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Abstract 

 Found in cannabis, cannabidiol (CBD) holds promise as a nonpsychoactive 

cannabinoid in treating a number of conditions, including anxiety, schizophrenia, and 

some forms of epilepsy. However, large scale studies on the therapeutic use of CBD are 

lacking, and more research is needed to precisely establish its safety and efficacy. 

Extraction of CBD from cannabis is challenging, and past methods of synthesizing CBD 

have suffered from at least one of the following: poor selectivity, low yields, complex 

and laborious reaction sequences, or unavailable starting materials. We report here a 

concise approach to CBD synthesis from readily available nerol. This route uses directed 

orthometallation to regioselectively allylate olivetol dimethyl ether, followed by a 

biomimetic oxidative cyclization with Mn(III) to cleanly generate dimethyl CBD in low 

yield. We also demonstrate that using cationic polyene cyclization as the key ring-

forming step produces a similar yield of dimethyl CBD in a complex mixture of isomers.  
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1. Chapter: In troduction 

1.1. Cannabidiol and Other Cannabinoids: Structure and History 

 Cannabinoids are a class of compounds found in plants from the genus Cannabis, 

mostly found in the trichomes of the flowers. Their role in plants is unclear, but they are 

thought to serve as a defense mechanism. At least 70 naturally occurring cannabinoids are 

known from various strains of Cannabis sativa1, as well as numerous synthetic 

analogues, and some cannabinoid-like natural products found in other organisms2,3. A few 

of the most important ones are depicted in [Figure 1.1.].They have diverse structures, but 

all the C. sativa ïderived compounds contain an alkylresorcinol attached to a 

monoterpene moiety 1.  

 

Figure 1.1. Some cannabinoids found in C. sativa, and the endocannabinoid anandamide 

 

 Cannabis has been used for about 5000 years for medicine, construction, cordage, 

and food in a number of cultures. It was first described in modern western medicine in 

1830 by Theodor Friedrich Ludwig Nees von Esenbeck, and popularized a few years later 

by Sir William Brooke OôShaughnessy4,5. Because the complex mixtures of neutral 

hydrophobic cannabinoids defied isolation and characterization with the techniques of the 
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time, use of cannabis as a medication declined in the early 20th century. Medical 

professionals did not want to prescribe something that could not be characterized, 

accurately standardized and dosed5. 

 The first cannabinoid to be isolated and its structure determined was the 

nonpsychoactive cannabinol (CBN), thought perhaps to be an artefact of autoxidation of 

THC1,4,6. It was not until 1963 that the structure of cannabidiol (CBD,  1) was determined 

with the advent of NMR spectroscopy6. CBDôs first synthesis in 1965 and its conversion 

to ȹ9-tetrahydrocannabinol (THC,  2)7 were important to proving the structure of the 

main psychoactive component THC, only first isolated one year earlier6,8 . Numerous 

other cannabinoids were later characterized, including the isomer ȹ8-

tetrahydrocannabinol (ȹ8-THC,  3), cannabigerol (CBG, 4), cannabichromene (CBC, 5), 

cannabicyclol (CBL), cannabielosin (CBE), cannabinodiol (CBND), their analogues, and 

many others1 . Many of these compounds can be found in the cannabis plant as the 

corresponding carboxylic acids  1b-5b that decarboxylate readily. 

 

1.2. Cannabidiol in Medicine 

 Much research over the decades has gone into the function of psychoactive 

components of cannabis, of which THC is the most important. Psychoactive cannabinoids 

act by binding to the G-protein linked receptors CB1 and CB2, and inhibiting adenylate 

cyclase as part of a cellular signalling cascade4,5 . In the absence of cannabinoids, these 

receptors are meant to bind to endogenous ligands (endocannabinoids) such as 

anandamide6, that modulate the release of other neurotransmitters. There is also evidence 

that cannabinoids can also bind to other receptors, inhibit certain cytochrome P450 
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enzymes, and affect physical properties of lipid membranes4,5,9 . Different cannabinoids 

have been shown to have drastically different effects on a variety of receptors and 

enzymes, even with only small differences in structure. 

 However, CBD does not bind to CB1 or CB2, and lacks much of the psychotropic 

activity of some of the other cannabinoids4,10,11. Instead, it interacts with a variety of 

receptors including TRPM8, TRPA1, TRPV1 5-HT1a, and some glycine receptors. It also 

inhibits enzymatic degradation of anandamide, and is an antioxidant 10. In addition, it has 

a potent inhibitory effect on several cytochrome P450 enzymes involved in the activation 

of some procarcinogens such as polycyclic aromatic hydrocarbons, and in the degradation 

of some antiepileptic and neuroleptic  medications5,9 .  

 There is preliminary evidence to suggest that CBD may be effective in treating a 

variety of disorders including anxiety, schizophrenia, dystonia, and some forms of 

epilepsy, such as Dravet syndrome and Lennox-Gastaut syndrome5,10. CBD produces 

fewer side effects than THC, and can reduce some of the psychoactive effects of THC, 

making it tolerable in higher doses when the two are used in combination5,10. However, 

there are relatively few studies on medical use of CBD, and rigorous large scale medical 

trials are lacking. 

 

1.3. Cannabidiol Biosynthesis 

 

 Biosynthesis of CBD and other cannabinoids follows a convergent synthesis from 

isoprenoid and polyketide pathways [Scheme 1.1.]. The alkylresorcinol moiety begins 

from hexanoyl-CoA, which takes part in successive acylations with malonyl-CoA to form 
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a tetraketide 712. This polyketide is then cyclised by olivetolic acid cyclase (OAC) in an 

aldol condensation. Keto-enol tautomerism ensues, aromatizing the intermediate 

cyclohexene to form olivetolic acid 8. 

 

Scheme 1.1. Biosynthesis of CBD 

 

 Terpenoids are constructed from dimethylally pyrophosphate (DMAPP) and 

isopentenyl pyrophosphate (IPP). It has been shown that in cannabinoid biosynthesis, 

DMAPP and IPP are synthesized through the deoxyxylulose phosphate pathway.13 

DMAPP and IPP are oligomerized to form open-chain precursors geranyl pyrophosphate 

(GPP), farnesyl pyrophosphate, and geranylgeranyl pyrophosphate as the starting points 

for synthesis of all monoterpenes (C10), sesquiterpenes (C15), and diterpenes (C20), 

respectively14,15 . In cannabinoid biosynthesis geranyl pyrophosphate is attached to 

olivetolic acid in a electrophilic aromatic substitution by the prenyltransferase CBGA 

synthase, forming cannabigerolic acid (CBGA, 4b) 12,16,17, the common intermediate in 

the biosynthesis of all C21 cannabinoids. 
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 While several different numbering systems for cannabinoids exist, the one used in 

this thesis is that used by Taura, Morimoto, and Shoyama18, and by Verpoorte et al., 19 for 

CBG and ȹ9-THC shown in [Figure 1.2.]. 

 

Figure 1.2. Carbon numbering system used in this thesis 

 

 The last enzyme-promoted step in the biosynthesis of CBDA  1b is effected by 

CBDA synthase from CBGA20. CBDA synthase is an oxidoreductase protein that shares 

much of its structure and function with that of THCA synthase. Both proteins use 

covalently bound FAD to catalyze the aerobic oxidation, forming hydrogen peroxide as a 

byproduct 21 . The mechanism is proposed to proceed by hydride abstraction at the C-1 

site by FAD, followed by (E)/(Z) isomerization and stereoselective cyclization of the 

resultant carbocation. CBDA and THCA synthases are supposed to differ only by the site 

of the final proton elimination step20. Molecular oxygen then regenerates the FADH2 to 

FAD to complete the catalytic cycle. Finally, decarboxylation of CBDA to CBD is 

thought to occur non-enzymatically12. 
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1.4. Selected Syntheses of CBD and Related Cannabinoids 

 

 There have been many approaches to the synthesis of cannabinoids, but many 

follow a common theme. Discussed here will be some of the more notable examples that 

highlight some of the challenges involved. 

 

1.4.1. CBD From CyclicTerpenes 

 

 The most commonly employed approach to synthesis of THC, CBD, and 

derivatives is to begin with a cyclic terpene synthon and install it onto a resorcinol via 

electrophilic aromatic substitution [Scheme 1.2.]. One of the earliest examples of this was 

in 1967 using DMF-di-neopentyl acetal to effect the reaction between (+)-p-mentha-2,8-

dien-1-ol 9a and olivetol 1022. The DMF acetal in this case can be replaced by a variety 

of Brønsted or Lewis acids with similar results23,24. In all cases, the acid is used to 

activate the alcohol and generate an allylic carbocation which is captured by the highly 

nucleophilic resorcinol.  
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Scheme 1.2.Cannabinoid syntheses based on electrophilic aromatic substitution. Blue colour indicates 

key bond formation. 

 

 What makes this method popular is that the stereochemistry of the terpene is used 

to direct the formation of the new stereocenter, providing acess to optically active CBD. 

Using the unnatural terpenes - the various isomeric p-menthadienols 9a-d[Figure 1.3.] is 

problematic because they do not occur naturally. Several naturally occurring or derived 

terpenes such as carene oxide 1125 and verbenol 128 have been used to produce the 

cyclohexene skeleton of CBD with the required stereocenters. However, these conditions 

lead to further cyclizations, forming THC and its isomers instead, making it a leading 

method of THC synthesis 8,23,25. The acyclic aldehyde citral 13 was shown to be a suitable 

starting material for the BF3 catalyzed synthesis of CBD, but in only 3% yield24, being 

more amenable to THC synthesis 8.  
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Figure 1.3.Four isomeric p-menthadienols relevant in cannabinoid syntheses 

 

 Three main problems arise in using acid catalysis for CBD synthesis by 

electrophilic aromatic substitution of resorcinols. The first is regioselectivity on the 

aromatic ring. The alkylresorcinols used all contain three ortho or para directing groups 

of similar steric demand. As such, all three remaining positions are either ortho or para to 

all of the directing groups, making regioselectivity poor. All of these CBD or THC 

syntheses produce both the desired 2ô-alkylated (1a, 2a) and the undesired 4ô-alkylated 

regioisomers such as 14 in varying degrees8,23,24,26. Even 2ô,4ô-dialkylated resorcinols 

such as 15 are often produced 8,23,24. Two factors can influence regioselectivity here. 

Derivatives of cannabinoids with different alkyl substituents on the aromatic ring have 

been synthesized over the years, and show steric factors play an important role. Linear 

alkyl subtituents show only moderate to poor regioselectivity at the desired site, while 

tertiary alkyls such as 1,1-dimethylheptyl show good (eg. 93% 23) selectivity, and 

unsusbstituted resorcinols show opposite selectivity as well as additional alkylation 

patterns23,26. The other factor is if the undesired site is blocked or not. Natural 

cannabinoids are biosynthesized as their carboxylic acid or ester derivatives, and several 

syntheses of various cannabinoids have used resorcylic acid esters, blocking one of the 

4ô- positions.  

 Another problem with these methods is that the rather harsh conditions lead to 

some formation of the undesired diastereomers - products with the aryl moiety cis to the 
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isopropenyl group, such as 168,25. This was often also accompanied by supplementary 

cyclizations by addition of the phenols to either one or both of the alkenes. Often reported 

as well was shifting of the ȹ9-double bond to the ȹ8-position (at least in THC systems), 

and even carbon skeletal rearrangements8,23,25. In 1985 Baek et al.24 improved a method 

using BF3 etherate adsorbed on silica or alumina, providing CBD from 9b in modest 

yields without further cyclizations or isomerizations reported. This method is still used 

for preparing CBD and its analogues for research26,27.  

 The problems of regioselectivity and multiple additions to the aromatic ring 

remained until Rickards and Rönneberg28used directed ortho metallation to 

regiospecifically lithiate olivetol dimethyl ether 17 at C-2ô. The resulting carbanion was 

converted to a diarylcuprate, and coupled together with the menthadienyl acetate 18 

under BF3ÅEt2O catalysis to afford the CBD dimethyl ether 19 in 78% yield [Scheme 

1.3.]. However, this still leaves the problem of access to the staring material 18 unsolved. 

 

Scheme 1.3. Rickardsô and Rºnnebergôs synthesis of CBD 

 

1.4.2. CBD From Non-Terpenoids 

 

 Another approach taken by several CBD and THC syntheses is the stepwise 

construction of the terpene moiety from smaller pieces onto a funtionalized olivetol 
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group. Many of these THC syntheses could reasonably be modified to make CBD 

instead. 

 For example, Farenholtz et al. 29 in 1967 used aldol chemistry to form the 

cyclohexene ring from a C7 keto ester, and a series of alkylations, reduction, and 

elimination to obtain the racemic menthadienyl core of THC. ApSimon et al.30 used a 

similar approach to racemic THC, but with a Diels-Alder reaction as the key ring-closing 

step, and obtaining the correct ȹ9-double bond position as well.  

 In 1997, Evans et al.31 used a chiral Cu(II) Lewis acid catalyst to promote an 

enatioselective Diels-Alder cyclization from simple starting materials [Scheme 1.4.A]. 

The resultant cyclohexene 20, which was obtained in 98% ee as the major diastereomer 

after direct recrystallization, gave ȹ9-THC in 4 steps, with a 21% overall yield. 

 Childers and Pinnick 32 used a remarkable rearrangement to obtain 19 in relatively 

few steps. Starting from methyl vinyl ketone, methyl methacrylate, and a Wittig reagent 

derived from olivetol 22, they obtained the diene 23 [Scheme 1.4.B]. While Claisen 

rearrangements usually require high temperatures to operate, this one reportedly occurred 

at room temperature to provide 21 in high yield. Another Wittig olefination gave a 

mixture of (E) and (Z) isomer of methyl ether 19.  
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Scheme 1.4. Three approaches to constructing the terpene moiety of cannabinoids 

 

 Kobayashi, Takeuchi, and Wang33 began their enantioselective route to CBD from 

2-cyclohexen-1,4-diol monoacetate25. This route employed a Ni(II)-catalyzed 

isopropenylation, and an aryl cuprate conjugate addition as key stereoselective C-C bond 

forming steps [Scheme 1.4.C]. In all, five steps involved pyrophoric organometallic 

reagents, and furnished 19 in 26% yield from the acetate 25 (no % ee given).  

 One year later, Trost and Dogra 34 reported an asymmetric synthesis of THC using 

a Mo-catalyzed asymmetric allylic alkylation to introduce a single stereocenter with 95% 

ee. Olefin metathesis was used to close the cyclohexenyl ring, and base-catalyzed 

enolization used to equilibrate the mixture of diastereomers towards the desired one. This 

eventually provided enantiomerically pure THC in 30% yield from 17 over 11 steps. 
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 While most of these routes are ingenious, enantioselective, and amenable to 

making CBDs modified in any number of places, most of them involve many steps. The 

extensive use of pyrophoric organometallic reagents by Kobayashi et al., and the 

purification problems (and low atom economy) associated with the method of Childers 

and Pinnick make these routes unattractive for large scale production. 

 

1.4.3. CBD From Acyclic Terpenes 

 

 A biomimetic approach has been taken by a few researchers for concisely 

constructing the cyclic terpenoid core of CBD and other cannabinoids. Noting that THC 

and CBD are both putatively produced in vivo through cyclization of CBG 4a, 

Mechoulam7,8 demonstrated a simple procedure in 1965 starting by coupling the 

methylated olivetol 17 with the naturally occurring aldehyde citral 13 [Scheme 1.5.]. The 

resulting crude mixture (likely consisting of  26a) was tosylated, and following in situ 

thermal rearrangement at room temperature, gave 19 in 2% yield, alongside a number of 

other similar products. 

 

Scheme 1.5.Mechoulam and Gaoniôs first synthesis of CBD 

 

 In 2004, a similar sequence [Scheme 1.6.] was used again to generate the 

cyclohexene system of cannabinoids. Again, from the aldehyde 13, Snider and Lobera 2, 

and later Park and Lee3, made intermediates with the core structure of 28. When exposed 
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to HCl, deprotection of the phenols with concomitant cyclization to the cyclohexene 

occurred in moderate to high yield. However, not only did this produce the cis-fused 

ringsystem 30, but the second cyclization (to form the pyran ring) was probably key to 

driving the reaction toward one major product. This cyclization is thought to proceed 

through an intramolecular hetero-Diels-Alder mechanism from the quinone methide 29 

(and is likely the reason that this reaction works well), whereas that of Mechoulam does 

not. 

 

Scheme 1.6. Hetero-Diels-Alder approach to cis-cannabinoid synthesis 

 

 This last example illustrates the necessity of using protecting groups on the 

phenols in cyclization approaches to CBD synthesis. Employing citral 13 or citronellal 31 

as the acyclic terpenes under various conditions, 2a, 3a,5a, and hexahydrocannabinols 

have been obtained in moderate to good yields8,35ï37, while there is only one report of 

producing CBD this way in only 3% yield24.  

 

1.5. Synthetic Challenges 

 

  From the pitfalls of past syntheses of cannabinoids, we can see where the main 

challenges lie for synthesizing CBD selectively. In order to obtain high regioselectivity at 

the C-2ô site when joining together the terpene and resorcinol moieties, electrophilic 

aromatic substitutions should be avoided. Because therapeutically relevant doses of THC 
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tend to be far lower than those of CBD, even small amounts of THC side products that 

are difficult to separate may be detrimental in a pharmaceutical application. Therefore, 

acidic conditions should be avoided in the late stages of the synthesis to avoid unwanted 

double bond isomerizations or cyclization to THC. In a synthetic route starting from 

acyclic terpenes, the course of the key cyclization step must be controlled to favour 

formation of the least substituted alkene. Finally, substitution on the cyclohexene ring and 

enantioselectivity must be controlled to obtain the (-)-trans-substituted diastereomer. 

 

1.6. Objective 

 

 As research into therapeutic uses of CBD increases in scale, and it becomes more 

widely used, there is a need for methods to produce CBD on a large scale and in high 

purity. Extraction and purification of CBD from the many other components of cannabis 

is challenging and costly, and at the outset of this project, all current synthetic approaches 

suffered from at least one of several drawbacks. Therefore, we set out to find an 

alternative synthetic route to synthesis of CBD that would be scalable and selective. 
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2. Chapter: Results and Discussion 

 

 In order to find an industrially useful synthetic route to medicinal CBD, we set 

out looking for a route that meets several criteria. An ideal synthetic route should: 

a. begin with inexpensive and commercially available starting materials, 

b. involve few steps to reduce the costs of reactors, solvents, reagents, 

purifications, and disposal of waste, 

c. produce few side products (such as THC) to reduce operational challenges and 

costly purification, 

d. avoid hazardous materials (such as heavy metals) that could pose a health risk if 

present in the final product, and 

e. have high yield. 

 

 Previous syntheses (see introduction) suffered from at least one of the following 

detrimental characteristics: they involved many steps, inaccessible starting materials, 

produced complex mixtures of isomers, or resulted in low yield.  

 To avoid possible acid-catalyzed cyclization to THC or other products, we sought 

reactions where free phenols would only be manipulated in basic or neutral conditions. 

Our early ideas of how this could be achieved centered around three main themes. The 

first was connecting a menthadienyl moiety to the oxygen of a resorcinol, followed by a 

Claisen rearrangement of 32[Scheme 2.1.A]. The second was based on a decarboxylative 

allylation of a menthadienol-resorcinol mixed carbonate33[Scheme 2.1.B]. Another 

possibility was coupling a menthadiene 34 having an appropriate leaving group, together 

with the carbanion of a resorcinol [Scheme 2.1.C]. However, all three of these methods 
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required access to one of two isomers of p-menthadienol 9a or 9c or equivalent as a chiral 

building block. 

 

Scheme 2.1. Suggested possible synthetic routes to CBD, via (A) Claisen rearrangement, (B) 

decarboxylative allylation, and (C) organometallic reagents 

 

 Many six-membered cyclic terpenes exist in nature, and are valuable chiral pool 

building blocks in organic synthesis, with asymmetric centers and a variety of functional 

groups at various positions [Figure 2.1.]. However, the required menthadienols 9a or 9c 

are relatively rare. Cis- and trans-p-mentha-2,8-dien-1-ol (9a and 9b) are found in the 

essential oils of the grass Elyonurus hensii, and some Cymbopogon species38. However, 

at the outset of this project, we could not find any commercial source of these 

compounds, and synthesis of 9a and 9c were deemed not efficient enough for our needs. 

Thus, we explored methods to access 9a or 9c from available terpenes.  
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Figure 2.1. Some common naturally occurring cyclic monoterpenes 

 

 One such route was envisioned to begin from the aldehyde 13, through an ene 

reaction [Scheme 2.2.]. While highly enantioselective ene catalysts have been developed, 

and even demonstrated with citronellal 3139, ene reactions fail with Ŭ,ɓ-unsaturated 

carbonyls 40.   

 

Scheme 2.2. Suggested route to isopulegol 36 and menthadienol 9c via ene reaction 

 

 Schemes in which a conjugate addition to the aldehyde was used to remove the 

Ŭ,ɓ-unsaturation, then restore it after cyclization, quickly became too lengthy and 

complex, with concerns over the regioselectivity of sulfoxide pyrolysis [Scheme 2.3]. 

 

Scheme 2.3. Possible routes to CBD via conjugate additions to citral 13 
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 Another potential route we envisioned involved a regio- and stereo-selective ring 

opening of limonene oxide 43 [Scheme 2.4]. This route also seemed problematic because 

of the need to resolve the commercially available mixture of diastereomers of 43, as well 

as concerns about the regio and stereospecificity of the ring opening favouring the wrong 

isomers41. 

 

Scheme 2.4. Possible route to menthadienyl aryl ether 39 via epoxide ring opening 

 

We decided to take a different approach to CBD, wherein coupling of the terpene and 

resorcinol would be done first, followed by cyclization. This route more closely 

resembles the biosynthesis from CBG, and just like in nature, would potentially allow 

access to a range of other cannabinoids from a common intermediate. This route [Scheme 

2.5] would involve a directed ortho metallation of an O-protected  resorcinol 45, followed 

by 1,2-addition to citral, modification of the resulting alcohol 46 into an appropriate 

leaving group, followed by cyclization, and finally deprotection of the phenols.

 

Scheme 2.5. Proposed route to CBD from citral 13 
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2.1.Protecting Group Installation 

 

 In order to prevent a variety of unwanted reactions at the phenols, we elected to 

install protecting groups on them. These protecting groups must be resistant to BuLi and 

be removed under neutral, basic or reductive conditions. These two criteria greatly 

reduced the pool of possible groups to just a few: methyl ethers, carbonate or carbamate 

esters, and 2-trimethylsilylethyl ethers. The use of allyl or benzyl ethers was ruled out, 

since the hydrogenative or strongly acidic deprotection methods would likely interfere 

with the other alkenes in CBD. 

 We began by making resorcinols with several different protecting groups, using 

orcinol 48 as a cheaper and readily available homologue of olivetol 10. Methylation with 

MeI and K2CO3 in acetone proceeded slowly but cleanly at room temperature, though 

requiring a large excess of reagents to obtain good yield [Scheme 2.6]. While the most 

commonly employed conditions to cleave methyl aryl ethers involve harsh Lewis acids, 

they can also be cleaved under basic conditions using exceptionally good nucleophiles 

and forcing conditions42. Nucleophiles used have ranged from iodide, thiolates, and 

diphenylphosphide anions. However, one reagent that has had demonstrated utility in 

cannabinoid systems is MeMgI at high temperature 7,27. Even if deprotection of methyl 

aryl ethers requires harsh or impractical conditions, they were a good choice for later 

method development due to their robustness. 
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Scheme 2.6. Protection of resorcinols 

 

 At the time, carbamates seemed like good choices for protecting the phenol 

functions. Being very electron-rich carbonyls, they are relatively resistant to 

nucleophiles. Moreover they have been shown to be excellent directing groups in DoM 

reactions43. We chose N,N-dimethyl carbamate (DMC) for simplicity, and N,N-diphenyl 

carbamate (DPC) as one that would likely form crystalline products and simplify 

purification. Protection of orcinol with diphenylcarbamoyl chloride proceeded in 96% 

yield to give an easily crystallized product 49c [Scheme 2.6]. Although not very atom-

economical, this protecting group is attractive for an industrial process, since 

recrystallization is among the cheapest and most efficient forms of purification on a large 

scale, and the amine could be recycled. The DMC protection under similar conditions 

provided 49b in poo yield, as well as some of the mono-protected 50b, and starting 

material [Scheme 2.6]. An accidental shut-off of the heat source part way through the 






































































































