRMS (ES
+
): Calculated for C15H18

79
BrIO3Na, [M+Na]

+
 474.9382, found 474.9379 

Da. 
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IR max neat (cm
−1

): 2933 (m), 2836 (w), 1503 (s), 1259 (s), 798 (s).
 

[]D : -10.4 (c 0.98, CHCl3, 29 °C) 

 

(R)-1-Bromo-4,5-dimethoxy-2-(((2-vinylcyclohex-2-en-1-yl)oxy)methyl)benzene 

(3.18) 

 

A solution of flame dried ZnBr2 (1.054 g, 4.68 mmol) in dry THF (32 mL) was 

cooled to −78 ˚C. Vinylmagnesium bromide (7.2 mL, 4.68 mmol) was then added 

and the reaction temperature was raised to rt over 1 h. In a separate flask, benzyl 

ether 3.17 (1.41 g, 3.12 mmol) and Pd(PPh3)4 (108 mg, 3 mol %) were dissolved in a 

mixture of dry DMF (4 mL) and THF (4 mL) and added dropwise via syringe to the 

flask containing the vinylzinc bromide. Upon completion (30 min), the reaction 

mixture was filtered through a sintered funnel to remove inorganic salts. The yellow 

solution was concentrated in vacuo and diluted with EtOAc (30 mL). Saturated 

aqueous NH4Cl was added (25 mL), the layers separated and the aqueous phase 

extracted with EtOAc (3 x 25 mL). The combined organic layers were dried 

(MgSO4) and the solvent evaporated in vacuo. The crude was purified by column 

chromatography (hexane/EtOAc = 9/1) affording of the desired compound as a 

yellow oil (936 mg, 2.65 mmol, 85%).
 

1
H NMR (400 MHz, CDCl3)  7.07 (1H, s, Ar-H), 6.99 (1H, s, Ar-H), 6.29 (1H, dd, 

J = 17.6 Hz, 11.0 Hz, CH=CH2), 5.95 (1H, t, J = 3.8 Hz, C=CH), 5.18 (1H, d, J = 

17.6 Hz, CH=CHH), 4.95 (1H, d, J = 11.0 Hz, CH=CHH), 4.61 (1H, d, J = 12.4 Hz, 

ArCHaHb), 4.43 (1H, d, J = 12.4 Hz, ArCHaHb), 4.24-4.03 (1H, m, ArCH2OCH), 

3.84 (3H, s, OCH3), 3.83 (3H, s, OCH3), 2.30-2.08 (2H, m, CH2), 1.92-1.76 (2H, m, 

CH2), 1.68-1.54 (2H, m, CH2) ppm. 
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13
C NMR (100 MHz, CDCl3)  148.8 (CArOCH3), 148.4 (CArOCH3), 138.2 

(C=CH), 135.9 (C=CH), 133.3 (CH=CH2), 130.2 (CArCH2O), 115.1 (CArH), 112.6 

(CArH), 112.5 (C-Br) 111.1 (CH=CH2), 70.9 (CHOCH2Ar), 69.7 (ArCH2O), 56.2 

(CH3O), 56.0 (OCH3), 26.5 (CH2), 26.0 (CH2), 17.1 (CH2) ppm 

LR ESI
+
 MS (m/z): 375 [M+Na]

+
 

HRMS (ES
+
): Calculated for C17H21

79
BrO3Na, [M+Na]

+
 375.0572, found 375.0564 

Da.
 

IR max neat (cm
−1

): 2933 (m), 2860 (w), 1503 (s), 1259 (s), 796 (s).
 

[]D : -3.8 (c 1.02, CHCl3, 30 °C) 

 

(R)-1-Iodo-2-(((2-iodocyclohex-2-en-1-yl)oxy)methyl)-4,5-dimethoxybenzene 

(3.19) 

 

NaH (1.57 g, 60% dispersion in mineral oil, 39.0 mmol) was placed in a flask and 

washed with hexane (2 x 20 mL) under an atmosphere of N2 to remove the oil. DMF 

(30 mL) was added and the suspension cooled to 0 °C. A solution of alcohol 3.10 

(2.91 g, 13.0 mmol) in DMF (30 mL) was added dropwise over a period of 5 min to 

the NaH suspension at 0 °C (CAUTION: evolution of H2 gas). The resulting beige 

suspension was stirred for 10 min, until H2 bubbling ceased. 2-Iodo-4,5-

dimethoxybenzyl chloride (4.86 g, 15.6 mmol) in DMF (30 mL) was added dropwise 

to the beige suspension (alkoxide) over 15 min. The resulting reaction mixture was 

allowed to warm to rt and left stirring for 3 h, when all starting material disappeared 

(TLC). The reaction mixture was poured over ice/water (200 mL) under an inert 

atmosphere, then extracted with EtOAc (3 x 80 mL). The combined organic layers 

were washed with saturated aqueous NH4Cl (2 x 50 mL), dried (MgSO4) and 

concentrated. Column chromatography (hexane/EtOAc = 9/1) yielded the desired 

product as a pale yellow oil (4.87 g, 9.75 mmol, 75%) 
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1
H NMR (400 MHz, CDCl3)   7.19 (1H, s, Ar-H), 7.13 (1H, s, Ar-H), 6.50 (1H, t, 

J = 3.8 Hz, C=CH), 4.57 (1H, d, J = 12.1 Hz, ArCHaHb), 4.41 (1H, d, J = 12.1 Hz, 

ArCHaHb), 3.93 (1H, t, J = 3.8 Hz, ArCH2OCH), 3.85 (3H, s, CH3O), 3.79 (3H, s, 

CH3O), 2.14-1.93 (2H, m), 1.87-1.54 (4H, m) ppm 

13
C NMR (100 MHz, CDCl3)  149.4 (CArOMe), 148.9 (CArOMe), 142.1 (C=CH) 

133.1 (CArCH2), 121.1 (CArH), 112.6 (CArH), 99.1 (C=C-I), 85.6 (CAr-I), 78.9 

(ArCH2OCH), 74.9 (ArCH2O), 56.2 (2 x OCH3), 29.4 (CH2), 29.0 (CH2), 17.3 

(CH2) ppm   

IR max neat (cm
−1

):  2932 (w), 2834 (w), 1500 (s), 1254 (s), 1156 (s), 749 (m). 

LR ESI
+
 MS (m/z): 523 [M+Na]

+
 

HR ESI
+
 MS: Calculated for C15H18I2O3Na, [M+Na]

+
 522.9243, found 522.9248 

Da.
 

[]D  = -4.3 (c 1.11, CHCl3, 24 °C) 

 

(Z)-8,9-Dimethoxy-3,4,4a,6-tetrahydro-2H-dibenzo[b,f]oxocine (3.21) 

 

To a solution of aryl bromide 3.18 (60 mg, 0.17 mmol) in THF (4 mL), was added 

Pd(PPh3)4 (17 mg, 0.015 mmol) and Ag2CO3 (60 mg, 0.22 mmol) and the resulting 

dark suspension was heated to 130 °C for 1 h under microwave irradiation. After 

cooling to room temperature, the reaction mixture was filtered through a short pad of 

silica to remove metallic impurities, followed by column chromatography and 

preparative HPLC purification (hexane/Acetone = 9/1) which yielded the title 

compound  as a colourless oil (15 mg, 0.06 mmol, 33%). 

1
H NMR (400 MHz, CDCl3)  6.85 (1H, s, Ar-H), 6.68 (1H, s, Ar-H), 6.26 (1H, d, J 

= 12.4 Hz, ArCH=CH), 6.07-6.00 (2H, m, ArCH=CH & C=CH overlap) 5.01 (1H, d, 

J = 11.1 Hz, ArCHaHb), 4.50 (1H, d, J = 11.1 Hz, ArCHaHb), 4.32-4.27 (1H, m, 
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ArCH2OCH), 3.91 (3H, s, OCH3), 3.89 (3H, s, OCH3), 2.35-2.09 (2H, m, CH2), 

1.87- 1.78 (2H, m, CH2), 1.63-1.47 (2H, m, CH2) ppm 

13
C NMR (100 MHz, CDCl3)  148.7 (2 x CArOCH3), 136.3 (ArCH=CH), 135.7 

(C=CH), 135.1 (ArCH=CH), 132.0 (CArCH=CH), 126.8 (CArCH2O), 123.3 (C=CH), 

113.9 (CArH), 111.6 (CArH), 68.1 (ArCH2O), 64.2 (ArCH2OCH), 55.9 (2 x OCH3), 

29.1 (CH2), 26.5 (CH2), 16.3 (CH2) ppm 

LR CI MS (m/z): 273 [M+H]
+
 

 

(R)-2-(6-((2-Bromo-4,5-dimethoxybenzyl)oxy)cyclohex-1-en-1-yl)ethanol (3.22) 

 

To a stirred solution of diene 3.18 (1.10 g, 3.13 mmol) in THF (13 mL) was added a 

solution of 9-BBN (12.5 mL of 0.5 M in THF, 6.25 mmol). The reaction mixture was 

stirred rt for 16 h. NaOH (3 M, 25 mL) was added dropwise and chilled H2O2 (25 mL 

of a 30% aqueous solution) was slowly added. The resulting solution was stirred rt 

for 4 h, then water (20 mL) was added. The two layers were separated and the 

aqueous phase extracted with Et2O (4 x 20 mL). The combined organic solutions 

were washed with brine (2 x 20 mL), dried (MgSO4) and concentrated in vacuo. 

Purification by column chromatography (hexane/EtOAc = 7/3 → 1/1) afforded of the 

desired product as a pale yellow oil (839 mg, 2.26 mmol, 72%). 

1
H NMR (400 MHz, CDCl3)  7.03 (1H, s, Ar-H), 7.00 (1H, s, Ar-H), 5.74 (1H, t, J 

= 3.7 Hz, C=CH), 4.66 (1H, d, J = 12.4 Hz, ArCHaHb), 4.50 (1H, d, J = 12.4 Hz, 

ArCHaHb), 3.88 (3H, s, OCH3), 3.86 (3H, s, OCH3), 3.87-3.83 (2H, m, ArCH2OCH 

+ OH), 3.76-3.66 (1H, m, CH2CHHOH), 3.64-3.54 (1H, m, CH2CHHOH), 2.30-2.08 

(2H, m, CH2), 1.92- 1.76 (2H, m, CH2), 1.68-1.54 (2H, m, CH2) ppm. 

13
C NMR (100 MHz, CDCl3)  149.0 (CArOCH3), 148.5 (CArOCH3), 134.4 

(C=CH), 129.8 (CH=CH2), 129.6 (CArCH2O), 115.2 (CArH), 113.2 (CArBr), 112.6 
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(CArH), 74.5 (CHOCH2Ar), 70.0 (ArCH2O), 61.9 (CH2OH), 56.1 (OCH3), 56.0 

(OCH3), 38.7 (CH2CH2OH), 26.9 (CH2), 25.5 (CH2), 17.6 (CH2) ppm 

LR ESI
+
 MS (m/z): 393 [M+Na]

+
 

HRMS (ES
+
): Calculated for C17H23

79
BrO4Na, [M+Na]

+
 393.0677, found 393.0671 

Da.
 

IR max neat (cm
−1

): 3397 (b), 2932 (m), 2859 (w), 1503 (s), 1259 (s), 1030 (s), 798 

(s). 

[]D  : +12.9 (c 0.98, CHCl3, 26 °C) 

 

(R)-(2-(6-((2-Bromo-4,5-dimethoxybenzyl)oxy)cyclohex-1-en-1-yl)ethoxy)(tert-

butyl)dimethylsilane (3.23) 

 

To a solution of alcohol 3.22 (1.774 g, 4.79 mmol) in dry Et2O (10 mL), was added 

imidazole (489 mg, 7.19 mmol), followed by TBS-Cl (795 mg, 5.27 mmol). The 

resulting mixture was stirred at rt for 16 h whereupon saturated aqueous NH4Cl (10 

mL) was added and the two layers separated. The aqueous phase was extracted with 

Et2O (3 x 15 mL), the combined organic solutions were then washed with brine (20 

mL), dried (MgSO4) and the solvent evaporated in vacuo. The crude was purified via 

column chromatography (hexane/EtOAc = 9/1) yielding the desired product as 

colourless oil (1.83 g, 3.77 mmol, 79%). 

1
H NMR (400 MHz, CDCl3)  7.06 (1H, s, Ar-H), 7.00 (1H, s, Ar-H), 5.65 (1H, t, J 

= 3.7 Hz, C=CH), 4.63 (1H, d, J = 12.1 Hz, ArCHaHb), 4.49 (1H, d, J = 12.1 Hz, 

ArCHaHb), 3.90-3.85 (1H, m, overlapping, ArCH2OCH), 3.88 (3H, s, OCH3), 3.87 

(3H, s, OCH3), 3.73-3.60 (2H, m, CH2OTBS), 2.46-2.19 (2H, m, CH2CH2OTBS), 

2.30-2.08 (2H, m, CH2), 2.13-1.89 (2H, m, CH2), 1.80- 1.62 (2H, m, CH2), 0.87 (9H, 

s, C(CH3)3), 0.00 (6H, s, Si(CH3)2) ppm 
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13
C NMR (100 MHz, CDCl3)  148.8 (CArOCH3), 148.5 (CArOCH3), 134.8 

(C=CH), 130.4 (CH=CH2), 128.0 (CArCH2O), 115.2 (CArH), 112.9 (CArBr), 112.5 

(CArH), 74.4 (CHOCH2Ar), 70.0 (ArCH2O), 62.7 (CH2OTBS), 56.2 (OCH3), 56.0 

(OCH3), 37.8 (CH2CH2OTBS), 27.4 (CH2), 25.9 (C(CH3)3), 25.6 (CH2), 25.5 (CH2), 

18.1 (C(CH3)3), -5.3 (Si(CH3)2) ppm 

LR ESI
+
 MS (m/z): 507.1 [M+Na]

+
 

HRMS (ES
+
): Calculated for C23H37

79
BrO4SiNa 507.1542, found 507.1533 Da.

 

IR max neat (cm
−1

): 2929 (m), 2855 (w), 1503 (s), 1254 (s), 1082 (s), 833 (s). 

[]D  = + 21.3 (c 1.00, CHCl3, 25 °C)  

 

(R)-tert-butyl(2-(6-((3,4-dimethoxybenzyl)oxy)cyclohex-1-en-1-

yl)ethoxy)dimethylsilane (3.42) 

 

By-product isolated from the lithium-halogen exchange reaction for the synthesis of 

aryl iodide 3.06 from aryl bromide 3.23. Physical aspect: colourless oil. 

1
H NMR (400 MHz, CDCl3)   6.93 (1H, d, J = 1.9 Hz, Ar-H), 6.88 (1H, dd, J = 

8.0, 1.9 Hz, Ar-H), 6.82 (1H, d, J = 8.0 Hz, Ar-H), 5.63 (1H, t, J = 3.4 Hz, C=CH), 

4.59 (1H, d, J = 11.3 Hz, ArCHaHb), 4.39 (1H, d, J = 11.3 Hz, ArCHaHb), 3.89 (3H, 

s, OCH3), 3.88 (3H, s, OCH3), 3.81 (1H, t, J = 3.7 Hz, ArCH2OCH) 3.67-3.58 (2H, 

m, CH2OTBS), 2.41-2.17 (2H, m, CH2CH2OTBS), 2.13-1.87 (3H, m), 1.76-1.48 

(3H, m), 0.85 (9H, s, C(CH3)3), 0.00 (6H, s, Si(CH3)2) ppm 

13
C NMR (100 MHz, CDCl3)  148.9 (2 x CArOCH3), 138.2 (CArCH2O), 131.6 

(C=CH), 127.8 (CArH), 127.0 (C=CH), 120.3 (CArH), 110.8 (CArH), 73.7 

(CHOCH2Ar), 70.7 (ArCH2O), 62.7 (CH2OTBS), 56.2 (OCH3), 55.8 (OCH3), 37.8 

(CH2CH2OTBS), 27.4 (CH2), 25.9 (C(CH3)3), 25.7 (CH2), 25.5 (CH2), 18.1 

(C(CH3)3), −5.3 & −5.5 (Si(CH3)2) ppm 
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IR max neat (cm
−1

): 2929 (m), 2855 (m), 1514 (s), 1255 (s), 1081 (s), 1030 (s), 833 

(s), 772 (s). 

LR ESI
+
 MS (m/z): 429 [M+Na]

+
 

HRMS (ES
+
): Calculated for C23H38O4SiNa, [M+Na]

+
 429.2437, found 429.2429 

Da.
 

DDQ oxidation of benzyl ether 3.07 

To a vigourously stirred solution of benzyl ether 3.07 (150 mg, 0.37 mmol) in a 

mixture of CH2Cl2 (2 mL) and H2O (54 mg, 2.96 mmol), was added 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone (DDQ) (126 mg, 0.56 mmol). The resulting green 

suspension was stirred at rt for 16 h. The reaction mixture was then filtered through a 

sintered funnel to remove the reduced form of DDQ (orange solid). The organic layer 

was washed with brine (3 mL), then dried (MgSO4) and the solvent removed under 

reduced pressure. The crude was purified via column chromatography 

(hexane/EtOAc = 7/3) yielding lactone 3.25 as a pale yellow oil (50 mg, 0.12 mmol, 

32%, d.r. = 3:1) and acetal 3.27 as an orange solid (20 mg, 0.07 mmol, 18%). The 

products were obtained as inseparable mixtures of two stereoisomers (arising from 

the Heck reaction). Data are reported for the major isomers only, and specific 

rotation is not recorded for the mixtures. 

(4aS*,10bR*)-10b-(2-((tert-Butyldimethylsilyl)oxy)ethyl)-8,9-dimethoxy-4,4a-

dihydro-3H-benzo[c]chromen-6(10bH)-one (3.25) 

 

1
H NMR (400 MHz, CDCl3)  7.54 (1H, s, Ar-H), 6.73 (1H, s, Ar-H), 6.01 (1H, dt, 

J = 10.1, 2.0 Hz, CCH=CH), 5.79 (1H, dt, J = 10.1, 3.6 Hz, CH=CHCH2), 4.71 (1H, 

dd, J = 11.6, 3.0 Hz, COOCH), 3.94 (3H, s, OCH3), 3.91 (3H, s, OCH3), 3.65-3.57 

(2H, m, CH2OTBS), 2.19-2.15 (2H, m, CH2CH2OTBS), 2.11-1.82 (4H, m, 2 x CH2), 

0.86 (9H, s, C(CH3)3), 0.00 (6H, s, Si(CH3)2) ppm 
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Minor stereoisomer (not overlapping peaks):  7.61 (1H, s, Ar-H), 6.76 (1H, s, Ar-

H), 5.73-5.70 (1H, m, CCH=CH), 5.68-5.60 (1H, m, CH=CHCH2), 3.95 (3H, s, 

OCH3), 3.92 (3H, s, OCH3), 2.70-2.44 (2H, m, CH2CH2OTBS), 0.84 (9H, s, 

C(CH3)3), −0.02 & −0.04  (2x 3H, s, Si(CH3)2) ppm 

13
C NMR (100 MHz, CDCl3)  164.1 (C=O), 153.8 (CArOCH3), 147.9 (CArOCH3), 

140.5 (CArC), 129.9 (CH=CH), 127.7 (CH=CH) 125.1 (CArC=O), 111.6 (CArH), 

108.5 (CArH), 80.1 (COOCH), 59.6 (CH2OTBS), 56.0 (2 x OCH3), 42.9 

(CH2CH2OTBS), 25.9 (C(CH3)3), 25.0 (CH2), 24.4 (CH2), 18.1 (C(CH3)3), -5.5 

(Si(CH3)2) ppm 

LR CI MS (m/z): 419 [M+H]
+
  

HRMS (ES
+
): Calculated for C23H34O5SiNa, [M+Na]

+
 441.2073, found 441.2068 

Da.
 

IR max neat (cm
−1

): 2930 (m), 2855 (w), 1709 (s), 1254 (s), 1088 (s), 833 (s), 773 

(s).
 

 

(6bR*,10aS*)-4,5-dimethoxy-2,9,10,10a-tetrahydro-2,6b-

(epoxyethano)benzo[c]chromene (3.27) 

 

 

1
H NMR (400 MHz, CDCl3)  6.76 (1H, s, Ar-H), 6.73 (1H, s, Ar-H), 5.99-5.94 

(1H, m, CCH=CH), 5.91 (1H, s, OCHO), 5.80 (1H, dt, J = 9.9, 1.9 Hz, CCH=CH), 

3.87 (3H, s, OCH3), 3.84 (3H, s, OCH3), 3.80-3.68 (2H, m, CH2CH2O), 3.00 (1H, td, 

J = 12.2, 3.7 Hz, CCHO) 2.20-2.15 (2H, m, CH2CH2O), 1.82-1.71 (2H, m, CH2), 

ppm 
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13
C NMR (100 MHz, CDCl3)  149.5 (CArOCH3), 147.6 (CArOCH3), 131.1 

(CArCHOO), 130.4 (CH=CH), 129.7 (CH=CH), 109.2 (CArH), 108.6 (CArH), 97.5 

(OCHO), 79.1 (OCHOCH), 60.4 (CH2CH2OCH), 56.0 (2 x OCH3), 45.5 

(CH2CH2OCH), 27.1 (CH2), 25.5 (CH2) ppm (NOTE: one CAr was not observed) 

LR CI MS (m/z): 311 [M+Na]
+
  

HRMS (ES
+
): Calculated for C17H20O4Na, [M+Na]

+
 311.1259, found 311.1259 Da.

 

IR max neat (cm
−1

): 2946 (m), 2855 (w), 1739 (s), 1254 (s), 1088 (s), 833 (s). 

 

(4aR*,10bR*)-10b-(2-((tert-butyldimethylsilyl)oxy)ethyl)-8,9-dimethoxy-4,4a-

dihydro-3H-benzo[c]chromene-3,6(10bH)-dione (3.28) 

 

Method A: To a suspension of lactone 3.25 (80 mg, 0.192 mmol), dry EtOAc (1.5 

mL) and Mn(AcO)3 (6 mg, 20 mol %), t-BuOOH was added (180 L, 0.96 mmol) 

under N2 via syringe. The resulting suspension was stirred at rt for 48 h. The crude 

mixture was then filtered through a short pad of silica and eluted with EtOAc (3 x 5 

mL), then concentrated in vacuo. The obtained crude oil was subject to column 

chromatography yielding the desired product as a colourless oil (58 mg, 0.134 mmol, 

70%). 

Method B: To a suspension of tethered benzyl ether 3.07 (77 mg, 0.192 mmol), dry 

EtOAc (1.5 mL) and Mn(AcO)3 (6 mg, 20 mol %), t-BuOOH was added (180 L, 

0.96 mmol) under N2 via syringe. The resulting suspension was stirred at rt for 24 h. 

The crude mixture was then filtered through a short pad of silica and the solvent 

removed under reduced pressure. The crude material was then redissolved in dry 

EtOAc (1.5 mL) and Mn(AcO)3 (6 mg, 20 mol %) and t-BuOOH were added (180 

L, 0.96 mmol) under N2 via syringe. The resulting suspension was stirred at rt for 

24 h. The crude mixture was then filtered through a short pad of silica and eluted 

with EtOAc (3 x 5 mL), then concentrated in vacuo. The obtained crude oil was 
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subject to column chromatography yielding the desired product as a colourless oil 

(42 mg, 0.096 mmol, 50%). The product was obtained as inseparable mixture of two 

stereoisomers (arising from the Heck reaction). Data are reported for the major 

isomer only, and specific rotation is not recorded for the mixture. 

1
H NMR (400 MHz, CDCl3)  7.61 (1H, s, Ar-H), 7.28 (1H, d, J = 10.1 Hz, 

CH=CH), 6.70 (1H, s, Ar-H), 6.13 (1H, d, J = 10.1 Hz, CH=CH), 5.08 (1H, dd, J = 

10.1, 4.0 Hz, COOCHCH2), 3.96 (3H, s, OCH3), 3.95 (3H, s, OCH3), 3.78-3.63 (2H, 

m, CH2OTBS), 2.96 (1H, dd, J = 16.7, 4.0 Hz, CHaHbC=O), 2.70 (1H, dd, J = 16.7, 

10.1 Hz, CHaHbC=O), 2.30-2.20 (1H, m, CHaHbCH2OTBS), 2.15-2.05 (1H, m, 

CHaHbCH2OTBS), 0.87 (9H, s, C(CH3)3), 0.00 (6H, s, Si(CH3)2) ppm 

13
C NMR (100 MHz, CDCl3)  195.0 (CH=CHC=O), 163.1 (COO), 154.3 

(CArOCH3), 151.2 (CH=CH), 148.9 (CArOCH3), 135.7 (CArC), 129.2 (CH=CH), 

116.8 (CArCOO), 112.1 (CArH), 108.1 (CArH), 77.7 (COOCH), 59.2 (CH2OTBS), 

56.3 (OCH3), 56.2 (OCH3), 42.1 (C quat), 40.8 (CH2CH2OTBS), 40.6 (CH2),  25.8 

(C(CH3)3), 18.0 (C(CH3)3), −5.5  (Si(CH3)2) ppm 

LR ESI
+
 MS (m/z): 433 [M+H]

+
  

HRMS (ES
+
): Calculated for C23H32O6SiNa, [M+Na]

+
 455.1866, found 455.1863 

Da.
 

IR max neat (cm
−1

): 2930 (m), 2856 (w), 1714 (s), 1688 (s), 1280 (s).
 

 

Allylic and benzylic oxidation of 3.07 using Mn3(AcO)9 and t-BuOOH 
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 (±)-(4aR*,10bR*)-10b-(2-((tert-Butyldimethylsilyl)oxy)ethyl)-6-(tert-

butylperoxy)-8,9-dimethoxy-4,4a,6,10b-tetrahydro-3H-benzo[c]chromen-3-one 

(3.43) 

 

Isolated reaction intermediate (5 mg, 0.01 mmol, 5%) from one-pot benzylic and 

allylic oxidation (Method B) of tethered benzyl ether 3.07. Physical aspect: 

colourless oil. 

1
H NMR (400 MHz, CDCl3)   6.83 (1H, s, Ar-H), 6.80 (1H, s, Ar-H), 6.57 (1H, 

dd, J = 10.1, 2.5 Hz, CH=CH), 5.94 (1H, d, J = 10.1 Hz, CH=CH), 5.89 (1H, s, 

CHOOtBu), 4.99-4.95 (1H, m, OCHCH2C=O), 3.91 (3H, s, OCH3), 3.89 (3H, s, 

OCH3), 3.59-3.46 (2H, m, CH2OTBS), 3.01 (1H, dd, J = 17.7, 3.5 Hz, CHaHbC=O), 

2.76 (1H, dd, J = 17.7, 2.8 Hz, CHaHbC=O), 2.07-2.00 (2H, m, CH2CH2OTBS), 1.33 

(9H, s, OOC(CH3)3), 0.87 (9H, s, C(CH3)3), 0.00 (6H, s, Si(CH3)2) ppm 

13
C NMR (100 MHz, CDCl3)  196.2 (CH=CHC=O), 152.9 (CH=CH), 150.4 

(CArOCH3), 148.2 (CArOCH3), 130.7 (CArC), 126.6 (CH=CH), 124.0 (CArCOO), 

110.7 (CArH), 107.7 (CArH), 99.1 (CHOOtBu), 80.8 ((CH3)3COO), 68.0 (OCHCH2), 

58.8 (CH2OTBS), 56.1 (OCH3), 56.0 (OCH3), 41.4 (C quat.), 39.7 (CH2CH2OTBS), 

39.1 (CH2),  26.7 ((CH3)3COO), 25.8 (C(CH3)3), 18.1 (C(CH3)3), −5.5  (Si(CH3)2) 

ppm 

IR max neat (cm
−1

):  2931 (m), 2857 (w), 1681 (s), 1515 (s), 1262 (m), 1093 (s), 

894 (s), 777 (s). 

LR ESI
+
 MS (m/z): 529 [M+Na]

+
 

HRMS (ES
+
): Calculated for C27H42O7SiNa, [M+Na]

+
 529.2597, found 529.2594 

Da.
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(3S,4aR*,10bR*)-10b-(2-((tert-Butyldimethylsilyl)oxy)ethyl)-3-hydroxy-8,9-

dimethoxy-4,4a-dihydro-3H-benzo[c]chromen-6(10bH)-one (3.29) 

 

To a solution of enone 3.28 (55 mg, 0.13 mmol in THF (1 mL), was added 

CeCl3
.
7H2O (47 mg, 0.13 mmol) and the resulting suspension cooled to -40 °C. L-

selectride
®
 (0.14 mL of 1.0 M in THF, 0.14 mmol) was added dropwise via syringe 

over a period of 2 min and the reaction mixture was allowed to stir at −40 °C for 2 h. 

The reaction mixture was then allowed to warm up to 0 °C over 2 h, then quenched 

with saturated aqueous NH4Cl (1 mL). The reaction mixture was extracted with 

EtOAc (3 x 5 mL), the combined organic layers dried (MgSO4) and concentrated in 

vacuo. Column chromatography provided the desired product as a colourless oil (47 

mg, 0.11 mmol, 85%). The product was obtained as an inseparable mixture of two 

stereoisomers (arising from the Heck reaction, d.r. = 8:1). Data are reported for the 

major isomer only, and specific rotation is not recorded for the mixture. 

1
H NMR (400 MHz, CDCl3)   7.55 (1H, s, Ar-H), 6.74 (1H, s, Ar-H), 6.1 (1H, dd, 

J = 10.1, 1.6 Hz, CH=CH), 5.86 (1H, ddd, J = 10.1, 2.4, 0.8 Hz, CH=CH), 4.76 (1H, 

dd, J = 11.4, 2.9 Hz, Ha), 4.41 (1H, dt, J = 6.1, 2.1 Hz, Hd), 3.94 (3H, s, OCH3), 3.92 

(3H, s, OCH3), 3.78-3.63 (2H, m, CH2OTBS), 2.45 (1H, dddd, J = 12.4, 6.1, 2.9, 0.8 

Hz, Hb), 2.10-1.86 (3H, m), 0.87 (9H, s, C(CH3)3), 0.00 (6H, s, Si(CH3)2) ppm 

(NOTE: OH was not observed because probably overlapping with other peaks) 

Minor stereoisomer (not overlapping peaks):  7.53 (1H, s, Ar-H), 6.74 (1H, s, Ar-

H), 6.24 (1H, dd, J = 10.1, 1.6 Hz, CH=CH), 5.77 (1H, dd, J = 10.1, 1.1 Hz, 

CH=CH), 4.67 (1H, dd, J = 13.1, 3.2 Hz, Ha), 3.93 (3H, s, OCH3), 3.91 (3H, s, 

OCH3), 2.40-2.34 (1H, m, Hb), 0.87 (9H, s, C(CH3)3), 0.01 (6H, s, Si(CH3)2) ppm 
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13
C NMR (100 MHz, CDCl3)  163.7 (COO), 154.1 (CArOCH3), 148.2 (CArOCH3), 

139.2 (CArC), 131.3 (CH=CH), 131.0 (CH=CH), 115.5 (CArCOO), 111.8 (CArH), 

108.2 (CArH), 77.9 (COOCH), 66.0 (CHOH), 59.4 (CH2OTBS), 56.1 (2 x CH3O), 

41.6 (CH2CH2OTBS), 41.0 (C quat), 34.7 (CH2), 25.8 (C(CH3)3), 18.1 (C(CH3)3), 

−5.5  (Si(CH3)2) ppm 

IR max neat (cm
−1

): 3399 (b), 2931 (m), 2857 (w), 1700 (s), 1602 (m), 1511 (m), 

1277 (s), 1051 (s), 835 (s), 773 (s). 

LR ESI
+
 MS (m/z): 498 [M+Na+CH3CN]

+
 

HRMS (ES
+
): Calculated for C23H34O6SiNa 457.2022, [M+Na]

+
, found 457.2021 

Da.
 

Upon standing at room temperature after submission for HRMS analysis, a major 

peak relative to the molecule without the TBS protecting group was also observed. 

HRMS (ES
+
): Calculated for C17H20O7Na, [M+Na]

+
  343.1158, found 343.1160 Da. 

 

tert-Butyl (2-iodoethyl) carbamate (3.32) 

 

To a solution of imidazole (2.20 g, 32.3 mmol) and PPh3 (8.48 g, 32.3 mmol) in dry 

CH2Cl2 (32 mL), I2 (9.02 g, 35.5 mmol) was slowly added in 5 portions over 10 min. 

After an additional 10 min, N-Boc-ethanolamine (5.21 g, 32.3 mmol) in dry CH2Cl2 

(32 mL) was added and the resulting dark solution was stirred at room temperature 

for 2 h. Upon completion (TLC), the reaction mixture was diluted with EtOAc (100 

mL) and the organic layer washed with water (50 mL) and saturated aqueous 

Na2S2O3 (2 x 15 mL), dried (MgSO4) and concentrated under reduced pressure. 

Purification through a pad of silica yielded the desired product as a crystalline orange 

solid (7.48 g, 27.6 mmol, 85%). Spectroscopic data were consistent with those 

reported.
87

 

Mp: 43-44 ° C (lit mp: 42-43 °C) 
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1
H NMR (300 MHz, CDCl3)  5.01-4.95 (1H, bs, NH), 3.49-3.47 (2H, m), 3.25 

(2H, t, J = 6.0 Hz), 1.45 (9H, s, CH3) ppm 

13
C NMR (75 MHz, CDCl3)    155.4 (C=O), 79.8 (C(CH3)3), 43.0 (CH2NH), 28.3 

(3 x CH3), 5.9 (CH2I) ppm 

IR max neat (cm
−1

):  3332 (s), 2971 (m), 1682 (s), 1528 (s), 1249 (s), 1141 (s), 611 

(s). 

 

(R)-N-(2-(6-((2-Iodo-4,5-dimethoxybenzyl)oxy)cyclohex-1-en-1-yl)ethyl)-2-

nitrobenzenesulfonamide (3.33) 

 

To a solution of alcohol 3.05 (100 mg, 0.24 mmol), PPh3 (94 mg, 0.36 mmol) and 2-

nitrobenzenesulfonamide (97 mg, 0.48 mmol) in THF (1.7 mL), was added DIAD 

(71 L, 0.36 mmol) dropwise over 3 min. The resulting orange solution was stirred 

and monitored (TLC) until full conversion (2 h). The crude mixture was concentrated 

in vacuo, then subject to column chromatography yielding the desired product as a 

pale yellow oil (115 mg, 0.19 mmol, 80%). 

1
H NMR (400 MHz, CDCl3)  8.06 (1H, m, Ar-H), 7.80 (1H, m, Ar-H), 7.72-7.65 

(2H, m, Ar-H), 7.19 (1H, s, Ar-H), 6.98 (1H, s, Ar-H), 5.65 (1H, t, J = 5.6 Hz, 

C=CH), 5.45 (1H, bs, NH), 4.52 (1H, d, J = 11.6 Hz, ArCHaHb), 4.32 (1H, d, J = 

11.6 Hz, ArCHaHb), 3.90 (2 x 3H, s, OCH3), 3.73 (1H, m, CHaHbN), 3.28-3.12 (2H, 

m, CH2CH2N), 2.38-2.31 (1H, m, CHaHbN), 2.16-1.90 (4H, m), 1.79-1.54 (2H, m) 

ppm 
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13
C NMR (100 MHz, CDCl3)  149.4 (CArOCH3), 148.9 (CArOCH3), 147.9 

(CArNO2), 134.0 (CArSO2), 133.2 (CAr + CArH), 133.2 (C=CH), 132.5 (CArH), 130.8 

(CArH), 130.2 (CArH), 125.1 (C=CH), 121.3 (CArH), 112.4 (CArH), 86.2 (CArI), 74.4 

(ArCH2), 74.1 (HCOBn), 56.2 (OCH3), 56.0 (OCH3), 42.5 (CH2N), 34.7 

(CH2CH2N), 27.0 (CH2), 25.5 (CH2), 17.9 (CH2) ppm 

LR ESI
+
 MS (m/z): 625 [M+Na]

+
  

HRMS (ES
+
): Calculated for C23H27IN2O7SNa, [M+Na]

+
 625.0481, found 625.0478 

Da.
 

IR max neat (cm
−1

):  3339 (w), 2934 (w), 1537 (s), 1502 (s), 1250 (m), 1160 (s), 

586 (m). 

[α]D: + 42.1 (c 0.98, CHCl3, 25 °C) 

 

(4aR*,10bR*)-10b-(2-hydroxyethyl)-8,9-dimethoxy-4,4a-dihydro-3H-

benzo[c]chromen-6(10bH)-one (3.34) 

 

TBS ether 3.25 (40 mg, 0.10 mmol) was dissolved in THF (0.3 mL) and TBAF (0.1 

mL of 1.0 M in THF, 0.10 mmol) was added. The reaction was stirred rt and 

monitored by TLC until completion (2 h). The crude was then diluted with water (3 

mL) and the aqueous layer separated, then extracted with EtOAc (3 x 3 mL). The 

combined organic phase was dried (MgSO4) and concentrated at reduced pressure. 

The resulting crude was purified by column chromatography (acetone/hexane = 6/4) 

yielding the desired compound as a colourless oil (23 mg, 0.080 mmol, 80%). The 

product was obtained as an inseparable mixture of two stereoisomers (arising from 

the Heck reaction, d.r. = 2:1). Data are reported for the major isomer only, and 

specific rotation is not recorded for the mixture. 
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1
H NMR (400 MHz, CDCl3)   7.54 (1H, s, Ar-H), 6.73 (1H, s, Ar-H), 6.00 (1H, dt, 

J = 10.1, 2.0 Hz, CCH=CH), 5.84 (1H, dt, J = 10.1, 3.6 Hz, CH=CHCH2), 4.71-4.59 

(1H, m, COOCH), 3.94 (3H, s, OCH3), 3.91 (3H, s, OCH3), 3.75-3.64 (2H, m, 

CH2OTBS), 2.26-2.15 (2H, m, CH2CH2OTBS), 2.11-1.82 (4H, m, 2 x CH2), 1.55 

(1H, bs, OH) ppm 

Minor stereoisomer (not overlapping peaks):  7.60 (1H, s, Ar-H), 6.80 (1H, s, Ar-

H), 5.74-5.68 (1H, m, CCH=CH), 5.62-5.59 (1H, m, CH=CH), 4.67 (1H, dd, J = 

13.1, 3.2 Hz, Ha), 3.96 (3H, s, OCH3), 3.92 (3H, s, OCH3) ppm 

13
C NMR (100 MHz, CDCl3)  163.9 (C=O), 154.0 (CArOCH3), 148.0 (CArOCH3), 

140.3 (CArC), 129.5 (CH=CH), 128.4 (CH=CH) 123.2 (CArC=O), 111.7 (CArH), 

108.4 (CArH), 80.3 (COOCH), 59.2 (CH2OH), 56.1 (2 x OCH3), 43.0 (CH2CH2OH), 

25.0 (CH2), 24.7 (CH2) ppm 

IR max neat (cm
−1

): 3410 (b), 2938 (w), 1695 (s), 1601 (s), 1276 (s), 1050 (s), 747 

(s). 

LR ESI
+
 MS (m/z): 327 [M+Na]

+
 

HRMS (ES
+
): Calculated for C17H20O5Na, [M+Na]

+
  327.1208, found 327.1205 Da. 

2-((4aR*,10bR*)-8,9-Dimethoxy-4,4a,6,10b-tetrahydro-3H-benzo[c]chromen-

10b-yl)ethanol (3.35) 

 

TBS ether 3.07 (120 mg, 0.30 mmol) was dissolved in THF (0.5 mL) and TBAF (0.3 

mL of 1.0 M in THF, 0.30 mmol) was added. The reaction was stirred at rt and 

monitored by TLC until completion (1 h). The crude was then diluted with water (3 

mL) and the aqueous layer separated, then extracted with EtOAc (3 x 5 mL). The 

combined organic phases were dried (MgSO4) and concentrated at reduced pressure. 

The resulting crude was purified through column chromatography (EtOAc/hexane = 

7/3) yielding the desired compound as a colourless oil (67 mg, 0.23 mmol, 78%). 

The product was obtained as inseparable mixture of two stereoisomers (arising from 
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the Heck reaction, d.r. = 2.5:1). Data are reported for the major isomer only, and 

specific rotation is not recorded for the mixture. 

1
H NMR (400 MHz, CDCl3)   6.73 (1H, s, Ar-H), 6.45 (1H, s, Ar-H), 5.82 (1H, dt, 

J = 10.1, 2.0 Hz, CH=CHCH2), 5.70 (1H, dt, J = 10.1, 3.5 Hz, CH=CHCH2), 4.83 

(1H, d, J = 15.2 Hz, ArCHaHb), 4.70 (1H, d, J = 15.2 Hz, ArCHaHb), 4.04 (1H, dd, J 

= 8.1, 5.1  Hz, ArCH2OCH), 3.86 (3H, s, OCH3), 3.84 (3H, s, OCH3), 3.50-3.37 (2H, 

m, CH2OH), 2.35-1.87 (6H, m) ppm (NOTE: OH was not observed due to possible 

overlap with other peaks) 

Minor stereoisomer (not overlapping peaks):  6.81 (1H, s, Ar-H), 6.48 (1H, s, Ar-

H), 5.67-5.61 (2H, m, CH=CH), 4.88 (1H, d, J = 14.5 Hz, ArCHaHbO), 4.80 (1H, d, 

J = 14.5 Hz, ArCHaHbO) 3.87 (3H, s, OCH3), 3.84 (3H, s, OCH3), 2.62-2.42 (2H, m, 

CH2) ppm 

13
C NMR (100 MHz, CDCl3)  148.4 (CArOCH3), 147.5 (CArOCH3), 133.6 

(CH=CH), 130.3 (CArCCH=CH), 126.8 (CArCH2O), 125.1 (CH=CH), 109.4 (CArH), 

106.6 (CArH), 75.9 (ArCH2O), 66.1 (ArCH2OCH), 59.1 (CH2OH), 56.0 (2 x OCH3), 

46.3 (CH2CH2OH), 25.9 (C(CH3)3), 29.1 (CH2), 23.8 (CH2) ppm  

IR max neat (cm
−1

): 3398 (b), 2936 (m), 2836 (w), 1511 (s), 1451 (m), 1255 (s), 

1033 (s), 857 (m), 750 (s). 

LR CI MS (m/z): 290 [M]
+
 

HRMS (ES
+
): Calculated for C17H22O4Na, [M+Na]

+
 313.1416, found 313.1410 Da.

 

 

Resin-Linker-Vector (RLV) intermediates 

During the exchange period in Caen (France), I synthesised a series of intermediates 

that had been previously reported by Dr. Amy C. Topley in her Ph.D thesis, and are 

now published in a paper on which I am a co-author. In the work described in this 

thesis, the synthesis of the intermediates was confirmed through comparison of the 

1
H NMR, 

13
C NMR, 

19
F NMR and IR data with those reported in Amy’s Ph.D thesis. 

In the case of resin-bound compounds, the success of the synthesis was supported by 

IR and by cleaving an aliquot of polymer-supported compound by exposing it to 

fluoride ion (KF/Kryptofix 2.2.2. or TBAF), followed by characterisation of the 
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obtained fluorinated vector molecule. The characterisation data reported in the 

experimental section of this thesis are taken from the published article and Amy 

Topley’s thesis.
1,2

 

4-Phenylbutyric acid methyl ester (4.02b) 

 

 

Following the procedure of Hanessian et al.,
59

 to a solution of 4-phenyl-butyric acid 

(4.01, 5.00 g, 30.5 mmol) in MeOH (80 mL) at 0 ºC was added TMSCl (15.50 mL, 

121.8 mmol) and the solution was stirred for 1.5 h. The reaction mixture was 

quenched with water (6 mL) and concentrated in vacuo.  The residue was dissolved 

in CH2Cl2 (15 mL), dried over MgSO4 and concentrated in vacuo.  The residue was 

purified by column chromatography (eluent 20% EtOAc/ hexane) to give the title 

compound as a colourless liquid (4.17 g, 23.4 mmol, 77%). Spectroscopic data were 

in agreement with those published in the literature.
153

 

1
H NMR (300 MHz, CDCl3)   7.41-7.33 (2H, m CArH), 7.30-7.23 (3H, m, CArH), 

3.74 (3H, s, OCH3), 2.73 (2H, t, J = 7.5 Hz, CArCH2), 2.41 (2H, t, J = 7.5 Hz, 

C(O)CH2), 2.04 (2H, quin, J = 7.5 Hz, C(O)CH2CH2) ppm 

13
C NMR (75 MHz, CDCl3)    173.9 (C(O)OCH3), 141.3 (CArCH2),  128.5 (CArH), 

128.4 (CArH), 126.0 (CArH), 51.5 (C(O)CH3), 35.1 (ArCH2), 33.4 (C(O)CH2), 26.5 

(C(O)CH2CH2) ppm 

IR max neat (cm
−1

): 3027 (w), 2950 (w), 1733 (s), 1454 (m), 1435 (m), 1201 (m), 

1143 (m), 745 (m), 699 (s). 

LR EI MS (m/z): 178 (M
+

, 30%), 104 (C6H5CH2CH2CH
+
, 89%), 91 (C6H5CH2

+
, 

100%).  
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4-(4-Chlorosulfonylphenyl)butyric acid methyl ester (4.03b) 

 

To a solution of methyl ester 4.02b (3.10 g, 17.4 mmol) in CH2Cl2 (60 mL) at 0 ºC 

was added ClSO2OH (3.50 mL, 52.2 mmol).  The solution was allowed to slowly 

warm up to rt, stirred for 19 h then concentrated in vacuo and the residue dissolved in 

Et2O (40 mL).  The solution was quenched with ice (30 g) and the aqueous layer was 

separated and extracted with Et2O (2 x 20 mL).  The combined organic layers were 

dried over MgSO4 and concentrated in vacuo.  The residue was dissolved in CH2Cl2 

(40 mL) and cooled to 0 ºC before MeOH (1 mL) and acetyl chloride (0.60 mL, 8.0 

mmol) were added and the solution was stirred for 1 h.  Further MeOH (5 mL) and 

acetyl chloride (0.30 mL, 4.0 mmol) were added and the solution stirred for an 

additional 1 h.  The reaction mixture was concentrated in vacuo and the residue was 

purified by column chromatography (eluent 10% EtOAc/hexane) to give the title 

compound as a colourless oil (2.90 g, 10.5 mmol, 60%). 

1
H NMR (300 MHz, CDCl3)  7.97 (2H, d, J = 8.4 Hz, CArH), 7.44 (2H, d, J = 8.4 

Hz, CArH), 3.69 (3H, s, OCH3), 2.80 (2H, t, J = 7.5 Hz, CArCH2), 2.38 (2H, t, J = 7.5 

Hz, C(O)CH2), 2.01 (2H, quin, J = 7.5 Hz, C(O)CH2CH2) ppm 

13
C NMR (75 MHz, CDCl3)   173.3 (C(O)OCH3), 150.1 (CArCH2), 142.2 

(CArSO2Cl), 129.7 (CArH), 127.2 (CArH), 51.7 (OCH3), 35.1 (CArCH2), 33.1 

(C(O)CH2), 25.9 (C(O)CH2CH2)  ppm 

IR max neat (cm
−1

): 2952 (w), 1732 (m), 1593 (w), 1374 (m), 1172 (s), 571 (s). 

LR ESI
+
 MS (m/z): 299 [M+ Na]

+
 

HRMS (ES
+
): Calculated for C11H13ClO4SNa, [M+Na]

+
 299.0115, found 299.0115 

Da.
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4-(4-[4-(tert-Butoxycarbonylphenylamino)butoxysulfonyl]phenyl)butyric  

acid methyl ester (4.04b) 

 

A solution of sulfonyl chloride 4.03b (2.22 g, 8.0 mmol), (4-hydroxybutyl)phenyl 

carbamic acid tert-butyl ester (4.08, 1.78 g, 6.7 mmol), Et3N (2.30 mL, 16.8 mmol) 

and DMAP (208 mg, 1.7 mmol) in CH2Cl2 (30 mL) was stirred at rt for 2.5 h.  The 

reaction mixture was diluted with CH2Cl2 (10 mL), washed with 2 N HCl (1 x 30 

mL), water (1 x 30 mL) and brine (1 x 30 mL), dried over MgSO4 and concentrated 

in vacuo.  The residue was purified by column chromatography (eluent 20-40% 

EtOAc/hexane) to give the title compound as a colourless oil (2.92 g, 5.8 mmol, 

86%). 

1
H NMR (300 MHz, CDCl3)  7.80 (2H, d, J = 8.3 Hz, CArH), 7.38-7.30 (4H, m, 

CArH), 7.20 (1H, tt, J = 7.5, 2.1 Hz, CArH), 7.13 (2H, d, J = 7.5 Hz, CArH), 4.02 (2H, 

t, J = 6.2 Hz, SO2OCH2), 3.69 (3H, s, OCH3), 3.60 (2H, t, J = 7.0 Hz, NCH2), 2.74 

(2H, t, J = 7.5 Hz, CArCH2), 2.36 (2H, t, J = 7.3 Hz, C(O)CH2), 1.98 (2H, tt, J = 7.5, 

7.3 Hz, C(O)CH2CH2), 1.71-1.53 (4H, m, SO2OCH2CH2CH2), 1.51 (9H, s, 

C(O)OC(CH3)3) ppm 

13
C NMR (75 MHz, CDCl3)   176.1 (C(O)CH3), 154.7 (NC(O)O), 148.0 (CArCH2), 

138.6 (CArN), 133.8 (CArSO2O),  129.3 (CArH), 128.8 (CArH), 128.0 (CArH), 127.1 

(CArH), 126.2 (CArH), 80.2 (C(O)OC(CH3)3), 70.1 (SO2OCH2), 51.6 (OCH3), 49.0 

(CH2N), 35.0 (CArCH2), 33.2 (C(O)CH2), 28.3 (C(O)OC(CH3)3), 26.2 

(SO2OCH2CH2),  26.0 (C(O)CH2CH2), 24.5 (CH2CH2N) ppm 

IR max neat (cm
−1

): 2952 (w), 1736 (m), 1694 (s), 1597 (w), 1364 (m), 1175 (s). 

LR ESI
+
 MS (m/z): 528 [M+Na]

+
, 1034 [2M+Na]

+
 

HRMS (ES
+
): Calculated for C26H35NO7Na, [M+Na]

+
  528.2026, found 528.2027 

Da.
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4-(4-[4-(tert-Butoxycarbonylphenylamino)butoxysulfonyl]phenyl)butyric acid  

(4.05b) 

 

To a suspension of Novozym 435


 (250 mg) in aq phosphate buffer (pH 7, 5 mL) 

was added methyl ester 4.04b (228 mg, 0.45 mmol) in CH2Cl2/acetone (4:3, 3.5 mL) 

and the mixture was stirred at 50 C for 22 h.  Further Novozym 435


 (100 mg) was 

added and the suspension stirred for an additional 7 h.  The cooled reaction mixture 

was filtered through a pad of Celite


 and the pad was washed with CH2Cl2 (20 mL).  

The filtrate was acidified with 2 N HCl, the organic layer separated and the aqueous 

layer was extracted with CH2Cl2 (3 x 10 mL).  The combined organic extracts were 

dried (MgSO4) and concentrated in vacuo.  The residue was purified by column 

chromatography (eluent 20-40% EtOAc/hexane) to give the title compound as a 

colourless oil (128 mg, 0.26 mmol, 58%). 

1
H NMR (300 MHz, CDCl3)  7.80 (2H, d, J = 8.2 Hz, CArH), 7.39-7.31 (4H, m, 

CArH), 7.21 (1H, t, J = 7.5 Hz, CArH), 7.12 (2H, d, J = 7.5 Hz, CArH), 4.05 (2H, t, J 

= 6.3 Hz, SO2OCH2), 3.60 (2H, t, J = 7.1 Hz, NCH2), 2.77 (2H, t, J = 7.3 Hz, 

CArCH2), 2.40 (2H, t, J = 7.3 Hz, C(O)CH2), 2.00 (2H, quin, J = 7.3 Hz, 

C(O)CH2CH2), 1.72-1.50 (4H, m, SO2OCH2CH2CH2), 1.40 (9H, s, C(O)OC(CH3)3) 

ppm 

13
C NMR (75 MHz, CDCl3)   178.2 (C(O)OH), 154.8 (NC(O)O), 147.8 (CArCH2), 

142.1 (CArN), 133.8 (CArSO2O),  129.3 (CArH), 128.8 (CArH), 128.0 (CArH), 127.1 

(CArH), 126.2 (CArH), 80.3 (C(O)OC(CH3)3), 70.2 (SO2OCH2), 48.9 (CH2N),  34.9 

(CArCH2), 33.0 (C(O)CH2), 28.3 (C(O)OC(CH3)3), 26.2 (SO2OCH2CH2), 25.6 

(C(O)CH2CH2), 24.3 (CH2CH2N) ppm 

IR max neat (cm
−1

): 2974 (w), 2934 (w), 1733 (w), 1693 (m), 1597(w), 1363 (m), 

1173 (s), 935 (m). 

LR ESI
+
 MS (m/z): 514 [M+Na]

+
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HRMS (ES
+
): Calculated for C25H33NO7SNa, [M+Na]

+
 514.1870, found 514.1877 

Da.
 

 

Solid supported 4-(4-[4-(tert-butoxycarbonylphenylamino)butoxysulfonyl] 

phenyl) butyric acid (4.06b) 

 

 

Loading = 0.81 mmol g
1

 

 

To a solution of HOBt (97 mg, 0.72 mmol) in DMF (1.2 mL) was added carboxylic 

acid 4.05b (119 mg, 0.24 mmol) in CH2Cl2 (2.8 mL) and the solution was stirred at rt 

for 10 min.  DIC (0.11 mL, 0.72 mmol) was added and the solution was stirred for a 

further 10 min.  Amino methyl polystyrene resin (110 mg, 1.5 mmolg
1

, 0.16 mmol) 

was added and the suspension was stirred for 18 h after which time a ninhydrin test 

on a sample of resin beads was negative.  The resin was removed by filtration, 

washed with CH2Cl2 (3 x 10 mL), MeOH (3 x 10 mL) and Et2O (3 x 10 mL) and 

dried in vacuo at 40 ºC for 35 h to give the product resin (174 mg, theoretical loading 

0.92 mmolg
1

, actual loading (S elemental analysis) 0.81 mmolg
1

). 

1
H NMR MAS (300 MHz, CDCl3)  7.76 (s, CArH), 7.30 (s, CArH), 7.18 (s, CArH), 

7.11 (s, CArH), 7.10 (s, CArH), 6.54 (amino methyl resin), 4.28 (amino methyl resin), 

4.01 (s, SO2OCH2), 3.58 (s, NCH2), 2.71 (s, CArCH2), 2.16 (s, NC(O)CH2), 1.98 (s, 

NC(O)CH2CH2), 1.82 (amino methyl resin), 1.64 (s, CH2CH2N), 1.54 (s, 

SO3CH2CH2), 1.39 (s, C(O)OC(CH3)3) ppm 

13
C NMR MAS (75 MHz, CDCl3)   172.3 (NC(O)CH2), 155.1 (NC(O)O), 148.7 

(CArCH2), 145.5 (amino methyl resin), 142.5 (CArN), 134.1 (CArSO2O),  129.8 (CArH 

meta to SO2O), 129.3 (CArH ortho to N), 128.4 (CArH ortho to SO2O), 127.5 (CArH 

meta to N), 126.6 (CArH para to N), 80.6 (C(O)OC(CH3)3), 70.7 (SO2OCH2), 49.4 

(CH2N), 43.8 (amino methyl resin), 40.8 (amino methyl resin), 35.8 (CArCH2), 35.5 

NC(O)CH2), 28.7 (C(O)OC(CH3)3), 27.0 (SO2OCH2CH2),  26.5 (C(O)CH2CH2), 

24.9 (CH2CH2N)  ppm 
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IR max neat (cm
−1

): 3360 (br), 3023 (w), 2924 (w), 1694 (m), 1598 (w), 1493 (m), 

1363 (m), 1173 (m), 697 (s).
 

 

(4-Fluorobutyl)phenyl carbamic acid tert-butyl ester (4.07) 

 

A suspension of the resin 4.06b (95 mg, 0.81 mmol g
1

, 77 mol (1.0 eq)), KF (55 

mg, 94 mol) and 1,10-diazo-4,7,13,16,21,24-hexaoxabicyclo[8.8.8]hexacosan (35 

mg, 94 mol) in MeCN (1 mL/40 mol of resin) was heated to reflux for 30 min.  

The resin was removed from the cooled suspension by filtration and was washed 

with CH2Cl2 (10 mL/40 mol of resin). The filtrate was concentrated in vacuo and 

the residue was purified by column chromatography (eluent 20% EtOAc/hexane) to 

give the title compound as a colourless oil (6 mg, 22 mol, 28%). 

1
H NMR (300 MHz, CDCl3)  7.45-7.29 (2H, m, CArH), 7.26-7.11 (3H, m, CArH), 

4.44 (2H, dt, 
2
JHF = 47.4, J = 5.7 Hz, FCH2), 3.68 (2H, t, J = 7.0 Hz, NCH2), 1.82-

1.64 (4H, m, FCH2CH2CH2), 1.43 (9H, s, C(O)OC(CH3)3) ppm 

13
C NMR (75 MHz, CDCl3)   154.7 (C(O)C(CH3)3), 142.3 (CArN), 128.8 (CArH), 

127.1 (CArH), 126.1 (CArH), 83.7 (d, J = 164.8 Hz, FCH2), 80.1 (C(O)OC(CH3)3), 

49.4 (NCH2), 28.3 (C(O)OC(CH3)3), 27.3 (d, J = 19.9 Hz, FCH2CH2), 24.3 (d, J = 

4.4 Hz, NCH2CH2) ppm 

19
F NMR (282 MHz, CDCl3)   218.4 (FCH2) ppm 

IR max neat (cm
−1

): 2970 (w), 1738 (w), 1694 (s), 1391 (m), 1366 (m), 1147 (m), 

698 (m). 

LR ESI
+
 MS (m/z): 290 [M+Na]

+
 

HRMS (ES
+
): Calculated for C15H22FNO2Na, [M+Na]

+
 290.1527, found 290.1521 

Da.
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N-phenylpyrrolidine (4.09)  

 

To a solution of iodobenzene (232 mg, 1.0 mmol) in dry DMSO (4 mL), was added 

pyrrolidine (284 mg, 0.33 mL, 4.0 mmol) and KO
t
Bu (225 mg, 2.0 mmol) and the 

reaction mixture heated to 160 °C (microwave irradiation) for 1 h. After cooling to 

room temperature, the reaction mixture was quenched with saturated aqueous NH4Cl 

(10 mL) and extracted with EtOAc (2 x 10 mL). The organic phase was dried 

(MgSO4), the solvent removed at reduced pressure and the crude material filtered 

through a short pad of silica yielding the desired product as a pale yellow oil (71 mg, 

0.48 mmol, 48%). Spectroscopic data were consistent with those reported.
145

 

1
H NMR (300 MHz, CDCl3)  7.26 (2H, t, J = 7.6 Hz, Ar-H), 6.68 (1H, t, J = 7.6  

Hz, Ar-H), 6.60 (2H, d, J = 7.6 Hz, Ar-H), 3.31 (4H, t, J = 6.6 Hz, CH2N), 2.02 (4H, 

t, J = 6.6 Hz, CH2CH2N) ppm 

13
C NMR (75 MHz, CDCl3)    148.0 (CArN), 129.1 (2 x CArH), 115.4 (CArH), 

111.7 (2 x CArH), 47.6 (2 x CH2N), 25.4 (2 x CH2CH2N) ppm 

LR ESI
+
 MS (m/z): 170 [M+Na]

+
 

 

(S)-(+)-2-tert-Butoxycarbonylamino-3-(4-hydroxyphenyl)propionic acid tert-

butyl ester (4.16)  

 
 

Following a modified procedure to that described by Chevallet et al.,
111

 to a solution 

of N-(tert-butoxycarbonyl)-L-tyrosine (4.15, 2.0 g, 7.1 mmol), BTEAC (1.6 g, 7.1 

mmol) and K2CO3 (24.0 g, 185.0 mmol) in DMAC (22 mL) was added 2-bromo-2-

methylpropane (38.0 mL, 340.0 mmol) and the solution was stirred at 55 C for 48 h. 
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The cooled reaction mixture was poured onto water ( 100 mL) and the aqueous layer 

was extracted with EtOAc (2 x 100 mL).  The combined organic extracts were dried 

(MgSO4) and concentrated in vacuo. The residue was purified by column 

chromatography (eluent 10-50% EtOAc/hexane) to give the title compound as a 

cream solid (2.2 g, 6.5 mmol, 92%). Spectroscopic data were in agreement with 

those published in the literature.
146

  

 

MP:  117-120 °C (lit 112.8-113.0 °C)  

 
1
H NMR (300 MHz, CDCl3)  7.03 (2H, d, J = 8.1 Hz, CArH), 6.74 (2H, d, J = 8.1 

Hz, CArH), 5.43 (1H, s, OH), 5.01 (1H, br d, J = 7.9 Hz, NH), 4.43-4.37 (1H, m, 

C(O)CH), 3.00-2.94 (2H, m, CArCH2), 1.43 & 1.42 (18H, 2 x s, 2 x C(O)OC(CH3)3) 

ppm 

13
C NMR (75 MHz, CDCl3)  171.1 (CHC(O)OC(CH3)3), 155.2 

(NHC(O)OC(CH3)3) , 154.7 (CArOH), 130.6 (CArH), 128.2 (CArCH2), 115.2 (CArH), 

82.1 & 79.8 (2 x OC(CH3)3), 55.0 (C(O)CH), 37.7 (CArCH2), 28.3 & 28.0 (2 x 

OC(CH3)3)  ppm 

IR max neat (cm
−1

): 3351 (br), 2978 (w), 2932 (w), 1716 (shoulder), 1686 (m), 1515 

(m), 1366 (m), 1159 (s). 

LR ESI
+
 MS (m/z): 360 [M+Na]

+
 

[]D   = + 36.0 (c 1.00, CHCl3, 24°C) (lit. +8.0 (c 1.00, EtOH, 20 °C)). 

 

(S)-(+)-2-tert-Butoxycarbonylamino-3-[4-(2-hydroxyethoxy)phenyl]propionic 

acid tert-butyl ester (4.17) 

 

 

A solution of phenol 4.16 (3.85 g, 11.4 mmol) and BTEAC (5.20 g, 22.8 mmol) in 

DMF (50 mL) was warmed at 50 C for 10 min.  K2CO3 (4.45 g, 34.2 mmol) was 

added and the solution was stirred for 30 min. Bromoethanol (0.90 mL, 12.5 mmol) 
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was added dropwise and the solution was stirred. After 48 h, bromoethanol (0.45 mL, 

6.3 mmol) was added dropwise and the solution was stirred for a further 24 h.  The 

cooled reaction mixture was diluted with CH2Cl2 (100 mL), washed with water (1 x 

150 mL) and brine (1 x 150 mL), dried over MgSO4 and concentrated in vacuo.  The 

residue was purified by column chromatography (eluent 40% EtOAc/hexane) to give 

the title compound as a white solid (3.17 g, 8.3 mmol, 73%) and recovered phenol 

4.16 (364 mg, 1.1 mmol, 9%). 

 

MP: 87-90 °C 

 
1
H NMR (300 MHz, CDCl3)  7.09 (2H, d, J = 8.7 Hz, CArH), 6.85 (2H, d, J = 8.7 

Hz, CArH), 4.98 (1H, br d, J = 7.7 Hz, NH), 4.41 (1H, ddd, J = 7.7, 6.4, 6.0 Hz, 

C(O)CH), 4.07 (2H, t, J = 4.0 Hz, OCH2CH2OH,), 3.95 (2H, t, J = 4.0 Hz, 

OCH2CH2OH), 3.10-2.86 (2H, m, CArCH2), 2.09 (1H, br s, OH), 1.43 & 1.42 (18H, 

2 x s, 2 x C(O)OC(CH3)3) ppm 

13
C NMR (75 MHz, CDCl3)   171.0 (CHC(O)OC(CH3)3), 157.6 

(NHC(O)OC(CH3)3), 155.1 (CArOCH2), 130.6 (2 x CArH), 128.9 (CArCH2), 114.4 (2 

x CArH), 82.0 & 79.6 (2 x OC(CH3)3), 69.2 (OCH2CH2OH), 61.4 (OCH2CH2OH), 

54.9 (C(O)CH), 37.5 (CArCH2), 28.3 & 27.9 (2 x OC(CH3)3)  ppm 

IR max neat (cm
−1

):  3435 (br), 2977 (w), 2932 (w), 1701 (m), 1510 (m), 1366 (m), 

1246 (m), 1151 (s). 

LR ESI
+
 MS (m/z): 404 [M+Na]

+
 

HRMS (ES
+
): Calculated for C20H31NO6Na, [M+Na]

+
 404.2044, found 404.2044 

Da.
 

[]D   = + 17.8 (c 1.06, CHCl3, 23 °C) 
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6-Phenylhexanoic acid methyl ester (4.02a)  

 

 

Following the procedure of Hanessian et al., to a solution of 6-phenylhexanoic acid 

(4.01, 0.50 mL, 2.6 mmol) in MeOH (15 mL) at 0 C was added TMSCl (1.30 mL, 

10.4 mmol).  The solution was stirred for 4 h at rt before it was quenched with water 

(2 mL) and concentrated in vacuo.  The residue was dissolved in CH2Cl2 (15 mL), 

dried over MgSO4 and concentrated in vacuo.  The residue was purified by column 

chromatography (eluent 0-10% EtOAc/hexane) to give a colourless oil (550 mg, 2.6 

mmol, 100%).  Spectroscopic data were in agreement with those published in the 

literature.
102

  

1
H NMR (300 MHz, CDCl3)  7.32-7.25 (2H, m, CArH), 7.22-7.15 (3H, m, CArH), 

3.67 (3H, s, C(O)OCH3), 2.63 (2H, t, J = 7.7 Hz, ArCH2), 2.32 (2H, t, J = 7.5 Hz, 

C(O)CH2), 1.73-1.60 (4H, m, C(O)CH2CH2CH2CH2), 1.44-1.32 (2H, m, 

C(O)CH2CH2CH2) ppm 

13
C NMR (75 MHz, CDCl3)   174.2 (C(O)OCH3), 142.5 (CArCH2), 128.4 (CArH), 

127.9 (CArH), 125.6 (CArH), 51.4 (OCH3), 35.7 (ArCH2), 34.0 (C(O)CH2), 31.0 

(C(O)CH2CH2CH2), 28.7 (C(O)CH2CH2), 24.8 (CArCH2CH2)  ppm 

IR max neat (cm
−1

): 3026 (w), 2933 (w), 2857 (w), 1736 (s), 1170 (m), 698 (s). 

LR EI MS (m/z): 206 (M
+

, 12%), 174 ([M  MeOH]
+
, 49%), 91 ([M  CH2C6H5]

+
, 

100%).  
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6-(4-Chlorosulfonylphenyl) hexanoic acid methyl ester (4.03a) 

 

 

To a solution of methyl ester 4.02a (6.55 g, 31.8 mmol) in CH2Cl2 (60 mL) at 0 C 

was added ClSO2OH (6.40 mL, 95.3 mmol).  The solution was allowed to slowly 

warm to rt and was stirred for 17.5 h.  The reaction mixture was concentrated in 

vacuo and the residue was dissolved in EtOAc (50 mL) and quenched with water (50 

mL). The organic layer was separated and the aqueous layer was extracted with 

EtOAc (3 x 20 mL).  The combined organic extracts were dried (MgSO4) and 

concentrated in vacuo.  The residue was dissolved in CH2Cl2 (40 mL) and cooled to 0 

C.  MeOH (20 mL) and AcCl (1.2 mL, 15.9 mmol) were added and the solution was 

stirred for 3.25 h.  The reaction mixture was concentrated in vacuo and the residue 

was purified by column chromatography (eluent 10-50% EtOAc/hexane) to give the 

title compound as a colourless oil (6.57 g, 21.6 mmol, 68%). 

1
H NMR (300 MHz, CDCl3)  7.95 (2H, d, J = 8.6 Hz, CArH), 7.42 (2H, d, J = 8.6 

Hz, CArH), 3.67 (3H, s, C(O)OCH3), 2.75 (2H, t, J = 7.7 Hz, ArCH2), 2.33 (2H, t, J = 

7.5 Hz, C(O)CH2), 1.75-1.63 (4H, m, C(O)CH2CH2CH2CH2), 1.45-1.34 (2H, m, 

C(O)CH2CH2CH2) ppm 

13
C NMR (75 MHz, CDCl3)   173.9 (C(O)OCH3), 151.2 (CArCH2), 142.0 

(CArSO2Cl), 129.6 (CArH), 127.1 (CArH), 51.5 (OCH3), 35.8 (CArCH2), 33.8 

(C(O)CH2), 30.5 (C(O)CH2CH2CH2), 28.6 (C(O)CH2CH2), 24.6 (CArCH2CH2) ppm 

IR max neat (cm
−1

): 2943 (w), 2861 (w), 1735 (m), 1375 (m), 1174 (s), 573 (m). 

LR ESI
+
 MS (m/z): 327 [M+Na]

+
, 305 [M+H]

+
,  

HRMS (ES
+
): Calculated for C13H17ClO4SNa, [M+Na]

+
 327.0428, found 327.0427 

Da. 
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 (S)-(+)-6-(4-(2-[4-(2-tert-Butoxycarbonyl-2-tert-butoxycarbonylamino ethyl) 

phenoxy] ethoxysulfonyl) phenyl) hexanoic acid methyl ester (4.18) 

 

 

To a solution of alcohol 4.17 (1.53 g, 4.0 mmol), sulfonyl chloride 4.03a (1.46 g, 4.8 

mmol) and DMAP (122 mg, 1.0 mmol) in CH2Cl2 (25 mL) was added Et3N (1.40 

mL, 10.0 mmol) and the solution was stirred at rt for 1.75 h.  The reaction mixture 

was diluted with CH2Cl2 (20 mL), washed with 2 N HCl (1 x 40 mL), water (1 x 40 

mL) and brine (1 x 40 mL), dried over MgSO4 and concentrated in vacuo.  The 

residue was purified by column chromatography (eluent 30% EtOAc/hexane) to give 

the title compound as a colourless oil (2.15 g, 3.3 mmol, 83%). 

1
H NMR (300 MHz, CDCl3)    7.85 (2H, d, J = 8.3 Hz, CArH), 7.35 (2H, d, J = 8.3 

Hz, CArH), 7.06 (2H, d, J = 8.6 Hz, CArH), 6.72 (2H, d, J = 8.6 Hz), 4.97 (1H, br d, J 

= 7.1 Hz, NH), 4.40-4.33 (3H, m, SO2OCH2 & CHC(O)), 4.17-4.09 (2H, m, 

SO2OCH2CH2), 3.67 (3H, s, C(O)OCH3), 3.09-2.89 (2H, m, CArCH2CH), 2.71 (2H, 

t, J = 7.7 Hz, CArCH2CH2), 2.32 (2H, t, J = 7.4 Hz, C(O)CH2), 1.76-1.61 (4H, m, 

C(O)CH2CH2CH2CH2), 1.53-1.31 (20H, m, 2x C(O)OC(CH3)3 & C(O)CH2CH2CH2) 

ppm 

13
C NMR (75 MHz, CDCl3)  174.0 (C(O)OCH3), 170.9 (CHC(O)OC(CH3)3), 

157.0 (NHC(O)OC(CH3)3) , 155.0 (CArOCH2), 149.4 (CArCH2), 139.0 (CArH), 133.2 

(CArSO2O), 130.6 (CArH), 129.2 (CArCH2CH), 128.1 (CArH),  114.4 (CArH), 82.0 & 

79.6 (2 x OC(CH3)3), 68.1 (SO2OCH2), 65.5 (SO2CH2CH2), 54.9 (C(O)CH), 51.5 

(C(O)CH3), 37.6 (CArCH2CH), 35.7 (CArCH2CH2), 34.8 (C(O)CH2), 30.6 

(C(O)CH2CH2CH2),  28.6 (C(O)CH2CH2), 28.3 & 28.0 (2 x OC(CH3)3), 24.6 

(CArCH2CH2)  ppm 

IR max neat (cm
−1

): 3393 (br), 2977 (w), 2935 (w), 1735 (m), 1716 (m), 1512 (m), 

1365 (m), 1249 (m), 1176 (s). 
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LR ESI
+
 MS (m/z): 672 [M+Na]

+
 

HRMS (ES
+
): Calculated for C33H47NO10SNa, [M+Na]

+
 672.2813, found 672.2826 

Da.
 

[]D  = + 7.2 (c 1.10, CHCl3, 24 °C) 

 

(S)-(+)-6-(4-[2-[4-(2-tert-Butoxycarbonyl-2-tert-butoxycarbonylamino ethyl) 

phenoxy]ethoxysulfonyl]phenyl)hexanoic acid (4.19) 

 
 

A solution of methyl ester 4.18 (1.92 g, 3.0 mmol) and Novozym 435


 (2.00 g) in 

CH2Cl2/acetone (5:1, 30 mL) and aq phosphate buffer (pH 7, 80 mL) was heated at 

50  C for 28 h.  Further Novozym 435


 (1.00 g) was added and the reaction mixture 

was stirred for an additional 24 h. The cooled reaction mixture was filtered through 

Celite


 and the pad was washed with CH2Cl2 (2x 20mL).  The filtrate was acidified 

with 2N HCl (2 mL), the organic layer was separated and the aqueous layer was 

extracted with CH2Cl2 (3 x 50 mL). The combined organic layers were washed with 

brine (100 mL), dried over MgSO4 and concentrated in vacuo. The residue was 

purified by column chromatography (eluent 40% EtOAc/hexane) to give the title 

compound as a colourless oil (969 mg, 1.5 mmol, 50%) and recovered methyl ester 

4.18 (475 mg, 0.7 mmol, 23%). 

 

1
H NMR (300 MHz, CDCl3)  7.84 (2H, d, J = 8.2 Hz, CArH), 7.35 (2H, d, J = 8.2 

Hz, CArH), 7.06 (2H, d, J = 8.3 Hz, CArH), 6.70 (2H, d, J = 8.3 Hz, CArH), 5.01 (1H, 

br d, J = 7.9 Hz, NH), 4.54-4.24 (3H, m, SO2OCH2 & CArCH2CH), 4.23-3.92 (2H, 

m, SO2OCH2CH2), 3.02-2.93 (2H, m, CArCH2CH), 2.71 (2H, t, J = 7.6, 

CArCH2CH2), 2.36 (2H, t, J = 7.3 Hz, C(O)CH2), 1.88-1.55 (4H, m, 

C(O)CH2CH2CH2CH2), 1.52-1.29 (20H, m, 2 x C(O)OC(CH3)3 & 

C(O)CH2CH2CH2) ppm 
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13
C NMR (75 MHz, CDCl3)   178.6 (C(O)OH), 171.0 (CHC(O)OC(CH3)3), 157.0 

(NHC(O)OC(CH3)3), 155.1 (CArOCH2), 149.3 (CArCH2CH2), 133.2 (CArSO2O), 

130.5 (CArH), 129.2 (CArH), 129.2 (CArCH2CH), 128.1 (CArH),  114.4 (CArH), 82.0 

& 79.7 (2 x OC(CH3)3), 68.2 (SO2OCH2), 65.4 (SO2OCH2CH2), 54.9 (C(O)CH), 

37.6 (CArCH2CH), 35.6 (CArCH2CH2), 33.7 (C(O)CH2), 30.5 (C(O)CH2CH2CH2),  

28.5 (C(O)CH2CH2), 28.3 & 27.9 (2 x OC(CH3)3), 24.4 (CArCH2CH2)  ppm 

IR max neat (cm
−1

):  3395 (br), 2977 (w), 2933 (w), 1708 (m), 1512 (m), 1365 (m), 

1248 (m), 1174 (s), 1153 (s), 927 (m). 

LR ESI
+
 MS (m/z): 658 [M+Na]

+
 

HRMS (ES
+
): Calculated for C32H45NO10SNa, [M+Na]

+
 658.2656, found 658.2640 

Da.
 

[]D  = + 6.8 (c 1.12, CHCl3, 24 °C) 

 

Solid supported (S)-6-(4-[2-[4-(2-tert-butoxycarbonyl-2-tert-

butoxycarbonylamino ethyl)phenoxy]ethoxysulfonyl]phenyl)hexanoic acid 

(4.20) 

 

 

 

To a solution of HOBt (523 mg, 3.87 mmol) and DIC (0.60 mL, 3.87 mmol) in DMF 

(5 mL) was added carboxylic acid 4.16 (823 mg, 1.29 mmol) in CH2Cl2 (20 mL) and 

aminomethyl polystyrene resin (573 mg, 1.5 mmolg
1

, 0.86 mmol).  The reaction 

mixture was stirred at rt for 18 h after which time a ninhydrin test carried out on a 

small sample of the resin was negative.  The resin was removed by filtration, washed 

with CH2Cl2 (3 x 100 mL), MeOH (3 x 100 mL) and Et2O (3 x 100 mL) and dried in 
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vacuo at 40 C for 24 h to give the product resin (1.22 g, theoretical loading 0.70 

mmolg
1

, actual loading (S elemental analysis) 0.78 mmolg
1

). 

1
H NMR MAS (300 MHz, CDCl3)  7.84 (s, CArH), 7.34 (s, CArH), 7.07 (d, CArH), 

6.73 (d, CArH), 6.66 (amino methyl resin), 5.03 (s, NHC(O)O), 4.40 (s, CArCH2CH), 

4.36 (s, SO2OCH2), 4.12 (s, SO2OCH2CH2), 3.50 (m, amino methyl resin), 3.00 (s, 

CArCH2CH), 2.70 (s, CArCH2CH2), 2.20 (s, C(O)CH2), 1.69 (s, C(O)CH2CH2CH-

2CH2), 1.43 (s, 2 x OC(CH3)3 & C(O)CH2CH2CH2) ppm 

13
C NMR MAS (75 MHz, CDCl3)    172.6 (NHC(O)), 171.0 (CHC(O)O), 157.0 

(NHC(O)O), 155.1 (CArOCH2), 149.5 (CArCH2CH2), 145.3 (aminomethyl resin), 

135.5 (aminomethyl resin), 133.2 (CArSO2O), 130.6 (CArH), 129.3 (CArH), 128.1 

(CArH & CArCH2CH), 114.5 (CArH), 82.0 & 79.7 (2 x C(O)OC(CH3)3), 68.3 

(SO2OCH2), 65.5 (SO2OCH2CH2), 55.0 (CArCH2CHC(O)), 43.4 (aminomethyl 

resin), 40.4 (aminomethyl resin), 37.6 (CArCH2CH), 36.4 (CArCH2CH2), 35.7 

(C(O)CH2), 30.8 (C(O)CH2CH2CH2),  28.9 (C(O)CH2CH2), 28.4 & 28.0 (2 x 

C(O)OC(CH3)3), 25.5 (CArCH2CH2)  ppm 

IR max neat (cm
−1

): 3399 (w), 2927 (w), 1708 (m), 1361 (m), 1175 (m), 729 (s), 

699 (s). 

 

(S)-(+)-2-tert-Butoxycarbonylamino-3-[4-(2-fluoroethoxy)phenyl]propionic acid 

tert-butyl ester (4.11) 

 

 

Resin 4.20 (100 mg, 0.78 mmolg
1

, 0.078 mmol), KF (5 mg, 0.084 mmol) and 1,10-

diazo-4,7,13,16,21,24-hexaoxabicyclo[8.8.8]hexacosan (32 mg, 0.084 mmol) were 

heated under reflux in MeCN (2 mL) for 45 min. The resin was removed by filtration 

and was washed with CH2Cl2 (10 mL). The filtrate was concentrated in vacuo and 

the residue was purified by column chromatography (eluent 40% EtOAc/hexane) to 

give the title compound as a colourless oil (15 mg, 0.039 mmol, 50%). 
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1
H NMR (300 MHz, CDCl3)  7.10 (2H, d, J = 8.6 Hz, CArH), 6.86 (2H, d, J = 8.6 

Hz, CArH), 4.97 (1H, br d, J = 7.7 Hz, NH), 4.75 (2H, dt, 
2
JHF = 47.4, J = 4.2 Hz, 

FCH2), 4.41 (1H, dt, J = 7.7, 6.2 Hz, C(O)CH), 4.20 (2H, dt, 
3
JHF = 27.8, J = 4.2 Hz, 

FCH2CH2), 3.05-3.95 (2H, m, ArCH2), 1.43 & 1.42 (18H, 2 x s, 2 x C(O)OC(CH3)3) 

ppm 

13
C NMR (75 MHz, CDCl3)  171.0 (CHC(O)OC(CH3), 157.4 

(NHC(O)OC(CH3)3), 155.1 (CArOCH2), 130.6 (2 x CArH), 129.1 (CArCH2), 114.5 (2 

x CArH), 82.0 (OC(CH3)3), 81.9 (d, J = 170.0 Hz, FCH2), 81.1 (OC(CH3)3),  67.2 (d, 

J = 20.4 Hz, FCH2CH2), 54.9 (C(O)CH), 37.6 (CArCH2), 28.3 & 28.0 (2 x 

OC(CH3)3) ppm 

19
F NMR (282 MHz, CDCl3)  225.1 (FCH2) ppm 

IR max neat (cm
−1

): 3367 (br), 2978 (w), 1708 (m), 1511 (m), 1366 (m), 1248 (m), 

1150 (s), 1953 (m), 801 (m). 

LR ESI
+
 MS (m/z): 406 [M+Na]

+
 

HRMS (ES
+
): Calculated for C20H30FNO5Na, [M+Na]

+
 406.2000, found 406.1994 

Da.
 

[]D   = + 4.0 (c 0.70, CHCl3, 23°C) 
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Radiosyntheses 

Radiosynthesis of the model compound [
18

F]-4.07 from RLV 4.06b 

 

Cyclotron produced [
18

F]-fluoride was separated from 
18

O-enriched water using ion 

exchange resin (QMA light, Waters, ABX) after elution with a 1/1 mixture (600 μL) 

of aqueous potassium carbonate K2CO3 (5mg/mL) and MeCN. A fraction of the 

resulting [
18

F]-fluoride solution (120 L, 1.63 mCi, 60.31 MBq) was collected into a 

conical Reactivial
®
 containing 4,7,13,16,21,24-hexaoxa-1,10-

diazabicyclo[8.8.8]hexacosane (Kryptofix
®
 K222, 4 mg, 10.6 mol) and aqueous 

K2CO3 (3 L of 1.0 M, 3 mol). Water was removed azeotropically with MeCN (3 x 

1 mL) at 100 C under a stream of N2 to afford a dry residue of [K/K222]
+ 18

F
–
 in a 15 

min total reaction time. After cooling to rt, RLV 4.06b (30-40 mg) was added 

followed by MeCN (500 L). The stirred reaction mixture was heated to 100–110 C 

for 15 min before being cooled and passed through a reverse phase Sepack cartridge 

[pre-conditioned with MeOH (5 mL) then water (5 mL)]. The reaction vessel was 

filled with water (10 mL) which was used to wash the cartridge. The washing step 

was repeated with water (2 mL). Elution of the model [
18

F]-fluorinated product [
18

F]-

4.07 was achieved with EtOH (2 mL) and the sample was analysed by reverse-phase 

HPLC (Phenomenex Luna C18(2) column, 250 x 4.6 mm, 5 µm, 20 L loop size, 1 

mL/min flow rate, 254 nm wavelength, eluent MeCN /water, linear gradient from 40 

to 95% MeCN (25 min) then 95% MeCN (5 min), 30 min total run time). 
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Radiosynthesis of [
18

F]-FET ([
18

F]-4.11) 

 

Step 1 ([
18

F]-Labeling): A solution of QMA prurified [
18

F]-fluoride (300 L, 4.83 

mCi, 178.71 MBq) was drawn into a Wheaton vial followed by 4,7,13,16,21,24-

hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (Kryptofix
®
 K222, 4 mg, 10.6 mol). 

No additional K2CO3 was used to avoid the presence of excess base. MeCN (1 mL) 

was added and the mixture was azeotropically dried under a flow of N2 at 100 C. 

The process was repeated 3 times in a total time of 15 min. The reaction vessel was 

cooled to rt and RLV 4.20 (30–40 mg) was added followed by MeCN (500 L). The 

stirred reaction mixture was heated to 110 C for 15 min before being cooled and 

filtered through an acrodisc (syringe filter). The solution containing the protected 

[
18

F]-FET [
18

F]-4.21 was analysed by radioTLC and reverse-phase HPLC 

(Phenomenex Luna C18(2) column, 250 x 4.6 mm, 5 µm, 20 L loop, 1 mL/min 

flow rate, 254 nm wavelength, eluent MeCN/water, linear gradient 4095% MeCN 

(25 min) then 95% MeCN (5 min), 30 min total run time). 

 

Step 2 (Deprotection): MeCN was removed under a flow of N2 and a TFA/DCE 

mixture (1 mL, 1:2 ratio) was added in the reaction vessel. The resulting mixture was 

stirred at 70 C for 10 min, cooled to rt followed by addition CH2Cl2 (5 mL) and 

passed through a silica gel cartridge (Sepack normal phase, pre-conditioned with 

CH2Cl2). The cartridge was washed twice with Et2O/Pentane (5 mL, 1/1 ratio) and 

the [
18

F]-fluorinated product was eluted with warm MeOH (2 mL). The solution 

containing [
18

F]-FET ([
18

F]-4.11) was analysed by reverse-phase HPLC 

(Phenomenex Luna C18(2) column, 250 x 4.6 mm, 5 µm, 20 L loop, 1 mL/min 

flow rate, 254 nm wavelength, eluent MeCN/water, linear gradient from 550% 

MeCN (25 min) then 50% MeCN (5 min), 30 min total run time). 
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(3,4-Dihydroquinolin-1(2H)-yl)(3,4-dimethoxyphenyl)methanone (4.31) 

 

To a suspension of 3,4-dimethoxybenzoic acid 4.36 (2.00 g, 11 mmol) and 

tetrahydroquinoline 4.37 (1.33g, 1.26 mL, 10 mmol) in EtOAc (10 mL), was added 

Et3N (2.78 mL, 20 mmol). To the resulting orange solution, was added T3P (50 % in 

EtOAc, 17.86 mL, 30 mmol) and the resulting solution stirred at room temperature 

for 16 h. Upon completion (TLC) the reaction mixture was sequencially washed with 

1 M NaOH  (3 x 10 mL), 2 M HCl (3 x 10 mL) and brine (2 x 15 mL). The organic 

layer was dried (MgSO4) then concentrated at reduced pressure and the resulting 

beige solid was recrystallised from Et2O/hexane affording the desired product as a 

crystalline white solid (2.94 g, 9.8 mmol, 98 %) 

Mp: 103-104 °C 

1
H NMR (400 MHz, CDCl3)   7.15 (1H, dd, J = 7.5, 0.9 Hz, Ar-H), 6.99 (1H, td,  J 

= 7.5, 1.3 Hz, Ar-H) 6.95 (1H, dd, J = 8.8, 2.0 Hz, Ar-H), 6.93 (1H, d, J = 1.6 Hz, 

Ar-H), 6.89 (1H, td, J = 8.0, 1.6 Hz, Ar-H), 6.71 (1H, d, J = 8.8 Hz, Ar-H), 6.70 

(1H, d, J = 8.0 Hz, Ar-H), 3.92 (2H, t, J = 6.6 Hz, CH2N), 3.86 (3H, s, OCH3), 3.73 

(3H, s, OCH3), 2.84 (2H, t, J = 6.6 Hz, CH2CH2CH2N), 2.06 (2H, quin, J = 6.6 Hz, 

CH2CH2CH2N) ppm 

13
C NMR (100 MHz, CDCl3)     169.8 (C=O), 150.7 (CArOMe), 148.3 (CArOMe), 

139.9 (CAr), 131.6 (CArC=O), 128.3 (CAr), 128.2 (CArH), 125.8 (CArH), 125.4 

(CArH), 124.3 (CArH), 122.4 (CArH), 112.2 (CArH), 110.1 (CArH), 55.8 (CH3O), 

55.7 (CH3O), 44.4 (CH2N), 27.0 (CH2), 24.2 (CH2) ppm 

IR max neat (cm
−1

):  2938 (w), 1630 (s), 1511 (m), 1373 (m), 1260 (m), 746 (s). 

LR ESI
+
 MS (m/z): 298 [M+H]

+
 

HRMS (ES
+
): Calculated for C18H19NO3Na, [M+Na]

+
 320.1263, found 320.1260 

Da.
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10,11-Dimethoxy-5,6-dihydropyrido[3,2,1-de]phenanthridin-8(4H)-one (4.35) 

 

Amide 4.31 (142 mg, 0.5 mmol), Na2S2O8 (476 mg, 2.0 mmol) and Pd(OAc)2 (12 

mg, 0.05 mmol) were mixed together and allowed to stir at room temperature. 

Methanesulfonic acid (0.6 mL, 10.0 mmol) was added and the resulting viscous 

black solution stirred room temperature for 1 h. The reaction mixture was carefully 

poured into ice chilled NaOH (10 mL of a 3 M aqueous solution), followed by 

extraction with EtOAc (3 x 15 mL). The combined organic solutions were dried 

(MgSO4) and the solvent removed under reduced pressure. The crude material was 

subject to chromatographic putification yielding the title compound as a white 

crystalline solid (89 mg, 0.3 mmol, 60 %). Spectroscopic data were consistent with 

those reported.
147

 

Mp: 239-241 °C (lit. 241-243°C) 

1
H NMR (400 MHz, CDCl3)   8.01 (1H, d, J = 8.0 Hz, Ar-H), 7.94 (1H, s, Ar-H), 

7.61 (1H, s, Ar-H), 7.28-7.24 (1H, m, Ar-H), 7.20 (1H, td, J = 8.0, 1.2 Hz, Ar-H), 

4.35-4.32 (2H, m, CH2N), 4.09 (3H, s, OCH3), 4.05 (3H, s, OCH3), 3.03 (2H, t, J = 

6.1 Hz, CH2CH2CH2N), 2.14 (2H, m, CH2CH2CH2N) ppm 

13
C NMR (100 MHz, CDCl3)    160.7 (C=O), 153.2 (CArOMe), 149.8 (CArOMe), 

134.1 (CAr), 128.5 (CArH), 128.4 (CArC=O), 125.7 (CAr), 121.7 (CArH), 120.7 

(CArH), 119.5 (CAr), 119.0 (CAr), 108.7 (CArH), 102.7 (CArH), 56.2 (CH3O), 56.1 

(CH3O), 42.8 (CH2N), 28.3 (CH2), 20.8 (CH2) ppm  

IR max neat (cm
−1

): 2942 (w), 1635 (s), 1609 (s), 1586 (s), 1517 (s), 760 (s). 

LR ESI
+
 MS (m/z): 318 [M+Na]

+
 

HRMS (ES
+
): Calculated for C18H17NO3Na, [M+Na]

+
 318.1106, found 318.1106 

Da.
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Benzo[d][1,3]dioxol-5-yl(indolin-1-yl)methanone  

 

To a suspension of piperonylic acid (914 mg, 5.5 mmol) and indoline 4.38 (0.60 g, 

0.56 mL, 5 mmol) in EtOAc (5 mL), was added Et3N (1.39 mL, 10 mmol). To the 

resulting orange solution, was added T3P (50 % in EtOAc, 8.93 mL, 15 mmol) and 

the resulting solution stirred at room temperature for 16 h. The reaction mixture was 

sequencially washed with NaOH (3 x 5 mL of 1 M aq.), HCl (3 x 5 mL of 2 M aq.) 

and brine (2 x 8 mL). The organic layer was dried (MgSO4) then concentrated at 

reduced pressure and the resulting beige solid was recrystallised from Et2O/hexane 

affording the desired product as a crystalline white solid (1.23 g, 4.60 mmol, 92%). 

Spectroscopic data were consistent with those reported.
148

 

Mp: 119-121 °C (lit 120-122 °C) 

1
H NMR (400 MHz, CDCl3)  7.22 (1H, d, J = 7.3 Hz, Ar-H), 7.18-7.09 (1H, m, 

Ar-H), 7.11 (1H, dd, J = 8.0, 1.5 Hz, Ar-H), 6.98 (1H, d, J = 7.6 Hz, Ar-H), 7.05 

(1H, d, J = 1.5 Hz, Ar-H), 7.02 (1H, t, J = 7.3 Hz, Ar-H), 6.86 (1H, d, J = 8.0 Hz, 

Ar-H), 6.04 (2H, s, OCH2O), 4.11 (2H, t, J = 8.0 Hz, CH2N), 3.12 (2H, t, J = 8.0 Hz, 

CH2CH2N) ppm   (NOTE: one Ar-H was not observed as reported in the literature) 

13
C NMR (100 MHz, CDCl3)    168.3 (C=O), 149.3 (CArOCH2), 147.7 (CArH), 

142.7 (CArOCH2), 132.4 (ArC), 130.6 (CAr), 127.2 (CArH), 124.9 (CArH), 123.8 

(CAr), 122.0 (CArH), 116.7 (CArH), 108.2 (CArH), 108.1 (CArH), 101.5 (OCH2O), 

50.7 (CH2N), 28.1 (CH2CH2N) ppm 

IR max neat (cm
−1

): 2901 (w), 1631 (s), 1591 (s), 1477 (s), 1437 (s), 1247 (m), 1031 

(m), 750 (s). 

LR ESI
+
 MS (m/z): 557 [2M+Na]

+
; 331 [M+Na+CH3CN]

+
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 (3,4-Dimethoxyphenyl)(indolin-1-yl)methanone (4.40) 

 

To a suspension of 3,4-dimethoxybenzoic acid 4.36, (1.00 g, 5.50 mmol) and 

indoline 4.38 (0.60 g, 0.56 mL, 5.00 mmol) in EtOAc (5 mL), was added Et3N (1.39 

mL, 10.00 mmol). To the resulting orange solution, was added T3P (50 % in EtOAc, 

8.93 mL, 15.00 mmol) and the resulting solution stirred at room temperature for 16 

h. Upon completion (TLC) the reaction mixture was sequencially washed with 

NaOH (3 x 5 mL of 1 M aq.), HCl (3 x 5 mL of 2 M aq.) and brine (2 x 8 mL). The 

organic layer was dried (MgSO4) then concentrated at reduced pressure and the 

resulting beige solid was recrystallised from Et2O/hexane affording the desired 

product as a crystalline white solid (1.36 g, 4.80 mmol, 96%). Spectroscopic data 

were consistent with those reported.
148

 

Mp: 134-135 °C (lit. 136-138 °C) 

1
H NMR (400 MHz, CDCl3)   7.21 (1H, d, J = 7.4 Hz, Ar-H), 7.16 (1H, dd, J = 

8.2, 2.0 Hz, Ar-H), 7.13-7.02 (2H, m, Ar-H), 7.00 (1 H, t, J = 7.4 Hz, Ar-H), 6.88 

(1H, d, J = 8.2 Hz, Ar-H), 4.13 (2H, t, J = 8.2 Hz, CH2N), 3.94 (3H, s, OCH3), 3.88 

(3H, s, OCH3), 3.12 (2H, t, J = 8.2 Hz, CH2CH2N) ppm  

(NOTE: one Ar-H was not observed as reported in the literature) 

13
C NMR (100 MHz, CDCl3)    168.7 (C=O), 150.8 (CArOMe), 148.9 (CArOMe), 

142.8 (CAr), 132.4 (CAr), 129.2 (CArH), 127.1 (CArH), 124.9 (CArH), 123.7 (CArH), 

120.5 (CArH), 116.7 (CAr), 110.9 (CArH), 110.5 (CArH), 56.0 (OCH3), 55.9 (OCH3), 

50.7 (CH2N), 28.1 (CH2CH2N) ppm 
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Oxoassoanine (4.30) 

 

Amide 4.40 (142 mg, 0.5 mmol), Na2S2O8 (476 mg, 2.0 mmol) and Pd(OAc)2 (12 

mg, 0.05 mmol) were mixed together and allowed to stir at room temperature. 

Methanesulfonic acid (0.600 mL, 10.0 mmol) was added and the resulting viscous 

black solution stirred room temperature for 1 h. The reaction mixture was carefully 

poured into ice chilled NaOH (10 mL of 3 M aq.), followed by extraction with 

EtOAc (3 x 15 mL), then the combined organic solutions were dried (MgSO4) and 

the solvent evaporated under reduced pressure. The crude material was subject to 

chromatographic purification yielding the desired product as white needles (55 mg, 

0.19 mmol, 39%). Spectroscopic data were consistent with those reported.
148

 

Mp: 265-267 °C decompose (lit. 266-269 °C) 

1
H NMR (400 MHz, CDCl3)   7.97 (1H, s, Ar-H), 7.83 (1H, d, J = 7.7 Hz, Ar-H), 

7.56 (1H, s, Ar-H), 7.31 (1 H, d, J = 7.7 Hz, Ar-H), 7.22 (1H, t, J = 7.7 Hz, Ar-H), 

4.53 (2H, bt, CH2N), 4.10 (3H, s, OCH3), 4.06 (3H, s, OCH3), 3.46 (2H, t, J = 7.5 

Hz, CH2CH2N) ppm 

13
C NMR (100 MHz, CDCl3)  159.8 (C=O), 153.0 (CArOMe), 149.7 (CArOMe), 

139.4 (CAr), 131.0 (CAr), 128.6 (CArH), 123.6 (CArH), 123.3 (ArC), 121.5 (ArC), 

119.2 (CArH), 116.8 (CAr), 108.8 (CArH), 103.0 (CArH), 56.3 (OCH3), 56.1 (OCH3), 

46.5 (CH2N), 27.4 (CH2CH2N) ppm 

LR ESI
+
 MS (m/z): 304 [M+Na]

+ 
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3-Mesyloxy-4-methoxybenzaldehyde (4.42) 

 

To a solution of isovanillin 4.41 (11.4g, 0.075 mol) in CH2Cl2 (250 mL) at −30 °C, 

was added triethylamine (20.9 mL, 0.150 mol) dropwise over 10 min and the 

resulting reaction mixture stirred for 5 min. Mesyl chloride (8.7 mL, 0.11 mol) was 

then added dropwise over 15 min and the mixture was maintained at −30 °C for 30 

min (a white precipitate formed). The reaction was allowed to warm to −10 °C over 

30 min, then quenched with saturated aqueous NaHCO3 (100 mL). The aqueous 

layer was extracted with CH2Cl2 (3 x 150 mL), the combined organic solutions were 

washed with brine (2 x 70 mL), dried (Na2SO4) and the solvent evaporated at 

reduced pressure yielding a crude solid product. The obtained solid was washed with 

copious amounts of Et2O and filtered, yielding the desired product as a white powder 

(16.89 g, 0.073 mol, 98%) which was used in the next step without any further 

purification. Spectroscopic data were consistent with those reported.
149

 

MP: 92-93 °C (lit. 87-89 °C) 

1
H NMR (400 MHz, CDCl3)   9.87 (1H, s, CHO), 7.83 (1H, dd, J = 8.3, 1.6 Hz, 

Ar-H), 7.81 (1H, d, J = 1.6 Hz, Ar-H), 7.14 (1H, d, J = 8.3 Hz, Ar-H), 3.99 (3H, s, 

CH3SO2), 3.23 (3H, s, OCH3) ppm 

13
C NMR (100 MHz, CDCl3)    189.5 (CHO), 156.5 (CArOMe), 138.6 (CArOMs), 

130.6 (CArH), 130.0 (CArCHO), 125.1 (CArH), 112.7 (CArH), 56.4 (OCH3), 38.6 

(CH3SO2) ppm 

IR max neat (cm
−1

): 1685 (m), 1600 (m), 1369 (s), 1279 (s), 1169 (s), 805 (s). 

LR ESI
+
 MS (m/z): 482 [2M+Na]

+
 

HRMS (ES
+
): Calculated for C9H10O5SNa, [M+Na]

+
 253.0147, found 253.0140 Da.
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3-Mesyloxy-4-methoxybenzoic acid (4.43) 

 

To a solution of aldehyde 4.42, (11.5g, 0.050 mol) in water (420 mL) and CH3CN 

(250 mL) was added sulfamic acid (7.27 g, 0.075 mol) followed by NaClO2 (6.22 g, 

0.055 mol). The solution turned yellow and a precipitate formed. The reaction 

mixture was stirred room temperature for 1 h, followed by filtration through a 

sintered funnel. The collected white crystalline powder was subsequentially washed 

with Et2O (3 x 100 mL), the aqueous extracted with Et2O (3 x 100 mL) and the 

combined organic solutions were washed with brine (2 x 100 mL), dried (MgSO4) 

and the solvent removed at reduced pressure. The resulting off-white solid was 

recrystallised from water yielding a white crystalline solid which was combined with 

the above filtered material (9.89 g, 0.040 mol, 80%). Spectroscopic data were 

consistent with those reported.
149

 

MP: > 300 °C decompose (lit. 232 °C). 

1
H NMR (400 MHz, DMSO-d6)  13.01 (1H, s, COOH), 7.93 (1H, dd, J = 8.6, 2.0 

Hz, ArH), 7.79 (1H, d, J = 2.0 Hz, ArH), 7.31 (1H, d, J = 8.6 Hz, ArH), 3.93 (3H, s, 

CH3SO2), 3.38 (3H, s, OCH3) ppm 

13
C NMR (100 MHz, DMSO-d6)  166.1 (COOH), 155.1 (CArOMe), 137.3 

(CArOMs), 129.9 (CArH), 124.6 (CArCO2H), 123.3 (CArH), 113.3 (CArH), 56.4 

(OCH3), 38.3 (CH3SO2) ppm 

IR max neat (cm
−1

): 3000-2500 (br), 1670 (m), 1606 (m), 1281 (s), 1161 (s), 937 

(s), 815 (s). 

LR ESI
+
 MS (m/z): 761.1 [3M+Na]

+
, 514.9 [2M+Na]

+
  

HRMS (ES
+
): Calculated for C9H10O6SNa, [M+Na]

+
 269.0096, found 269.0089 Da.
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2-Methoxy-5-(1,2,3,4-tetrahydroquinoline-1-carbonyl)phenylmethanesulfonate 

(4.44) 

 

To a solution of acid 4.43 (3.0 g, 12.18 mmol) and tetrahydroquinoline (4.37) (1.4 

mL, 11.07 mmol) in EtOAc (7 mL), was added Et3N (3.10 mL, 22.15 mmol). Then a 

solution of T3P
®
 (12.0 mL of a 50% solution in EtOAc, 20.0 mmol) was slowly 

added over 15 min and the resulting solution was allowed to stir at room temperature 

for 16 h. The reaction mixture was diluted with EtOAc (15 mL) and sequentially 

washed with NaOH (2 x 15 mL of 1 M aq.), HCl (2 x 15 mL of 2 M aq.) and brine (1 

x 15 mL). The organic layer was dried (MgSO4) and the solvent removed at reduced 

pressure yielding a pale brown foam. Subsequent chromatographic purification 

(hexane/EtOAc = 1/1) yielded the desired product as white crystalline solid (3.61 g, 

9.99 mmol, 90%).  

MP: 174-176 °C 

1
H NMR (400 MHz, CDCl3)   7.42 (1H, dd, J = 8.5, 2.1 Hz, Ar-H), 7.21 (1H, d,  J 

= 2.1 Hz, Ar-H) 7.17 (1H, d, J = 7.9 Hz, Ar-H), 7.02 (1H, td, J = 7.5, 1.0 Hz, Ar-H) 

6.95 (1H, d, J  = 8.5 Hz, Ar-H), 6.91 (1H, td, J = 7.5, 1.0 Hz, Ar-H), 6.69 (1H, d, J = 

7.9 Hz, Ar-H), 3.90 (3H, s, OCH3) 3.94-3.85 (2H, m, overlapping, CH2N), 3.05 (3H, 

s, CH3SO2), 2.84 (2H, t, J = 6.6 Hz, CH2CH2CH2N), 2.05 (2H, quint, J = 6.6 Hz, 

CH2CH2CH2N) ppm 

13
C NMR (100 MHz, CDCl3)   168.2 (C=O), 153.2 (CArOMe), 139.2 (CArOMs), 

137.4 (CAr), 131.8 (CArC=O), 129.5 (CArH), 128.9 (CAr), 128.5 (CArH), 125.9 

(CArH), 125.3 (CArH), 124.9 (CArH), 124.7 (CArH), 112.2 (CArH), 56.1 (OCH3), 

44.5 (CH2N), 38.2 (CH3SO2), 26.9 (CH2), 24.1 (CH2) ppm  

IR max neat (cm
−1

): 3065 (w), 2938 (w), 2358 (m), 2335 (m), 1634 (m), 1367 (s), 

1273 (s), 1164 (m), 1112 (m), 965 (s). 

LR ESI
+
 MS (m/z): 425 [M+Na+MeCN]

+
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HRMS (ES
+
): Calculated for C18H20NO5, [M+H]

+
 362.1062, found 362.1055 Da. 

 

(3,4-Dihydroquinolin-1(2H)-yl)(3-hydroxy-4-methoxyphenyl)methanone (4.45) 

 

To a solution of mesylate 4.44 (6.00 g, 16.62 mmol) in MeOH (100 mL) and 1,4-

dioxane (100 mL), was added KOH (200 mL of 3 M aq.) and the resulting cloudy 

orange solution was stirred at 50 °C for 2 h. Subsequently the solvent was removed 

at reduced pressure, the crude material was diluted with EtOAc (50 mL), acidified 

with aqueous HCl (20 mL of 10% aq.), the organic layer was separated and the 

aqueous layer re-extracted with EtOAc (3 x 20 mL). The combined organic solutions 

were dried (Na2SO4), then concentrated in vacuo yielding the desired product as a 

solid which was recrystallised from CH2Cl2/Et2O to give a white crystalline powder 

(3.65 g, 12.88 mmol, 78%). 

MP: 230-232 °C 

1
H NMR (400 MHz, CDCl3)   7.14 (1H, d, J = 7.5 Hz, Ar-H), 7.01-6.97 (2H, m, 2 

x Ar-H), 6.92-6.88 (2H, m, 2 x Ar-H), 6.76 (1H, d, J = 8.1 Hz, Ar-H), 6.72 (1H, d, J 

= 8.1 Hz, Ar-H),  5.77 (1H, s, OH), 3.91-3.88 (3H, s, OCH3 + 2H, m, overlap, 

CH2N), 2.83 (2H, t, J = 6.6 Hz, CH2CH2CH2N), 2.05 (2H, quint, J = 6.6 Hz, 

CH2CH2CH2N) ppm 

13
C NMR (100 MHz, CDCl3)    169.9 (C=O), 148.2 (CArOMe), 145.1 (CArOH), 

139.6 (CAr), 131.4 (CArC=O), 129.2 (CAr), 128.3 (CArH), 125.7 (CArH), 125.3 

(CArH), 124.3 (CArH), 121.5 (CArH), 115.2 (CArH), 109.8 (CArH), 55.9 (OCH3), 

44.5 (CH2N), 26.9 (CH2), 24.1 (CH2) ppm 

IR max neat (cm
−1

):  3285 (w), 2944 (w), 2358 (m), 2335 (m), 1611 (m), 1571 (m), 

1362 (s), 1226 (s), 747 (s).
 

LR ESI
+
 MS (m/z): 347 [M+Na+CH3CN]

+
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HRMS (ES
+
): Calculated for C17H18NO3, [M+H]

+ 
284.1287, found 284.1281 Da.

 

 

10-Hydroxy-11-methoxy-5,6-dihydropyrido[3,2,1-de]phenanthridin-8(4H)-one 

(4.46) 

 

To a suspension of amide 4.45 (1.0 g, 3.53 mmol), Pd(OAc)2 (79 mg, 0.35 mmol), 

Na2S2O8 (3.37 g, 14.13 mmol) in DCE (20 mL) in a pressure vial, was added TFA 

(1.35 mL, 17.67 mmol) and the reaction mixture heated to 70 °C for 3 days. 

Subsequently the solvent was removed at reduced pressure, the crude material was 

diluted with EtOAc (20 mL), acidified with aqueous HCl (5 mL of 10% aq.) and the 

aqueous layer was re-extracted with EtOAc (3 x 15 mL). The combined organic 

solutions were dried (Na2SO4) and concentrated in vacuo yielding the desired 

product as a yellow powder after chromatographic purification (0.27 g, 0.95 mmol, 

27%). 

1
H NMR (400 MHz, DMSO-d6)   10.11 (1H, bs, OH), 7.99 (1H, d, J = 7.5 Hz, Ar-

H), 7.73 (1H, s, Ar-H), 7.72 (1H, s, Ar-H), 7.28 (1H, d, J = 7.1 Hz, Ar-H), 7.17 (1H, 

dd, J = 7.5, 7.1 Hz, Ar-H), 4.16 (br t, 2H, CH2N),  3.92 (3H, s, OCH3), 2.95 (2H, t, J 

= 5.9 Hz, CH2CH2CH2N), 2.05 (2H, quint, J = 5.9 Hz, CH2CH2CH2N) ppm 

13
C NMR (100 MHz, DMSO-d6)    159.4 (C=O), 151.5 (CArOMe), 148.8 

(CArOH), 133.5 (CAr), 128.4 (CArH), 128.1 (CArC=O), 125.4 (CAr), 121.6 (CArH), 

120.8 (CArH), 118.1 (CAr), 117.6 (CAr), 108.6 (CArH), 107.2 (CArH), 55.6 (OCH3), 

42.1 (CH2N), 27.4 (CH2), 20.3 (CH2) ppm  

IR max neat (cm
−1

):  3098 (w), 2923 (w), 2360 (m), 2340 (m), 1732 (m), 1572 (m), 

1341 (m), 1205 (m), 1026 (m), 756 (s). 

LR ESI
+
 MS (m/z): 866 [3M+Na]

+
 

HRMS (ES
+
): Calculated for C17H16NO3, [M+H]

+
, 282.1130, found 282.1123 Da.
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