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Chapter 1 
 
 
 
 

 
Synthetic Pathways to Tetrahydrocannabinol (THC): 

An Overview 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
This chapter has been published as:  
V. R. L. J. Bloemendal, J. C. M. van Hest & F. P. J. T. Rutjes, Org. Biomol. Chem., 2020, 18, 3203–3215. 
 
Abstract: The therapeutic effects of molecules produced by the plant species Cannabis sativa have 
since their discovery captured the interest of scientists and society, and have spurred the development 
of a multidisciplinary scientific field with contributions from biologists, medical specialists and 
chemists. Decades after the first isolation of some of the most bioactive tetrahydrocannabinols, 
current research is mostly dedicated to exploiting the chemical versatility of this relevant compound 
class with regard to its therapeutic potential. This chapter will primarily focus on synthetic pathways 
utilised for the synthesis of tetrahydrocannabinols and derivatives thereof, including chiral pool-based 
and asymmetric chemo- and biocatalytic approaches. At the end of this chapter, we will conclude with 
the outline of this thesis.   
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1.1 – Introduction  
The plant species Cannabis sativa has captured already for centuries the attention of society because 
of its therapeutic and psychoactive properties. Dating back to 440 B.C., the first literary mention by 
the philosopher Herodotus was about the use of hemp by the Scythians.1 The plant was processed into 
clothing fibres and the hemp-seed was thrown on red-hot stones producing vapours for delight and 
joy. In the following centuries, cannabis remained a useful plant for society and has often been 
described in literature.2 In the 17th century, cannabis-based therapies were prescribed to treat 
disorders such as depression, joint pain and epilepsy. Centuries later, in 1964 Mechoulam et al. 
described the isolation of tetrahydrocannabinols and a partial synthesis of the molecular scaffold.3 This 
seminal paper sparked more intensive research into cannabinoids and led to the scientific field that 
we know today. The major phytocannabinoids isolated from Cannabis sativa include cannabidiol (CBD, 
5), Δ8- and Δ9-tetrahydrocannabinol (Δ8-THC (9) and Δ9-THC (7), respectively).  
These compounds have been thoroughly investigated from biological, chemical and medicinal 
perspectives, and have been employed in several clinical trials. Phytocannabinoids are ligands for a 
specific class of G-protein-coupled receptors which belong to the endocannabinoid system: 
cannabinoid receptors 1 and 2 (CB1 and CB2).4, 5 In 1975, the first structure-activity relationship studies 
involving small molecules were conducted on the THC-scaffold to increase affinity and selectivity for 
both cannabinoid receptors.6, 7 Despite intensive research on these receptors, the biological function 
to date has not yet fully been unveiled, and there are even indications of a third cannabinoid receptor 
present in mammals.8, 9 

 
Scheme 1 Biosynthesis of several major cannabinoids from Cannabis sativa. 
 
The biosynthesis of phytocannabinoids and structurally related molecules in Cannabis sativa has been 
described extensively over the past decades.7, 10-12 In most cannabinoids a structural similarity can be 
identified comprising a resorcinol (A-ring) and terpinoid moiety (C-ring, Figure 1).13 Terpenoids are 
formed starting from the (non)-mevalonate pathways which produce dimethylallyl pyrophosphate 
(DMAPP) and isopentenyl pyrophosphate (IPP).14 Both components are coupled by geranyl 
pyrophosphate synthase to form geranyl pyrophosphate (GPP, 1) which is a precursor for a broad range 
of terpenoids (Scheme 1). Coupling of olivetolic acid (2) with GPP by geranyl transferase yields 
cannabigerolic acid (CBGA, 3), which is the biosynthetic starting point for most cannabinoids.3, 12 Via a 
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subsequent stereoselective ring-closure induced either by CBDA or THCA synthase, cannabidiolic acid 
(CBDA, 4) and Δ9-tetrahydrocannabinolic acid (Δ9-THCA, 6) are formed, respectively. In addition, 
numerous other cannabinoid subvariants are formed from CBGA (3) including cannabidiol (CBD, 5), Δ9-
tetrahydrocannabinol (Δ9-THC, 7) and cannabinol (CBN, 8). Until now various synthetic cannabinoids 
have been synthesised and high affinity CB1 and CB2 agonists and antagonists have been identified, 
which hold considerable promise for pharmaceutical applications.4, 5  
The next section systematically reviews the synthetic approaches for tetrahydrocannabinol reported 
over the last century.15 Here we will provide an overview of the most prominent synthetic pathways 
to the THC scaffold. This is of interest from both a medicinal chemistry viewpoint, as it will shed light 
on possible new cannabinoid derivatives to be synthesised, but also from a synthetic organic chemistry 
angle, as the synthesis of the terpenoid C-ring of THCs is especially challenging requiring creative 
synthetic solutions (Figure 1). 
 

 
Figure 1 Chiral pool and asymmetric catalytic approaches to THC showing the official numbering. 
 
1.2 – Terpinoid chiral pool approaches 
The biosynthesis of THC relies on stereoselective enzymatic conversions using linear, achiral 
polyketides and alkenyl phosphates. From a synthetic point of view, utilising chiral pool feedstocks is 
preferred over asymmetric approaches since it avoids typically more complex asymmetric 
transformations to control the stereochemistry. 
 
1.2.1 – Cannabinoid synthesis using (–)-verbenol 
The first isolation and structural NMR characterisation of THC and (–)-CBD was reported by Gaoni and 
Mechoulam in 1964.3 This pioneering research is considered as one of the most influential publications 
since it sparked the scientific field of cannabinoid chemistry and biology. Previously, Fahrenholtz and 
co-workers attempted to obtain enantiomerically pure THC, but were unsuccessful in resolving a THC 
racemate.16, 17 Three years after the initial publication by Mechoulam and Gaoni, the first fully 
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stereoselective synthesis of (–)-trans-Δ8-THC was described by Mechoulam, Braun and Gaoni.18 Friedel-
Crafts alkylation of olivetol (11) with (–)-verbenol (10), catalysed by p-TSA or boron trifluoride to 
produce the intermediate allylic cation, provided olivetylverbenyl (12), which after repeated treatment 
with boron trifluoride provided (–)-trans-Δ8-THC (9) (Scheme 2A). A direct approach using Lewis acid 
catalysis, combining both steps into one, led to similar overall yields of up to 35% of (–)-trans-Δ8-THC 
(9). Subsequent isomerisation through chlorination and base-induced elimination provided (–)-trans-
Δ9-THC (7).19  
Interestingly, five years later the authors gave a mechanistic rationale describing the allylic carbocation 
intermediate.20 By using deuterated (–)-verbenol (10a) the corresponding labelled (–)-trans-Δ8-THC 
(9b) product was prepared, effectively demonstrating the stereochemistry of the prepared C-C bond 
(Scheme 2B). The authors stated that due to the challenging isolation of pure cannabinoids from plants, 
they considered stereoselective synthesis a preferred approach to obtain single, well-defined 
cannabinoids in enantiopure form. 
 

 
Scheme 2 Mechoulam’s synthesis of Δ8- and Δ9-THC using (–)-verbenol (10) and the mechanistic rationale using 
deuterated (–)-verbenol (10a). 
 
Recently, Dethe and co-workers also demonstrated the use of (–)-verbenol (10) in the synthesis of 
phytocannabinoids (–)-murrayamine-O (16) and (–)-murrayamine–P (17, Scheme 3).21 Previous reports 
showed that BF3-mediated activation of verbenol leads to the thermodynamic Δ8-isomer.18 In this 
synthesis, however, the authors describe that with small amounts of BF3·OEt2 and short reaction times 
the kinetic Δ9-isomer was obtained. This was demonstrated by Friedel-Crafts alkylation of carbazole 13 
with verbenol (10) to give the regioisomeric cannabinoids 14 and 15 selectively using different 
amounts of catalyst. The natural products 16 and 17 were obtained upon m-CPBA oxidation of olefin 
15 to give the corresponding epoxide isomers, which were both subsequently ring opened using LiAlH4. 
In addition, the authors successfully extended this approach to (+)-verbenol leading to ent-
murrayamine-O and –P (not shown). 
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Scheme 3 Synthesis of murrayamines-O and -P using (–)-verbenol. 
 
1.2.2 – p-Mentha-2,8-dien-1-ol for both THC isomers 
Shortly after the publication of Mechoulam, the use of enantiopure chiral pool terpenoids became 
common practice in cannabinoid synthesis. Elaborating on an earlier procedure,22 Petrzilka and co-
workers reported a stereoselective synthesis of (–)-trans-Δ8-THC (9) starting from p-mentha-2,8-dien-
1-ol (18).23 Using this terpenoid, olivetol (11) and p-TSA, electrophilic aromatic substitution provided 
(–)-trans-CBD (5), which upon renewed exposure to p-TSA cyclised to (–)-trans-Δ9-THC (7, not shown), 
followed by in situ isomerisation to the thermodynamically more stable (–)-trans-Δ8-THC (9) in 53% 
yield (Scheme 4A).19  
 

 
Scheme 4 Use of p-mentha-2,8-dien-1-ol by Petrzilka in the synthesis of Δ8-THC (A) and Razdan’s approach in the 
synthesis of Δ9-THC (B). 
 
The successful isolation and direct synthesis of (–)-trans-Δ9-THC (7) was reported shortly thereafter by 
Razdan and co-workers.24 Instead of the isomerisation of (–)-trans-Δ8-THC (9) to its Δ9-isomer using 
gaseous hydrochloric acid as shown by Mechoulam, Razdan described a direct synthesis starting from 
the same starting materials but now using 1% of boron trifluoride as catalyst and magnesium sulfate 
as drying agent. Besides bis-adducts and iso-THC derivatives, there was no Δ8-THC encountered under 
these conditions (Scheme 4B). Despite the challenging purification and rather low yield, this pioneering 
work is still used in the production of (–)-trans-Δ9-THC derivatives because of the high efficiency and 
mild reaction conditions of the one-pot process.  
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Scheme 5 p-Mentha-2,8-dien-1-ol acetate (19) arylation using olivetolic homocuprate (20) as reported by 
Rickards and Rönneberg. 
 
The stereoselective preparation of Δ8/9-THC scaffolds using p-mentha-2,8-dien-1-ol can also be 
achieved by using a direct C-ring conjugation and acetate 19. Previous Lewis or Brønsted acid 
approaches often lacked regiochemical selectivity, were highly sensitive to reaction conditions and 
afforded many side products.25 In contrast, most C-ring arylation strategies rely on metal-catalysed 
activation of resorcinol structures and allow for a broad range of aryl substrates.26-29 
Rickards and Rönneberg introduced the organometallic synthesis of Δ9-THC brominated analogues 
(Scheme 5).30 It commenced with the preparation of homocuprate olivetol 20 from the corresponding 
lithiated olivetol dimethyl ether. Cuprate 20 was coupled in an SN2’-fashion to p-mentha-2,8-dien-1-ol 
acetate (19) using boron trifluoride etherate and afforded (–)-trans-CBD dimethyl ether 21 in 78% 
yield. Deprotection of the methyl ethers appeared challenging and was unsuccessful using boron 
tribromide. Alternatively, the authors proposed to mask the alkene bonds via addition of hydrogen 
bromide, forming the highly unstable product 22. The brominated isopropenyl moiety unexpectedly 
underwent mono-demethylation and concomitant formation of the B-ring system at ambient 
temperature to afford a methyl ether protected THC scaffold. Fortunately, the final demethylation 
could be completed using boron tribromide, to give halogenated product 23. (–)-trans-Δ9-THC (7) was 
successfully obtained by following Mechoulam’s intermolecular dehalogenation with potassium tert-
butoxide (Scheme 2). The authors also investigated a one-pot procedure to convert 21 into 23 without 
intermediate purification. Compound 21 was subjected to a stoichiometric excess of HBr at -15°C, then 
mono-demethylated, cyclised at ambient temperature, and finally deprotected using boron tribromide 
to afford crude 23. The crude product was subjected to potassium tert-butoxide to form (–)-trans-Δ9-
THC in 75% overall yield from (–)-trans-CBD dimethyl ether 21.  
 
1.2.3 – p-Menth-2-ene-1,8-diol for 6-hydroxy-CBD and Δ9-THC 
In continuation of previous research, Razdan and co-workers investigated the use of other chiral 
monoterpenoids in the preparation of (–)-trans-Δ9-THC (7). A structurally comparable starting material 
is p-menth-2-ene-1,8-diol (25), which is activated in a similar fashion using Brønsted or Lewis acid 
catalysis.31 Conversions of up to 51% were observed and isolated yields of 28% of (–)-trans-Δ9-THC (7) 
were obtained using anhydrous ZnCl2 instead of the earlier reported boron trifluoride etherate, 
(Scheme 6).18, 24 Notably, with this zinc-based Lewis acid the reactions were successfully conducted on 
multi-gram scale. Despite the one-step procedures of both p-mentha-2,8-dien-1-ol (18) and p-menth-
2-ene-1,8-diol (24), the reaction produced a large variety of side products which limits large scale 
application.32  
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Scheme 6 Preparation of Δ9-THC using p-menth-2-ene-1,8-diol (24). 
 
Stoss and Merrath attempted to optimise the synthesis of (–)-trans-Δ9-THC (7) by crystallising the (–)-
trans-6-hydroxy-CBD (25) intermediate.32 This crucial step allowed a cleaner cyclisation reaction with 
ZnBr2 to form (–)-trans-Δ9-THC (7). Despite the two-step sequence, the product was obtained in higher 
isolated yield, because the final product purification was more efficient. Recently, Cabaj and co-
workers published a new synthetic route for the large scale preparation of p-menth-2-ene-1,8-diol 
(24). This discovery may contribute to industrial application of 24 in the synthetic preparation of 
cannabinoids.33 
 
1.2.4 – Syntheses using (+)-trans-2- and (+)-trans-3-carene epoxides 
Razdan and co-workers additionally investigated other methods to readily prepare enantiopure THC, 
and were inspired by the seminal work of Ohloff and Giersch.34 By utilising (+)-trans-2-carene epoxide 
(26), structurally similar to the strained bicyclic (–)-verbenol (10), another one-step synthesis to (–)-
trans-Δ9-THC (7) was discovered (Table 1).35 Both boron trifluoride and p-TSA were effective in the 
activation of carene epoxide, but both catalysts resulted in mixtures of the (–)-trans-Δ9-THC (7) and (–
)-cis-Δ9-THC (23) stereoisomers. The observed stereochemical outcome was explained via a 
carbocation intermediate or concerted pathway by Brønsted or Lewis acid catalysis, respectively. Later, 
Jamieson and co-workers investigated the mechanism of (+)-trans-2-carene epoxide (21) and 
compared it with p-mentha-2,8-dien-1-ol (18).36 Interestingly, reactions of 2-carene epoxides (26) with 
olivetol (11) were lower yielding and produced more byproducts than p-mentha-2,8-dien-1-ol. 
Reactions using (+)-trans-2-carene epoxides did not afford cannabidiols, and it was hypothesised that 
the initial Friedel-Crafts alkylation did not occur. The authors postulated a phenolic nucleophilic 
substitution reaction of olivetol (11) on the cyclopropane moiety of carene, directly followed by an 
acidic cyclisation reaction.37  
 
Table 1 Synthesis of (–)-cis/trans-Δ9- and (–)-trans-Δ8-THC using (+)-trans-carene epoxides. 

 
 (–)-trans-Δ9-THC (7) (–)-trans-Δ8-THC (9) (–)-cis-Δ9-THC (28) 
26 3%a ,17%b 23%a 4%a ,11%b 
27 -- 10%b -- 

Conditions: a p-TSA, DCM; b BF3, DCM. 
 
Additionally, the isomeric (+)-trans-3-carene epoxide (27) was reacted with p-TSA and the authors 
observed a p-menthadienol-like pathway.35 The proposed mechanism proceeds through acid-catalysed 
epoxide ring-opening forming a tertiary cation, followed by elimination to an allylic carbocation.38 The 
(+)-trans-3-carene (27) only gave (–)-trans-Δ8-THC (9) in low yield, while forming a large variety of side 
products.39 
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1.2.5 – cis-Chrysanthenol in the synthesis of (–)-trans-Δ9-THC  
Razdan and co-workers also sought to start from a different enantiopure verbenol-based terpenoid, 
which would allow a direct synthesis of Δ9-THC products. Via a photochemical isomerisation of (–)-
verbenone (29)40, 41 and subsequent reduction, cis-chrysanthenol (30) was prepared.42 Brønsted or 
Lewis acid activation of cis-chrysanthenol should lead to the formation of a secondary carbocation for 
Friedel-Crafts alkylation of olivetol (11). A second activation of the alkene moiety resulted in ring-
opening and cyclisation (Scheme 7). Although (–)-trans-Δ9-THC (7) was formed, the reactivity of 
chrysanthenol was considerably lower than of (–)-verbenol (10) under similar reaction conditions.38 
This led the authors to conclude that this particular approach was not the most viable synthetic route 
towards Δ9-THC. 
 

 
Scheme 7 Preparation and conversion of cis-chrysanthenol (30) by Razdan to afford (–)-trans-Δ9-THC (7). 
 
1.2.6 – (+)-Apoverbenone for the preparation of oxidised Δ8/9-THC  
Huffman and co-workers demonstrated the use of (+)-apoverbenone (31) to efficiently prepare (±)-
trans-11-nor-Δ9-THCs.26 Previous syntheses of oxidised C-ring Δ8/9-THC derivatives were suffering from 
lack of regio- and stereoselectivity and low yields, and the authors aimed to design a fast, efficient and 
stereoselective route (Scheme 8A). The synthesis commenced with (+)-apoverbenone (31) which was 
coupled to lithiated protected olivetol 36, and thereafter directly oxidised to enone 32. Phenolic 
deprotection, p-TSA-mediated cyclisation and methyl ether deprotection finally afforded enone 33. 
This was transformed into the corresponding enol triflate to access the oxidised C-ring of Δ9-THCs. Due 
to the sp2-hybridised alkene in enone 33, the final stereochemistry was installed through a Birch 
reduction with poor selectivity. Ultimately, triflated (–)-trans and (–)-cis-Δ9-THC derivatives were 
obtained in a 3:1 ratio (not shown).29, 43 Despite the low stereoselectivity in the apoverbenone route, 
the resulting building block thus provides straightforward access to oxidised C-ring cannabinoids. 
Alternatively, the synthesis of enantiomerically enriched oxidised (–)-trans-Δ8-THC (9) using (+)-
apoverbenone (31) was published by Tius and Kannangara (Scheme 8B).27 After successfully preparing 
olivetolic lithiocuprate from ethoxyethyl-protected olivetol (37), (+)-apoverbenone (31) was reacted 
with the lithiocuprate to form a ketone intermediate. This was then transformed into an enol triflate 
and deprotected to obtain enol ether 34. Treatment with boron trifluoride etherate led to synthon 35, 
which is a precursor for C-ring-modified (–)-trans-Δ8-THC derivatives.  
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Scheme 8 (+)-Apoverbenone (31) based preparation of THC-precursors 32 and 34 as demonstrated by Huffman 
(A) and Tius and Kannangara (B). 
 
1.2.7 - CBD synthesis using (R)-2,9-dibromocamphor 
Vaillancourt and Albizati developed a one-step pathway to cannabidiols with a higher efficiency than 
earlier methods.28 The monoterpenoid (R)-2,9-dibromocamphor (39) was postulated as a suitable 
starting point, as it would facilitate stereoselective arylation and allow for high regioselectivity. 
Methoxy-protected olivetol 36 was transformed into homocuprate 38 and reacted with dibromide 39 
to form adduct 40 (Scheme 9). Keto-enol isomerisation, ring-opening and subsequent debromination 
were conducted in one-pot using sodium naphthalenide and diethyl chlorophosphate in a high yield of 
89%. The resulting enolphosphate 41 was demethylated and reduced with an excess of lithium in 
methylamine to form (–)-trans-CBD (5) and its monomethylated CBD counterpart in 35 and 43% yield, 
respectively.  
 

 
Scheme 9 Synthesis of (–)-trans-CBD (5) using 2,9-dibromo-(R)-camphor (39) demonstrated by Vaillancourt and 
Albizati.  
 
1.2.8 – Carveol for the synthesis of hexahydrocannabinols 
Hexahydrocannabinols, such as (+)-machaeriol and (+)-machaeridiol were prepared using aryl cuprates 
and chiral pool substrates, demonstrated by She and co-workers. In several publications enantiopure 
silyl enol ether 43 appeared an effective substrate in the preparation of C-ring-substituted 
cannabinoids (Scheme 10).44-46 The synthesis commenced with epoxidized (+)-cis-carveol ((+)-42) 
which was oxidised and isomerised to silyl enol ether (+)-43. Initial attempts with sterically hindered 
resorcinol cuprates 44 were effective in the preparation of cannabinoid-like structures 45 and 46. In a 
variety of different methods using reductions, deoxygenations and Lewis acid cyclisation reactions, (+)-
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machaeridiol B (47), (+)-machaeriol B (48), (+)-machaeriol D (49), and other aryl-substituted 
hexahydrocannabinols were obtained.  
 

 
Scheme 10 Synthesis of enantiopure machaeridiol B, machaeriol B and machaeriol D (47, 48, 49, respectively) 
reported by She and co-workers.  
 
Additionally, She and co-workers aimed to prepare (–)-trans-Δ8-THC to demonstrate the versatility of 
silyl enol ether 43 (Scheme 11).46 By using MOM-protected olivetolic cuprate 44 and (–)-43, the authors 
were successful in obtaining C-ring oxidised cannabinoid 50 after acidic hydrolysis. Subsequent keto 
reduction, radical Barton-McCombie deoxygenation and acidic cyclisation reaction afforded (–)-trans-
Δ8-THC (9). 
 

 
Scheme 11 Synthesis of (–)-trans-Δ8-THC (9), starting from (–)-carveol, demonstrated by She and co-workers.  
 
1.2.9 – α-Iodocyclohexenones  
Kobayashi and co-workers revisited the preparation of (–)-trans-Δ9-THC and (–)-trans-CBD using aryl 
cuprates. The authors aimed to use α-iodocyclohexenones and a variety of resorcinols and unveil the 
arylation of these cyclohexenones (Scheme 12).47 They observed that 1,4-addition of bulky diaryl 
cuprates to enones was only successful in the presence of BF3OEt2. The stereochemistry of α-
iodocyclohexenone 52 facilitated the exclusive formation of trans-configured arylated products. After 
preparing α-iodoketone 52 from 51, the product was transformed into a dehalogenated enol Grignard, 
which opened synthetic strategies towards various 9’ derivatisations (not shown). Thereafter, the 
reactive enol Grignard intermediate was transformed into the corresponding enol phosphate 53. A 
sequence of methylation with MeMgBr in the presence of Ni(acac)2, methyl ether deprotection using 
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sodium ethanethiolate and cyclisation with ZnBr2 afforded (–)-trans-Δ9-THC (7) in 28% yield. Notably, 
the 1,4-arylation to enones was reported and optimised a year later.48 This invaluable publication 
broadened the aryl substrate scope, led to new C-ring oxidised substrates, and the synthesis of α-
iodocyclohexenones using (+)-β-pinene.  
The successful stereoselective route to tetrahydrocannabinol using α-cyclohexenone was extended to 
(–)-trans-CBD (5), C-ring oxidised derivatives, and even alkenyl derivatives on the B-ring (Scheme 12).49 
The route started from cyclohexenediol monoacetate 54, which appeared more versatile and allowed 
for more facile preparation of different α-cyclohexenones. The alkylation of monoacetate 54 was 
investigated using various reagents, additives, and catalysts. Isopropenylmagnesium bromide, zinc 
chloride, TMEDA and NiCl2(tpp)2 were shown to be most reactive, resulting in yields of up to 95% with 
minimal regioisomeric sideproducts. Subsequent Jones oxidation and iodination afforded 55. The 
consecutive coupling of diaryl cuprate 38, transformation to enol Grignard and final coupling to diethyl 
chlorophosphate afforded 56, the precursor of (–)-trans-CBD (5).  
 

 
Scheme 12 Kobayashi’s boron trifluoride-promoted arylation using α-iodocyclohexenones and diaryl cuprates.  
 
The same group also published direct 1,4-arylation of diaryl cuprates onto non-iodinated 
cyclohexenones, promoted solely by boron trifluoride.50 This direct approach is considered 
advantageous for organic synthesis, but synthetically challenging because of the strongly stabilised 
boron enolate. To circumvent the low reactivity, MeLi was used to create the lithio enolate 
intermediates which are more reactive towards electrophiles. To demonstrate the principle, 
cyclohexenone 51 was activated with boron trifluoride, arylated with 38, transformed into the enolate 
using MeLi, and finally phosphorylated using diethyl chlorophosphate to afford 53. 
 
1.3 – Concerted approaches 
The earliest approaches to the tetrahydrocannabinol scaffold were based on chiral pool syntheses and 
hence afforded enantiopure products, albeit often with formation of side products and in moderate 
to low yields. Alternatively, more elaborate synthetic pathways using asymmetric catalysts were 
employed, leading to high levels of enantioselectivity and additional access to unnatural THC 
enantiomers. Synthesis of unsaturated six-membered rings can be achieved using Diels-Alder [4+2] 
cycloadditions, which have also been used to prepare cannabinoids.51 The earliest report of a Diels-
Alder cyclisation in the preparation of CBD was by Korte, Dlugosch and Claussen in 1966.52 They 
conducted an intermolecular reaction with methyl vinyl ketone and dimethyl ether-protected 3-
methyl-1,3-butadiene-olivetol. Without the use of any chiral catalyst present, an unseparable complex 
mixture of all possible CBD analogues was obtained.53, 54 
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Scheme 13 Seminal work of Evans, Shaughnessy and Barnes utilising a Diels-Alder cyclisation to form cycloadduct 
57.  
 
The first asymmetric synthesis of the unnatural isomer (+)-trans-Δ9-THC (59) using a Diels-Alder 
reaction was reported by Evans, Shaughnessy and Barnes (Scheme 13).55 Key-step was the synthesis of 
the acetylated cycloadduct 57 on 50 mmol scale. Employing the enantiopure Cu(II)-bisoxazoline 
catalyst C1 led to an endo-transition state, resulting in a trans-configuration of crystalline cycloadduct 
57.56-58 Transesterification into the benzyl ester, nucleophilic methylation and ester hydrolysis 
provided p-menth-1-ene-3,8-diol (58). Activation of the diol using p-TSA in the presence of olivetol (11) 
resulted in the cannabidiol analogue which was cyclised using anhydrous ZnBr2 to obtain (+)-trans-Δ9-
THC (59) in modest yield. Two years later, the key-step Diels Alder cyclisation catalysed by C1 was 
further investigated in a mechanistic study with a significant larger substrate scope.59  
Subsequent seminal work of Avery and co-workers represented the first entry into a direct synthesis 
of the B- and C-rings of hexahydrocannabinol derivatives through a Diels-Alder cyclisation reaction 
(Scheme 14).60 Though this approach utilises (S)-citronellal, a chiral pool terpinoid, a concerted double 
cyclisation approach was required to provide the tricyclic cannabinoid scaffold. Olefin 61 was obtained 
as a 1:1 mixture of diastereomers via the reaction of lithiated methoxymethyl ether (MOM) protected 
triol 60 with (S)-citronellal. The following hetero-Diels-Alder cyclisation reaction surprisingly 
proceeded using 4% aqueous HCl in methanol at ambient temperature in moderate yield, while 
normally these reactions are conducted at elevated temperatures. The stereoselectivity of the 
cyclisation reaction was explained by invoking intermediate 62, and afforded tricyclic scaffold 63. The 
subsequent phenolic triflation provided hexahydrocannabinol 64, suitable for further 
functionalisation. To ensure successful palladium-catalysed cross-coupling, Avery and co-workers first 
protected the phenolic position with a MOM group. Finally, hexahydrocannabinols (+)-machaeriol A 
and B (65 and 66, respectively) were obtained via Suzuki-Miyaura cross-coupling reactions and 
subsequent hydrolysis. Notably, Avery and co-workers did not comment on the stereospecificity, and 
specific rotations were not described.61 Nevertheless this pioneering work demonstrated the 
possibility to perform late-stage derivatisation of a cannabinoid scaffold.  
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Scheme 14 First stereoselective synthesis of (+)-machaeriol A (65) and B (48) based on a Diels-Alder cyclisation 
as demonstrated by Avery and co-workers. 
 
The group of Sherburn demonstrated the synthesis of Δ9-THC with a late stage trans-selective Diels-
Alder cyclisation.62 To be able to optimise this reaction towards the desired trans-product it was first 
investigated in silico. DFT calculations showed that the stereoselectivity is heavily influenced by 
conjugative effects between the diene and the aromatic ring substituents. The method was tested 
using aluminium tris(2,6-diphenylphenoxide) (ATPH) as Lewis acid catalyst on olefins 66 and 67.63 In 
contrast to earlier DFT calculations, ATPH dramatically inversed stereoselectivity to afford 68 and 69 
in moderate trans-diastereoselectivity (Scheme 15). 69 was finally treated with methylmagnesium 
chloride and cyclised using ZnBr2 to obtain (–)-trans-Δ9-THC (7).47, 48  
 

 
Scheme 15 Sherburn and co-workers used a trans-selective Diels-Alder cyclisation for the preparation of (–)-
trans-Δ9-THC (7). 
 
Minuti and co-workers applied late stage hyperbaric Diels-Alder reactions giving rise to a variety of Δ8-
THC derivatives.64 The authors performed this reaction with six benzylidene acetone dienophiles (70) 
and two diene coupling partners (71a, 71b) promoted by mildly Lewis acidic conditions. This resulted 
in excellent yields, full trans-stereoselectivity, however, with additional formation of a regioisomeric 
product. The hyperbaric Diels-Alder reaction was applied to 1-olivetolic(alkylidene)acetone and 
afforded inseparable (+)- and (–)-trans-configured bicyclic products 72 (Scheme 16, top route). The 
bicyclic intermediate was subsequently treated with MeMgBr, selectively deprotected with NaSMe, 
cyclised using ZnBr2 and finally deprotected with additional NaSMe to afford rac-Δ8-THC. The authors 
resolved intermediate (±)-72 via (S)-(–)-1-amino-2-(methoxymethyl)pyrrolidine (SAMP) resolution, 
separated the diastereoisomers and followed with a subsequent Brønsted acid-mediated hydrazone 
hydrolysis. After obtaining both (R,R)-(–)-72 and (S,S)-(+)-72 the intermediate products were 
transformed into the corresponding diastereomerically pure (–)- and (+)-trans-Δ8-THCs (9 and 76, 
respectively). 
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Scheme 16 Minuti’s Diels-Alder approaches in the preparation of trans-Δ8-and Δ9-THC and derivatives. 
 
The influence of solvents in the Diels-Alder reaction and the preparation of Δ9-THC and derivatives was 
also demonstrated later. The previously used aryl alkene substituent 70 was transformed into 
dienophile 73 using a Wittig olefination, and reacted with alkene65 and alkyne66 coupling partners in a 
hyperbaric Diels-Alder cyclisation reaction (Scheme 16, bottom route). The optimal results with methyl 
vinyl ketone (74a) or methyl acrylate (74b) were obtained in ethanol at 9 kbar providing olefin 75 in 
high cis-selectivity. This result is in strong contrast with the previous trans-selective Diels-Alder 
reaction (70 to 72). Therefore, the authors investigated a small variety of dienophiles, which were even 
less stereoselective. To demonstrate the applicability of the system, both (±)-cis- and (±)-trans-Δ9-THC 
were prepared via the Diels-Alder approach using the endo- and exo-cycloadduct of 75, respectively. 
Additionally, the single (+)- and (–)-enantiomers of trans-Δ9-THC were obtained via the SAMP-
hydrazone route (59 and 7, respectively). Despite the laborious and low yielding approach, all 
stereoisomers of Δ8- and Δ9-THCs were obtained, thereby widening the scope to prepare synthetic 
cannabinoid derivatives. 
 
1.4 – Other approaches 
A different approach to create the BC-ring system of cannabinoids proceeds via pericyclic reactions. 
The first intramolecular cyclisation reaction was shown by Childers and Pinnick. Using a Claisen 
rearrangement at room temperature, the authors obtained mixtures of (±)-trans-Δ9-THCs. Another 
approach was reported by Kirschleger and co-workers who published a one-step Brønsted acid-
mediated double cyclisation giving rise to (±)-cis/trans-Δ9-THCs.67 Alternatively, the synthesis of (±)-cis-
11-nor-Δ9-THC-9-carboxylic acid was reported by Tius and Gu, using a similar key-step cationic 
cyclisation reaction.68 Despite the low stereoselectivity of these concise synthesis routes, they offer 
fast access to new pharmacologically relevant cannabinoids and aid in the development of new 
potential drugs. 11, 69 
One of the most recent stereoselective cyclisations was the preparation of (–)-perrottetinene (86), a 
phenethyl-substituted (–)-cis-Δ9-THC analogue. Kim and co-workers synthesised the cannabinoid using 
a key-step Ireland-Claisen rearrangement (Scheme 17A).70 Dihydropinosylvin (77) was regioselectively 
iodinated, and phenol protected to afford aryl iodide 78. The following Stille cross-coupling with 
tributylstannyl (S)-methyl vinyl carbinol (79) led to the isolation of 80, which was subsequently coupled 
with 5-methylhex-5-enoic acid (81) to obtain olefin 82. The following Ireland-Claisen rearrangement 
was conducted using LDA and TBSCl resulting in a silyl enol ether intermediate. The addition of HMPA 
enhances formation of the (Z)-configured silyl enol ether, which then rearranges through the chair-like 
transition state 83 to form the (S,R)-configured product 84 with high diastereoselectivity (>20:1). 
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Precursor 85 was formed after esterification, treatment with MeMgBr and Grubbs olefin metathesis. 
(–)-Perrottetinene (86) was obtained after p-TSA-mediated cyclisation. 
 

 
Scheme 17 Ireland-Claisen rearrangement by Kim and co-workers to afford (–)-perrottetinene (86), and the 
inversed Ireland-Claisen rearrangement by Leahy and co-workers to afford (–)-trans-Δ9-THC (7).  
 
The Ireland-Claisen rearrangement by Kim70 and the molybdenum-catalysed allylic alkylation reaction 
by Trost and Dogra,71 inspired Leahy and co-workers to design a chemoenzymatic synthesis of (–)-
trans-Δ9-THC (7, Scheme 17B).72 The synthesis followed the methylation and formylation of olivetol 11 
described by Trost and Dogra,71 but was then followed by an acetone aldol condensation reaction to 
afford the enone-substituted product 87. The enone was reduced using the Corey-Bakshi-Shibata 
oxazaborolidine, or via a sequence of NaBH4 reduction, vinyl butyrate acylation in presence of Savinase 
12T and basic hydrolysis to obtain 88. Ester 89 was produced by coupling 88 with 5-methylhex-5-enoic 
acid (83) in a Steglich DCC coupling. Critically, as opposed to Kim’s approach, the absence of HMPA 
resulted in formation of the (E)-configured silyl enol ether leading to the formation of chair-like 
intermediate 90. Ireland-Claisen rearrangement then afforded the (R,R)-configured product 91. Leahy 
demonstrated the versatility of 91 by transforming it into CBD or (–)-trans-Δ9-THC. CBD was prepared 
using a sequence of Grubbs olefin metathesis, Wittig olefination with Ph3P=CH2 and final deprotection 
and methylation using MeMgI (not shown). (–)-trans-Δ9-THC (7) was formed using an esterification, 
ring-closing metathesis, deprotection using MeMgI and a final Lewis acid-based cyclisation with 
ZnBr2.47, 48, 59 
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Scheme 18 Suzuki-Miyaura cross-coupling and asymmetric hydrogenation reaction in the preparation of (–)-
trans-THCs, reported by Zhou and co-workers.  
 
Previously, the SN2 arylation of α-iodocyclohexanone was demonstrated by Kobayashi, in the 
preparation of (–)-trans-Δ9-THC and -CBD. Alternatively, Zhou and co-workers later found that α-
iodocyclohexanones are effective candidates in Suzuki-Miyaura cross-coupling reactions (Scheme 
18).73 The key step in the publication is a high-pressure asymmetric ketone reduction with ruthenium 
catalyst (Sa,R,R)-C2. Following one of their earlier publications,74 the authors set out to investigate the 
reduction of rac-2,6-dimethoxyphenylcyclohexanone, which appeared synthetically challenging due to 
the steric hindrance caused by the two ortho-methoxy groups. Fortunately, by changing one methoxy 
into a fluoride atom, the reaction proceeded more efficiently. The chemistry was applied in the 
synthesis of both (–)-trans-Δ9- and Δ8-THC isomers. Initially, the Suzuki-Miyaura cross-coupling of α-
iodocyclohexenone 94 with boronic acid 93 and hydrogenation on Pd/C provided racemic 95. The 
crucial high-pressure asymmetric ketone reduction with (Sa,R,R)-C2 and concomitant racemisation 
were applied to substrate 95 to afford (–)-cis-configured alcohol 96. To obtain the target trans-
configured cannabinoid scaffolds, a sequence of saponification, Wittig olefination and basic olefination 
was employed. From product 96 still 10 steps were required to produce both the (–)-trans-Δ9- and Δ8-
THC isomers, in a total yield of 43 and 51%, respectively. 
 

 
Scheme 19 NHC-catalysed (4+2) annulation reaction to afford cannabinoid scaffold 99, demonstrated by 
Ametovski and Lupton. 
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The group of Lupton has investigated an NHC-catalysed (4+2) annulation reaction for the 
enantioselective synthesis of β-lactones.75 Determined to extend the method to medicinal chemistry 
and natural product synthesis, Ametovski and Lupton investigated the applicability of the annulation 
reaction in the formation of THC scaffolds (Scheme 19).76 Starting from acyl fluoride 97, earlier 
reported cyclobutane 98 and NHC catalyst C3, the authors were delighted to directly obtain lactone 99 
in excellent enantioselectivity (er 98:2). Compound 99 was saponified with KCN, oxidised with IBX, 
subjected to Krapcho decarboxylation and isomerised to afford (–)-trans-configured scaffold 100. 
Finally, by using known procedures, the authors were able to obtain both (–)-trans-Δ8- and Δ9-THC. 
 
1.5 – Outlook and conclusion 
In conclusion, we have outlined several chiral pool and asymmetric catalytic approaches to THC and its 
derivatives. Chiral pool approaches generally provide a fast entry into cannabinoids, but the final 
product mixtures are challenging to purify, have a limited substrate scope and may lack 
regioselectivity. Alternatively, asymmetric catalysis excels in substrate scope, may lead to high regio- 
and stereoselectivity, but requires more elaborate synthesis routes. The published approaches are 
generally well applicable and already provided several potential drug candidates. However, more 
research is required to create straightforward and efficient access to new cannabinoid derivatives, as 
many examples are based on multistep synthetic transformations.  
 
1.6 – Outline of this thesis 
From this introductory chapter it is evident that cannabinoids provide a diverse array of biologically 
relevant molecules. The outlined syntheses, however, are based on stepwise batch approaches which 
can be challenging to translate to a continuous process. While batch chemistry still holds the 
benchmark in the synthesis of therapeutic candidates, it cannot solve all problems at larger scale. An 
excellent alternative for scaling syntheses in an efficient manner is provided by flow chemistry. The 
design of multistep reactions in a single flow system, however, is also far from trivial. In this thesis we 
will elaborate multistep flow syntheses of cannabinoids and neuraminic acid derivatives, and highlight 
opportunities and pitfalls in continuous flow systems.  
 
Chapter 2 provides an overview of recent “one-flow” approaches for the preparation of active 
pharmaceutical ingredients (APIs). We distinguish between continuous one-flow approaches and 
interrupted one-flow processes and discuss the potential for flow chemistry in industry. In Chapter 3, 
a batch synthesis of cannabinoid derivatives with a late-stage palladium-catalysed cross-coupling step 
revealed the erroneous assignment of ortho- and para-substituted cannabinoids in literature. 
Additionally, it showed that such a late stage derivatisation strategy is viable for the efficient synthesis 
of natural and new cannabinoids. Chapter 4 describes the first stereoselective flow synthesis of 
tetrahydrocannabinol and cannabidiol, two well-studied cannabinoids. In this research, a variety of 
heterogeneous Lewis acids was investigated leading to the selective formation of different 
cannabinoid isomers. Chapter 5 continues to focus on the multistep flow synthesis of orthocannabidiol 
derivatives. Furthermore, a new silica-gel-immobilised copper catalyst was designed and successfully 
applied in a continuous flow reactor. In this chapter some of the current drawbacks of flow chemistry 
are also discussed as well as our view on the use of flow chemistry for cannabinoid synthesis. 
 
Chapter 6 initiates a second research topic involving the synthesis of neuraminic acid derivatives. 
Neuraminic acid and its derivatives show versatile biological activity and some of them are even 
marketed as drugs. Therefore, efficient production of neuraminic acids is highly desirable so that a 
chemoenzymatic flow synthesis for these compounds was investigated. A continuous flow setup 
containing an immobilised neuraminic acid lyase allowed for the efficient synthesis of a number of 
neuraminic acid derivatives in a single step. Chapter 7 focusses on the application of bowl-shaped 
polymeric nanoreactors containing neuraminic acid lyase. The encapsulation of the lyase enzyme in 
the nanoreactors proved to be a viable approach to decrease the enzyme loading in the flow synthesis 
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of neuraminic acid. Finally, this thesis ends with a summary and a description of the outline of future 
research, supported by some experimental data.  
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Continuous One-Flow Multi-Step Synthesis of Active 

Pharmaceutical Ingredients 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This chapter has been published as:  
V. R. L. J. Bloemendal, M. A. C. H. Janssen, J. C. M. van Hest & F. P. J. T. Rutjes, React. Chem. Eng., 2020, 
5, 1186-1197. 
 
Abstract: During the past two decades, continuous flow chemistry has been developed into a mature 
field as shown by numerous examples in which complex molecules are synthesised. In this chapter we 
discuss recent one-flow multistep syntheses to produce Active Pharmaceutical Ingredients (APIs) 
including challenges and solutions that have been encountered.   
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2.1 – Introduction  
The synthesis of complex biologically and pharmacologically relevant molecules traditionally proceeds 
through multistep batchwise reactions. This not only concerns small-scale syntheses in academic labs, 
but also large scale processes in the fine chemical and pharmaceutical industry.1 In the past two 
decades, however, there has been a steep increase in the development and use of continuous flow 
reactions in organic synthesis. This initially concerned single reactions, but in the past few years 
involved more and more multistep sequences in which consecutive reactions carried out in a so-called 
one-flow system lead to a complete synthesis of functional small molecules.2, 3 
Prompted by the societal wish to be able to locally and rapidly produce important medicines on 
demand, it is of particular interest to synthesise Active Pharmaceutical Ingredients (APIs) in one-flow 
systems.4, 5 It is envisaged that in such an approach by using relatively small and mobile dedicated 
equipment, cartridges of suitable reagents and solvents, vital drugs can be produced in a 
straightforward manner and in reasonable amounts due to the continuous character of the process. 
This is also considered a safe approach owing to the reproducibility, efficient heat transfer and small 
dimensions of the actual reaction vessels.6,7 Additionally, in a one-flow process workup and 
intermediate purification steps are excluded leading to faster production and more environmentally 
benign processes.8 Inspired by our EU FETOPEN ONE-FLOW project,9 in which one-flow approaches are 
being developed for the synthesis of pharmaceutically relevant small molecules, this chapter highlights 
various recently published one-flow syntheses of APIs. It does not only include the synthetic steps, but 
also addresses challenges and incompatibilities that were encountered by combining multiple steps 
into a single flow system.  
 

 
Figure 1 Schematic overview over the different types of flow reactions.  
 
In this chapter, we distinguish between one-flow systems that consist of fully continuous flow 
operations, and interrupted one-flow systems, meaning approaches in which at least one intermediate 
isolation/collection step is included (Figure 1). One-flow systems, in particular set-ups that are not 
interrupted by intermediate phase switches or purification steps, have the challenge that 
incompatibilities between reagents in subsequent steps may occur, that solvents optimal for one step, 
may be detrimental for a second one, side-products may be carried along etc. In addition, with long 
continuous flow lines high back-pressures may be created, which will hamper the throughput and may 
give even rise to leakages.10 Microfluidic behaviour is also heavily influenced by pressure, and might 
require (static) mixers to be included.11 Conceptually, however, a one-flow system is very attractive 
and in principle leads to a straightforward flow scheme. Interrupted one-flow systems, on the other 
hand, offer opportunities to install more rigorous phase switches, or even work-up steps, in which 
salts, excess reagents or even side-products may be removed, and incompatibilities in the system can 
be avoided. Although beneficial for the overall process, these interruptions contribute to complexity 
of the system. 
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2.2 – One-Flow Systems 
We will start with highlighting several successful approaches to synthesise APIs in one-flow systems in 
the last few years, including addressing some of the drawbacks. 
Pioneering work in the scientific field of continuous flow chemistry has been carried out by the Yoshida 
group. In various publications, they have demonstrated the possibility to synthesise API precursors in 
flow through multiple chemical transformations in unusually short reaction times (<10 sec).12, 13 This 
unique strategy, termed flash chemistry, allows building-up molecules by extremely fast quenching of 
highly reactive intermediates, which can only be realised under flow conditions. Not unimportantly, 
typically these reactions involving strong bases and organometallic reagents are carried out at low 
temperatures, but again, due to the immediate quenching, these reactions proceed in high yields even 
at room temperature. A challenge in this approach is, however, that while using these organometallic 
reagents and reactive intermediates the slightest leakage or supersaturation may lead to salt-
formation and hence clogging of the entire system. One of the prime examples published by Yoshida 
is the synthesis of TAC-101 (4) in a one-flow system, combining six chemical transformations in a single 
continuous system (Figure 2). The term flash chemistry is appropriate as transformation of tribromide 
1 into TAC-101 (4) was achieved in approximately 13 sec. 
 

 
Figure 2 Synthesis of TAC-101 (4) by Yoshida and co-workers using a flash chemistry one-flow approach.12 
 
Ley and co-workers reported the synthesis of imatinib (8) and described a multistep flow process using 
in-line purification strategies.14 The system contained a crucial in-line solvent switch to limit the 
amount of human operations and increase the overall efficiency of the synthesis. Recently, Jamison 
and co-workers went a step further by realising a one-flow synthesis of imatinib (8) without a solvent 
switch.15 The API itself and several analogues were prepared in three chemical transformations which 
were optimised separately in flow and combined in a final single setup (Figure 3). One of the key-steps 
in the synthesis was the Pd-catalysed amidation in a near-homogeneous solvent system. This system 
was formed by vigorous mixing of dioxane and an alkaline solution in a cross-mixer with a small inner 
diameter (ID 0.02 inch). The authors postulated that creating aqueous microdroplets by vigorous 
mixing would increase interfacial contact and enhance the conversion. Alternatively, a packed-bed 
mixing strategy appeared unsuccessful and resulted in aggregation on the outlet frit of the reactor.16  
The synthesis of imatinib (8) commenced with the hydration of nitrile 5, mediated by a stoichiometric 
amount of base at high temperature. The next step was the Pd-catalysed Buchwald-Hartwig amidation 
of aryl halide 6 with the hydrated intermediate using BrettPhos Pd G4. The integration of this final step 
was challenging because of the low solubility of 2-aminopyrimidine 7. To circumvent this problem, the 
authors premixed the Pd-catalyst and K3PO4 prior to the addition of 7. Also, they utilised the 
aforementioned near-homogenous mixture of 1,4-dioxane and water to increase interfacial contact 
and allow for a fast reaction between the base K3PO4 and the substrate. Additionally, the system was 
diluted by 25%, and a final iPrOH hydration module was implemented to decrease product 
precipitation after leaving the final reactor. This one-flow approach led to a moderate yield of 58% in 
the preparation of imatinib (8). 
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Figure 3 Synthesis of imatinib (8) by Jamison and co-workers making use of a one-flow system.15 
 
Several synthetic approaches have been employed in the synthesis of ACE inhibitors, which are used 
to treat hypertension.17 Jamison and co-workers developed a three-step continuous flow system, in 
which eight different ACE inhibitors, including quinapril (11), imidapril, and perindopril were 
synthesised (Figure 4).18 The synthesis of quinapril (11) started with homophenylalanine derivative 9, 
which was coupled to amino ester 10. The authors initially focused on amide bond formation in flow 
by activating the carboxylic acid into the corresponding acid chloride. This led to precipitation, causing 
the authors to employ other amide formation strategies. Thus, the carboxylate was activated with N,N-
carbonyldiimidazole (CDI) leading to the corresponding protected quinapril precursor in 92% yield. By 
adding a static mixer to the system, the yield of the amidation was increased, most likely due to a 
better conversion in the activated ester. In the subsequent coupling with amino ester 10 also 
diketopiperazine (DKP) impurities were observed, which could be effectively circumvented by varying 
the temperature: significant DKP formation was observed above 50 °C, while only amide coupling 
occurred at temperatures below 50 °C. Next, TFA deprotection of the tert-butyl group was 
incorporated in the flow system to generate the final product. In this way, the API quinapril (11) was 
obtained in a total yield of 86% within an overall reaction time of 175 min. Notably, the designed 
system was successfully used to synthesise other ACE inhibitors as well by varying coupling partners, 
showing the versatility of the system. Finally, the scalability of the system was tested by the larger 
scale formation of ACE-inhibitor enalapril. In this case, the flow rate was doubled compared to the 
original rate, giving rise to a yield of 86% for the scaled reaction. 
 

 
Figure 4 Synthesis of quinapril (11) by Jamison and co-workers making use of a one-flow system.18 
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Jamison and coworkers were also interested in reducing safety risks involving organic azides as they 
are highly energetic substances. The authors reported the synthesis of rufinamide (14), in which as key 
step a [3+2] Huisgen cycloaddition reaction was described for the preparation of a 1,2,3-triazole (Figure 
5).19 Rufinamide (14) was previously described as an antiepileptic drug for the treatment of neurogenic 
pain. It is conventionally prepared in batch,20 albeit that extensive comparisons with flow approaches 
have been made using Life Cycle Assessment.21, 22 Most of the synthetic routes relied on the isolation 
of the benzyl azide intermediate, which was circumvented in a continuous system. Firstly, the 
transformation of difluorobenzyl bromide (12) to the corresponding azide was investigated in flow. 
Gratifyingly, full conversion to the benzyl azide intermediate was obtained in DMSO in reaction times 
below 1 minute, supposedly because of efficient mixing in the reactor. Next, Jamison and coworkers 
examined the amidation of methyl propiolate (13) with ammonium hydroxide. This reaction is prone 
to polymerisation and was performed in flow in short reaction times without additional heating. Using 
4 equivalents of ammonium hydroxide, and 5 min average residence time at room temperature, more 
than 95% conversion into the propiolamide was observed.  
 

 
Figure 5 Synthesis of rufinamide (14) by Jamison and co-workers making use of a one-flow system.19 
 
The challenge was combining both intermediates to conduct the [3+2] Huisgen cycloaddition in a next 
reactor. Mixing both reactor outlets did not cause any solid formation, but showed <10% conversions 
in perfluoroalkoxy (PFA) tubing. Inspired by Bogdan and Sachs,23 the authors then used copper tubing 
and elevated temperatures to observe 82% conversion into rufinamide (14). Notably, there was 
occasional ammonia gas formation in the reactor so that a 100 psi BPR was implemented in the system. 
In order to further improve the yield, the temperature was lowered to 110 °C which gave 98% 
conversion, and 92% isolated yield. This short and elegant approach significantly reduced safety 
hazards because the azide intermediate was not accumulated, but in near-quantitative amounts 
immediately converted into the product rufinamide (14). 
Recently, Gilmore and co-workers demonstrated a novel automated synthesis of rufinamide.24 They 
described a novel radial system, in which the reaction parameters can be changed by applying smart 
system loops via a digital LabVIEW interface. The system consists of various components which can be 
individually controlled (Figure 6). Firstly, pressurised reagent feedstocks can be selected using multi-
position valves and loaded in the connected syringes (reagent delivery system (RDS)). The syringe 
loaded reagents can be transferred to a sample loop and connected to a mass flow controller (MFC). 
To initiate the reaction, the MFC pumps the sample loops to the central switching station (CSS), which 
will feed the combined streams to a heated PFA reactor, photoreactor or in-line NMR system, after 
which a FlowIR continuously analyses the outlet stream. Depending on the analysis, the product can 
flow back to the RDS, stored in the standby module (SM) sample loop, or collected in the collection 
vessel (CV). 
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Figure 6 A) The simplified automated radial synthesiser; B) The convergent radial synthesis of rufinamide (14) by 
Gilmore and co-workers; dotted boxes: system components.24 
 
Following this methodology, the authors synthesised rufinamide in a convergent and linear sequence. 
Firstly, difluorobenzyl bromide (12) and sodium azide were selected in the RDS, loaded in the sample 
loops and fed to the CSS reactor at 40 °C. The formed difluorobenzyl azide (15) was recycled back to 
an empty vessel in the RDS. Secondly, methyl propiolate (13) was amidated using aqueous NH3 to 
obtain propiolamide (16) which was stored in the SM sample loop. Finally, difluorobenzyl azide (15), 
propiolamide (16) and copper iodide were selected and fed to the CSS reactor to afford rufinamide 
(14) in 83% conversion.  
Additionally, the radial system was used for synthesising a library of rufinamide derivatives by adding 
more reagents to the RDS. This is in our view the first time that such a modular system is created that 
allows to readily adjust reaction parameters, optimise reaction conditions and use the same system 
for the production of compound libraries. The authors were convinced that the radial automatic 
system could be used as well for other processes, and did so by successfully using the photoreactor for 
nickel-mediated photoredox-catalysed cross-couplings. This would lead to more entries in the 
rufinamide library. Without question, the automated platform is highly effective for the screening and 
optimisation of multistep flow reactions. Not unimportantly, the system was created from 
commercially available equipment and hardware and the required software was freely accessible.  
(–)-Oseltamivir (21) is a drug used for the treatment of influenza types A and B by acting as a 
neuraminidase inhibitor. The drug is included in the WHO-list of prequalified medicinal products, and 
different synthetic routes have been developed.25 A batch one-pot synthesis of (–)-oseltamivir (21) was 
described in 2013 by Hayashi and co-workers.26 No evaporation and no solvent switch were needed 
during this synthesis and therefore they postulated that a new one-flow approach for its synthesis may 
be realised.27 However, the original one-pot reaction took 57 h to reach completion, which implied 
that reduction of the reaction time was required. This was first attempted in batch, leading to 170 and 
60 min reaction times, by going from conventional to microwave heating. 
Next, the authors synthesised (–)-oseltamivir (21) in flow in five consecutive reactions (Figure 7). 
Firstly, an asymmetric Michael reaction of aldehyde 16 with nitroalkene 15 was performed. This 



557121-L-bw-Bloemendal557121-L-bw-Bloemendal557121-L-bw-Bloemendal557121-L-bw-Bloemendal
Processed on: 8-3-2021Processed on: 8-3-2021Processed on: 8-3-2021Processed on: 8-3-2021 PDF page: 37PDF page: 37PDF page: 37PDF page: 37

37 
 

reaction was catalysed by Schreiner’s thiourea (17) in combination with (S)-prolinol derivative 18. The 
main challenge was the solubility of nitroalkene 15, which dissolves in polar solvents leading, however, 
to epimerisation to the undesired syn-configuration of the resulting adduct. Toluene and 
chlorobenzene were examined on their ability to dissolve the nitroalkene without affecting the 
stereochemistry. In the end, toluene exhibited the best results to afford aldehyde 19. A second Michael 
reaction with phosphoryl acrylate 20 was conducted in the next reactor, after which an intramolecular 
Horner-Wadsworth-Emmons reaction was performed. This cyclisation predominantly afforded the 
undesired (5R)-isomer. In the third reactor, protonation of the potassium nitronate by TMSCl in EtOH 
was performed, whereby HCl was formed in situ. Subsequent desilylation with TBAF gave 
epimerisation to provide a 1:1 mixture of diastereoisomers at the 5-position. Lastly, the nitro group 
was reduced using zinc and TMSCl to afford (–)-oseltamivir (21). Zinc was packed in a column with 
Celite to prevent precipitation of material in the tubing. In the end, (–)-oseltamivir (21) was formed in 
an overall reaction time of 310 min in a yield of 13%. 
Even though Hayashi and co-workers successfully developed a continuous flow synthesis of (–)-
oseltamivir (21), the overall yield of the reaction was rather low and the zinc Celite reactor appeared 
only stable for approximately 5 h. The use of the column, which requires replacement during this 
process, renders this system somewhat more laborious and not a fully continuous system in practice. 
 

 
Figure 7 The synthesis of (–)-oseltamivir (21) by Hayashi and co-workers making use of a one-flow system.27 
 
In the last decade, various API flow syntheses have been published by the group of Jamison in which 
continuous flow extractions have been incorporated.28, 29 Using a variety of inventive chemistries, he 
demonstrated inline purifications in which excess reagents and side products were removed to 
optimise yields of reaction products. An example is the formation of atropine (25) in flow, which was 
initially published in 2015 providing the target compound in 8% yield (Figure 8).30 A drawback of this 
flow synthesis was the instability of intermediate products, which lowered the overall yield. Therefore, 
Jamison and co-workers revisited the synthesis in 2017 and optimised several steps, resulting in a 
continuous flow process with an overall yield of 22%.31 The early flow system had three different in-
line liquid-liquid separations, while the revised system only had one. In the more recent one-flow 
system first esterification took place between tropinol 22 and acid chloride 23. Subsequently, an aldol 
reaction with aqueous formaldehyde (24) was performed to create the desired product atropine (25), 
which was isolated after in-line liquid-liquid separation. 
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Figure 8 Synthesis of atropine (25) by Jamison and co-workers making use of an interrupted one-flow system.30, 

31 
 
Lomustine (33) is a widely used anticancer agent, of which the synthesis involves carcinogenic 
compounds. Due to new regulations regarding the handling of such types of compounds, production 
costs have increased and the availability of Lomustine has dropped.32 To overcome these challenges, 
Thompson and co-workers investigated a continuous one-flow system to synthesise lomustine, which 
involves two chemical steps and an in-line extraction (Figure 9).33 Firstly, the two reactions were 
optimised in glass microreactors and then implemented in PFA tubing. The first step was a 
carbamoylation of cyclohexylamine (31) with 1-chloro-2-isocyanato-ethane (30) and triethylamine 
(TEA), which was optimised regarding solvent, temperature, residence time and stoichiometry of the 
reagents. Most of the solvents that were examined led to clogging, except for THF which was then 
used in the system.  
 

 
Figure 9 Synthesis of lomustine (33) by Thompson and co-workers making use of an interrupted one-flow 
system.33 
 
The subsequent nitrosation was initially carried out with sodium nitrite in formic acid at temperatures 
below 0 °C to avoid sodium nitrite decomposition. Under optimised conditions the isolated yield of the 
reaction was 74%. It could, however, be increased to 91% when tert-butyl nitrite (TBN, 32) was used 
instead of sodium nitrite. Combining the carbamoylation and nitration in a continuous flow set up led 
to a low yield, because excess TEA reacted with TBN, hampering the nitrosation. Therefore, an 
extraction step to remove TEA was added after the first reaction to prevent the undesired side reaction 
from happening. With this one-flow system, lomustine (33) was obtained in an overall yield of 63%.  
Grignard reactions are commonly used for the construction of carbon-carbon bonds and show 
exothermic behaviour which can be dangerous in large-scale batch processes. The use of Grignard 
reagents in flow can be beneficial because of the high control of reaction conditions, facile heat 
transport and small effective reaction volume.6, 34 A recent example was published by Kiil and co-
workers, who synthesised melitracen (36) in a one-flow system.35 Kiil hypothesised that the seven unit 
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operations required in batch could be decreased by combining a hydrolysis and dehydration step, and 
removing a phase separation (Figure 10).  
 

 
Figure 10 Synthesis of Melitracen HCl-(36) by Kiil and co-workers making use of an interrupted one-flow system.35 
 
The investigation commenced with finding a suitable solvent for the Grignard reaction in which starting 
materials 34, 35 and intermediate products would dissolve. After having identified THF as the most 
suitable option, the next challenge was to find an acid that could induce both hydrolysis and 
dehydration in a single step. Hydrochloric acid was able to perform both transformations, however, 
precipitation was observed. Thus, hydrochloric acid molarities ranging from 1-12 M were tested. 
However, while even at the lowest molarity precipitation was observed, it also appeared that below 6 
M the dehydration reaction did not proceed. Since the precipitation could not be prevented, a molarity 
of 12 M was eventually used. The individually optimised transformations were then combined in a one-
flow continuous system. Most troublesome was that addition of HCl to the reaction mixture led to an 
exothermic reaction and boiling of the solvent. Therefore, a back-pressure regulator was employed so 
that melitracen (36) could be successfully synthesised as its HCl-salt in approximately 85% yield. 
 
2.3 – Interrupted One-Flow Systems 
The subsequent addition of multiple reagents into a single continuous flow system obviously requires 
a high level of compatibility between the different reagents themselves, the remains of reagents and 
the solvent involved.3, 4 An additional complication is the build-up of a high back-pressure, which 
sometimes can be beneficial for transformations as with concerted reactions,36 oxidations with 
gaseous reagents37 or superheating solvents,38 but also may give rise to equipment failure. By 
interrupting the system, e.g. through introducing a wash step and storage of an intermediate product, 
or by applying a solvent switch, it is possible to effectively reduce the system pressure and alleviate 
equipment stress.  
In one-flow systems it can also be challenging to combine fast and slower transformations. To 
circumvent incompatibilities in reaction rates, one could opt to increase temperature or the residence 
time in case of slow transformations and vice versa for faster reactions. Again, interrupting the system 
by collecting an intermediate in a storage vessel, will allow applying differences in flow rates. 
Next to technical drawbacks, one-flow systems can give rise to chemical incompatibilities in sequential 
transformations. Leaching of heterogeneous catalysts can lead to poisoning of other reagents39 or 
damaging downstream reactors,40 which is undesired. A solution to such chemical incompatibilities can 
involve interrupting the system by using inline extraction or purification to remove excess reagents. 
Alternatively, interruptions involving solvent switches and side-product removal with concomitant 
collection of the intermediate may be installed.19, 41, 42  
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A general challenge in flow chemistry is the undesired precipitation of either substrates, products, 
reagents or salts. As an alternative to solvent switches or washing steps to avoid precipitation, Kulkarni 
and co-workers recently described a novel flow reactor which can efficiently handle solid particles in 
suspension-like solutions.43 A cost-effective and readily applicable method to the aforementioned 
problem may again invoke interrupting the system. In case transformations that produce solid particles 
(e.g. Figure 10, HCl-salt formation and subsequent precipitation) cannot be applied in flow, 
interrupting the one-flow process using a storage vessel or intermediate purification will solve the 
problem. In the sequel, we will discuss several API flow syntheses in which such interruptions have 
been incorporated.  
 

 
Figure 11 Synthesis of (S)-rolipram (29) by Kobayashi and co-workers making use of an interrupted one-flow 
system.44 
 
An interrupted one-flow approach was published by Kobayashi et al. in 2015, focussing on the 
formation of both the (R)- and (S)-rolipram (29) enantiomers (Figure 11).44 Immobilised heterogeneous 
catalysts were used for the synthesis of the products. Starting from the commercially available 
aldehyde 26 and nitromethane, the final product was formed as a single enantiomer via four catalytic 
transformations. In the first transformation, a nitroalkene was formed through a Henry reaction 
catalysed by Si-immobilised ammonia. The authors observed that the system became more stable by 
adding CaCl2 to the column, leading to higher yields. Various nitroalkenes were synthesised in this way 
showing the versatility of the method. Additionally, a column containing 4Å molecular sieves was 
installed to dry the solvent. Again, this column was not essential, but provided higher yields. Then, an 
asymmetric 1,4-addition of dimethyl malonate (27) catalysed by immobilised PS-(S)-pybox-CaCl2 took 
place, followed by hydrogenation over a Pd-catalyst to amine 28.45 The latter step, which includes H2-
degassing, is an interruption to enable purification of the intermediate product, which proceeds 
through salt removal by flushing over Amberlyst 15Dry and collection of amine 28. A Celite column was 
included in the system to enable mixing of the intermediate and the solvent for the decarboxylation 
and lactam formation using a Si-immobilised carboxylic acid to obtain (S)-rolipram (29) in a yield of 
50% and 96% ee. By using the opposite enantiomer of the Pybox ligand, (R)-rolipram was obtained in 
comparable yield and enantioselectivity. 
Kulkarni and co-workers described a one-flow synthesis of ivacaftor (39) involving an ozonolysis 
reaction as a key-step (Figure 12).46 Initially, the synthesis was developed in batch after which every 
step was separately optimised in flow and combined in a one-flow system. The key-step ozonolysis in 
flow appeared particularly challenging since known reagents such as PPh3, NaBH4, H2O2 and P(OEt)3 to 
convert the intermediate ozonide were not successful. In the approach of Kulkarni the use of these 
reagents was avoided, which would lead to a more facile purification step. The synthesis started with 
the flow ozonolysis of indole 37, after which the carbonyl oxide intermediate was captured in situ 
followed by a reduction to intermediate 38. The reaction was completed within 2 seconds and gave an 
overall throughput of 84 grams per day in a 30 mL reactor after optimisation. After the ozonolysis, a 
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cyclisation was performed in DMF/DMA of which the reaction time of 12 h was reduced to less than 
60 min by increasing the concentration. Lastly, ivacaftor (39) was obtained by methoxide-mediated 
cleavage of the carbonate. The overall yield was 60% for the three steps, resulting in a production of 
7.2 gram of ivacaftor (39) per day. 
 

 
Figure 12 Synthesis of Ivacaftor (39) by Kulkarni and co-workers making use of an interrupted one-flow system.46 
 
Flibanserin (44) has been developed as a treatment for depression, but eventually approved as 
treatment for female hypoactive sexual desire disorder. In literature several batch syntheses have 
been described with yields ranging from 32-51%.47-49 Greiner and co-workers developed an interrupted 
one-flow system for the synthesis of flibanserin (44) with a minimal number of manual unit 
operations.50 Previous existing batch protocols to flibanserin included protecting group introduction 
and removal as separate steps which was not considered feasible.49 Alternatively, reported N-
alkylations were challenging and required forcing reaction conditions with insoluble bases.47 The 
authors therefore devised a novel synthetic route for the synthesis of flibanserin in flow (Figure 13).  
The authors started by investigating suitable solvents for the reagents, intermediates and catalyst, 
which led to isopropyl acetate as the preferred solvent. Additionally, polar compounds formed in the 
process such as tert-butanol and methanol acted as co-solvents assisting in dissolving some of the 
intermediates involved. As in most one-flow processes, the individual steps were optimised first and 
afterwards combined in a single system. Starting from aniline 41 a reductive amination was performed 
in a continuous flow hydrogenation reactor at 100 °C. The product mixture was collected in a flask for 
degassing and pumped into the next section. The authors then investigated the ring-closure to the 
corresponding benzimidazolone, which took place with DBU at 200 °C as opposed to NaH and KOtBu 
that were used in batch experiments, but gave solubility problems in flow. HCl-mediated acetal 
hydrolysis showed the best results albeit that initially the desired product 42 was present in both layers 
after the gravity based extraction. In order to optimise this conversion, the ratio between the aqueous 
and organic phase was made 1:10 respectively to maximise the material in the organic phase, and 
mixed using an inert packed column with mesh sand. The final reductive amination with piperazine 43 
was again performed in a continuous flow hydrogenation reactor at 100 °C. Combining all these steps 
in this interrupted one-flow system led to the synthesis of flibanserin (44) in a yield of 31% and a 
residence time of approximately 20 min.  
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Figure 13 Synthesis of flibanserin (44) by Greiner and co-workers making use of an interrupted one-flow system.50 
 
Jamison and co-workers developed a seven-step one-flow system for the synthesis of linezolid (50), a 
drug that is used as a last line of defence against multi-drug resistant gram-positive bacteria.51 This 
seven-step synthesis works in a fully continuous manner without solvent exchanges, but utilises a 
gravity-based liquid-liquid separator.52 The existing batch synthesis of linezolid (50) is rather time 
consuming,53 but with Jamison’s investigations a fast protecting group free flow synthesis of linezolid 
has become available (Figure 14).52 Starting from (+)-epichlorohydrin (45) a Ritter-type reaction was 
performed with acetonitrile using BF3·OEt2 as the Lewis acid. Several side reactions were observed, 
however, which was overcome by changing to the corresponding dibutyl etherate. It was hypothesised 
that the reactivity of BF3·OBu2 is slightly diminished by the sterically more demanding butyl groups, 
thereby preventing the side reactions from occurring. Next, isopropanol was added to the system to 
trap the nitrilium ion and quench the Lewis to the corresponding solubilised boric ester. The desired 
epoxide 48 was obtained after the addition of lithium tert-butoxide in THF and 1,2-dichloroethane, by 
efficient intramolecular substitution of the chloride. The addition of 1,2-dichloroethane was necessary 
to solubilise the formed lithium chloride and avoid precipitation. Having established the successful 
construction of epoxide 48, the synthesis of the second building block, aniline 49, was investigated.  
The aniline building block was formed by nucleophilic aromatic substitution of morpholine (47) with 
nitrobenzene 46, followed by hydrogenation to the aniline. To remove the excess of H2 gas the reaction 
mixture was transferred into a flask, which was directly pumped into the flow system for coupling with 
epoxide 48. Nucleophilic epoxide opening, followed by reaction with CDI and subsequent cyclisation 
at 150 °C provided the oxazolidinone ring. Finally, acidic hydrolysis of the imino ether and aqueous 
extraction provided linezolid (50) in an isolated overall yield of 73%. 
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Figure 14 Synthesis of linezolid (50) by Jamison and co-workers making use of an interrupted one-flow system.52 
 
2.4 – Outlook and conclusion 
A vast number of examples in literature have demonstrated that continuous flow chemistry is a 
relevant approach to synthesise APIs.4 This chapter has listed a series of one-flow and interrupted one-
flow approaches, aimed at providing insights in the challenges that researchers face when trying to 
establish a one-flow multistep synthesis system.  
The advantages of continuous flow for the synthesis of APIs compared to batch chemistry are 
numerous.54 Flow chemistry allows for a large variety of chemical conversions and specific reaction 
conditions tailored to the reactants to optimise the synthesis.55, 56 Reaction time, mixing, temperature, 
stoichiometry, concentration, (side-)product solubility, pressure control and continuous operating 
modes are a few of the benefits which are widely used in the pharmaceutical industry.57 
Currently, however, numerous biologically relevant molecules are still prepared in a batch fashion, as 
most of organic chemistry is still focused on this conventional methodology. Batch chemistry is more 
straightforward to execute and requires readily available multi-purpose flasks and reactors and is 
hence the primary choice for the synthetic organic chemist. Also chemistry education still heavily relies 
on traditional batchwise transformations.58 Inversely, flow chemistry approaches are typically not 
considered by chemists because of the higher level of complexity of the equipment and lack of hands-
on experience.59 The transition from batch to flow chemistry remains a challenge, not only in chemical 
education, but also in academic and industrial labs. It is a process that requires training, choosing the 
right equipment, and investments in dedicated flow machinery.60 We firmly feel though that eventually 
the transition into flow chemistry will result in more safe and efficient laboratory and manufacturing 
practices. 
Notwithstanding, flow chemistry does not solve all shortcomings in the conventional synthesis of 
pharmaceuticals. Chemical transformations which utilise gaseous reagents or show formation of 
gaseous (side-)products, like hydride reductions, increase overall pressure in flow systems.10 
Moreover, by combining multiple reactors in one continuous setup, the small dimensions of 
microchannels in the flow system add additional pressure complications.3 While higher pressure can 
have a positive effect on various chemical reactions, it does put serious stress on all reaction 
equipment in the flow system. One could opt for more high-pressure equipment, but this can be a 
costly measure.60 Fortunately, interrupted one-flow chemistry solves these problems by release of 
pressure through isolation of an intermediate in a batch-like fashion. The reactants can then be 
concentrated in vacuo or used directly for the following chemical conversion using a peristaltic flow 
pump.  
Additionally, the formation of products with low solubility, like salts, pose a challenge to flow 
chemistry. As highlighted in this chapter, the search for solvents which circumvent precipitation of 
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(side-)products is often accompanied with solvent-catalyst incompatibility. A direct solution can be 
found in the implementation of a continuous phase separator, which allows for purification and 
removal of unwanted (aqueous) side products. This equipment, however, is not commonly employed, 
and again has technical limitations concerning lifetime of the membrane separator, cost, and 
incompatibility with various solvents and reagents.31, 33, 50, 52 Alternatively, continuous gravity-based 
phase separation techniques can circumvent these problems.61 Finally, solvent-catalyst 
incompatibilities can be overcome using solvent switching techniques.62 This introduces some 
complexity in the flow system, but its feasibility was recently demonstrated by Ley and co-workers.63, 

64  
In conclusion, we have distinguished between interrupted and non-interrupted one-flow approaches 
for the synthesis of APIs. Moreover, we demonstrated the limitations of the reported flow syntheses, 
and compared it with earlier conducted batch chemistry approaches. We envision that the preparation 
of biologically relevant molecules will shift from batch to (interrupted) one-flow chemistry, of which 
the latter is unmatched in tailored reaction conditions and precision optimisations. Though we feel 
that the shift to this revolutionary chemistry is only beginning, we are excited to contribute to this next 
generation organic synthesis. 
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Chapter 3 
 
 
 
 

 
A Revised Modular Approach to (–)-trans-Δ8-THC and 
Derivatives Through Late-Stage Suzuki-Miyaura Cross-

Coupling Reactions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
This chapter has been published as:  
V. R. L. J. Bloemendal, D. Sondag, H. Elferink, T. J. Boltje, J. C. M. van Hest & F. P. J. T. Rutjes, Eur J. Org. 
Chem., 2019, 12, 2289-2296. 
 
Abstract: A revised modular approach to various synthetic (–)-trans-Δ8-THC derivatives through late-
stage Suzuki-Miyaura cross-coupling reactions is disclosed. Ten derivatives were synthesised allowing 
both sp2- and sp3-hybridised cross-coupling partners with minimal β-hydride elimination. Importantly, 
we demonstrate that a para-bromo-substituted THC scaffold for Suzuki-Miyaura cross-coupling 
reactions has been initially reported incorrectly in recent literature.  
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3.1 – Introduction  
Medicinal applications of Cannabis sativa have drawn worldwide attention ever since the first 
introduction in Western medicine in 1839.1 Since then, over 500 constituents from this plant have been 
isolated and identified, among which 113 biologically active phytocannabinoids.2 The active 
constituents may be applied to treat neurodegenerative symptoms of Parkinson, Alzheimer, and MS,2 
but are also used as analgesic for patients with specific forms of cancer.3 Tetrahydrocannabinols 
(THCs), in particular the predominant isomers (–)-trans-Δ8-THC (thermodynamic product, Scheme 1A) 
and (–)-trans-Δ9-THC (kinetic product), are the major (psycho-)active compounds encountered in 
Cannabis sativa.4 THCs interact with the G-protein-coupled receptors CB1 and CB2, which are mainly 
expressed in the central nervous system (CNS) and its periphery.5 The pharmacological effects and 
selectivity exhibited by the natural substrates may be improved by synthetic THC derivatives.6 Hence, 
a multitude of synthetic CB1 agonists have already been prepared, some of which are in clinical trials.6, 

7 
The first isolation and partial synthesis of (–)-trans-Δ9-THC (Δ9-THC) in 1964 by Mechoulam et al.,8 
followed by the stereoselective synthesis of both THC isomers three years later,9 initiated a growing 
interest in the preparation of new (synthetic) cannabinoids (Scheme 1A). In particular, the introduction 
of unnatural substituents on the resorcinol building block was shown to improve selectivity of THC 
analogues for CB1 or CB2. Despite various strategies that have been developed over the years,1 the 
synthesis of THC derivatives remains a significant challenge. Therefore, a generally applicable modular 
approach allowing late-stage synthetic modification of cannabinoids would be very useful. As an 
example, an elegant method to synthesise challenging Δ9-THC derivatives via late-stage Suzuki-
Miyaura cross-coupling reactions was recently reported by Carreira et al. (Scheme 1B).10 Yet, the 
preparation of the Δ9-THC-Br precursor required a multistep sequence and did not provide access to 
the corresponding (–)-trans-Δ8-THC (Δ8-THC) derivatives.6 
 

 
Scheme 1 A) Synthesis of (–)-trans-8-THC using (–)-verbenol (2) and olivetol (1a) by Mechoulam et al.9; B) 
Synthesis of (–)-trans-Δ9-THC-Br using multistep synthesis by Carreira et al.10; C) Our revised modular synthesis 
of (–)-trans-Δ8-THC derivatives.  
 
This chapter reports a revised one-step synthetic approach to Δ8-THC, Δ8-propyl-THC and halogenated 
Δ8-THC scaffolds. These target molecules hold promise as therapeutic candidates and have recently 
been used in SAR studies.6 We also demonstrate that recent reports concerning the synthesis of para-
substituted THC derivatives are incorrect,11, 12 and by studying the regioselectivity of various resorcinol 
derivatives with (–)-verbenol (2) we deliver proof of the correct assignment of the two possible 
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regioisomers. Finally, both regioisomeric scaffolds were functionalised through late-stage Suzuki-
Miyaura cross-coupling reactions with sp2- and sp3-hybridised organoboron reagents (Scheme 1C). 
 
3.2 – Synthetic efforts using 8-THC-OTf 
Inspired by the seminal work of Mechoulam et al. we investigated whether the electrophilic aromatic 
substitution of commercially available olivetol (1a) with (–)-verbenol (2), directly followed by 
cyclisation to afford 8-THC could also be effected with Brønsted acids (see: Experimental Section). 
Reaction under the influence of TfOH in DCM at 0 C provided the thermodynamic isomer Δ8-THC in 
33% isolated yield as the sole product. Unlike weaker Brønsted acids, TfOH was successfully used for 
both Friedel-Crafts alkylation and subsequent cyclisation at room temperature. We also envisioned 
that this transformation could be used to create a Δ8-THC scaffold for late-stage derivatisation through 
Pd-catalysed cross-coupling reactions. Thus, initially using readily available phloroglucinol (1b), Δ8-THC-
hydroxy analogue 3 was prepared using TfOH in 53% yield (Table 1). Selective triflation with Tf2O at 0 
C of the least hindered para-hydroxy substituent resulted in Δ8-THC-triflate 4 in 56% yield.  
 
Table 1 Synthesis of 8-THC-triflate (4) using phloroglucinol (1b) and subsequent regioselective triflation. 

 
entrya catalyst substrate base solvent yield (%)b 

1 6% Pd(dppf)Cl2 
 

Cs2CO3 MeOH 0 

2 3% Pd(OAc)2 
 

NaOH THF 0 

3 9% Pd(dppf)Cl2 
 

K2CO3 PhMe 0 
4 9% Pd(dppf)Cl2  K2CO3 THF:H2O (10:1) 0 
5 9% Pd(dppf)Cl2  NaOH THF:H2O (10:1) 0 
6 9% Pd(dppf)Cl2  Cs2CO3  

Ag2O (2 equiv) 
THF 0 

7 2% Pd(dppf)Cl2  KOAc THF 0 
8 5% Pd(dppf)Cl2  K3PO4 PhMe 0 
9 5% Pd(PPh3)4  Cs2CO3 PhMe 0 
10 2% Pd2(dba)3 +  

5% RuPhos 
 K3PO4 PhMe 0 

a conditions: Substrate (1.6 equiv), base (3 equiv) and catalyst (mol%) combined, flask evacuated and backfilled 
with Ar thrice. Δ8-THC-OTf (4) was added in solvent and refluxed for 16h. b crude yield determined using 1H NMR. 
 
Unfortunately, all attempts of triflate 4 to undergo sp2-sp3 Suzuki-Miyaura coupling utilising various 
ligands, solvents and different organoboron reagents failed to give the desired products. Presumably, 
oxidative addition onto the electron-rich aromatic system did not occur, since in most cases triflate 4 
was recovered.13 During the preparation of this manuscript, Studer et al. reported the sp2-sp2 Suzuki-
Miyaura cross coupling with triflate 4 to obtain aryl-substituted THC derivatives,14 but were unable to 
prepare biologically more relevant sp3-substituted THC derivatives15 through direct cross-coupling 
reactions. 
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3.3 – 8-THC-Br literature discrepancy 
Inversely, existing syntheses of bromo-substituted THCs,11, 12, 16 by alkylating 5-bromoresorcinol 5 with 
terpenoid systems such as verbenol (2) and para-mentha-2,8-dienol, inspired us to incorporate 
different synthetic handles in the Δ8-THC derivatives. Hence, halide-substituted THC scaffolds were 
prepared through TfOH-catalysed condensation of resorcinol 5 (Scheme 2). 
The electrophilic aromatic substitution/cyclisation protocol of 5 with (–)-verbenol (2) surprisingly 
provided different results than recently published by Studer et al.11 and Dethe et al.12 In our hands, a 
mixture of regioisomers 6 and 7 was obtained, with the ortho-substituted regioisomer 6 being the main 
product, meaning that electrophilic aromatic substitution of 5 did not only take place on the ‘activated’ 
C2-position but also on the equivalent C4- and C6-positions.17 The Dethe and Studer groups reported 
formation of the para-isomer 7 as the sole product, however, the structure was initially incorrectly 
assigned. Our characterisations are in line with the para-bromo-substituted Δ9-THC derivatives by 
Carreira et al.,10 describing similar NMR shifts and coupling constants. The discrepancy in the 
assignment of the regioisomers was clarified using a variety of NMR experiments (see: Supporting 
information I). Careful analysis of the 1H NMR spectrum showed clear proof of the difference between 
regioisomers 6 and 7, indicated by a 0.7 Hz difference in 4J3’,5’ coupling constant between the two 
aromatic protons and their distinguishable chemical shifts (Scheme 2). This was further confirmed by 
HMBC NMR analysis showing a correlation between proton H-1 and C-2’.  
 

 
Scheme 2 Reaction of 5-bromoresorcinol (5) with (–)-verbenol (2) to give regioisomers 6 and 7 and their 
corresponding 1H NMR shifts and 4J3’-5’-coupling constants. 
 
Since the undesired regioisomer was formed predominantly, we studied the intrinsic regioselectivity 
of the electrophilic aromatic substitution hoping that by changing the halide of the resorcinol system 
the ratio could be positively influenced. Starting from 5-chloro- and 5-iodoresorcinol (8 and 9, 
respectively) four halide-substituted THC analogues 16/17 and 18/19 were prepared. Despite the 
difference in size of the halides, no clear trend in regioselectivity was observed, since in all cases ortho-
substitution was preferred over para-substitution. This preference has also been observed in 
literature,17, 18 and is most likely due to the deactivating effect exerted by the halide on the aromatic 
ring. Selective para-substitution was only observed in case of the alkyl-substituted THC regioisomers 
13a and 13b. This is underlined by Baek et al.,19 who already showed in 1992 that electrophilic aromatic 
substitution of alkyl resorcinols preferentially takes place at the C2-position. For the halide-substituted 
THC analogues the highest amount of para-substitution and total yield were obtained starting from 5-
bromoresorcinol (5, Table 2, entry 2). These bromo-substituted synthons for Suzuki-Miyaura cross-
coupling reactions were used to derivatise the pharmacologically relevant C3’- and C5’-positions of Δ8-
THC.20 
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Table 2 Ortho- and para-halide substituted THCs obtained from resorcinols 5, 8 and 9. 

 
entrya substrate ortho-product (yield) para-product (yield) 
1 

 

 
16 (26%) 

 
17 (7%) 

2 

 

 
6 (57%) 

 
7 (9%) 

3 

 

 
18 (25%) 

 
19 (6%) 

 
3.4 – Cross coupling reactions with 8-THC-Br  
To investigate the reactivity of bromides 6 and 7, various Pd-catalysed cross-coupling reactions were 
evaluated. Classical Heck, Kumada, Stille and Negishi reactions were investigated, but all led to 
degradation of the THC scaffold, were low yielding and/or hard to reproduce. The Suzuki-Miyaura 
cross-couplings of 6 and 7 were successful and provided six different Δ8-THC derivatives (Scheme 3). 
Use of Pd(dppf)Cl2 as the catalyst in combination with Cs2CO3, MeOH and potassium trifluoroborates 
(BF3K salts)10 worked best in our hands and afforded the products 10a-c and 11a-c in yields ranging 
from 17 up to 78%. NMR data of the ortho-substituted derivatives 10a-c were in agreement with those 
obtained in earlier studies,13 although they were previously reported to be para-substituted (see: 
Supporting information II). Notably, 10b was formed as an inseparable mixture of atropisomers (Ra, 
Sa), but could be analysed using advanced NMR techniques (see: Supporting information III). 
 

 
Scheme 3 The Suzuki-Miyaura cross-coupling of isomers 6 and 7 to give Δ8-THC derivatives using sp2-hybridised 
organotrifluoroborate substrates. 
 
To extend this method to a modular approach, we studied conditions that would allow the synthesis 
of more challenging substrates involving sp2-sp3 cross-coupling. It was found that Pd(OAc)2 combined 
with RuPhos and NaOH facilitated coupling with sp3-hybridised reagents with minimal -hydride 
elimination.21 The BF3K salts, used as substrates for cross-coupling reactions, were prepared in a 
straightforward manner from the corresponding boronic acids under non-etching conditions.22 
Elaborating on the essential difference of regioisomers 6 and 7, we converted 7 into naturally occurring 
Δ8-THC (13a) and Δ8-propyl-THC (13b) by successful Suzuki-Miyaura cross-coupling (Scheme 4). The 
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spectral data of 13a and 13b were in agreement with previously conducted experiments (see: 
Experimental Section). The versatility of this new modular route towards Δ8-THC was extended to the 
preparation of THC derivatives 12a-b. 
 

 
Scheme 4 The Suzuki-Miyaura cross-coupling of isomers 6 and 7 to give Δ8-THC (derivatives) using sp3-hybridised 
organotrifluoroborate substrates. 
 
3.5 – Conclusions 
We developed a synthetically versatile experimental procedure to synthesise Δ8-THC and a range of 
derivatives. Six unique halide-substituted THC analogues were prepared through an electrophilic 
aromatic substitution/cyclisation protocol of three different halide resorcinols with verbenol, which 
are scaffolds for Suzuki-Miyaura cross-coupling reactions. Regioselectivity of the Friedel-Crafts 
alkylations was evaluated and shown to be primarily ortho-directing, most likely due to electronic 
effects. The use of bromo-substituted Δ8-THC in recent literature was wrongly reported to provide 
para-substituted products and is rectified. Our revised modular approach proved to be suitable for sp2- 
and sp3-hybridised substrates and led to the synthesis of ten different pharmacologically relevant Δ8-
THC derivatives. We envision that this modular procedure can be extended to Δ9-THC derivatives using 
double bond isomerisation23 or starting from para-mentha-2,8-dien-1-ol. 
 
3.6 – Experimental section 
 
General remarks:  
NMR spectra were recorded on a Bruker Avance III 400 MHz or a Bruker 500 MHz spectrometer and 
the compounds were assigned using 1H NMR, 13C NMR, 11B NMR, 19F NMR, COSY, HSQCED and HMBC 
spectra. Chemical shifts were reported in parts per million (ppm.) relative to reference (CDCl3: 1H: 7.26 
ppm. and 13C 77.16 ppm.; CD3OD: 1H: 3.31 ppm. and 13C 49.00 ppm.; (CD3)2SO: 1H: 2.50 ppm. and 13C 
39.52 ppm.) NMR data are presented in the following way: chemical shift, multiplicity (s = singlet, bs = 
broad singlet, d = doublet, t = triplet, dd = doublet of doublets, ddd = doublet of doublet of doublets, 
dtd = doublet of triplet of doublets h = heptet, m = multiplet and/or multiple resonances) and coupling 
constants J in Hz. Reactions were monitored using TLC F254 (Merck KGaA) using UV absorption detection 
(254 nm) and by spraying them with cerium ammonium molybdate stain (Hannesian’s stain) followed 
by charring at ca 300 °C. Mass spectra were recorded on a JEOL AccuTOF CS JMS-T100CS (ESI) mass 
spectrometer. Melting points (m.p.) were determined using a Büchi Melting Point B-545. Automatic 
flash column chromatography was executed on a Biotage Isolera Spektra One using SNAP or Silicycle 
cartridges (Biotage, 30-100 µm, 60Å) 4-50 g. Reactions under protective atmosphere were performed 
under positive Ar/N2 flow in flame-dried flasks. Syringe pumps, Chemyx Fusion 100, were obtained 
from Chemyx. Flow chemistry equipment was obtained from Inacom instruments, Screening Devices 
and VWR Scientific. Perfluoroalkoxy (PFA) tubing (OD 1/16”, ID 1/50”), Super flangeless fittings (for 
1/16”), Low-pressure PEEK T-pieces and crosses (1/4-28 thread, flat bottomed) were used to design 
homogeneous flow experiments. Heterogeneous experiments used same materials and utilised an 
adjustable Omnifit® glass reactor (ID 6.6 mm, length 1- 50 mm, 006SCC-06-05-AA)  
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General procedure I for potassium trifluoroborate salt synthesis from boronic acid (22-25):22 Boronic 
acid (1 equiv) was dissolved in acetonitrile (0.1 M), KF (4 equiv) in water (1.0 M) was added at rt and 
the reaction was left stirring for 5 min. 2,3-Dihydroxysuccinic acid (2.05 equiv) dissolved in THF (0.3M) 
(heat was required) was added dropwise to the vigorously stirred biphasic mixture and a white 
precipitate formed immediately. The reaction was diluted with acetonitrile and filtered. The flask and 
filter were rinsed with acetonitrile and the filtrate was concentrated in vacuo. The residue was dried 
under high vacuum affording the trifluoroborate salt as pure product (22-25).  
 
General procedure II for sp2-sp2 Suzuki Miyaura coupling (10a-c, 11a-c):10 Cs2CO3 (3 equiv), PdCl2(dppf) 
(5 mol%) and the trifluoroborate salt (1.6 equiv) were added in a flask which was evacuated and 
backfilled thrice with Ar. Bromo-(–)-trans-Δ8-tetrahydrocannabinol (6)/(7) (1 equiv) was added in dry 
MeOH (0.1 M) and the reaction was stirred at 65 °C. After 16 h the mixture was allowed to cool to rt 
and diluted with Et2O. The mixture was filtered over Celite, dried over MgSO4, concentrated in vacuo 
and purified through silica gel column chromatography or preparative HPLC to afford the product (10a-
c, 11a-c). 
 
General procedure III for sp2-sp3 Suzuki Miyaura coupling (12a-12b, 13a-13b):21 Bromo-(–)-trans-Δ8-
tetrahydrocannabinol (6)/(7) (1 equiv) was dissolved in PhMe (0.2M) and Pd(OAc)2 (10 mol%), RuPhos 
(20 mol%), alkyl trifluoroborate salt (1.5 equiv) and aqueous sodium hydroxide (3M, 3 equiv) were 
added. The reaction mixture was stirred at 120 °C and followed with TLC until full conversion ( 64 h) 
after which it was diluted with aqueous hydrochloric acid (1 M) and DCM. The mixture was extracted 
with DCM and the combined organic layers were filtered over Celite, dried over MgSO4, concentrated 
in vacuo and purified through silica gel column chromatography or preparative HPLC to afford the 
product (12a, 12b, 13a, 13b). 
 

5-Propylbenzene-1,3-diol (1c):24 1-Bromo-3,5-dimethoxybenzene (400 mg, 1.84 
mmol) was dissolved in dry PhMe. n-Propylboronic acid (21) (243 mg, 2.76 mmol), PdCl2(dppf) (5 mol%) 
and potassium phosphate (1.17 g, 5.53 mmol) were added and the flask was evacuated and backfilled 
with argon thrice. The reaction was stirred at 110 °C for 16 h. The mixture was allowed to cool to rt 
and diluted with Et2O after which it was filtered over Celite, dried over MgSO4 and concentrated in 
vacuo, the crude 1,3-dimethoxy-5-propylbenzene was directly used in the next step. The product was 
dissolved in dry DCM (20 mL) and kept under protective atmosphere. The solution was cooled to 0 °C 
and boron tribromide (455 µL, 4.79 mmol) was carefully added dropwise. The reaction was left stirring 
for 16 h and allowed to warm-up to rt. The reaction was cooled to 0 °C before saturated aqueous 
NaHCO3 (15 mL) was added. After no more gas evolution was observed NaOH (3M, 5 mL) was added. 
The mixture was extracted with DCM (2 × 50 mL) and EtOAc (2 × 50 mL) and the resulting aqueous 
phase was acidified with HCl (1.0 M) until pH 2. The aqueous layer was washed again with DCM (2 × 50 
mL) and EtOAc (2 × 50 mL). The combined organic layers were dried over MgSO4, concentrated in vacuo 
and purified by silica gel column chromatography (0→30% EtOAc in n-heptane) to afford 14 (168 mg, 
60% over two steps) as a green oil. TLC (EtOAc/n-heptane, 3:7 v/v): Rf = 0.28. 1H NMR (400 MHz, CDCl3) 
δ 6.25 (d, J = 2.2 Hz, 2H, H-4, H-2), 6.18 (t, J = 2.3 Hz, 1H, H-6), 4.93 (s, 2H, OH-1, OH-5), 2.50 – 2.41 (m, 
2H, H-1’), 1.66 – 1.54 (m, 2H, H-2’), 0.92 (t, J = 7.3 Hz, 3H, H-3’). 13C NMR (100 MHz, CDCl3) δ 156.66 (C-
5, C-1), 146.06 (C-3), 108.28 (C-4, C-2), 100.34 (C-6), 38.02 (C-1’), 24.26 (C-2’), 13.93 (C-3’). HRMS (m/z): 
[M+H]+ calcd. for C9H12O2, 152.08373; found, 152.08270. 
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3-Hydroxyl-(–)-trans-Δ8-tetrahydrocannabinol (3): Benzene-1,3,5-triol (1b) (9.94 g, 
78.8 mmol) was dissolved in dry Et2O (200 mL) and stirred vigorously. (S)-cis-verbenol (4.00 g, 26.3 
mmol) was added and the reaction was stirred at rt. Trifluoromethanesulfonic acid (581 µL, 6.60 mmol) 
was added dropwise at -10 °C and the reaction was left stirring for 4 h. To stop the reaction saturated 
aqueous NH4Cl (100 mL) was added and the mixture was extracted with Et2O (2 × 100 mL). The 
combined organic layers were dried over MgSO4, concentrated in vacuo and purified by silica gel 
column chromatography (0→50% EtOAc in n-heptane) to give 3 (3.61 g, 53%) as a yellow solidified oil. 
TLC (EtOAc/n-heptane, 1:1 v/v): Rf = 0.60. 1H NMR (400 MHz, CDCl3) δ 5.94 – 5.93 (m, 1H, H-4), 5.86 (d, 
J = 2.4 Hz, 1H, H-2), 5.41 (d, J = 4.8 Hz, 1H, H-8), 5.17 (bs, 2H, OH-1, OH-3), 3.14 (dd, J = 15.3, 4.0 Hz, 
1H, H-10), 2.64 (td, J = 10.9, 4.7 Hz, 1H, H-10a), 2.18 – 2.09 (m, 1H, H-7), 1.86 – 1.74 (m, 3H, H-10, H-7, 
H-6a), 1.69 (s, 3H, H-11), 1.36 (s, 3H, H-12), 1.09 (s, 3H, H-13).13C NMR (100 MHz, CDCl3) δ 156.04 (C-
1), 155.82 (C-4a) 154.98 (C-3), 134.85 (C-9), 119.41 (C-8), 106.45 (C-10b), 97.30 (C-4), 96.05 (C-2), 77.36 
(C-6), 45.01 (C-6a), 36.33 (C-10), 31.45 (C-10a), 27.98 (C-7), 27.60 (C-12), 23.62 (C-11), 18.62 (C-13). 
HRMS (m/z): [M+H]+ calcd. for C16H20O3, 261.14907; found, 261.14737.  
 

3-Triflate-(–)-trans-Δ8-tetrahydrocannabinol (4): 4’-Hydroxyl-(–)-trans-Δ8-
tetrahydrocannabinol (3) (100 mg, 384 µmol) was dissolved in dry DCM (4 mL) and stirred at 0 °C before 
2,6-dimethylpyridine (36 µL, 311 µmol) was added. Trifluoromethanesulfonic anhydride (52 µL, 311 
µmol) was added over a course of 10 min. After 14 h the reaction was diluted with DCM (10 mL) and 
washed with water (4 mL), HCl (1.0 M, 4 mL), saturated aqueous NaHCO3 (3 mL) and brine (3 mL). The 
organic layer was dried over MgSO4, concentrated in vacuo and purified by silica gel column 
chromatography (0→25% EtOAc in n-heptane) to afford 4 (58.9 mg, 56%, based on recovery of SM) as 
a yellow oil. TLC (EtOAc/n-heptane, 1:1 v/v): Rf = 0.79. 1H NMR (400 MHz, CDCl3) δ 6.37 (d, J = 2.5 Hz, 
1H, H-4), 6.23 (d, J = 2.5 Hz, 1H, H-2), 5.47 – 5.41 (m, 1H, H-8), 5.21 (s, 1H, OH-1), 3.20 – 3.10 (m, 1H, 
H-10), 2.70 (td, J = 11.0, 4.8 Hz, 1H, H-10a), 2.20 – 2.10 (m, 1H, H-7), 1.89 – 1.76 (m, 3H, H-10, H-7, H-
6a), 1.71 (s, 3H, H-11), 1.39 (s, 3H, H-12), 1.10 (s, 3H, H-13). 13C NMR (100 MHz, CDCl3) δ 156.15 (C-4a), 
155.84 (C-1), 148.26 (C-3), 134.54 (C-9), 119.43 (C-8), 113.81 (C-10b), 103.63 (C-4), 100.81 (C-2), 78.02 
(C-6), 44.64 (C-6a), 35.68 (C-10), 31.67 (C-10a), 27.89 (C-7), 27.49 (C-12), 23.56 (C-11), 18.64 (C-13) (CF3 
signal not visible). 19F NMR (377 MHz, CDCl3) δ -72.93 (S, CF3). HRMS (m/z): [M+H]+ calcd. for 
C17H19F3O5S, 393.09835; found, 393.10073.  
 

5-Bromobenzene-1,3-diol (5):25 1-Bromo-3,5-dimethoxybenzene (5.00 g, 23.0 mmol) was 
dissolved in dry DCM (100 mL) and kept under protective atmosphere. The solution was cooled to 0 °C 
and boron tribromide (7.62 mL, 80.62 mmol) was added carefully dropwise. The reaction was left 
stirring for 16 h and allowed to warm to rt. The reaction was cooled to 0 °C before saturated aqueous 
NaHCO3 (70 mL) was added. After no more gas evolution was observed NaOH (1.0 M, 5 mL) was added. 
The mixture was extracted with DCM (2 × 100 mL) and EtOAc (2 × 100 mL) and the resulting aqueous 
phase was acidified with HCl (1.0 M) until pH 2. The aqueous layer was extracted again with DCM (3 × 
100 mL) and EtOAc (3 × 100 mL). The combined organic layers were dried over MgSO4, concentrated 
in vacuo and purified through silica gel column chromatography (0→30% EtOAc in n-heptane) to afford 
5 (4.35 g, 100%) as a brown solid. TLC (EtOAc/n-heptane, 3:7 v/v): Rf = 0.20. 1H NMR (400 MHz, CDCl3) 
δ 6.59 (d, J = 2.2 Hz, 2H, H-4, H-2), 6.28 (t, J = 2.2 Hz, 1H, H-6), 5.15 (s, 2H, OH-5, OH-1). 13C NMR (100 
MHz, CDCl3) δ 157.76 (C-5, C-1), 122.97 (C-3), 111.56 (C-4, C-2), 102.21 (C-6). m.p. 86.9 °C.  
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 Bromo-(–)-trans-Δ8-tetrahydrocannabinol (6 and 7): 5-
Bromobenzene-1,3-diol (5) (1.35 g, 7.14 mmol) was dissolved in dry DCM (100 mL) and stirred 
vigorously. (S)-cis-verbenol (1.09 g, 7.14 mmol) was added and the reaction was stirred at rt. 
Trifluoromethanesulfonic acid (284 µL, 3.21 mmol) was added dropwise at 0 °C and the reaction was 
left stirring for 20 h. To stop the reaction saturated aqueous NaHCO3 (50 mL) was added and the 
mixture was extracted with DCM (2 × 100 mL). The combined organic layers were dried over MgSO4, 
concentrated in vacuo and purified through silica gel column chromatography (0→4% EtOAc in n-
heptane) to afford 6 (1.32 g, 57%) as a yellow oil and 7 as a minor product (199 mg, 9%). 1-Bromo-(–)-
trans-Δ8-tetrahydrocannabinol (6): TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.23. 1H NMR (400 MHz, 
CDCl3) δ 6.68 (d, J = 2.6 Hz, 1H, H-2), 6.28 (d, J = 2.6 Hz, 1H, H-4), 5.46 – 5.41 (m, 1H, H-8), 5.05 (s, 1H, 
OH-3), 3.41 (dd, J = 16.4, 3.4 Hz, 1H, H-10), 2.64 (td, J = 10.5, 4.3 Hz, 1H, H-10a), 2.18 – 2.11 (m, 1H, H-
7), 1.86 (m, 3H, H-10, H-7, H-6a), 1.71 (s, 3H, H-11), 1.37 (s, 3H, H-12), 1.07 (s, 3H, H-13). 13C NMR (100 
MHz, CDCl3) δ 155.81 (C-4a), 155.01 (C-3), 134.84 (C-9), 123.71 (C-1), 119.64 (C-8), 118.78 (C-10b), 
113.64 (C-2), 104.40 (C-4), 77.51 (C-6), 46.55 (C-6a), 36.80 (C-10), 35.15 (C-10a), 28.41 (C-7), 27.41 (C-
12), 23.56 (C-11), 18.29 (C-13). HRMS (m/z): [M+H]+ calcd. for C16H19BrO2, 323.06467; found, 
323.06511. 3-Bromo-(–)-trans-Δ8-tetrahydrocannabinol (7): TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.35. 
1H NMR (400 MHz, CDCl3) δ 6.61 (d, J = 1.9 Hz, 1H, H-2), 6.43 (d, J = 1.9 Hz, 1H, H-4), 5.46 – 5.40 (m, 
1H, H-8), 5.24 (s, 1H, OH-1), 3.16 (dd, J = 15.7, 4.4 Hz, 1H, H-10), 2.66 (td, J = 11.1, 4.8 Hz, 1H, H-10a), 
2.19 – 2.09 (m, 1H, H-7), 1.84 – 1.74 (m, 3H, H-10, H-7, H-6a), 1.70 (s, 3H, H-11), 1.38 (s, 3H, H-12), 1.09 
(s, 3H, H-13).13C NMR (100 MHz, CDCl3) δ 155.94 (C-1), 155.79 (C-4a), 134.67 (C-9), 119.77 (C-3), 119.43 
(C-8), 113.82 (C-2), 112.74 (C-10b), 110.84 (C-4), 77.62 (C-6), 44.81 (C-6a), 35.81 (C-10), 31.70 (C-10a), 
27.93 (C-7), 27.53 (C-12), 23.58 (C-11), 18.58 (C-13). HRMS (m/z): [M+H]+ calcd. for C16H19BrO2, 
323.06467; found, 323.06620. 
 

5-Chlorobenzene-1,3-diol (8): 1-Chloro-3,5-dimethoxybenzene (1.01 g, 5.85 mmol) was 
dissolved in ACN (12 mL) and kept under protective atmosphere. Iodotrimethylsilane (4.78 mL, 35.11 
mmol) was added and the solution was heated to 70 °C. The reaction was left stirring overnight at 
reflux. The mixture was cooled to rt and concentrated in vacuo. The residue was dissolved in aqueous 
HCl (1.0 M, 10 mL) and DCM (15 mL), after which the aqueous layer was extracted with DCM (2 × 15 
mL). The combined organic layers were dried over Na2SO4, concentrated in vacuo and purified using 
silica gel column chromatography (0→20% EtOAc in n-heptane) to afford 8 (222 mg, 26%) as a yellow 
solidified oil. TLC (EtOAc/n-heptane, 1:4 v/v): Rf = 0.20. 1H NMR (500 MHz, CDCl3) δ 6.44 (d, J = 2.2 Hz, 
2H, H-4, H-2), 6.24 (s, 1H, H-6), 5.01 (s, 2H, OH-5, OH-1). 13C NMR (126 MHz, CDCl3) δ 157.51 (C-1, C-
5), 135.23 (C-3), 108.46 (C-4, C-2), 101.52 (C-6). m.p. 58.8 °C.  
 

5-Iodobenzene-1,3-diol (9): 3,5-Dimethoxy-1-iodobenzene (15) (0.867 g, 3.28 mmol) was 
dissolved in ACN (7 mL) and kept under protective atmosphere. Iodotrimethylsilane (2.80 mL, 19.7 
mmol) was added and the solution was heated to 70 °C. The reaction was left stirring overnight at 
reflux. After cooling to rt the reaction mixture was concentrated in vacuo and the residue was dissolved 
in aqueous HCl (1.0 M, 10 mL) and DCM (15 mL). The aqueous layer was extracted with DCM (2 × 15 
mL). The combined organic layers were dried over Na2SO4, concentrated in vacuo and purified with 
silica gel column chromatography (0→20% EtOAc in n-heptane) to afford 9 (198 mg, 26%, based on 
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recovery of SM) as a brown solid. TLC (EtOAc/n-heptane, 1:1 v/v): Rf = 0.50. 1H NMR (400 MHz, CDCl3) 
δ 6.79 (d, J = 2.2 Hz, 2H, H-4, H-2), 6.31 (t, J = 2.2 Hz, 1H, H-6), 5.22 (s, 2H, OH-5, OH-1). 13C NMR (100 
MHz, CDCl3) δ 157.42 (C-5, C-1), 117.59 (C-4, C-2), 103.01 (C-6) 93.80 (C-3). m.p. 74.1 °C. 
 

1-Styrene-(–)-trans-Δ8-tetrahydrocannabinol (10a): Synthesised according to general 
procedure II from 2’-bromo-(–)-trans-Δ8-tetrahydrocannabinol (6) (88.3 mg, 258 µmol) and potassium 
(E)-styryl trifluoroborate (86.6 mg, 412 µmol) which afforded 10a (69.2 mg, 78%) as a colorless oil. TLC 
(EtOAc/n-heptane, 1:9 v/v): Rf = 0.11. 1H NMR (500 MHz, CDCl3) δ 7.51 – 7.47 (m, 2H, H-Ar), 7.37 (t, J 
= 7.7 Hz, 2H, H-Ar), 7.29 – 7.26 (m, 1H, H-Ar), 7.19 (d, J = 16.0 Hz, 1H, H-1’), 6.93 (d, J = 16.0 Hz, 1H, H-
2’), 6.66 (d, J = 2.6 Hz, 1H, H-2), 6.28 (d, J = 2.6 Hz, 1H, H-4), 5.45 (m, 1H, H-8), 4.79 (bs, 1H, OH-3), 2.83 
(td, J = 10.8, 4.5 Hz, 1H, H-10a), 2.71 – 2.64 (m, 1H, H-10), 2.23 – 2.15 (m, 1H, H-7), 1.89 – 1.80 (m, 3H, 
H-10, H-7, H-6a), 1.62 (s, 3H, H-11), 1.40 (s, 3H, H-12), 1.14 (s, 3H, H-13). 13C NMR (126 MHz, CDCl3) δ 
155.14 (C-4a), 154.84 (C-3), 138.54 (C-Ar), 137.62 (C-1), 134.88 (C-9), 128.97 (C-Ar), 128.90 (C-2’), 
128.24 (C-1’), 127.77 (C-Ar), 126.65 (C-Ar), 119.99 (C-8), 117.32 (C-10b), 106.33 (C-2), 103.98 (C-4), 
76.73 (C-6), 46.01 (C-6a), 39.69 (C-10), 33.10 (C-10a), 28.42 (C-7), 27.59 (C-12), 23.74 (C-11), 18.38 (C-
13).HRMS (m/z): [M+H]+ calcd. for C24H26O2, 347.20110; found, 347.20075. 
 

1-Naphthalene(–)-trans-Δ8-tetrahydrocannabinol (10b-Ra and 
10b-Sa): Synthesised according to general procedure II from 1’-bromo-(–)-trans-Δ8-
tetrahydrocannabinol (6) (150.0 mg, 464 µmol) and potassium (1-naphthalene) trifluoroborate (24) 
(174.0 mg, 743 µmol) and purified using preparative HPLC which afforded 10b (28.5 mg, 17%) as a 
colorless oil. The product was obtained as an inseparable mixture of two atropisomers 10b-Ra and 10b-
Sa in respective ratio of 0.64:1.00. TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.15. HRMS (m/z): [M+H]+ calcd. 
for C26H26O2, 371.20110; found, 371.20214. Naphthalene-(–)-trans-Δ8-tetrahydrocannabinol (10b-Ra): 
1H NMR (500 MHz, DMSO-d6) δ 7.94 (d, J = 8.2 Hz, 1H, H-Nap), 7.81 (d, J = 7.9 Hz, 1H, H-Nap), 7.56 (dd, 
J = 6.8, 1.6 Hz, 1H, H-Nap), 7.56 – 7.52 (m, 1H, H-Nap), 7.45 – 7.43 (m, 1H, H-Nap), 7.41 – 7.39 (m, 1H, 
H-Nap), 7.32 (dd, J = 7.1, 1.2 Hz, 1H, H-Nap), 6.23 (d, J = 2.6 Hz, 1H, CH Ar, H-4), 6.16 (d, J = 2.6 Hz, 1H, 
H-2), 5.18 (d, J = 2.7 Hz, 1H, H-8), 2.69 (dt, J = 11.2, 5.6 Hz, 1H, H-10a), 2.04 (m, 1H, H-7), 1.77 – 1.67 
(m, 1H, H-7), 1.58 (dd, J = 11.6, 4.4 Hz, 1H, H-6a), 1.33 (s, 3H, H-12), 1.19 (s, 3H, H-13), 1.17 (s, 1H, H-
10), 0.93 (d, J = 12.6 Hz, 1H, H-10), 0.92 – 0.86 (bs, 3H, H-11). 13C NMR (126 MHz, DMSO-d6) δ 156.09 
(C-4a), 155.36 (C-3), 140.94 (C-1’’), 140.22 (C-1), 133.93 (C-8a’’), 133.30 (C-9), 132.06 (C-4a’’), 128.49 
(C-Naph), 127.63 (C-Naph), 126.62 (C-Naph), 126.36 (C-Naph), 126.29 (C-Naph), 125.92 (C-Naph), 
125.85 (C-Naph), 119.94 (C-8), 115.78 (C-10b), 111.97 (C-4), 103.51 (C-2), 76.41 (C-6), 45.15 (C-6a), 
36.65 (C-10), 32.61 (C-10a), 27.75 (C-12), 27.56 (C-7), 23.14 (C-11), 18.86 (C-13). Naphthalene(–)-trans-
Δ8-tetrahydrocannabinol (10b-Sa): 1H NMR (500 MHz, DMSO-d6) δ 8.00 – 7.98 (m, 2H, H-Nap), 7.60 
(dd, J = 8.3, 7.0 Hz, 1H, H-Nap), 7.51 (d, J = 1.5 Hz, 1H, H-Nap), 7.45 (m, 2H, H-Nap), 7.41 – 7.39 (m, 1H, 
H-Nap), 6.27 (d, J = 2.6 Hz, 1H, H-4), 6.25 (d, J = 2.6 Hz, 1H, H-2), 5.08 (d, J = 4.3 Hz, 1H, H-8), 2.16 (td, 
J = 10.7, 4.9 Hz, 1H, H-10a), 1.97 – 1.93 (m, 1H, H-7), 1.55 – 1.53 (m, 2H, H7, H-6a), 1.32 (s, 3H, H-12), 
1.31 – 1.29 (m, 1H, H-10), 1.18 (s, 3H, H-13), 1.06 (s, 3H, H-11), 0.97 – 0.90 (m, 1H, H-10). 13C NMR (126 
MHz, DMSO-d6) δ 156.85 (C-3), 154.69 (C-4a), 141.46(C-1’’), 141.14(C-1), 133.30 (C-8a’’), 133.26 (C-9), 
130.55 (C-4a’’), 128.83 (C-Naph), 127.89 (C-Naph), 126.93 (C-Naph), 126.67 (C-Naph), 126.45 (C-Naph), 
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126.09 (C-Naph), 125.41 (C-Naph), 119.68 (C-8), 115.84 (C-10b), 111.66 (C-4), 103.65 (C-2), 76.35 (C-
6), 45.01 (C-6a), 37.58 (C-10), 33.44 (C-10a), 27.75 (C-12), 27.56 (C-7), 23.31 (C-11), 18.90 (C-13).  
 

1-(4-Methoxy-benzene)-(–)-trans-Δ8-tetrahydrocannabinol (10c): Synthesised 
according to general procedure II from 1’-bromo-(–)-trans-Δ8-tetrahydrocannabinol (6) (98.0 mg, 68 
µmol) and potassium (4-methoxyphenyl) trifluoroborate (25) (104.0 mg, 485 µmol) which afforded 10c 
(24.0 mg, 23%) as a colorless oil. TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.07. 1H NMR (400 MHz, CDCl3) 
δ 7.25 (d, J = 8.7 Hz, 2H, CH PMB), 6.92 (d, J = 8.7 Hz, 2H, CH PMB), 6.29 (d, J = 0.6 Hz, 2H, H-2, H-4), 
5.28 (m, 1H, H-8), 4.72 (s, 1H, OH-3), 3.85 (s, 3H, PMB-OCH3), 2.86 (td, J = 10.9, 4.8 Hz, 1H, H-10a), 2.13 
– 2.06 (m, 1H, H-7), 1.76 – 1.69 (m, 2H, 7, H-6a), 1.58 – 1.52 (m, 1H, H-10), 1.45 – 1.40 (m, 1H, H-10), 
1.38 (s, 3H, H-11), 1.35 – 1.33 (m, 3H, H-12), 1.22 (s, 3H, H-13). 13C NMR (126 MHz, CDCl3) δ 158.70 (C-
PMB), 155.14 (C-4a), 154.35 (C-3), 143.56 (C-1), 135.50 (C-PMB), 134.66 (C-9), 129.10 (C-PMB), 118.93 
(C-8), 116.34 (C-10b), 113.89 (C-PMB), 110.62 (C-2), 102.94 (C-4), 76.41 (C-6), 55.37 (C-PMB), 45.11 (C-
6a), 36.70 (C-7), 32.68 (C-10a), 27.99 (C-10), 27.50 (C-12), 23.29 (C-11), 18.34 (C-13). HRMS (m/z): 
[M+H]+ calcd. for C23H26O3, 351.19602; found, 351.19571.  
 

3-Styrene-(–)-trans-Δ8-tetrahydrocannabinol (11a): Synthesised according to 
general procedure II from 3’-bromo-(–)-trans-Δ8-tetrahydrocannabinol (7) (20.0 mg, 62 µmol) and 
potassium (E)-styryl trifluoroborate (21.0 mg, 99 µmol) which afforded 11a (4.8 mg, 27%) as a colorless 
oil. TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.27. 1H NMR (500 MHz, CDCl3) δ 7.49 – 7.45 (m, 2H, H-Ar), 
7.34 (t, J = 7.7 Hz, 2H, H-Ar), 7.24 (m 1H, H-Ar), 7.02 (d, J = 16.3 Hz, 1H, H-2’), 6.92 (d, J = 16.3 Hz, 1H, 
H-1’), 6.62 (d, J = 1.6 Hz, 1H, H-4), 6.44 (d, J = 1.7 Hz, 1H, H-2), 5.45 – 5.43 (m, 1H, H-8), 4.81 (s, 1H, OH-
1), 3.21 (dd, J = 15.9, 4.5 Hz, 1H, H-10), 2.74 (td, J = 10.8, 4.7 Hz, 1H, H-10a), 2.20 – 2.12 (m, 1H, H-7), 
1.92 – 1.78 (m, 3H, H-10, H-7, H-6a), 1.72 (s, 3H, H-11), 1.40 (s, 3H, H-12), 1.13 (s, 3H, H-13). 13C NMR 
(126 MHz, CDCl3) δ 155.48 (C-4a), 155.31 (C-1), 137.44 (C-Ar), 137.04 (C-3), 134.81 (C-9), 128.80 (C-Ar), 
128.77 (C-2’), 128.21 (C-1’), 127.71 (C-Ar), 126.64 (C-Ar), 119.51 (C-8), 113.30 (C-10b), 108.77 (C-4), 
105.63 (C-2), 77.06 (C-6), 44.99 (C-6a), 36.08 (C-10), 31.98 (C-10a), 28.03 (C-7), 27.71 (C-12), 23.65 (C-
11), 18.68 (C-13). HRMS (m/z): [M+H]+ calcd. for C24H26O2, 347.20110; found, 347.20105.  
 

3-Naphthalene-(–)-trans-Δ8-tetrahydrocannabinol (11b): Synthesised according 
to general procedure II from 3’-bromo-(–)-trans-Δ8-tetrahydrocannabinol (7) (25.0 mg, 77 µmol) and 
potassium (1-naphthalene) trifluoroborate (24) (29.0 mg, 120 µmol) which afforded 11b (17.1 mg, 
60%) as a colorless oil. TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.27. 1H NMR (500 MHz, CDCl3) δ 8.04 (d, J 
= 8.4 Hz, 1H, H-Naph), 7.87 (d, J = 8.0, 1H, H-Naph), 7.82 (d, J = 8.1 Hz, 1H, H-Naph), 7.51 – 7.44 (m, 2H, 
H-Naph), 7.44 – 7.39 (m, 2H, H-Naph), 6.59 (d, J = 1.7 Hz, 1H, H-4), 6.41 (d, J = 1.7 Hz, 1H, H-2), 5.49 – 
5.47 (m, 1H, H-8), 4.98 (s, 1H, OH-1), 3.30 (dd, J = 17.2, 4.7 Hz, 1H, H-10), 2.83 (td, J = 10.8, 4.8 Hz, 1H, 
H-10a), 2.24 – 2.16 (m, 1H, H-7), 2.01 – 1.84 (m, 3H, H-10, H-7, H-6a), 1.74 (s, 3H, H-11), 1.42 (s, 3H, H-
12), 1.19 (s, 3H, H-13). 13C NMR (126 MHz, CDCl3) δ 155.15 (C-4a), 154.85 (C-1), 140.27 (C-Naph), 139.85 
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(C-3), 134.92 (C-9), 133.90 (C-Naph), 131.60 (C-Naph), 128.29 (C-Naph), 127.65 (C-Naph), 126.69 (C-
Naph), 126.42 (C-Naph), 126.01 (C-Naph), 125.83 (C-Naph), 125.44 (C-Naph), 119.52 (C-8), 112.43 (C-
10b), 112.33 (C-4), 109.44 (C-2), 77.08 (C-6), 45.10 (C-6a), 36.13 (C-10), 31.95 (C-10a), 28.10 (C-7), 
27.75 (C-12), 23.67 (C-11), 18.76 (C-13). HRMS (m/z): [M+H]+ calcd. for C26H26O2, 371.20110; found, 
371.20176 
 

3-(4-Methoxy-benzene)-(–)-trans-Δ8-tetrahydrocannabinol (11c): 
Synthesised according to general procedure II from 3’-bromo-(–)-trans-Δ8-tetrahydrocannabinol (7) 
(100.0 mg, 309 µmol) and potassium (4-methoxyphenyl) trifluoroborate (25) (106.0 mg, 495 µmol) 
which afforded 11c (31.0 mg, 29%) as a colorless oil. TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.17. 1H NMR 
(500 MHz, CDCl3) 7.47 (d, J = 8.8 Hz, 2H, H-3’, H-5’), 6.93 (d, J = 8.8 Hz, 2H, H-2’, H-6’), 6.65 (d, J = 1.7 
Hz, 1H, H-4), 6.48 (d, J = 1.8 Hz, 1H, H-2), 5.45 (d, J = 5.4 Hz, 1H, H-8), 4.87 (s, 1H, OH-1), 3.83 (s, 3H, H-
7’), 3.23 (dd, J = 16.4, 4.5 Hz, 1H, H10), 2.76 (td, J = 10.8, 4.6 Hz, 1H, H-10a), 2.21 – 2.09 (m, 1H, H-7), 
1.89 – 1.80 (m, 3H, H-10, H-7, H-6a), 1.72 (s, 3H, H-11), 1.41 (s, 3H, H-12), 1.14 (s, 3H, H-13). 13C NMR 
(126 MHz, CDCl3) δ 158.89 (C-4’), 155.55 (C-4a), 155.39 (C-1), 143.91 (C-3), 135.73 (C-1’), 134.85 (C-9), 
127.91 (C-2’, C-6’), 119.51 (C-8), 114.20 (C-3’, C-5’), 112.61 (C-10b) 108.76 (C-4), 105.89 (C-2), 77.06 
(C-6), 55.46 (C-7’), 45.03 (C-6a), 36.12 (C-7), 31.81 (C-10a), 28.05 (C-10), 27.73 (C-12), 23.65 (C-11), 
18.72 (C-13). HRMS (m/z): [M+H]+ calcd. for C23H26O3, 351.19602; found, 351.19740 
 

 1-Ortho-n-pentyl-(–)-trans-Δ8-tetrahydrocannabinol (12a): Synthesised according to 
general procedure III from 1’-bromo-(–)-trans-Δ8-tetrahydrocannabinol (6) (77.9 mg, 241 µmol) and 
potassium n-pentylboron trifluoride (23) (64.4 mg, 362 µmol). Silicagel column chromatography 
(0→8% - EtOAc in n-heptane) afforded 12a (38.8 mg, 51%) as an inseparable mixture with 6. TLC 
(EtOAc/n-heptane, 1:9 v/v): Rf = 0.23. 1H NMR (500 MHz, CDCl3) δ 6.29 (d, J = 2.7 Hz, 1H, H-2), 6.16 (d, 
J = 2.6 Hz, 1H, H-4), 5.47 – 5.44 (m, 1H, H-8), 4.88 (s, 1H, OH-3), 2.71 – 2.62 (m, 1H, H-10a), 2.60 – 2.55 
(m, 3H, H-1’, H-10), 2.21 – 2.10 (m, 1H, H-7), 1.87 – 1.81 (m, 3H, H-10, H-7, H-6a), 1.70 (s, 3H, H-11), 
1.67 – 1.57 (m, 2H, H-2’’), 1.36 (s, 3H, H-12), 1.35 – 1.23 (m, 4H, H-3’, H-4’), 1.06 (s, 3H, H-13), 0.94 – 
0.86 (m, 3H, H-5’). 13C NMR (126 MHz, CDCl3) δ 154.94 (C-4a), 154.55 (C-3), 143.99 (C-1), 134.64 (C-9), 
120.13 (C-8), 117.21 (C-10b) 109.24 (C-2), 102.19 (C-7), 76.35 (C-6), 46.63 (C-6a), 38.86 (C-10), 33.53 
(C-1’), 33.47 (C-10a), 32.07 (C-3’), 31.07 (C-2’), 28.49 (C-7), 27.59 (C-12), 23.61 (C-11), 22.67 (C-4’), 
18.25 (C-13), 14.22 (C-5’). HRMS (m/z): [M+H]+ calcd. for C21H30O2, 315.23240; found, 315.23200.  
 

1-Ortho-n-propyl-(–)-trans-Δ8-tetrahydrocannabinol (12b): Synthesised according 
to general procedure III from 1’-bromo-(–)-trans-Δ8-tetrahydrocannabinol (6) (130 mg, 402 µmol) and 
potassium n-propylboron trifluoride (22) (90.5 mg, 603 µmol). Silicagel column chromatography 
(0→8% - EtOAc in n-heptane) afforded 12b (63.9 mg, 56%) as an inseparable mixture with 6. TLC 
(PhMe): Rf = 0.05. 1H NMR (500 MHz, CDCl3) δ 6.29 (d, J = 2.8Hz, 1H, H-2), 6.16 (d, J = 2.7 Hz, 1H, H-4), 
5.48 – 5.43 (m, 1H, H-8), 4.97 – 4.89 (m, 1H, OH-3), 2.71 – 2.62 (m, 1H, H-10a), 2.60 (m, 1H, H-10), 2.56 
(t, J = 7.9 Hz, 2H, H-1’), 2.18 – 2.10 (m, 1H, H-7), 1.88 – 1.79 (m, 3H, H-10, H-7, H-6a), 1.70 (s, 3H, H-
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11), 1.65 – 1.59 (m, 2H, H-2’), 1.36 (s, 3H, H-12), 1.06 (s, 3H, H-13), 0.96 (t, J = 7.3 Hz, 3H, H-3’). 13C 
NMR (126 MHz, CDCl3) δ 154.94 (C-4a), 154.56 (C-3), 143.78 (C-1), 134.65 (C-9), 120.15 (C-8), 117.28 
(C-10b), 109.22 (C-2), 102.24 (C-4), 76.35 (C-6), 46.65 (C-6a), 38.88 (C-10), 35.62 (C-1’), 33.48 (C-10a), 
28.50 (C-7), 27.59 (C-12), 24.54 (C-2’), 23.64 (C-11), 18.25 (C-13), 14.29 (C-3’). HRMS (m/z): [M+H]+ 
calcd. for C19H26O2, 287.20110; found, 287.20130. 
 

(–)-trans-Δ8-Tetrahydrocannabinol (13a):9 5-Pentylbenzene-1,3-diol (1a) 
(1.184 g, 6.60 mmol) and (S)-cis-verbenol (1.000 g, 6.60 mmol) were stirred at rt. in dry DCM (70 mL). 
Trifluoromethanesulfonic acid (145 µL, 1.64 mmol) was added dropwise at 0 °C and the reaction was 
left stirring for 2 h. To stop the reaction saturated aqueous NaHCO3 (70 mL) was added and the mixture 
was extracted with DCM (2 × 70 mL). The combined organic layers were dried over MgSO4, 
concentrated in vacuo and silicagel column chromatography (0→4% - EtOAc in n-heptane) of the 
residue afforded 1 (691.3 mg, 33%) as a yellow oil. TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.38. 1H NMR 
(400 MHz, CDCl3) δ 6.29 (d, J = 1.5 Hz, 1H, H-4), 6.11 (d, J = 1.5 Hz, 1H, H-2), 5.44 (d, J = 4.8 Hz, 1H, H-
8), 4.93 (s, 1H, OH-1) 3.22 (dd, J = 15.8, 4.2 Hz, 1H, H-10), 2.71 (td, J = 10.8, 4.6 Hz, 1H, H-10a), 2.44 (td, 
J = 7.4, 2.0 Hz, 2H, H-1’), 2.20 – 2.11 (m, 1H, H-7), 1.91 – 1.76 (m, 3H, H-10, H-7, H-6a), 1.71 (s, 3H, H-
11), 1.62 – 1.53 (m, 2H, H-2’), 1.39 (s, 3H, H-12), 1.34 – 1.26 (m, 4H, H-3’, H-4’), 1.12 (s, 3H, H-13), 0.91 
– 0.87 (m, 3H, H-5’). 13C NMR (100 MHz, CDCl3) δ 154.93 (C-1), 154.92 (C-4a), 142.83 (C-3), 134.89 (C-
9), 119.45 (C-8), 110.70(C-10b), 110.20 (C-4), 107.83 (C-2), 76.86 (C-5) 45.05 (C-6a), 36.17 (C-10), 35.59 
(C-1’), 31.74 (C-10a), 31.72 (C-3’), 30.74 (C-2’), 28.04 (C-7) 27.70 (C-12), 23.63 (C-11), 22.69 (C-4’), 18.63 
(C-13), 14.16 (C-5’). HRMS (m/z): [M+H]+ calcd. for C21H30O2, 315.23240; found, 315.23343.  
(–)-trans-Δ8-Tetrahydrocannabinol (13a): Synthesised according to general procedure (III) from 3’-
bromo-(–)-trans-Δ8-tetrahydrocannabinol (7) (52.1 mg, 161 µmol) and potassium n-pentylboron 
trifluoride (23) (43.0 mg, 242 µmol) which afforded 13a (17.4 mg, 34%) as a yellow oil. Spectral data 
were in agreement with the readily synthesized 1 and hence no further purification was executed. 
 

3-Propyl-(–)-trans-Δ8-tetrahydrocannabinol (13b): 5-Propylbenzene-1,3-diol (1c) 
(177.6 mg, 986 µmol) and (S)-cis-verbenol (150.1 mg, 986 µmol) were stirred at rt. in dry DCM (20 mL). 
Trifluoromethanesulfonic acid (26.2 µL, 296 µmol) was added dropwise at 0 °C and the reaction was 
left stirring for 3 h. To stop the reaction saturated aqueous NaHCO3 (20 mL) was added and the mixture 
was extracted with DCM (2 × 40 mL). The combined organic layers were dried over MgSO4, 
concentrated in vacuo and silicagel column chromatography (0→4% - EtOAc in n-heptane) of the 
residue afforded 2 (55.9 mg, 20%) as a yellow oil. TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.29. 1H NMR 
(400 MHz, CDCl3) δ 6.28 (d, J = 1.7 Hz, 1H, H-2), 6.10 (d, J = 1.6 Hz, 1H, H-4), 5.45 – 5.41 (m, 1H, H-8), 
4.82 (s, 1H, OH-1), 3.25 – 3.15 (m, 1H, H-10), 2.71 (td, J = 10.8, 4.6 Hz, 1H, H-10a), 2.42 (td, J = 7.4, 2.4 
Hz, 2H, H-1’), 2.19 – 2.10 (m, 1H, H-7), 1.91 – 1.77 (m, 3H, H10, H-7, H-6a), 1.71 (s, 3H, H-11), 1.59 (h, 
J = 7.4 Hz, 2H, H-2’), 1.38 (s, 3H, H-12), 1.11 (s, 3H, H-13), 0.92 (t, J = 7.3 Hz, 3H, CH3, H-3’). 13C NMR 
(100 MHz, CDCl3) δ 154.94 (C-1), 154.89 (C-4a), 142.58 (C-3), 134.89 (C-9), 119.46 (C-8), 110.72 (C-10b), 
110.31 (C-4), 107.85 (C-2), 76.83 (C-6), 45.04 (C-6a), 37.71 (C-1’), 36.17 (C-10), 31.73 (C-10a), 28.04 (C-
7), 27.71 (C-12), 24.12 (C-2’), 23.63 (C-11), 18.64 (C-13), 14.07 (C-3’). HRMS (m/z): [M+H]+ calcd. for 
C19H26O2, 287.20110; found, 287.20004. 
3-Propyl-(–)-trans-Δ8-tetrahydrocannabinol (13b): Synthesised according to general procedure (III) 
from 3’-bromo-(–)-trans-Δ8-tetrahydrocannabinol (7) (38.2 mg, 118 µmol) and potassium n-
propylboron trifluoride (22) (26.6 mg, 177 µmol) which afforded 13b (11.3 mg, 33%) as a yellow oil. 
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Spectral data were in agreement with the readily synthesized 2 and hence no further purification was 
executed. 
 

3,5-Dimethoxyiodobenzene (15): 1-Bromo-3,5-dimethoxybenzene (1.085 g, 5.00 mmol) 
was dissolved in THF (2.5 mL) and kept under protective atmosphere. To this solution, magnesium 
turnings (133 mg, 5.50 mmol) were added directly, and stirred vigorously. To initiate the reaction, 1 
drop of 1,2-dibromoethane (±45 mg, 250 µmol) was added, and a reflux condenser was placed on top 
of the flask. The reaction was then heated to reflux temperature and allowed to stir for 2 h. After this 
time, the reaction mixture was cooled on ice, and iodine (845 mg, 3.33 mmol) in THF (2.5 mL) was 
added directly. The reaction was allowed to stir for 2 h. at 0 °C. After this time, aqueous HCl (1.0 M, 10 
mL) was added slowly and the mixture was extracted with Et2O (3 × 10 mL). The combined organic 
layers were washed with aqueous Na2S2O3 (1.0 M, 3 × 10 mL), concentrated in vacuo and silicagel 
column chromatography (0→10% - EtOAc in n-heptane) of the residue afforded 15 (1.005 g, 76%) as a 
brown solidified oil. TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.45. 1H NMR (500 MHz, CDCl3) δ 6.86 (d, J = 
2.2 Hz, 2H, H-4, H-2), 6.40 (t, J = 2.2 Hz, 1H, H-6), 3.76 (s, 6H, H-8, H-7). 13C NMR (100 MHz, CDCl3) δ 
161.07 (C-5, C-1), 115.81 (C-4, C-2), 100.67 (C-6), 94.05 (C-3), 55.49 (C-8, C-7). m.p. 72.4 °C. 
 

Chloro-(–)-trans-Δ8-tetrahydrocannabinol (16 and 17): 5-
Chlorobenzene1,3-diol (8) (107.0 mg, 740 µmol) was dissolved in dry DCM (5 mL) and stirred 
vigorously. (S)-cis-verbenol (113.0 mg, 740 µmol) was added and the reaction was stirred at rt. 
Trifluoromethanesulfonic acid (29 µL, 333 µmol) was added drop wise at 0 °C and the reaction was left 
stirring for 20 h. To stop the reaction saturated aqueous NaHCO3 (50 mL) was added and the mixture 
was extracted with DCM (2 × 100 mL). The combined organic layers were dried over MgSO4, 
concentrated in vacuo and silicagel column chromatography (0→4% - EtOAc in n-heptane) of the 
residue afforded 16 (53.3 mg, 26%) as a yellow oil and 17 as a minor product (13.7 mg, 7%).  
1’-Chloro(–)-trans-Δ8-tetrahydrocannabinol (16): TLC (EtOAc/n-heptane, 1:5 v/v): Rf = 0.40. 1H NMR 
(500 MHz, CDCl3) δ 6.40 (d, J = 2.6 Hz, 1H, H-2), 6.17 (d, J = 2.6 Hz, 1H, H-4), 5.39 (s, 1H, OH-3), 5.36 (d, 
J = 4.1 Hz, 1H, H-8), 3.22 (dd, J = 16.4, 4.4 Hz, 1H, H-10), 2.61 (td, J = 10.8, 4.5 Hz, 1H, H-10a), 2.12 – 
2.02 (m, 1H, H-7), 1.77 – 1.73 (m, 2H, H-7, H-6a), 1.71 – 1.66 (m, 1H, H-10), 1.63 (s, 3H, H-11), 1.30 (s, 
3H, H-12), 0.99 (s, 3H, H-13). 13C NMR (126 MHz, CDCl3) δ 155.73 (C-6), 154.79 (C-3), 134.68 (C-9), 
134.59 (C-1), 119.43 (C-8), 116.99 (C-10b), 110.19 (C-2), 103.59 (C-4), 77.39 (C-6), 45.97 (C-6a), 36.32 
(C-10), 33.57 (C-10a), 28.15 (C-7), 27.33 (C-11), 23.44 (C-12), 18.24 (C-13). HRMS (m/z): [M+H]+ calcd 
for C16H19ClO2, 279.11518; found, 279.11664. 3’-Chloro(–)-trans-Δ8-tetrahydrocannabinol (17): TLC 
(EtOAc/n-heptane, 1:5 v/v): Rf = 0.47. 1H NMR (500 MHz, CDCl3) δ 6.45 (d, J = 2.1 Hz, 1H, H-2), 6.29 (d, 
J = 2.0 Hz, 1H, H-4), 5.43 (d, J = 3.7 Hz, 1H, H-8), 5.03 (s, 1H, OH-1), 3.15 (dd, J = 15.7, 4.8 Hz, 1H, H-10), 
2.67 (td, J = 11.0, 4.8 Hz, 1H, H-10a), 2.16 – 2.10 (m, 1H, H-7), 1.85 – 1.76 (m, 3H, H-10, H-7, H-6a), 1.70 
(s, 3H, H-11), 1.37 (s, 3H, H-12), 1.09 (s, 3H, H-13). 13C NMR (126 MHz, CDCl3) δ 155.72 (C-4a), 155.47 
(C-1), 134.53 (C-9), 132.14 (C-3), 119.31 (C-8), 112.02 (C-10b), 110.79 (C-2), 107.80 (C-4), 77.35 (C-6), 
44.68 (C-6a), 35.77 (C-10), 31.50 (C-10a), 27.80 (C-7), 27.42 (C-11), 23.45 (C-12), 18.45 (C-13). HRMS 
(m/z): [M+Na]+ calcd for C16H19O2Cl, 278.10736 found, 278.10653. 
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Iodo(–)-trans-Δ8-tetrahydrocannabinol (18 and 19): 5-iodobenzene-
1,3-diol (9) (110.0 mg, 466 µmol) was dissolved in dry DCM (5 mL) and stirred vigorously. (S)-cis-
verbenol (71.0 mg, 466 µmol) was added and the reaction was stirred at rt. Trifluoromethanesulfonic 
acid (18.6 µL, 210 µmol) was added drop wise at 0 °C and the reaction was left stirring for 20 h. To stop 
the reaction saturated aqueous NaHCO3 (50 mL) was added and the mixture was extracted with DCM 
(2 × 100 mL). The combined organic layers were dried over MgSO4, concentrated in vacuo and silicagel 
column chromatography (0→4% - EtOAc in n-heptane) of the residue afforded 18 (43.7 mg, 25%) as a 
yellow oil and 19 as a minor product (11.1 mg, 6%).  
1’-Iodo(–)-trans-Δ8-tetrahydrocannabinol (18): TLC (EtOAc/n-heptane, 1:1 v/v): Rf = 0.35. 1H NMR (500 
MHz, CDCl3) δ 7.00 (d, J = 2.6 Hz, 1H, H-2), 6.31 (d, J = 2.6 Hz, 1H, H-4), 5.44 (d, J = 3.7 Hz, 1H, H-8), 5.25 
(s, 1H, OH-3), 3.48 (dd, J = 17.2, 3.6 Hz, 1H, H-10), 2.52 (td, J = 10.7, 4.3 Hz, 1H, H-10a), 2.19 – 2.13 (m, 
1H, H-7), 1.93 – 1.82 (m, 2H, H-6a, H-7), 1.72 (s, 3H, H-11), 1.69 – 1.66 (m, 1H, H-10), 1.36 (s, 3H, H-12), 
1.05 (s, 3H, H-13). 13C NMR (126 MHz, CDCl3) δ 155.09 (C-4a), 154.57 (C-3), 134.64 (C-9), 121.41 (C-
10b), 120.46 (C-4), 119.70 (C-8), 105.30 (C-2), 96.81 (C-1), 77.28 (C-6), 46.96 (C-6a), 37.45 (C-10a), 
37.19 (C-10), 28.40 (C-7), 27.22 (C-11), 23.41 (C-12), 18.09 (C-13). HRMS (m/z): [M+H]+ calcd for 
C16H19IO2, 371.05080; found, 371.05235. 3’-Iodo(–)-trans-Δ8-tetrahydrocannabinol (19): TLC 
(EtOAc/n-heptane, 1:1 v/v): Rf = 0.44. 1H NMR (500 MHz, CDCl3) δ 6.80 (d, J = 1.7 Hz, 1H, H-2), 6.62 (d, 
J = 1.7 Hz, 1H, H-4), 5.42 (d, J = 4.0 Hz, 1H, H-8), 4.93 (s, 1H, OH-1’), 3.15 (dd, J = 15.3, 4.4 Hz, 1H, H-
10), 2.66 (td, J = 11.0, 4.7 Hz, 1H, H-10a), 2.16 – 2.10 (m, 1H, H-7), 1.83 – 1.73 (m, 3H, H-10, H-7. H-6a), 
1.69 (s, 3H, H-11), 1.36 (s, 3H, H-12), 1.08 (s, 3H, H-13). 13C NMR (126 MHz, CDCl3) δ 155.80 (C-4a), 
155.53 (C-1), 134.53 (C-9), 119.80 (C-4), 119.30 (C-8), 116.35 (C-2), 113.37 (C-10b), 90.32 (C-3), 77.31 
(C-6), 44.65 (C-6a), 35.66 (C-10), 31.61 (C-10a), 27.80 (C-7), 27.43 (C-11), 23.45 (C-12), 18.47 (C-13). 
HRMS (m/z): [M+Na]+ calcd for C16H19O2I, 370.04297; found, 370.04265. 
 

n-Propylboronic acid (20): 1-Bromopropane (2.150 mL, 23.58 mmol) and dry THF (12 mL) 
were combined and cooled to 0 °C. Magnesium turnings (630.5 mg, 25.94 mmol) and one drop of 1,2-
dibromoethane were added. After 15 min the cooling bath was removed and the reaction was refluxed 
for 2 h. at 75 °C after which it was allowed to cool to rt. Trimethylborate (2.892 mL, 25.94 mmol) was 
dissolved in Et2O (100 mL), stirred vigorously and cooled to -78 °C. The freshly prepared 
propylmagnesium bromide was added drop wise to the mixture. The reaction was left stirring for 2 h. 
at -78 °C after it was allowed to warm up to rt. 10% Aqueous HCl (80 mL) was added slowly and the 
biphasic reaction mixture was left stirring for 15 min. The layers were separated and the aqueous layer 
was washed with Et2O (2 × 80 mL). The combined organic layers were dried over MgSO4, concentrated 
in vacuo and the crude product was recrystallised by dissolving it in hot water (20 mL) and cooling it to 
0 °C. The product was isolated by filtration and the flask and filter were rinsed with n-heptane (4 mL). 
The filtrated solid was dried under high vacuum and this afforded 20 (539.3 mg, 26% over two steps) 
as white crystals. 1H NMR (400 MHz, (CD3)2SO) δ 7.33 (s, 2H), 1.39 – 1.28 (m, 3H), 0.85 (t, J = 7.3 Hz, 
2H), 0.57 (t, J = 7.7 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 17.54, 17.09 (CH2 next to B not visible; 
quadrupolar relaxation). 11B NMR (128 MHz, CDCl3) δ 32.18 (s). m.p. 101.1 °C. 
 

n-Pentylboronic acid (21): Trimethylborate (1.115 mL, 10.00 mmol) was dissolved in 
Et2O (60 mL), stirred vigorously and cooled to -78 °C. Pentylmagnesium bromide (7.69 mL, 10.00 mmol, 
1.3M in THF) was added drop wise. The reaction was left stirring for 2 h. at -78 °C after it was allowed 
to warm up to rt. 10% Aqueous HCl (40 mL) was added slowly and the biphasic reaction mixture was 
left stirring for 15 min. The layers were separated and the aqueous layer was washed with Et2O (2 × 40 
mL). The combined organic layers were dried over MgSO4, concentrated in vacuo and the crude 
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product was recrystallised by dissolving it in hot water (10 mL) and cooling it to 0 °C. The product was 
isolated by filtration and the flask and filter were rinsed with n-heptane (2 mL). The filtrated solid was 
dried under high vacuum and this afforded 21 (774.2 mg, 67%) as white crystals. 1H NMR (400 MHz, 
CDCl3) δ 1.49 – 1.36 (m, 2H), 1.34 – 1.27 (m, 4H), 0.95 – 0.84 (m, 4H), 0.84 – 0.75 (m, 1H). 13C NMR (100 
MHz, CDCl3) δ 34.68, 28.20, 23.47, 22.65, 14.15. 11B NMR (128 MHz, CDCl3) δ 33.32 (s). m.p. 88.2 °C. 
 

Potassium n-propyltrifluoroborate (22): Synthesised according to general procedure I from 
n-propylboronic acid (20) (200 mg, 2.28 mmol), potassium fluoride (529.0 mg, 9.10 mmol) and 2,3-
dihydroxysuccinic acid (700.0 mg, 4.66 mmol) which afforded 22 (256.5 mg, 75%) as white crystals. 1H 
NMR (400 MHz, (CD3)2SO) δ 1.22 – 1.06 (m, 2H), 0.83 – 0.76 (m, 3H), -0.01 – -0.10 (m, 2H). 13C NMR 
(100 MHz, (CD3)2SO) δ 18.74, 18.23 (CH2 next to B not visible; quadrupolar relaxation). 11B NMR (128 
MHz, (CD3)2SO) δ 4.76 (d, J = 64.8 Hz). 19F NMR (377 MHZ (CD3)2SO) δ -136.49 – -136.98 (m). m.p. 378.9 
°C.  
 

Potassium n-pentyltrifluoroborate (23): Synthesised according to general procedure I 
from n-pentylboronic acid (21) (600 mg, 5.17 mmol), potassium fluoride (1.2030 g, 20.70 mmol) and 
2,3-dihydroxysuccinic acid (1.5910 g, 10.60 mmol) which afforded 23 (872.1 mg, 95%) as white crystals. 
1H NMR (400 MHz, (CD3)2SO) δ 1.26 – 1.07 (m, 6H), 0.82 (t, J = 7.1 Hz, 3H), -0.03 – -0.14 (m, 2H). 13C 
NMR (100 MHz, (CD3)2SO) δ 35.54, 25.30, 22.44, 14.18 (CH3) (CH2 next to B not visible; quadrupolar 
relaxation). 11B NMR (128 MHz, (CD3)2SO) δ 4.83 (d, J = 65.6 Hz). 19F NMR (377 MHZ (CD3)2SO) δ -136.86 
(d, J = 74.4 Hz). m.p. 392.2 °C.  
 

Potassium 1-naphthyltrifluoroborate (24): Synthesised according to general procedure I 
from napthalene-1-ylboronic acid (400 mg, 2.33 mmol), potassium fluoride (540.0 mg, 9.30 mmol) and 
2,3-dihydroxysuccinic acid (716.0 mg, 4.77 mmol) which afforded 24 (525.1 mg, 97%) as white crystals. 
1H NMR (400 MHz, (CD3)2SO) δ 8.39 (d, J = 8.8 Hz, 1H), 7.74 – 7.69 (m, 1H), 7.57 (d, J = 8.2 Hz, 1H), 7.55 
– 7.52 (m, 1H), 7.34 – 7.23 (m, 3H). 13C NMR (100 MHz, (CD3)2SO) δ 136.63, 132.99, 130.29, 128.55, 
127.38, 125.20, 124.93, 123.90, 123.38 (C next to B not visible; quadrupolar relaxation). 11B NMR (128 
MHz, (CD3)2SO) δ 3.51 (d, J = 56.0 Hz). 19F NMR (377 MHZ (CD3)2SO) δ -135.27 (d, J = 65.0 Hz). m.p. 
117.9 °C.  
 

Potassium 4-methoxyphenyltrifluoroborate (25): Synthesised according to general 
procedure I from (4-methoxyphenyl)boronic acid (400 mg, 2.63 mmol), potassium fluoride (612.0 mg, 
10.50 mmol) and 2,3-dihydroxysuccinic acid (810.0 mg, 5.40 mmol) which afforded 25 (547.6 mg, 97%) 
as white crystals.1H NMR (400 MHz, (CD3)2SO) δ 7.21 (d, J = 8.4 Hz, 2H, CH Ar), 6.66 (d, J = 7.7 Hz, 2H, 
CH Ar), 3.66 (s, 3H, CH3). 13C NMR (100 MHz, (CD3)2SO) δ 157.20 (Cphenol), 132.25(Cphenol), 111.87, 54.55 
(CH3) (C next to B not visible; quadrupolar relaxation). 11B NMR (128 MHz, (CD3)2SO) δ 3.44 (m). 19F 
NMR (377 MHZ (CD3)2SO) δ -138.19 (m). m.p. 256.9 °C. 
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3.7 – Supporting information  
 
Supporting information I – NMR data comparison compounds 6 and 7. 

 
Position 1H NMR (δ) 13C NMR (δ) 1H NMR (δ) 13C NMR (δ) 
1  123.71   155.94  
2 6.68 (d, J = 2.6 Hz) 113.64  6.61 (d, J = 1.9 Hz) 113.82  
3 5.05 (s, OH) 155.01  5.24 (s, OH) 119.77  
4 6.28 (d, J = 2.6 Hz) 104.40  6.43 (d, J = 1.9 Hz) 110.84  
4a  155.81   155.79  
6  77.51  77.62  
6a 1.86 (m) 46.55 1.84 – 1.74 (m) 44.81  
7 2.18 – 2.11 (m)  

1.86 (m) 
28.41  2.19 – 2.09 (m) 

1.84 – 1.74 (m) 
27.93  

8 5.46 – 5.41 (m) 119.64  5.46 – 5.40 (m) 119.43  
9  134.84   134.67  
10 3.41 (dd, J = 16.4, 3.4 Hz)  

1.86 (m) 
36.80  3.16 (dd, J = 15.7, 4.4 Hz) 

1.84 – 1.74 (m) 
35.81  

10a 2.64 (td, J = 10.5, 4.3 Hz) 35.15  2.66 (td, J = 11.1, 4.8 Hz) 31.70  
10b  118.78   112.74  
11 1.71 (s, 3H) 23.56  1.70 (s) 23.58  
12 1.37 (s) 27.41  1.38 (s) 27.53  
13 1.07 (s) 18.29  1.09 (s) 18.58  

 
Supporting information II – NMR data comparison of regioisomers 10c and 11c. 

 
Selective 1D 1H-NOESY and 1H-TOCSY NMR of regioisomers 11c and 10c, proving the spectroscopic difference Top to 
bottom: 1 (Orange) 1H NMR of 11c. 2 (Red) 1H-NOESY of 2.76 ppm of 11c, showing no neighboring protons and is 
therefore para substituted product 11c. 3 (Green) 1H NMR of 10c. 4 (Blue) 1H-NOESY of 2.88 ppm showing a correlation 
to 7.28 ppm (H-2’’, H-6’’). 4 (Purple) 1H-TOCSY of 7.28 ppm showing a correlation with 6.95 ppm (H-3’’, H-5’’) and is 
therefore ortho substituted product 10c. 
 
Supporting information III - NMR data comparison of atropisomers 10b-Ra and 10b-Sa. 
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Selective 1D 1H-NOESY and 1H-TOCSY NMR of both atropisomers of 10b. Top to bottom: 1 (orange) 1H-NOESY of 2.15 
ppm showing a correlation to 7.39 ppm (H-8’’). 2 (blue) 1H-TOCSY of 7.39 ppm showing four naphthalene protons (H-5’’ 
to H-8’’) of compound 10b-Sa. 3 (green) 1H-NOESY of 2.67 ppm showing a correlation to 7.32 ppm (H-2’’). 4 (red) 1H-
TOCSY of 7.32 ppm showing three naphthalene protons (H-2’’ to H-4’’) of compound 10b-Ra. 
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Chapter 4 
 
 
 
 

 
One-Flow Synthesis of Tetrahydrocannabinol and 

Cannabidiol Using Homo- and Heterogeneous Lewis 
Acids 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
This chapter has been published as:  
V.R.L.J. Bloemendal, B. Spierenburg, T.J. Boltje, J.C.M. van Hest & F.P.J.T. Rutjes, One-Flow Synthesis of 
Tetrahydrocannabinol and Cannabidiol Using Homo- and Heterogeneous Lewis Acids, Journal of Flow 
Chemistry, 2021, 1-7. 
 
Abstract: Continuous flow chemistry holds great potential for the production of biologically relevant 
molecules. Herein, we present an approach for the continuous synthesis of cannabidiol and 
tetrahydrocannabinol in a one-flow system. The designed route consists of a reaction cascade involving 
Friedel-Crafts alkylation, subsequent ring opening and cyclisation in up to 45% yield. The reactions 
were successfully performed using both hetero- and homogeneous Lewis acids in continuous flow and 
provide yields that are similar to comparable batch processes.   
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4.1 – Introduction  
An ongoing challenge in organic synthesis is the optimisation of isolated yield in chemical 
transformations for the production of biologically relevant molecules. A practical approach for reaction 
optimisation is offered by flow chemistry, which allows efficient and even automated screening for 
reaction conditions and faster analysis.1-6 In addition, during the last decade flow chemistry has 
emerged as a viable approach for the larger scale preparation of fine chemicals and active 
pharmaceutical ingredients (APIs).7, 8 Hence, while batch reactions are still commonly used, flow 
chemistry is increasingly applied for safer, scalable and more efficient reactions in academic and 
industrial settings.  
The preparation of APIs in a continuous flow process is desirable as it increases safety, scalability, 
reproducibility and efficiency. Multistep cascade reactions, which can be carried out in a single flow 
system (One-Flow) are particularly attractive for the synthesis of pharmaceutically active small 
molecules.9 Within the framework of our EU FETOPEN ONE-FLOW project,10 in which cascade one-flow 
approaches are being developed for the synthesis of APIs, we aimed to implement this strategy for 
producing cannabinoids.  
 

 
Scheme 1 A) One-flow synthesis of a diastereomeric mixture of racemic ortho- Δ8- and Δ9-THC using citral (1) and 
olivetol (2) by Giorgi et al. B) Our enantio- and diastereoselective one-flow synthesis of Δ8- and Δ9-THC. 
 
A class of molecules that are typically prepared in batch are synthetic (phyto-)cannabinoid derivatives. 
These cannabinol mimetics are derived from naturally occurring molecules that have been isolated 
from various genera of Cannabis.11 Chemists and biologists have shown great interest in unveiling the 
function of the endogenous cannabinoid receptors (CB1 and CB2) as they play a major role in health 
and disease.12 Up till now, a plethora of (ant-)agonists have been identified for both cannabinoid 
receptors, and are prepared on large scale through batch chemistry.13 Many of these synthetic routes 
are experimentally challenging, poorly scalable and afford overall yields up to 40%. Recently, however, 
Giorgi and co-workers reported the flow synthesis of racemic ortho-tetrahydrocannabinols (THC) in 
flow using multiple heterogeneous catalytic steps (Scheme 1A).14 A sequence of citral oxidation with 
gold nanoparticles, Friedel-Crafts alkylation and a final cyclisation using titanium-doped 
montmorillonite (Ti/MMT) afforded a variety of THCs, albeit without stereoselectivity and low 
regioselectivity.  
Alternatively, enantiopure tetrahydrocannabinols can be synthesised using various chiral pool 
approaches in a limited number of synthetic steps.15-24 To the best of our knowledge, the application 
of flow chemistry for the stereoselective synthesis of THC has not yet been reported (Scheme 1B). We 
herewith report a straightforward one-flow system to efficiently prepare both (–)-trans-Δ8- and Δ9-
THCs using homogeneous and heterogeneous Lewis acids.  
 
4.2 – Homogeneous flow synthesis of olivetylverbenyl and Δ8-THC 
Inspired by the chiral pool approach of Mechoulam,16 which we initially used in a batch approach to 
make THC derivatives, we now set out to use this strategy in a one-flow system to synthesise (–)-trans-
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Δ8-THC.25, 26 Since our group previously investigated such chiral pool approach,27 we were keen to 
implement the proven batch process into a continuous flow process. In line with our previous batch 
experiments we initially investigated the flow synthesis of thermodynamically favoured Δ8-THC using 
homogeneous Brønsted catalysts. More specifically, this involved the reaction of (–)-verbenol (3) and 
olivetol (2), which in a sequence of Brønsted acid-mediated Friedel-Crafts alkylation, rearrangement 
and cyclisation in a one-flow reactor afforded (–)-trans-Δ8-THC (6) via the intermediate product 
olivetylverbenyl (5). The setup consisted of syringe pumps, perfluoroalkoxy (PFA) tubing (OD 1/8”, ID 
1/16” or 1/25”), Super Flangeless fittings, while biphenyl was used as an internal 1H NMR standard to 
allow reaction monitoring by NMR.  
 
Table 1 Homogeneous flow synthesis of olivetylverbenyl (5) and (–)-trans-Δ8-THC (6). 

 
entry Brønsted or  

Lewis acid (mol%) 
tR  
(s) 

yield (%)a 
olivetylverbenyl (5) Δ8-THC (6) 

1 TfOH (0.25) 30 41 9 
2  60 26 11 
3  240 8 17 
4 TfOH (0.50)  30 25 11 
5  60 30 17 
6  240 6 41 
7 BF3·OEt2 (0.10) 30 42 0 
8  60 47 0 
9  240 41 0 
10 BF3·OEt2 (0.25) 30 37 11 
11  60 30 15 
12  240 7 32 
13 BF3·OEt2 (0.50) 30 11 28 
14  60 0 38 
15  240 0 45 
16 BF3·OEt2 (1.00) 30 0 41 
17  60 0 41 
18  240 0 40 

Conditions: A stock solution of olivetol and (–)-verbenol (0.25 M) in DCM and a stock solution of Brønsted or 
Lewis acid (0.25 M) in DCM were pumped through a PFA reactor (200 µL) and quenched directly using saturated 
aqueous NaHCO3; a crude yield based on 1H NMR using biphenyl as internal standard. 
 
The flow reactions with triflic acid (TfOH) gave promising results affording appreciable amounts of 
olivetylverbenyl (5) and THC product 6. Unfortunately, the use of TfOH also resulted in the formation 
of a precipitate, which hampered the flow process (Table 1, entries 1-6). The insoluble precipitate was 
hypothesised to consist of PEEK polymers formed through degradation of the polymer by TfOH. In 
contrast, use of the homogeneous Lewis acid BF3·OEt2 did not give precipitation, and showed similar 
yield. Surprised by the smaller residence time, using BF3·OEt2 we were able to selectively tune the 
system to afford either more olivetylverbenyl (5) or (–)-trans-Δ8-THC (6, entries 7-9 and 14-18, 
respectively). After more extensive optimisation, we reached yields of up to 47% into olivetylverbenyl 
(5) or 45% into (–)-trans-Δ8-THC (6) (entries 8 and 15, respectively), which is in line with reported 
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maximum yields in batch reactions.17, 28 A further increase in yield could not be achieved, most likely 
due to side product formation (in particular olivetyldiverbenyl) and further degradation of (–)-
verbenol.16, 29 Purification of these complex mixtures was conducted using silica gel column 
chromatography and resulted also in partial recovery of olivetol, indicating that Friedel-Crafts 
alkylation did not go to completion. 
 
4.3 – Heterogeneous flow synthesis of CBD, Δ8- and Δ9-THC  
Prompted by the results of homogeneous Lewis acids, we set out to investigate a variety of 
heterogeneous Lewis acids as well. While homogeneous catalysts are fast and effective on mmol 
laboratory scale, industry shows more interest in heterogeneous catalysts which generally reach higher 
turnover numbers and can be more easily recycled.30 Our attention was drawn to metal-coordinated 
Amberlyst resins, which can be readily prepared and were shown to be effective in Lewis acid 
catalysis.31-33. Six different Lewis acids were selected (Zn(OTf)2, Sn(OTf)2, Cu(OTf)2, Yb(OTf)3, Sc(OTf)3 
and In(OTf)3) and immobilised on Amberlyst-15® (Scheme 2). Since BF3·OEt2 appeared very effective 
under homogeneous reaction conditions, we also included silica-supported boron trifluoride (Silica-
BF3) and polyvinylpyrrolidone-supported boron trifluoride (PVP-BF3) as heterogeneous catalysts. 
 

 
Scheme 2 The incorporation of metal triflate Lewis acids on Amberlyst-15®. 
 
Table 2 Screening of the heterogeneous catalysts for Δ8-THC (6) formation. 

 
entry catalyst yield (%)a 
  olivetylverbenyl (5) Δ8-THC (6) 
 tR

c 100 s 1000 s 100 s 1000 s 
1 Dowex-H+ 17 21 0 0 
2 Amberlyst-Zn 31 49 0 0 
3 Amberlyst-Sn 43 51 0 0 
4 Amberlyst-Cu 29 n.d.b 0 0 
5 Amberlyst-Yb 31 61 0 0 
6 Amberlyst-Sc 36 46 0 0 
7 Amberlyst-In 41 55 0 0 
8 Amberlyst-H+ 0 0 12 14 
9 PVP-BF3 0 0 28 40 
10 Silica-BF3 0 0 34 39 

Conditions: a stock solution of olivetol and p-mentha-2,8-dien-1-ol (0.25 M) in DCM was pumped over a packed 
bed reactor filled with Lewis acid (approximately 500 mg resin); a crude yield based on 1H NMR using biphenyl as 
internal standard; b not determined; c residence time of 100 and 1000 seconds corresponds to a flow rate of 
respectively 0.10 and 0.01 mL·min-1.  
 
The setup consisted of syringe pumps, perfluoroalkoxy (PFA) tubing (OD 1/8”, ID 1/16” or 1/25”), Super 
Flangeless fittings and an Omnifit packed bed reactor (6.6 × 10 mm) (See: Supporting information I). 
We started the screening with commercially available DOWEX-H+ and Amberlyst-H+ in the synthesis of 
Δ8-THC. Only small amounts of olivetylverbenyl (5) were observed with DOWEX-H+, while Δ8-THC was 
not observed at all (Table 2, entry 1). Inversely, Amberlyst-H+ did provide small amounts of (–)-trans-
Δ8-THC (6), but interestingly the intermediate product 5 was not observed (entry 2). We hypothesised 
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that DOWEX-H+ was not efficient in Friedel-Crafts alkylation and cyclisation and Amberlyst not acidic 
enough to obtain higher yields of 6. We then shifted our focus to the Lewis acidic Amberlyst-metal 
complexes and observed quantitative amounts of Friedel-Crafts product 5, but no formation of (–)-
trans-Δ8-THC (6, entries 3-8). The lack of (–)-trans-Δ8-THC (6) production was attributed to a lower 
Lewis acid strength compared to conventional BF3·OEt2 used for cannabinoid synthesis. In addition, all 
Amberlyst resins gave poor dispersion of the reactants because of the resin particle size, which 
hampered the reproducibility and catalytic activity of the resins. To increase yields of the low reactive 
resins we decreased flow rates to 0.01 mL·min-1, but did not obtain the desired tetrahydrocannabinols. 
In an attempt to further raise the yields, we changed to the boron trifluoride resins, as the 
corresponding catalyst is known to be effective in homogeneous flow reactions.33-35 Interestingly, while 
pumping the substrate solution through the reactor, a red colour was observed. We were delighted to 
see the formation of small amounts of (–)-trans-Δ8-THC (6) in the crude product, and also observed an 
increase in yield of 6 by increasing residence time (entries 9 and 10). The PVP-BF3 resin resulted in a 
smaller amount of product, and showed faster loss of catalytic activity than the Si-BF3 resin upon 
prolonged use (over 15 mL solution).36-41 

Stimulated by this result, we aimed to prepare the synthetically more challenging cannabidiol (CBD, 7) 
and (–)-trans-Δ9-THC (8) using Si-BF3 as well. In batch chemistry, the formation of 8 is hard to optimise, 
since it readily isomerises to its thermodynamically more stable Δ8-isomer 6.17, 26 The application of 
this reaction in a one-flow system, however, allows for more precise control of reaction parameters, 
and is better suited for optimisation. The flow system yielding Si-BF3 was applied to p-mentha-2,8-
dien-1-ol (4) and olivetol to successfully afford (–)-trans-Δ9-THC with minimal amounts of Δ8-THC (Table 
3).17 
 
Table 3 Heterogeneous flow synthesis of CBD (7) and (–)-trans-Δ9-THC (8). 

 
entry tR (s)a Yieldb (isolated)c 
  CBD (7) Δ9-THC (8) Δ8-THC (6) 

1 5 20 (12) 20 (8) 0  
2 10 26 (12) 20 (14) 0  
3 20 10 (7) 40 (30) 7 (n.i.)d 
4 100 9 (2) 41 (19) 10 (10) 
5 200 4 (n.i.)b 37 (14) 23 (27) 

Conditions: a stock solution of olivetol and p-mentha-2,8-dien-1-ol (0.25 M) in DCM was pumped over a packed 
bed reactor filled with catalyst (500 mg silica-supported boron trifluoride) and quenched directly using saturated 
aqueous NaHCO3 solution. a residence time of 5, 10, 20, 100 and 200 seconds corresponds to flow rates of 
respectively 2.00, 1.00, 0.50, 0.10 and 0.05 mL·min-1. b crude yield percentage (%) based on 1H NMR using 
biphenyl as internal standard. c yield percentage (%) based on 1H NMR using biphenyl as internal standard. d not 
isolated. 
 
The flow reactor containing silica-supported boron trifluoride provided a variety of cannabinoid 
products and was successful in the Friedel-Crafts alkylation and cyclisation reaction. At high flow 
speeds, thus shorter residence times, mixtures of CBD (7) and Δ9-THC (8) were obtained (entries 1 and 
2). In both entries, we did not observe transformation into the thermodynamic Δ8-THC isomer (6). Both 
CBD and Δ9-THC were isolated in small amounts after silica gel purification. The yield into Δ9-THC (8) 
was effectively increased by going to longer residence times, affording up to 40% of yield on NMR and 
30% of isolated yield (entry 3). Although there was some isomerisation to the Δ8-THC isomer (6) visible 
in the crude NMR spectra, the 30% isolated yield ranks among the highest yields reported for this one-
pot multistep sequence into the Δ9-isomer.28 In addition, this synthetic procedure is also scalable due 
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to the continuous character of the reaction setup. Finally, a further increase in residence time afforded 
mixtures of CBD (7), Δ9-THC (8) and Δ8-THC (6) and did not provide any selectivity (entries 4 and 5).  
 
4.4 – Conclusion  
In conclusion, we developed a synthetically versatile flow system to synthesise CBD, Δ8- and Δ9-THC in 
up to 45% yield. The studied cascade reaction was effective in homogeneous systems using BF3OEt2 or 
TfOH as the catalyst, but also in a heterogeneous setup using silica-supported boron trifluoride. In the 
search for heterogeneous solid-supported Lewis acids, we assessed a small variety of Amberlyst-metal 
complexes to conduct the final chemical transformations of the cascade reaction. The various flow 
conditions were evaluated using 1H NMR and internal standards and seemed to be experimentally 
feasible for the continuous flow production of cannabinoids. We envision that this hands-on flow 
system will be highly valuable for organic chemists aiming to prepare enantiopure CBD- and THC-like 
scaffolds using a chiral pool approach. A follow-up study to investigate the applicability of the system 
to a wider range of synthetic cannabinoid derivatives is currently ongoing in our laboratories.  
 
4.5 – Experimental section  
 
General methods: for general methods please refer to section 3.6 
 
Preparation of Amberlyst-metal catalysts 
Amberlyst® 15 (hydrogen form, 1.00 g) was added in a polypropylene vessel with frit (25 mL) and mixed 
with saturated aqueous Na2SO4 solution (15 mL). The vessel was closed, mixed for 10 minutes, filtered 
using vacuum suction, and washed with saturated aqueous Na2SO4 solution (3 × 15 mL). The pH of the 
filtration was measured, and when the pH >6.0 the Amberlyst-Na was dried in a vacuum oven (50 °C) 
for 4 h. The obtained Amberlyst-Na was mixed with EtOH (20 mL), the metal triflate (1 mmol/g of resin) 
was added and the mixture was shaken overnight at rt. The resin was filtered using vacuum suction, 
EtOH (20 mL) was added and shaken for 1 h at rt. The resin was filtered using vacuum suction and 
finally dried in a vacuum oven (50 °C) for 4 h. to afford the Amberlyst-metal resin.  
 
Preparation of PVP-BF3 
Polyvinylpyrrolidone (PVP, MW 40.000, 1.50 g) was added in a flask and stirred in dry DCM (15 mL). 
BF3OEt2 (2.88 g, 20.2 mmol, 2.50 mL) was dissolved in dry DCM (10 mL) and added to a dripping funnel. 
The BF3OEt2 solution was added dropwise to the PVP solution, and stirred for 1 h at rt. The stirring bar 
was removed, and the suspension was filtered and washed with DCM (2 × 25 mL) to afford a white 
powder. The white powder was dried overnight under high vacuum at rt. to afford PVP-BF3 resin which 
was used freshly within two weeks. 
 
Preparation of Si-BF3 
Silica gel 60H (4.11 g, 68.4 mmol) was added in a flask which was evacuated and backfilled thrice with 
Ar. Dry MeOH (90 mL) was added, and the mixture was stirred to obtain a cloudy suspension. BF3OEt2 
(58.1 mmol, 7.18 mL, 0.85 equiv) was added dropwise, and the mixture was stirred for 2 h at rt. The 
stirring bar was removed, and the solvent carefully evaporated in vacuo to afford a white powder. The 
white powder was dried overnight under high vacuum at rt. to afford Si-BF3 resin which was used 
freshly within two weeks.  
 
Homogeneous flow synthesis of cannabinoids 
Olivetol (1 equiv), (–)-verbenol or p-mentha-2,8-dien-1-ol (1 equiv) and biphenyl (0.25 equiv, 1H NMR 
standard) were added in a flask which was evacuated and backfilled thrice with Ar. The reactants were 
dissolved in dry DCM at rt. to obtain a 0.25 M reactant solution. Brønsted or Lewis acid (1 equiv) was 
added in a second flask, and dissolved in dry DCM at rt. to obtain a 0.25 M catalyst solution. Both 
solutions were loaded in glass syringes, placed in syringe pumps and connected to a T-piece (PEEK). 
The PFA tubing reactor was connected to the T-piece and the syringe pumps were set to the according 
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speed. At least (1,5 × tR) was waited for the system to equilibrate after which obtained samples could 
be obtained. The reactor outlet was led into a stirred solution of saturated aqueous NaHCO3. The crude 
mixture was extracted with DCM, and the organic layers were combined, dried with MgSO4, 
concentrated in vacuo and analysed directly. 
 
Heterogeneous flow synthesis of cannabinoids 
Olivetol (1 equiv), (–)-verbenol or p-mentha-2,8-dien-1-ol (1 equiv) and biphenyl (0.25 equiv, 1H NMR 
standard) were added in a flask which was evacuated and backfilled thrice with Ar. The reactants were 
dissolved in dry DCM at rt. to obtain a 0.25 M reactant solution. The heterogeneous catalyst (approx. 
150 mg) was added to an Omnifit glass reactor, packed tightly and closed. The reactant solution was 
loaded in a glass syringe, placed a syringe pump and directly connected to the Omnifit reactor. The 
pumps were set to the according speed, and the residence time was measured using a stopwatch. The 
flow speed was adjusted accordingly to obtain the desired residence time. The system was equilibrated 
for at least (1.5 × tR) after which samples were obtained. The reactor outlet was led into a stirred 
solution of saturated aqueous NaHCO3. The crude mixture was extracted with DCM, and the organic 
layers were combined, dried with MgSO4, concentrated in vacuo and analysed directly. 
 

 Olivetylverbenyl (5): olivetol (2, 237 mg, 1.31 mmol) and (–)-verbenol (3, 
200 mg, 1.31 mmol) were dissolved in dry dichloromethane (5.25 mL). The solution was loaded in a 
glass syringe and placed in syringe pump 1. Boron trifluoride diethyl etherate (166 µL, 1.31 mmol) was 
dissolved in dry dichloromethane (5.25 mL), loaded in a glass syringe and placed in syringe pump 2. 
Both syringes were connected to a PEEK T-piece (P-712) using PFA tubing with super flangeless fittings. 
The T-piece outlet was connected to a PFA tubing reactor (200 µL) and led into a stirred aqueous 
solution of saturated sodium bicarbonate. Syringe pump 1 was set to 181.82 µLmin-1 and syringe pump 
2 was set to 18.18 µLmin-1. At least (1,5 × tR) was waited for the system to equilibrate after which a 
1000 µL sample was obtained and isolated. The crude product was purified by silica gel column 
chromatography (isocratic 2 % EtOAc in n-heptane) to afford 5 (18 mg, 23 % isolated yield). TLC 
(EtOAc/n-heptane, 1:9 v/v): Rf = 0.38. 1H NMR (500 MHz, CDCl3) δ 6.21 (s, 2H, H-2, H-4), 5.72 (dd, J = 
1.6 Hz, 1H, H-10), 3.94 (d, J = 2.7 Hz, 1H. H-10a), 2.47 – 2.40 (m, 2H, H-1’), 2.35 – 2.25 (m, 2H, H-7a, H-
6a), 2.19 (td, J = 5.6, 1.4 Hz, 1H, H-8), 1.86 (t, J = 2.0 Hz, 3H, H-11), 1.57 (p, J = 7.3 Hz, 2H, H-2’), 1.51 (d, 
J = 9.5 Hz, 1H, H-7b), 1.36 – 1.28 (m, 7H, H-12, H-3’, H-4’), 0.97 (s, 2H, H-13), 0.90 (t, J = 6.9 Hz, 3H, H-
5’). 13C NMR (126 MHz, CDCl3) δ 152.63 (C-1, C-4a), 143.13 (C-9), 116.57 (C-10), 112.23 (C-10b), 108.52 
(C-2, C-4), 47.94 (C-8), 47.10 (C-6a), 37.84 (C-10a), 35.48 (C-1’), 31.60 (C-2’), 30.69 (C-3’), 27.86 (C-7), 
25.98 (C-12), 23.74 (C-11), 22.56 (C-4’), 20.47 (C-13), 14.05 (C-5’). 
 
 

(–)-trans-Δ8-Tetrahydrocannabinol (6): olivetol (2, 237 mg, 1.31 mmol) and (–
)-verbenol (3, 200 mg, 1.31 mmol) were dissolved in dry dichloromethane (5.25 mL). The solution was 
loaded in a glass syringe and placed in syringe pump 1. Boron trifluoride diethyl etherate (166 µL, 1.31 
mmol) was dissolved in dry dichloromethane (5.25 mL), loaded in a glass syringe and placed in syringe 
pump 2. Both syringes were connected to a PEEK T-piece (P-712) using PFA tubing with super flangeless 
fittings. The T-piece outlet was connected to a PFA tubing reactor (200 µL) and led into a stirred 
aqueous solution of saturated sodium bicarbonate. Syringe pump 1 was set to 33.33 µLmin-1 and 
syringe pump 2 was set to 16.67 µLmin-1. At least (1.5 × tR) was waited for the system to equilibrate 
after which a 1000 µL sample was obtained and isolated. The crude product was purified by silica gel 
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column chromatography (isocratic 2 % EtOAc in n-heptane) to afford 6 (13 mg, 17 % isolated yield). 
TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.40. 1H NMR (400 MHz, CDCl3) δ 6.29 (d, J = 1.5 Hz, 1H, H-4), 6.11 
(d, J = 1.5 Hz, 1H, H-2), 5.44 (d, J = 4.8 Hz, 1H, H-8), 4.93 (s, 1H, OH-1) 3.22 (dd, J = 15.8, 4.2 Hz, 1H, H-
10), 2.71 (td, J = 10.8, 4.6 Hz, 1H, H-10a), 2.44 (td, J = 7.4, 2.0 Hz, 2H, H-1’), 2.20 – 2.11 (m, 1H, H-7), 
1.91 – 1.76 (m, 3H, H-10, H-7, H-6a), 1.71 (s, 3H, H-11), 1.62 – 1.53 (m, 2H, H-2’), 1.39 (s, 3H, H-12), 
1.34 – 1.26 (m, 4H, H-3’, H-4’), 1.12 (s, 3H, H-13), 0.91 – 0.87 (m, 3H, H-5’). 13C NMR (100 MHz, CDCl3) 
δ 154.93 (C-1), 154.92 (C-4a), 142.83 (C-3), 134.89 (C-9), 119.45 (C-8), 110.70(C-10b), 110.20 (C-4), 
107.83 (C-2), 76.86 (C-5) 45.05 (C-6a), 36.17 (C-10), 35.59 (C-1’), 31.74 (C-10a), 31.72 (C-3’), 30.74 (C-
2’), 28.04 (C-7) 27.70 (C-12), 23.63 (C-11), 22.69 (C-4’), 18.63 (C-13), 14.16 (C-5’). HRMS (m/z): [M+H]+ 
calcd. for C21H30O2, 315.23240; found, 315.23343.  
 

Cannabidiol (7): olivetol (2, 451 mg, 2.50 mmol) and p-mentha-2,8-dien-1-ol 
(4, 381 mg, 2.50 mmol) were dissolved in dry dichloromethane (10 mL). The solution was loaded in a 
glass syringe and placed in syringe pump 1. Silica supported boron trifluoride (250 mg) was loaded in 
a glass Omnifit reactor and connected to the syringe using PFA tubing with super flangeless fittings. 
The reactor outlet was connected to a PFA tubing reactor and led into a stirred aqueous solution of 
saturated sodium bicarbonate. Syringe pump 1 was set to 2000 µLmin-1. At least (1.5 × tR) was waited 
for the system to equilibrate after which a 1000 µL sample was obtained and isolated. The crude 
product was purified by silica gel column chromatography (isocratic 2 % EtOAc in n-heptane) to afford 
7 (10 mg, 13 % isolated yield). TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.38. 1H NMR (500 MHz, CDCl3) δ 
6.28 (s, 1H, H-2), 6.17 (s, 1H, H-4), 5.57 (s, 1H,H-10), 4.68 – 4.63 (m, 1H, H-12a), 4.58 – 4.51 (m, 1H, H-
12b), 3.86 (ddd, J = 8.3, 4.1, 2.1 Hz, 1H, H-10a), 2.46 – 2.38 (m, 3H, H-6a, H-1’), 2.28 – 2.19 (m, 1H, H-
8a), 2.14 – 2.06 (m, 1H, H-8b), 1.87 – 1.76 (m, 5H, H-7, H-11), 1.66 (s, 3H, H-13), 1.56 (p, J = 7.7 Hz, 2H, 
H-2’), 1.35 – 1.25 (m, 4H, H-3’, H-4’), 0.88 (t, J = 7.0 Hz, 3H, H-5’). 13C NMR (126 MHz, CDCl3) δ 156.04 
(C-1), 153.88 (C-4a), 149.26 (C-6), 143.02 (C-3), 140.02 (C-9), 124.15 (C-10), 113.78 (C-10b), 110.86 (C-
12), 109.76 (C-4), 108.00 (C-2), 46.19 (C-6a), 37.17 (C-10a), 35.49 (C-1’), 31.51 (C-3’), 30.65 (C-2’), 30.41 
(C-8), 28.40 (C-7), 23.68 (C-11), 22.55 (C-4’), 20.43 (C-13), 14.05 (C-5’). 
 

(–)-trans-Δ9-Tetrahydrocannabinol (8): olivetol (2, 451 mg, 2.50 mmol) and p-
mentha-2,8-dien-1-ol (4, 381 mg, 2.50 mmol) were dissolved in dry dichloromethane (10 mL). The 
solution was loaded in a glass syringe and placed in syringe pump 1. Silica supported boron trifluoride 
(250 mg) was loaded in a glass Omnifit reactor and connected to the syringe using PFA tubing with 
super flangeless fittings. The reactor outlet was connected to a PFA tubing reactor and led into a stirred 
aqueous solution of saturated sodium bicarbonate. Syringe pump 1 was set to 500 µLmin-1. At least 
(1.5 × tR) was waited for the system to equilibrate after which a 1000 µL sample was obtained and 
isolated. The crude product was purified by silica gel column chromatography (isocratic 2 % EtOAc in 
n-heptane) to afford 8 (24 mg, 30 % isolated yield). TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.42. 1H NMR 
(500 MHz, CDCl3) δ 6.31 – 6.29 (m, 1H, H-10), 6.27 (d, J = 1.4 Hz, 1H, H-4), 6.14 (d, J = 1.5 Hz, 1H, H-2), 
4.74 (s, 1H, OH), 3.20 (d, J = 11.0 Hz, 1H, H-10a), 2.43 (td, J = 7.4, 2.5 Hz, 2H, H-1), 2.19 – 2.14 (m, 2H, 
H-8), 1.91 (dtd, J = 11.1, 4.8, 4.1, 2.4 Hz, 1H, H-7a), 1.70 – 1.64 (m, 4H, H-11, H-6a), 1.58 – 1.52 (m, 2H, 
H-2’), 1.41 (s, 4H, H-7b, H-12), 1.34 – 1.28 (m, 4H, H-3’, H-4’), 1.09 (s, 3H, H-13), 0.88 (t, J = 6.8 Hz, 3H, 
H-5’). 13C NMR (126 MHz, CDCl3) δ 154.92 (C-4a), 154.28 (C-1), 142.97 (C-3), 134.58 (C-9), 123.85 (C-
10), 110.25 (C-2), 109.17 (C-10b), 107.68 (C-4), 77.35 (C-6), 45.95 (C-6a), 35.63 (C-1’), 33.72 (C-10a), 
31.67 (C-3’), 31.32 (C-8), 30.81 (C-2’), 27.73 (C-12), 25.17 (C-7), 23.53 (C-11), 22.70 (C-4’), 19.43 (C-13), 
14.17 (C-5’). HRMS (m/z): [M+H]+ calcd. for C21H30O2, 315.23240; found, 315.23206. 
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4.6 – Supporting information 

 
Supporting information I – Yield determination using biphenyl as 1H NMR standard 

 

 
Blue box is characteristic 1H NMR signal of internal standard biphenyl. Red box characteristic 1H NMR signal for 
(–)-trans-Δ8-THC (6) 
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Chapter 5 
 
 
 
 

 
An Approach to One-Flow Synthesis of ortho¬-

Cannabidiol Derivatives 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

V. R. L. J. Bloemendal, T. B. Posthumus, B. Spierenburg, J. C. M. van Hest & F. P. J. T. Rutjes. 
 
Abstract: The important role of the cannabinoid receptors in pharmacology has led to an increased 
interest in the synthesis of cannabinoid derivatives. Currently, there are limited examples in which 
cannabinoids are synthesised in a continuous flow reactor. In this chapter we describe our efforts to 
design a one-flow multi-step synthesis approach to potentially create libraries of ortho-cannabidiol 
derivatives. A flow synthesis of azide-substituted ortho-cannabidiol was successfully achieved in 
acetone using Brønsted acids. In parallel, a functionalised silica gel functionalised copper iodide 
catalyst was developed and tested for a Copper-catalysed Azide Alkyne Cycloaddition (CuAAC) reaction 
in flow to obtain near quantitative yields. Combining both reactions in a one-flow setup proved 
however to be troublesome and no products were obtained due to compatibility issues. Nonetheless, 
this chapter highlights the flow synthesis of a cannabinoid derivative and critically reflects on the 
challenges that still remain in multi-step flow chemistry.   



557121-L-bw-Bloemendal557121-L-bw-Bloemendal557121-L-bw-Bloemendal557121-L-bw-Bloemendal
Processed on: 8-3-2021Processed on: 8-3-2021Processed on: 8-3-2021Processed on: 8-3-2021 PDF page: 80PDF page: 80PDF page: 80PDF page: 80

80 
 

5.1 – Introduction  
Cannabinoids belong to a class of molecules isolated from Cannabis sativa and rank among the most 
(in-)famous ones in modern day society, even when the pharmacological effects of the plant in health 
and disease have been recognized already for centuries. The first synthetic cannabinoids were 
prepared in a lab in the seventies, after which a valuable collection of synthetic variants have followed 
in the years after.1-3 Up until now, synthetic cannabinoids have been prepared using multistep organic 
synthesis in classical batch reactions4-8 or using bio-engineering approaches.9, 10 While bio-engineered 
micro-organisms can be used for the scalable production of cannabinoids in a more environmentally 
benign manner, it is more challenging to produce chemically diverse cannabinoids in one organism.11 
Although chemical synthesis in batch introduces versatility and allows the facile production of new 
cannabinoid derivatives, the multistep processes traditionally used require laborious manual 
operations and a range of intermediate purification steps, which can be challenging for large scale 
production.  
An excellent strategy for scalable, continuous manufacturing of chemically diverse molecules is flow 
chemistry, in which multiple chemical transformations are combined in a sequence of reactors.12, 13 
Flow chemistry can transcend batch chemistry in safety and reproducibility which is very much desired 
in the pharmaceutical industry. As a result, flow syntheses of active pharmaceutical ingredients (APIs) 
represent currently a serious option for scientists in process chemistry14, 15 and could also be well 
applied to synthetic cannabinoids.16  
Despite flow chemistry holding considerable promise, there are very few examples in which 
cannabinoids have been prepared using flow chemistry.17, 18 Within the framework of our EU FETOPEN 
ONE-FLOW project,19 we aim to implement multistep cascade reactions in flow for producing 
cannabinoids in a continuous fashion. The project envisioned the production of a cannabinoid scaffold 
in flow with a late stage derivatisation strategy to allow for the fast and efficient production of new 
cannabinoid derivatives. In this chapter we report our efforts in designing a one-flow setup for the 
preparation of orthocannabidiol (CBD) derivatives using homo- and heterogeneous catalytic 
transformations. Moreover, we elaborate on a novel copper-functionalised resin for a copper-
catalysed alkyne-azide cycloaddition (CuAAC) in flow.  
 
5.2 – Flow synthesis of azide functionalised ortho-cannabidiol  
Our research commenced with the formation of a cannabinoid scaffold using various 5-substituted 
resorcinol derivatives. Based on prior knowledge outlined in chapter 3, the key Friedel-Crafts alkylation 
is expected to introduce significant regioselectivity issues with halide-substituted resorcinols, resulting 
in mixtures of ortho- and para-alkylated products. The challenge was therefore to find an orthogonal 
functional group on the resorcinol moiety, which would allow us to conduct a later-stage derivatisation 
strategy, while having high regioselectivity in a flow setup. A well-studied orthogonal reaction is the 
copper-catalysed alkyne-azide cycloaddition (CuAAC) which we deemed feasible for our envisioned 
project. Therefore we commenced with the synthesis of alkyne- or azide-functionalised resorcinols and 
tested their application in the Friedel-Crafts alkylation with p-mentha-2,8-dien-1-ol (17) and (–)-
verbenol (7).  
Our first envisioned building block was 5-azidoresorcinol (3), which could be synthesised from 
commercially available aniline 1. 3,5-Dimethoxyaniline (1) was transformed to the diazonium 
intermediate using diazotisation, after which nucleophilic displacement with sodium azide afforded 
the corresponding aryl azide 2 (Scheme 1). Hereafter, demethylation of 2 was attempted by using 
boron tribromide. This unfortunately led to decomposition of the azide due to the harsh Lewis acidic 
conditions and a new route had to be investigated.  
To circumvent the use of boron tribromide in the presence of the azide substituent it was postulated 
that the azide could be introduced directly on 5-aminoresorcinol (5). Therefore, phloroglucinol (4) was 
treated with aqueous ammonia to obtain aniline 5. The product was then transformed into the 
corresponding diazonium salt, and subsequently reacted with sodium azide to afford 5-azidoresorcinol 
(3). Sadly, the BF3·OEt2 catalysed Friedel-Crafts alkylation with (–)-verbenol (7) did not lead to 
cannabinoid scaffold 6 due to decomposition of 5-azidoresorcinol (3) under the Lewis acidic conditions. 
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Upon investigating the outcome of the reaction, azide 3 showed to be very insoluble in a variety of 
solvents (Et2O, DCM, CHCl3, PhMe), which complicated further use of the building block in our 
envisioned flow system. 
 

 
Scheme 1 Synthesis of 5-azidoresorcinol (3) and the subsequent BF3·OEt2 catalysed Friedel-Crafts alkylation 
towards cannabinoid 6. 
 
While the insolubility of 5-azidoresorcinol (3) hampered the previous reaction, 5-pentylresorcinol 
(olivetol) has shown to be effective in obtaining cannabinoids without solubility problems. It was 
therefore envisaged that the introduction of an alkyl linker moiety could contribute to a higher 
solubility in solvents that are commonly used for Friedel-Crafts alkylation. Moreover, we hypothesised 
that a methylene spacer would decrease the electron-withdrawing potential of the azide moiety, which 
could have a positive effect on the regioselectivity of the alkylation.20  
To this end, 3,5-dihydroxybenzyl azide (11) was synthesised in 4 steps from 3,5-
dimethoxybenzaldehyde (8, Scheme 2). Benzaldehyde 8 was reduced with LiAlH4 to obtain the 
corresponding alcohol, and subsequently brominated using phosphorus tribromide to afford benzyl 
bromide 9. Postulated that the benzyl bromide moiety would not endure the strong Lewis acidic 
conditions, the benzyl bromide was demethylated using boron tribromide to successfully obtain 
unstable 3,5-dihydroxybenzylbromide (10). Treatment of this bromide with sodium azide in acetone 
afforded 3,5-dihydroxybenzyl azide (11). Although resorcinol 11 was also insoluble in traditional 
solvents for Friedel-Crafts alkylations, fortunately, acetone proved effective in solubilising the 
resorcinol, and was therefore the solvent of choice.  
 

 
Scheme 2 Batch synthesis of alkyne- and azide-containing 5-resorcinols 11 and 14. 
 
In parallel to the synthesis of azide 11, an alkyne-substituted resorcinol was also investigated for the 
synthesis of cannabinoid derivatives. Starting from 3,5-dimethoxyaniline (1), a diazotisation reaction 
was conducted to obtain the diazonium intermediate, after which potassium iodide was used to obtain 
iodide 12. The demethylation of 12 proceeded smoothly with boron tribromide to obtain synthon 13. 
While previous cross-coupling reactions using electron-rich halide-substituted resorcinols proved to 
be challenging, the Sonogashira reaction gratifyingly worked well using TIPS-protected acetylene. In 
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line with olivetol, the introduction of the carbon chain in 14 significantly improved the solubility of the 
resorcinol derivative in halogenated solvents.  
 
5.3 – Flow synthesis of ortho-azidomethylazidomethyl cannabidiols 
Excited by the solubility of alkyne 14 in halogenated solvents, the synthon was directly employed in 
the One-Flow system described in Chapter 4. In the latter system, the synthesis of (–)-trans-Δ9-
tetrahydrocannabinol (Δ9-THC) was achieved through a cascade of Friedel-Crafts alkylation and 
cyclisation by reacting p-mentha-2,8-dien-1-ol (17) and olivetol with silica-supported boron trifluoride 
in a packed-bed reactor. This setup was not used before in combination with (–)-verbenol (7) for the 
synthesis of (–)-trans-Δ8-THC. Nonetheless, we proceeded with the experiment and pumped a solution 
of TIPS-protected resorcinol 14 and (–)-verbenol (7) in DCM through a packed-bed reactor of silica-
supported boron trifluoride (Scheme 3).  
 

 
Scheme 3 flow synthesis of alkyne functionalised (–)-trans-Δ8-tetrahydrocannabinols 15 and 16. 
 
The Friedel-Crafts flow reactions with resorcinol 14 and (–)-verbenol (7) proceeded with moderate 
regioselectivity (4:1 ortho:para, Scheme 3). The anticipation that the steric bulk of the TIPS group 
would favour para-product 16 was unfortunately not observed (Supporting Information I). Based on 
previous examples with electron-withdrawing groups on the 5-position of resorcinols, we 
hypothesised that the regioselectivity of 14 was positively influenced by electronic resonance of the 
alkyne substituent with the resorcinol moiety, resulting in increased ortho-alkylation.20, 21 This result 
again underlines the observations in Chapter 3 that the Friedel-Crafts alkylation with (–)-verbenol (7) 
and electron-withdrawing groups in the 5-position generally favoured ortho substitution. Because a 
poorly separable mixture of products 15 and 16 was obtained, our regioselectivity issue was not yet 
solved, so we next focussed on 3,5-dihydroxybenzyl azide (11). 
As characterisation of resorcinol 11 was successfully conducted in acetone, we carefully tried to 
conduct the Friedel-Crafts alkylation in this solvent. However, Lewis acid catalysis was rendered 
incompatible due to the activation of the ketone. Furthermore, strong Brønsted acids were also 
avoided as previous experimentation with methane- and trifluorosulfonic acids led to decomposition 
of the azides. Finally, we opted for using p-mentha-2,8-dien-1-ol (17) instead of (–)-verbenol (7), since 
the product directly obtained after Friedel-Crafts alkylation would already yield a cannabidiol scaffold. 
Ring closure of either olivetylverbenyl intermediates or cannabidiols have shown to require forcing 
reaction conditions which could affect the azide moiety. 
Prior to applying the reaction in flow, 3,5-dihydroxybenzyl azide (11) was coupled to p-mentha-2,8-
dien-1-ol (17) using p-toluenesulfonic acid (p-TSA) in batch. The electrophilic aromatic substitution 
reaction was notably slower with p-TSA, compared to the BF3OEt2-catalysed alkylations described in 
Chapters 3 and 4.20 Upon analysing the reaction mixture, somewhat remarkably only ortho-
functionalised cannabidiol 18 was observed and isolated after the reaction.22 Delighted with the 
selectivity of this Brønsted acid-mediated coupling in acetone, we applied 3,5-dihydroxybenzyl azide 
(11) in a flow reactor using homogeneous Brønsted acids. 
The use of p-TSA unfortunately introduced problems, as it was only partially soluble in acetone. 
Instead, (1R)-(–)-camphorsulfonic acid (CSA) showed to be soluble in acetone up to a 0.25 M 
concentration, and was chosen as the catalyst for the flow synthesis. In our early attempts with 50 
mol-% CSA, no Friedel-Crafts alkylation was observed after 5 minutes (Table 1, entries 1, 2). By 
extending the residence time of the reaction mixture to 20 minutes, up to 51% of cannabidiol scaffold 
18 was obtained (entry 3). Attempts to increase the yields by increasing the acid stoichiometry further, 
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yielded similar yields (entries 4-6). Our best results with (near) stoichiometric amounts of CSA would 
also introduce additional challenges when applied in a multi-step flow sequence, because it would 
require large amounts of quenching material to sufficiently neutralise the product. A further decrease 
in Brønsted acid concentration by heating a microflow reactor was unfortunately not successful 
(entries 7-9). Therefore, we decided that a 20 minute residence time and 50 mol-% of CSA provided 
the best results for our envisioned One-Flow system. 
 
Table 1 Flow synthesis of ortho-azidomethyl cannabidiol (18) using 3,5-dihydroxybenzyl azide (11), p-mentha-
2,8-dien-1-ol (17) and (1R)-(–)-camphorsulfonic acid (CSA). 

 
entry CSA (mol-%) reactor size (µL) temp tR (min)a yield (%)b 

1 50 200 rt 1 2  
2 50 200 rt 5 5  
3 50 200 rt 20 51  
4 100 200 rt 1 12  
5 100 200 rt 5 8  
6 100 200 rt 20 52  
7 5 100 50 °C 5 0  
8 10 100 70 °C 5 0  
9 15 100 70 °C 5 0  

Conditions: A stock solution of 3,5-dihydroxybenzyl azide (11) and p-mentha-2,8-dien-1-ol (17) (0.25 M) in 
acetone and a stock solution of camphorsulfonic acid (0.25 M) in acetone were pumped through a reactor (100-
200 µL) and quenched directly using saturated aqueous NaHCO3. a  tR = residence time in minutes. b Crude yield 
based on 1H NMR using biphenyl as internal standard. 
 
5.4 – Preparation of copper-functionalised resins and CuAAC in flow 
Copper-catalysed alkyne-azide cycloaddition (CuAAC) reactions in flow are known in literature and 
used for the continuous synthesis of 1,2,3-triazoles. One of the most well-studied examples containing 
a CuAAC reaction is the flow synthesis of Rufinamide.23 Two examples include the incorporation of 
heated copper-tubed reactors24 and solubilised copper(I) iodide in an automated radial synthesizer.25 
Recently, Comás-Barcelo and co-workers reported a copper-catalysed pyrazole synthesis which we 
thought would be well suited for our cycloaddition reaction.26 In the original article, four different 
copper-based resins were reported and two of which were based on silica gel. The systems containing 
copper (I) iodide initially drew our attention, because this did not require the use of sodium ascorbate 
as a reducing agent, which could become problematic in acetone. Inspired by the diamine 
functionalised silica resin “Silica-2”, we successfully prepared diamine 20 from silica gel and [3‐(2‐
aminoethylamino)propyl]trimethoxysilane (19, Scheme 4). Finally, copper(I) iodide was immobilised 
on the silica gel to afford a new resin which we called “Silica-3”.  
 

 
Scheme 4 Preparation of copper(I) iodide-containing resin “Silica 3”. 
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The Silica-3 resin was loaded in an Omnifit® reactor and coupled to a syringe pump. The syringe pump 
was loaded with a syringe filled with 3,5-dihydroxybenzyl azide (11) and phenylacetylene (21) and set 
to the required flow speed. Our first results at room temperature were hopeful as we obtained up to 
56% yield for 1,2,3-triazole 22 (Table 2, entry 1). Increasing the flow speed – thus decreasing the 
retention time - indeed decreased the yields (entry 2). Copper-catalysed cyclisation reactions, 
however, are known for giving higher conversions at elevated temperatures, which required the 
selection of a different packed-bed reactor.24, 26 
Silica-3 was loaded in a stainless steel reactor fitted with super-flangeless fittings, closed with cotton 
wool and heated in a water bath. Moreover, the system was pressurised to 5 bar using a back pressure 
regulator (BPR) to allow for superheating the reaction. Gratifyingly, higher yields were obtained under 
these superheated conditions and even quantitative amounts of 1,2,3-triazole 22 (entry 3-5) were 
achieved. To allow quantitative conversions at higher flow rates, and thus shorter residence times of 
the starting material, the reaction temperature was increased to 70 °C, which fortunately led to full 
conversion of 11 to obtain product 22 (entry 6). A further increase in temperature decreased the 
conversion, most likely as a result of reagent decomposition (entry 7)  
 
Table 2 Screening of CuAAC conditions for the synthesis of 22. 

 
entry cartridge temp (°C) flow (µLmin-1) yield (%)a 

1 Omnifit reactor rt 20 56 
2 rt 200 6 
3 Metal reactor 40 20 65 
4 50 20 86 
5 60 20 98 
6 70 50 100 
7 80 50 89 

Conditions: A stock solution of 3,5-dihydroxybenzyl azide(11) and phenylacetylene (21) (0.25 M) in acetone was 
pumped through a stainless steel reactor filled Silica-3 (approx. 250 mg) and quenched directly using saturated 
aqueous NaHCO3; a Crude yield based on 1H NMR using biphenyl as internal standard. 
 
5.5 – One-flow synthesis of ortho-cannabidiol derivatives 
With the previous results in hand, a continuous one-flow system for the synthesis of ortho-CBD 
derivatives was designed. Our research goal was to integrate both Friedel-Crafts alkylation and a late 
stage CuAAC reaction to obtain a platform for the synthesis of 1,2,3-triazole-derivatised cannabinoids. 
While the developed flow systems were effective in acetone, there were still some hurdles to 
overcome to combine both reactions in one compatible one-flow system. With the late stage 
derivatisation strategy in mind, the use of stoichiometric amounts of Brønsted acid complicated the 
use of copper-containing resin Silica-3. Despite the high efficiency of Silica-3, we anticipated that 
protonation of the ethylenediamine ligand would diminish its affinity for Cu (I). Although the leaching 
of copper from Silica-3 under these acidic conditions was not experimentally investigated, we turned 
our attention to finding a suitable quench for the CSA.  
In our initial attempts of finding acetone soluble homogeneous bases to neutralise the reagent stream, 
we were reluctant to employ hydroxide or bicarbonate bases, as it could lead to the acetone enolate 
which could react with our products. Instead, we chose triethylamine first. However, triethylamine 
undesirably led to significant leaching of copper iodide, which rendered the CuAAC reaction 
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ineffective. KOAc was also tested, but could not effectively neutralise the CSA used in the Friedel-Crafts 
alkylation of 3,5-dihydroxybenzyl azide (11) and p-mentha-2,8-dien-1-ol (17).  
A solution to quench the CSA was found in polystyrene-based Amberlyst® A21 which contains 
dimethylamino residues to effectively basify solutions. The use of heterogeneous polymeric resins is 
favoured because it facilitates easy recovery and reusability of the system. We applied Amberlyst® A21 
in a packed-bed reactor in our flow setup to quench the CSA before entering the next reactor (Scheme 
5). Despite the facile applicability of the resin, this led to new technical problems in the One-Flow 
system. While the use of the BPR allowed for superheating the solvent in the CuAAC reactor, it became 
evident that the system pressure rose until the syringe pumps stalled, therefore the system did not 
produce any triazole product 23.  
 

 
Scheme 5 The attempted One-Flow synthesis of ortho-cannabidiol derivative 23.  
 
The system pressure was lowered by setting the BPR to 3 bar, implementing a Y-mixer and wider PFA 
tubing between the Y-mixer to the Silica-3 reactor (Scheme 5). These modifications did in fact lower 
the system pressure, but did not yield triazole product 23 either. Upon further troubleshooting of the 
system, we realised that Amberlyst® A21 was incapable of neutralising the stoichiometric amounts of 
CSA, as the pH was still 2 after the Amberlyst packed-bed reactor. The acidity in combination with 70 
°C led to degradation of product, as well as loss of catalytic activity in the CuAAC reactor.  
To fully neutralise the CSA, an interrupted One-Flow setup was designed in which the quenching was 
performed in batch using aqueous NaHCO3. After quenching and conducting the final CuAAC reaction 
however, no products were obtained. . Possible acetone enolate formation and subsequent aldol 
reaction, or Cu(I)-catalysed aldol side reactions may have contributed to side reactions and loss of 
cannabidiol scaffold.27  
To circumvent the tedious CSA quenching step in the one-flow setup, the order of reactors was 
inversed which however led to loss of the late-stage derivatisation step. The Silica-3 containing reactor 
was installed at the beginning of the One-Flow system, after which a flow of CSA could effectively be 
added in a Y-mixer to initiate the Friedel-Crafts alkylation reaction (Scheme 6). To evaluate the 
efficiency of the CuAAC of azide 11 with phenylacetylene, the solution stream was analysed directly. 
Fortunately, quantitative yields of triazole 22 were observed.  
To ensure the most optimal reaction conditions for the Friedel-Crafts alkylation, a 300 µL reactor and 
0.125 M CSA solution were applied to obtain a residence time of 20 minutes with 50 mol-% of Brønsted 
acid (Scheme 6). The reaction out flow was quenched with NaHCO3, but did not lead to isolation of 
product 23. Instead, triazole 22 was obtained as the single product, while p-mentha-2,8-dien-1-ol (17) 
was no longer observed. The obtained solution after the two-step process, showed a large amount of 
alkane-derived signals in 1H NMR, indicating degradation of terpinoid 17. This was not caused by the 
first step as 17 was identified after passing the Silica-3 reactor at elevated temperature. A possible 
explanation could be the Brønsted acid-mediated activation of 17, leading to an allylic carbocation for 
Friedel-Crafts alkylation. The presence of phenylacetylene may have affected the stability and/or 
electrophilicity of the formed cation species of 17, or phenylacetylene could have even reacted with 
the activated allylic cation. These effects could have led to a decrease in Friedel-Crafts alkylation. To 
test this hypothesis, a batch experiment was conducted to see if phenylacetylene did in fact interfere 
with the Friedel-Crafts alkylation. Terpinoid 17 and azide 11 were reacted in a CSA-promoted Friedel-
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Crafts alkylation in the presence of phenylacetylene (21), but showed that no coupling took place 
(Supporting Information II). Again, degradation of p-mentha-2,8-dien-1-ol (17) was observed and 
phenylacetylene (21) and azide 11 were recovered after column chromatography. 
 

 
Scheme 6 Inversed one-flow system for the synthesis of ortho-cannabidiol derivatives, which only formed 1,2,3-
triazole 22. 
 
Without any product 23 synthesised in the previous One-Flow setups, we critically evaluated why the 
systems did not provide cannabidiol derivatives. While both individual steps were successfully applied 
in acetone, combining both chemical transformations was unquestionably the biggest challenge in the 
project to solve. Firstly, the use of 3,5-dihydroxybenzyl azide (11) put severe restrictions on the 
application of Lewis acids. In numerous cannabinoid syntheses, boron trifluoride is mostly used for the 
Friedel-Crafts alkylation between p-menthadienol and resorcinols.4, 20, 21, 28-30 However, boron 
trifluoride was not applicable in combination with azides (Scheme 1) and near-stoichiometric amounts 
of CSA were used which introduced the aforementioned quenching problems (Scheme 5). Along with 
the limited choice of catalysts to conduct the Friedel-Crafts alkylation, the presence of either 1,2,3-
triazole 22 and phenylacetylene 21 further complicated the one-flow setup (Scheme 6).  
This research sheds light on the challenges that flow chemistry currently encounters when combining 
multiple chemical transformations. The incompatibility of multiple reactions, as unsuccessfully 
addressed in this chapter, is more generally observed in flow syntheses.12, 31-33 For instance; a major 
limitation in our system is the use of stoichiometric amounts of Brønsted acids which are hard to 
quench in flow. An elegant solution would be the implementation of an aqueous basic gravity 
separation. While this does require manually operated unit operations, the reaction mixture can be 
effectively quenched and continued in the solvent of choice.34-36 Continuous aqueous extractions are 
being used often in flow chemistry,37-42 but there are limited examples of using them in combination 
with water miscible solvents like acetone.  
Another alternative to continuous extractions is also under investigation in the ONE-FLOW consortium 
and is termed the spaciant solvent factory.43 In this holistic model, solvents are fine-tuned to the entire 
system (all reactions) using computational calculations. This can lead to the selection of uncommon 
solvents to dissolve or precipitate the product of interest to aid in the purification process. By removing 
reactive intermediates and selecting different solvents, some of the current shortcomings in the One-
Flow setups may perhaps be resolved. 
 
5.6 – Conclusions 
In summary, a flow synthesis of ortho-azidomethyl cannabidiol has been developed using 50 mol-% of 
camphorsulfonic acid in 20 minutes. A copper(I) iodide functionalised silica gel has been developed 
and applied in a flow reactor for a continuous copper-catalysed azide-alkyne cycloaddition. This click 
reaction in flow was conducted using 3,5-dihydroxybenzyl azide and phenylacetylene to yield 
quantitative conversions under elevated temperatures. This chapter also outlined our attempts to 
combine both flow reactions in a one-flow system for the continuous production of ortho-cannabidiol 
derivatives. The sequence of Friedel-Crafts alkylation with a later stage CuAAC reaction proved to be 
challenging as stoichiometric amounts of camphorsulfonic acid were challenging to quench and 
affected the downstream reactor for copper catalysed azide-alkyne cycloaddition. 
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To circumvent the issue of in-line quenching of CSA, the sequence of Friedel-Crafts alkylation and 
cycloaddition was reversed. The primary cycloaddition reactor provided quantitative 1,2,3-triazole 
products without affecting p-mentha-2,8-dien-1-ol, but the following Friedel-Crafts alkylation yielded 
no cannabidiol derivatives. Supported by batch experimentation, it was postulated that the presence 
of 1,2,3-triazoles and phenylacetylene affected the electrophilicity of the activated menthadienol 
species. In spite of not obtaining cannabidiol derivatives, we demonstrated that flow chemistry could 
be employed to continuously obtain 1,2,3-triazole products and ortho-cannabidiols. A final solution to 
combine both transformations can be found in an interrupted one-flow approach and will most-likely 
solve the shortcomings of the currently designed systems.  
 
5.7 – Experimental procedures  
 
General methods: for general methods please refer to section 3.6 
 
Homogeneous flow synthesis of ortho-azidomethyl cannabidiol (18)  
3,5-Dihydroxybenzyl azide (11, 1 equiv), p-mentha-2,8-dien-1-ol (1 equiv) and biphenyl (0.25 equiv, 1H 
NMR standard) were added in a flask which was evacuated and backfilled thrice with Ar. The reactants 
were dissolved in acetone at rt to obtain a 0.25 M reactant solution. (1R)-(–)-camphorsulfonic acid (1 
equiv) was added in a second flask, and dissolved in acetone at rt to obtain a 0.25 M catalyst solution. 
Both solutions were loaded in glass syringes, placed in syringe pumps and connected to a T-piece 
(PEEK). The PFA tubing reactor was connected to the T-piece and the syringe pumps were set to the 
according speed. At least (1.5 × residence time (tR)) was waited for the system to equilibrate after 
which obtained samples could be obtained. The reactor outlet was led into a stirred solution of 
saturated aqueous NaHCO3. The crude mixture was extracted with DCM, and the organic layers were 
combined, dried with MgSO4, concentrated in vacuo and analysed directly. 
 
Microflow setup for lowering CSA concentration. 
3,5-Dihydroxybenzyl azide (11, 1 equiv), p-mentha-2,8-dien-1-ol (1 equiv) and biphenyl (0.25 equiv, 1H 
NMR standard) were added in a flask which was evacuated and backfilled thrice with Ar. The reactants 
were dissolved in acetone at rt to obtain a 0.25 M reactant solution. (1R)-(–)-camphorsulfonic acid (1 
equiv) was added in a second flask, and dissolved in acetone at rt to obtain a 0.25 M catalyst solution. 
Both solutions were loaded in glass syringes, placed in syringe pumps. Simultaneously, a 112 µL 
microchannel reactor (M-111 basic reactor, acquired from FutureChemistry Holding BV) was placed on 
a peltier element and connected to the syringe pumps using PFA tubing fitted with super flangeless 
fittings. The syringe pumps were set to their according speed and at least 1.5 × residence time (tR) was 
waited for the system to equilibrate after which samples were obtained. The reactor outlet was led 
into a stirred solution of saturated aqueous NaHCO3. The crude mixture was extracted with DCM, and 
the organic layers were combined, dried with MgSO4, concentrated in vacuo and analysed directly. 
 
Preparation of Silica-3 
Silica gel 60H (4.00 g) was added in a flask which was evacuated and backfilled thrice with Ar. Dry PhMe 
(60 mL) was added, and the mixture was stirred to obtain a cloudy suspension. [3‐(2‐
aminoethylamino)propyl]trimethoxysilane (19, 13.4 g, 60.5 mmol, 13.1 mL) was added and the mixture 
was refluxed for 20 h. The suspension was cooled to rt, filtered and washed with PhMe (2 × 30 mL). 
The residue was transferred to a flask and dried in vacuo for 4 hours to afford 20. Functionalised silica 
gel 20 was transferred to another flask which was filled with Ar. EtOH (60 mL) was added, and the 
mixture was stirred to obtain a cloudy suspension. Copper iodide (1.73 g, 9.08 mmol, corresponding 
to 0.5 mmol/g silica) was added and the mixture was stirred for 4 h at rt. The suspension was filtered 
and washed with acetone (2 × 30 mL) and methanol (2 × 30 mL), after which it was dried in vacuo for 
8 hours. The Silica-3 was obtained as a gray fine powder.  
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Heterogeneous flow synthesis of 3,5-dihydroxybenzyl(1,2,3-phenyltriazole) (22)  
3,5-Dihydroxybenzyl azide(11, 1 equiv), phenylacetylene (21, 1.1 equiv) and biphenyl (0.25 equiv, 1H 
NMR standard) were added in a flask which was evacuated and backfilled thrice with Ar. The reactants 
were dissolved in acetone at rt to obtain a 0.25 M reactant solution. The Silica-3 catalyst (approx. 250 
mg) was loaded into a stainless steel reactor (1/8’’ OD, 1.75 mm ID), blocked with cotton wool and 
closed using super flangeless fittings, male nuts and flat unions (P-359, LT-215, P-703-01, acquired from 
Inacom instruments). The reactant solution was loaded in a glass syringe, placed in a syringe pump and 
directly connected to the stainless steel reactor. The outlet of the stainless steel reactor was connected 
to a backpressure regulator (B-444, acquired from FutureChemistry Holding BV, 5 Bar) and the steel 
reactor was submerged in a heated water bath (rt – 70 °C). The pumps were set to the according speed, 
and at least 1.5 × tR was waited for the system to equilibrate after which samples were obtained. The 
reactor outlet was led into a flask and after enough sample was collected (100 µL), the outflow was 
concentrated in vacuo and analysed directly. 
 

 3,5-Dimethoxyazidobenzene (2): 3,5-Dimethoxyaniline (1, 5.04 g, 40.3 mmol) was 
placed in a round bottomed flask and dissolved in aqueous HCl (10%, 10 mL). The mixture was cooled 
to 0°C in an ice bath. Sodium nitrite (226 mg, 3.32 mmol) was added in portions. After 10 minutes 
sodium azide (384 mg, 4.43 mmol) was added portion wise. After addition, the ice batch was removed 
and the mixture was stirred for 1 h at rt. The reaction mixture was diluted with water (20 mL) and 
extracted with diethyl ether (3 × 40 mL). The combined organic layers were washed with water and 
brine once followed by drying with magnesium sulfate. The solvent was removed in vacuo to afford 2 
(584 mg, 70%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 6.25 (t, J = 2.2 Hz, 1H, H-2), 6.19 (d, J = 2.2 
Hz, 2H, H-4, H-6), 3.78 (s, 6H, 2 × OMe). 13C NMR (126 MHz, CDCl3) δ 161.67 (C-1, C-3), 141.96 (C-5), 
97.53 (C-4, C-6), 97.29 (C-2), 55.46 (2 × OMe). 
 

 5-Azidoresorcinol (3): 3,5-Dihydroxyaniline (5, 5.04 g, 40.3 mmol) was added to a flask, 
dissolved in aqueous HCl solution (10%, 30 mL) and kept under protective atmosphere at 0 °C using an 
ice bath. Sodium nitrite (2.78 g, 40.3 mmol) was added portion wise over 15 minutes and stirred for 
addition 15 minutes. Sodium azide (3.41 g, 52.3 mmol) was added portion wise and the reaction was 
warmed to rt and stirred for 1 h. The mixture was then diluted with H2O (100 mL) and extracted with 
Et2O (3 × 100 mL). The organic layers were collected and washed with H2O (50 mL) and brine (50 mL). 
The organic layers were collected, dried with MgSO4, filtered and concentrated in vacuo to afford 3 
(408 mg, 7%) as a black solid. TLC (EtOAc/n-heptane, 1:1 v/v) Rf = 0.40. 1H NMR (500 MHz, acetone-d6) 
δ 8.41 (s, 2H, OH-1, OH-3), 6.07 (t, J = 2.1 Hz, 1H, H-2), 5.94 (d, J = 2.1 Hz, 2H, H-4, H-6). 13C NMR (101 
MHz, acetone-d6) δ 159.53 (C-1, C-3), 141.64 (C-5), 99.83 (C-2), 97.79 (C-4, C-6).  

 5-Aminoresorcinol (5): Phloroglucinol hydrate (4, 5.00 g, 39.6 mmol) was added to a 
flask, dissolved in aqueous ammonia solution (28 wt%, 25 mL) and kept under protective atmosphere. 
The clear yellow solution was stirred for 12 h under a slow stream of nitrogen at rt. Hereafter, the 
mixture was concentrated in vacuo until a wet suspension was obtained (keep below 50 °C and not 
evaporated to dryness). The solution was acidified using HCl solution (37%, 3 mL) and the product 
precipitated out of solution. The mixture was filtered and washed with Et2O (2 × 20 mL), and collected 
by dissolving the residue in copious amounts of MeOH after which the mixture was concentrated in 
vacuo to afford 5 (4.96 g, quant.) as a yellow mud. 1H NMR (400 MHz, DMSO-d6) δ 8.62 (s, 2H, OH-1, 
OH-2), 5.45 (d, J = 2.1 Hz, 2H, H-4, H-6), 5.40 (t, J = 2.1 Hz, 1H, H-2), 4.78 (bs, 2H, NH2).13C NMR (101 
MHz, DMSO-d6) δ 159.12 (C-1, C-3), 150.38 (C-5), 93.49 (C-4, C-6), 92.12 (C-2). 
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3,5-Dimethoxybenzyl alcohol (8a): Lithium aluminium hydride (1.51 g, 40.6 mmol) 
was added to a flask, which was cooled to 0 °C and evacuated and backfilled thrice with Ar. Dry THF 
(30 mL) was added carefully and stirred to afford a grey coloured slurry. 3,5-dimethoxybenzaldehyde 
(8, 4.50 g, 27.1 mmol) was dissolved in dry THF (30 mL) added to the flask using a dropping funnel. 
After addition, the reaction was warmed to rt and stirred for 1 h. The flask was cooled to 0 °C and the 
reaction was quenched by adding water until no hydrogen gas was observed. An excess of MgSO4 was 
added to the flask, and the solution was filtered over a pad of Celite. The residue was washed with 
copious amounts of THF and the filtrate was concentrated in vacuo to afford 8a (4.54 g, >99 %) as a 
white solid. 1H NMR (500 MHz, CDCl3) δ 6.52 (d, J = 2.3 Hz, 2H, H-4, H-6), 6.38 (t, J = 2.2 Hz, 1H, H-2), 
4.62 (s, 2H, H-1’), 3.79 (s, 6H, 2 × OMe). 13C NMR (126 MHz, CDCl3) δ 160.99 (C-1. C-3), 143.40 (C-5), 
104.57 (C-4, C-6), 99.65 (C-2), 65.33 (C-1’), 55.35 (2 × OMe). 
 

3,5-Dimethoxybenzyl bromide (9): 3,5-Dimethoxybenzyl alcohol (8a, 4.32 g, 25.7 
mmol) was added to a flask and dissolved in dry DCM (50 mL). The flask was cooled to 0 °C and 
evacuated and backfilled thrice with Ar. Phosphorus tribromide (7.65 g, 28.3 mmol, 2.67 mL) in DCM 
(50 mL) was added dropwise to the mixture using a dropping funnel. After addition, the reaction was 
warmed to rt and stirred for 20 h. To quench the reaction saturated aqueous NaHCO3 (50 mL) was 
added and the mixture was extracted with DCM (2 × 100 mL). The combined organic layers were dried 
with MgSO4 and concentrated in vacuo to afford 9 (4.91 g, 83%) as a white solid. TLC (EtOAc/n-heptane, 
1:4 v/v): Rf = 0.52. 1H NMR (400 MHz, CDCl3) δ 6.55 (d, J = 2.3 Hz, 2H, H-4, H-6), 6.40 (t, J = 2.3 Hz, 1H, 
H-2), 4.42 (s, 2H, H-1’), 3.79 (s, 6H, 2 × OMe). 13C NMR (101 MHz, CDCl3) δ 160.92 (C-1. C-3), 139.75 (C-
5), 106.98 (C-4, C-6), 100.62 (C-2), 55.41 (2 × OMe), 33.65 (C-1’). 
 

3,5-Dihydroxybenzyl bromide (10): 3,5-Dimethoxybenzyl bromide (9, 4.91 g, 21.2 mmol) 
was added to a flask and dissolved in dry DCM (60 mL). The flask was cooled to -78 °C and evacuated 
and backfilled thrice with Ar. Boron tribromide (13.3 g, 53.1 mmol, 5.02 mL) in dry DCM (25 mL) was 
added dropwise to the mixture using a dropping funnel. After addition, the reaction was warmed to rt 
and stirred for 5 h. To quench the reaction saturated aqueous NaHCO3 (10 mL) was added carefully 
and the mixture was stirred until no hydrogen bromide fumes were observed. The mixture was filtered, 
the residue collected and concentrated in vacuo, after which it was dried under reduced pressure to 
afford 10 (3.60 g, 84%) as a brown clay. TLC (EtOAc/n-heptane, 1:4 v/v): Rf = 0.09. 1H NMR (400 MHz, 
acetone-d6) δ 6.45 (d, J = 2.1 Hz, 2H, H-4, H-6), 6.32 (t, J = 2.2 Hz, 1H, H-2), 4.48 (s, 2H, H-1’). 13C NMR 
(101 MHz, acetone-d6) δ 158.58 (C-1. C-3), 140.09 (C-5), 107.55 (C-4, C-6), 102.60 (C-2), 33.73 (C-1’). 
 

 3,5-Dihydroxybenzyl azide (11): 3,5-Dihydroxybenzyl bromide (10, 1.50 g, 7.39 mmol) 
was added to a flask, dissolved in acetone (16 mL) and water (4 mL) and kept under protective 
atmosphere. Sodium azide (1.44 g, 22.2 mmol) was added directly and the mixture was stirred for 16 
h. at rt. The stirring bar was removed, and the mixture was concentrated in vacuo. The mixture was 
dissolved in water (60 mL) and diethyl ether (60 mL) and extracted with diethyl ether (2 × 30 mL). The 
combined organic layers were dried with MgSO4 and filtered over a pad of silica. The residue was 
washed with copious amounts of diethyl ether, and the filtrate concentrated in vacuo to afford 11 
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(1.14 g, 94%) as a dark oil. TLC (EtOAc/n-heptane, 1:4 v/v): Rf = 0.13. 1H NMR (400 MHz, acetone-d6) δ 
8.21 (s, 2H, OH-1, OH-2), 6.23 (d, J = 2.2 Hz, 2H, H-4. H-6), 6.21 (t, J = 2.1 Hz, 1H, H-2), 4.11 (s, 2H, H-
1’). 13C NMR (101 MHz, acetone-d6) δ 158.83 (C-1. C-3), 137.94 (C-5), 106.68 (C-4, C-6), 102.34 (C-2), 
54.15 (C-1’). 
 

 3,5-Dimethoxyiodobenzene (12): 3,5-Dimethoxyaniline (1, 1.1 g, 7.1 mmol) was 
suspended in an aqueous 6M HCl solution (20 mL) and the mixture was cooled to 0 °C in an ice bath. 
Sodium nitrite (516 mg, 7.52 mmol) was added in portions to the vigorously stirring mixture. After 
addition the mixture was stirred for 30 minutes followed by the addition of potassium iodide (5.6 g, 35 
mmol). The ice bath was removed and the mixture was stirred for 1 h at rt. Additional aqueous 6 M 
HCl solution (10 mL) was added to dilute the mixture which was left stirring overnight. The reaction 
was quenched by adding water (50 mL) and DCM (50 mL), the suspension was vigorously stirred and 
the layers were separated. The organic layer was extracted with DCM (2 × 50 mL). The combined 
organic layers were washed with sat. aq. NaHCO3 (1 × 50 mL) followed by three washes with sat. aq. 
Na2S2O3 (3 × 50 mL). The organic layer was separated, dried with magnesium sulfate and removed in 
vacuo to afford 12 (1.2 g, 66 %) as a dark purple solid. TLC (EtOAc/n-heptane, 1:1 v/v): Rf = 0.50. 1H 
NMR (500 MHz, CDCl3) δ 6.86 (d, 2H, J = 2.3 Hz, H-4, H-6), 6.40 (t, 1H, J = 2.2 Hz, H-2), 3.76 (s, 6H, 2 × 
OMe). 13C NMR (126 MHz, CDCl3) δ 161.08 (C-1, C-3), 115.81 (C-4, C-6), 100.67 (C-2), 94.06 (C-5), 55.49 
(2 × OMe). 
 

5-Iodobenzene-1,3-diol (13): 3,5-Dimethoxyiodobenzene (12, 1.21 g, 4.72 mmol) was 
placed in a round bottomed flask and the setup was flushed with nitrogen. Dry DCM (47 mL) was added 
and the mixture was cooled to -78 °C in a dry ice/acetone bath. Boron tribromide (3.53 mL, 37.3 mmol) 
was added dropwise to the reaction mixture. After the addition was complete the mixture was allowed 
to reach rt and was stirred for 5 h The reaction was quenched by the careful addition of sat. aq. NaHCO3 
(50 mL). The water layer was extracted using diethyl ether (3 × 50 mL), the layers were separated and 
the water layer was acidified and extracted again using diethyl ether (2 × 50 mL). The organic layers 
were combined, dried with magnesium sulfate and the solvent removed in vacuo. The crude product 
was dissolved in diethyl ether and filtered over a plug of silica gel to afford 13 (753 mg, 68 %) as a 
brown solid. TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.45.  1H NMR (400 MHz, DMSO-d6) δ 9.64 (s, 2H, OH-
1, OH-3), 6.62 (d, 2H, J = 2.1 Hz, H-4, H-6), 6.25 (t, 1H, J = 2.1 Hz, H-2). 13C NMR (101 MHz, DMSO-d6) δ 
159.74 (C-1, C-3), 115.76 (C-4, C-6), 102.87 (C-2), 94.95 (C-5).  
 

5-((Triisopropylsilyl)ethynyl)benzene-1,3-diol (14): 1-Iodo-3,5-dihydroxybenzene 
(13, 100 mg, 0.4 mmol), bis(triphenylphosphine)palladium(II)dichloride (14.9 mg, 21.2 μmol) and 
copper(I) iodide (40 mg, 21 μmol) were added to a flask and kept under protective atmosphere. A 
triethylamine THF mixture (1:1, v/v, 5 mL) was added and the setup was degassed with nitrogen. 
(Triisopropylsilyl)acetylene (285 μL, 1.27 mmol) was added and the mixture was stirred overnight at 
rt. The stirring bar was removed and the solvent was removed in vacuo. The crude product was 
dissolved in EtOAc (20 mL) and washed with brine (3 × 40 mL). The organic layers were combined, dried 
with MgSO4 and concentrated in vacuo. The crude product was purified by column chromatography 
(20 % - EtOAc in n-heptane) to afford 14 (80 mg, 62 %) as a light brown powder. 1H NMR (400 MHz, 
CDCl3) δ 6.54 (d, 2H, J = 2.3 Hz, H-4, H-6), 6.33 (t, 1H, J = 2.3 Hz, H-2), 5.03 (s, 2H, OH-1, OH-2), 1.11 (s, 
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21H, TIPS). 13C NMR (126 MHz, CDCl3) δ 156.43 (C-1, C-3), 125.32 (C-5), 111.72 (C-4, C-6), 106.25 (C-
1’), 103.69 (C-2), 90.88 (C-2’), 18.64 (CH3-TIPS), 11.29 (CH-TIPS).  
 

ortho-Azidomethyl cannabidiol (18): Batch synthesis: 3,5-dihydroxybenzyl azide (11, 
980 mg, 5.93 mmol) and p-mentha-2,8-dien-1-ol (17, 903 mg, 5.93 mmol) were added to a flask, 
dissolved in dichloromethane (24 mL) and kept under protective atmosphere. p-Toluenesulfonic acid 
monohydrate (113 mg, 593 µmol) was added directly and the mixture was stirred for 16 h at rt. 
Saturated aqueous NaHCO3 solution (50 mL) was added, the mixture extracted with dichloromethane 
(3 × 20 mL) and the organic layers were concentrated in vacuo. The crude product was loaded on silica 
gel and purified using silica gel column chromatography (2% EtOAc in n-heptane) to afford 18 (650 mg, 
37%) as a yellow solidified oil. Flow synthesis: a stock solution of 3,5-dihydroxybenzyl azide (11, 206 
mg, 1.25 mmol), p-mentha-2,8-dien-1-ol (17, 190 mg, 1.25 mmol) and biphenyl (48 mg, 312 µmol, 1H 
NMR standard) were added to a flask, dissolved in acetone (5 mL) and loaded in a glass syringe. A stock 
solution containing (1R)-(–)-10-camphorsulfonic acid (290 mg, 1.25 mmol) in acetone (5 mL) was 
loaded in a second glass syringe. Both syringes were loaded in separate syringe pumps and connected 
to PFA tubing fitted with super flangeless fittings, and connected to a PFA reactor (200 µL). The system 
outlet was led into a biphasic mixture of saturated aqueous NaHCO3 solution and dichloromethane. 
The pumps were set to the according speed, and after equilibrating (at least 2 × tR), product 18 was 
collected. TLC (EtOAc/n-heptane, 1:4 v/v): Rf = 0.41. 1H NMR (500 MHz, CDCl3) δ 6.38 (d, J = 2.6 Hz, 1H, 
H-4), 6.34 (d, J = 2.6 Hz, 1H, H-2), 5.53 (s, 1H, H-10), 4.67 – 4.65 (m, 1H, H-12a), 4.49 – 4.45 (m, 1H, H-
12b), 4.23 (d, J = 13.7 Hz, 1H, H-1’a), 4.05 (d, J = 13.6 Hz, 1H, H-1’b), 3.54 – 3.49 (m, 1H, H-10a), 2.46 
(ddd, J = 12.9, 10.1, 3.2 Hz, 1H, H-6a), 2.26 – 2.10 (m, 2H, H-8), 1.84 – 1.76 (m, 5H, H-7, H-11), 1.51 (s, 
3H, H-13). 13C NMR (126 MHz, CDCl3) δ 156.78 (C-4a), 155.31 (C-3), 147.74 (C-6), 140.39 (C-9), 135.55 
(C-1), 124.02 (C-10), 120.29 (C-10b), 111.70 (C-12), 109.63 (C-2), 105.05 (C-4), 53.47 (C-1’), 44.99 (C-
6a), 40.68 (C-10a), 30.29 (C-8), 28.12 (C-7), 23.62 (C-11), 21.48 (C-13). 
 

 3,5-Dihydroxybenzyl(1,2,3-phenyltriazole) (22): 3,5-Dihydroxybenzylazide 
(11, 50 mg, 0.3 mmol) and phenylacetylene (21, 0.3 mmol) were placed in a round bottomed flask and 
the setup was flushed with nitrogen. THF (4 mL) and water (1.5 mL) were added to dissolve the 
material, followed by the addition of sodium ascorbate (6 mg, 30.2 μmol). Finally, copper(II) sulfate 
was added as a 10 % solution in water (30 μL, 19 μmol). The mixture was stirred for 60 h at rt. The stir 
bar was removed and the solvent was removed in vacuo. The solids were dissolved in water/diethyl 
ether (40 mL), layers were separated and the water layer was extracted with diethyl ether (2 × 20 mL). 
The organic layers were combined, dried with magnesium sulfate and removed in vacuo to afford 22 
(80 mg, 88 %) as a light yellow oil. 1H NMR (400 MHz, acetone-d6) δ 8.33 (s, 1H, H-1’’), 7.96 – 7.87 (m, 
2H, H-4’’, H-8’’), 7.48 – 7.37 (m, 2H, H-5’’, H-7’’), 7.37 – 7.27 (m, 1H, H-6’’), 6.35 – 6.27 (m, 3H, H-2, H-
4, H-6), 5.51 (s, 2H, H-1’). 13C NMR (101 MHz, acetone-d6) δ 158.89 (C-1, C-3), 147.25 (C-2’’), 138.29 (C-
5), 131.37 (C-3’’), 128.72 (C-5’’, C-7’’), 127.70 (C-6’’), 125.31 (C-4’’, C-8’’), 120.64 (C-1’’), 106.03 (C-4, C-
6), 102.26 (C-2), 53.30 (C-1’).  
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5.7 – Supporting information  
 
Supporting information I – Flow synthesis of alkyne functionalised Δ8-THC using (–)-verbenol (7) and 5-
((triisopropylsilyl)ethynyl)benzene-1,3-diol (14). 
 

 

 
Crude 1H NMR showing the regioisomers of Δ8-THC ortho- and para- functionalised alkynes. Red box: ortho-TIPS 
acetylene Δ8-THC with J = 2.7 Hz. Blue box: para-TIPS acetylene Δ8-THC with J = 2.2 Hz. 
 
Supporting information II – Batch synthesis of ortho-cannabidiol 23 in presence of phenylacetylene (21) 

 
The reaction was conducted overnight in batch on 625 µmol scale, but unfortunately only yielded 
phenylacetylene (21) and 3,5-dihydroxybenzyl azide (11) as the only products. p-mentha-2,8-dien-1-ol (17) was 
not isolated after the reaction, and 1H NMR showed degradation of the starting material.  
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Chapter 6 
 
 
 
 

 
Chemoenzymatic Synthesis of Neuraminic Acid 

Derivatives in a Continuous Flow Reactor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This chapter has been published as:  
V. R. L. J. Bloemendal*, S. J. Moons*, J. J. A. Heming, M. Chayoua, O. Niesink, J. C. M. van Hest, T. J. 
Boltje & Rutjes, F. P. J. T., Adv. Synth. Catal., 2019, 361, 2443-2447. 
 
Abstract: The synthesis of N-acetyl-D-neuraminic acid (Neu5Ac) derivatives is drawing more and more 
attention in glycobiology research because of the important role of sialic acids in e.g. cancer, bacterial, 
and healthy cells. Chemical preparation of these carbohydrates typically relies on multistep synthetic 
procedures leading to low overall yields. Herein we report a continuous flow process involving N-
acetylneuraminate lyase (NAL) immobilised on Immobead 150P (Immobead-NAL) to prepare Neu5Ac 
derivatives. Batch experiments with Immobead-NAL showed equal activity as the native enzyme. 
Moreover, by using a fivefold excess of either N-acetyl-D-mannosamine (ManNAc) or pyruvate the 
conversion and isolated yield of Neu5Ac were significantly improved. To further increase the efficiency 
of the process, a flow setup was designed providing a chemoenzymatic entry into a series of N-
functionalised Neu5Ac derivatives in conversions of 48-82%, and showing excellent stability over 1 
week of continuous use.  
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6.1 – Introduction  
In the previous chapters, we described several synthetic strategies and their implementation in flow 
chemistry for cannabinoids. The preparation of biologically relevant molecules using continuous flow 
processes is highly desirable by the industry, and we envisioned to broaden our scope to 
carbohydrates. Previously, our group has reported the batch synthesis of several carbohydrates for 
glycobiology research topics. Inspired by our previous success1-3 and determined to learn more about 
enzymatic transformations in flow, we envisioned that enzyme reaction kinetics can be efficiently 
controlled using flow chemistry.  
Carbohydrates constitute an important class of biomolecules with a wide array of biological functions 
due to the complexity of individual saccharide moieties and the numerous branching possibilities.4 A 
unique carbohydrate that is generally encountered at the outer surface of glycans is the sialic acid N-
acetyl-D-neuraminic acid (Neu5Ac, 1). Neu5Ac has over 50 structurally related analogues, which can 
be recognised by specific receptors.2, 3, 5 These receptors play a central role in health and disease and 
are potential targets for neuraminic acid-based drugs.1, 6-9  
 

 
Scheme 1 The reversible aldol reaction of Neu5Ac (1) to ManNAc (2) and pyruvate (3) catalysed by NAL.  
 
Neu5Ac derivatives are most often prepared using multistep organic synthesis which is laborious, 
expensive, time consuming and typically low yielding. Alternatively, Neu5Ac derivatives can be 
obtained by using N-acetylneuraminate lyase (NAL), an enzyme which catalyses the reversible aldol 
reaction of Neu5Ac (1) to form N-acetyl-D-mannosamine (2, ManNAc) and pyruvate (3, Scheme 1).10, 11 
It has been shown that by using an excess of pyruvate or ManNAc derivative, the equilibrium is shifted 
toward the Neu5Ac product.12-15 In contrast to chemically derived Neu5Ac substrates, ManNAc 
derivatives are synthetically readily accessible and due to the promiscuity of NAL give straightforward 
access to Neu5Ac derivatives.  
 
6.2 – NAL immobilisation and screening 
The immobilisation of NAL has been reported by several research groups and shows promise for large 
scale Neu5Ac production.16-18 More recently, also crosslinked examples have been reported including 
CLEA, CLEC and CLIB which are notably stable, but challenging to prepare.19-21 To the best of our 
knowledge, immobilised NAL has never been used in a continuous flow setup for the preparation of 
synthetic Neu5Ac derivatives. Based on the broad experience with chemoenzymatic reactions in our 
group, both in batch22-27 and in flow systems,28, 29 and on our expertise in the chemistry and biology of 
neuraminic acids,2, 3, 5, 30 we herewith report a straightforward continuous flow system containing 
immobilised NAL providing a new and efficient chemoenzymatic entry into biologically relevant N-
functionalised Neu5Ac derivatives. 
First, we investigated the immobilisation of NAL to increase stability, shelf life, and ease of application 
in flow chemistry. Our initial attempt using an aqueous NAL solution in combination with oxirane-
functionalised Immobead 150P (corresponding to 62 mg NAL per g Immobead 150P) was successful 
providing immobilised NAL (Immobead-NAL) with immobilisation efficiencies of up to 74%.31  
In order to test the activity of Immobead-NAL, the chemoenzymatic synthesis of Neu5Ac (1) was 
investigated in batch experiments using ManNAc (2), pyruvate (3) and native NAL in a homogeneous 
solution and Immobead-NAL in a heterogeneous formulation. In literature most often an excess of 
pyruvate is used, but this requires tedious purification in which residual buffer salts and pyruvate have 
to be removed.8, 15, 32 In contrast, we showed that a fivefold molar excess of ManNAc in H2O led to 
conversions of up to 77% (Table 1), while the excess of ManNAc could be easily removed by anion 
exchange. All Immobead-NAL formulations were shown to be effective in the preparation of Neu5Ac 
with comparable conversions. Interestingly, three months old Immobead-NAL (stored at 0 °C) showed 
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only a slight decrease in activity, indicating that the immobilised N-acetylneuraminate lyase can be 
stored for an extended period of time. Finally, increasing the molar excess of ManNAc did not lead to 
higher conversions and isolated yields, therefore a molar ratio of 5 of ManNAc and pyruvate was 
considered optimal in this setup.  
 
Table 1 The synthesis of Neu5Ac (1) in batch with various Immobead-NAL formulations and amounts of pyruvate 

NAL formulation ManNAc [mM] pyruvate [mM] yield (%)a 
aqueous 
NAL 

250 50 
25 
12.5 

67 
59 
60 

crystalline 
NAL 

250 50 
25 
12.5 

77 
79 
74 

Immobead-NAL  
(1 month) 

250 50 
25 
12.5 

62 
65 
63 

Immobead-NAL  
(3 months) 

250 50 
25 
12.5 

58 
57 
63 

Conditions: ManNAc (2, 450 µmol) and sodium pyruvate (90 or 45 or 23 µmol) in H2O (1.8 mL) at 38 °C for 24 h. 
a Determined by 1H NMR analysis of the crude reaction mixture. 
 
6.3 – Immobead-NAL applied in flow 
We then applied the Immobead-NAL in a flow system to efficiently screen reaction parameters and 
optimise conversions (Table 2). A flow reactor was designed using an HPLC cartridge, filled with freshly 
prepared Immobead-NAL, as a packed-bed reactor. Prior to administering the substrates to the 
packed-bed reactor, it was preheated to 38 °C using a water bath. Perfluoroalkoxy (PFA) tubing (OD 
1/16”, ID 1/50”) and flangeless fittings (1/16”) were used to connect the linear flow setup.  
 
Table 2 The effect of stoichiometry and concentration on the preparation of Neu5Ac (1) using Immobead-NAL in 
a continuous flow system. 

 
entry pyruvate [mM] ManNAc [mM] yield (%)b 
1 1000 100 52 
2 500 100 36 
3 300 100 19 
4 100 100 15 
5 33 100 19 
6 20 100 40 
7 10 100 41 
8 50 250 71 
9 80 400 76 
10 100 500 82 

Conditions: The solution (900 µL) was injected in a sample loop (1 mL) and pumped (0.05 mL·min-1) over the 
Immobead-NAL column at 38 °C and collected for 1.5 h. b Determined by 1H NMR analysis of the crude reaction 
mixture. 
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Initially we investigated stoichiometry and concentration as process parameters in the synthesis of 
Neu5Ac (1) in flow. At a fixed concentration of 100 mM ManNAc, neither excess of pyruvate nor 
ManNAc led to increase of the conversion beyond 50% (Table 2, entries 1-7). Attempts at lower flow 
speed did also not improve the conversion when using a fivefold excess of ManNAc (2) with respect to 
pyruvate (3, see: Supporting information I). Interestingly, use of higher concentrations of ManNAc (2) 
led to higher conversions of up to 82% (Table 2, entries 8-10). This result is supported by mechanistic 
insights of Wong et al.10 and by Groher and Hoelsch33 showing a correlation in increased substrate 
concentration and its positive influence on Neu5Ac production. The upper limit for ManNAc 
concentrations was set to 500 mM due to its solubility in aqueous medium. 
 

 
Scheme 2 The use of ManNAc derivatives 4-10 in the synthesis of Neu5Ac derivatives 11-17. 
 
To broaden the scope of the chemoenzymatic process, synthetic ManNAc derivatives 4-10 were 
prepared in batch and subjected to the flow conditions (Scheme 2, see also: experimental section). In 
this reaction, the NAL appeared sufficiently promiscuous to successfully convert all synthetic ManNAc 
derivatives into the corresponding Neu5Ac analogues 11-17. Thus, the enzyme shows a relatively large 
substrate scope, which is not too much influenced by the fact that the water solubility of the ManNAc 
derivatives decreases with increasing size of the protecting group. In addition to monitoring 
conversions, the neuraminic acid products 11-17 were also obtained in fairly reasonable isolated yields 
confirming the synthetic feasibility of this system (Scheme 2). This includes the propargyloxycarbonyl 
(Poc)-functionalised Neu5Ac derivative 16 which has been extensively used in our group and was 
shown to be an effective substrate in bioorthogonal glycobiology research.2, 30  
 
6.4 – Preparative scale Neu5Ac synthesis 
Finally, we were interested in the robustness of the system and studied a seven-day continuous flow 
experiment. By pumping a stock solution of ManNAc (2, 55.7 g, 500 mM) and pyruvate (3, 5.5 g, 100 
mM) over the Immobead-NAL reactor (approximately 35 mg NAL), more than 10 g of Neu5Ac (1) was 
produced. Even after 168 hours of continuous pumping at 0.05 mL·min-1 marginal decrease in enzyme 
activity was observed (Scheme 3, see: Supporting Information II). The crude mixture was purified using 
anion exchange chromatography resulting in effective recovery of ManNAc (2) and production of 
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Neu5Ac acid (1) in 58% isolated yield between time interval 0-120 h. These results clearly underline 
the stability of Immobead-NAL and the feasibility to scale up the flow process.  
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Figure 1 Preparative scale formation of Neu5Ac (1) in a continuous flow setup. Conditions: ManNAc (2, 500 mM), 
pyruvate (3, 100 mM), H2O, Immobead-NAL, flow 0.05 mL·min-1, 38 °C. 
 
6.5 – Conclusions 
In summary, N-acetylneuraminate lyase (NAL) was immobilised and used to optimise the conversion 
of ManNAc and pyruvate into Neu5Ac. The oxirane-containing resin Immobead 150P was coupled to 
NAL with a binding efficiency of up to 74%. The resulting Immobead-NAL showed to be stable in 
aqueous solution over at least three months of storage. Optimal conversions were obtained using 500 
mM ManNAc, 100 mM pyruvate and a flow rate of 0.05 mL·min-1, giving conversions of up to 82%.  
We also demonstrated that the system was effective in the synthesis of a library of differently N-
substituted Neu5Ac derivatives. Finally, the reactor was subjected to a durability test of 168 hours 
showing a relatively small decrease of N-acetylneuraminate lyase activity over a week time. Thus, using 
this immobilised lyase, an efficient and stable continuous flow process has been developed for the 
preparation of neuraminic acid derivatives. 
 
6.6 – Experimental section 
 
General methods: for general methods please refer to section 3.6 
 
Immobilisation of NAL 
The immobilisation procedure comprised incubation of Immobead-150P (300 mg) and N-
acetylneuraminate lyase (crystalline: 50 mg, 8 U·mg-1 or solution: 900 µL, 111 U·mL-1) dissolved in 
aqueous K3PO4 (1.25 M, pH = 8.0, 45 mL) in a falcon tube. The mixture was shaken for 24 h at 20 °C, 
and thereafter filtered using a cellulose paper. The obtained grain was washed twice with 
demineralised water (45 mL), and collected again. The beads were diluted in a glycine solution (2.0 M, 
pH = 8.5, 45 mL) and shaken for 24 h at 20 °C, and thereafter filtered using cellulose paper. The 
Immobead-150P was washed twice with demineralised water (30 mL), and twice with aqueous K3PO4 
(0.1 M, pH = 7.4, 30 mL). The obtained immobilised lyase was stored at 4 °C in a falcon tube, and used 
within three months of preparation.  
 
Determination of binding efficiency using Lowry’s protein determination 
The binding of N-acetylneuraminate lyase to the beads was determined via the Lowry’s protein assay 
of the washings during enzyme immobilisation and measured in triplo.[11] The concentration of free 
protein was determined, effectively providing information about the total amount of protein coupled 
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to the beads. The standard curve for protein determination was conducted using solutions of 0.02 
mg·mL-1 to 0.1 mg·mL-1 of Bovine Serum Albumin (BSA) purchased from Sigma-Aldrich. Hereafter the 
protein concentration of aqueous N-acetylneuraminate lyase (100 µL) was determined in triplo, and 
used to determine the protein content of the immobilisation washings.  
 
Anion exchange purification of Neu5Ac (1) 
A short cylindrical column (± 5 × 1.5 cm; h × d) was charged with DEAE-Sephadex A-25 Cl– (± 4.5 g) and 
swollen using aqueous NH4HCO3 (1.5 M, 15 mL). The resin was filtered and washed thrice with water 
(3 × 15 mL) before addition of the reaction mixture. The crude mixture was added to the resin and 
washed with water, followed by an increasing v/v% of formic acid in water, up to 20%. The obtained 
products were concentrated in vacuo.  
 
Flow chemistry setup 
The Immobead-NAL resin (700 mg) was loaded directly in an HPLC cartridge (±1.5 mL) using vacuum 
suction followed by washing with copious amounts of demineralised water. The ManNAc/pyruvate 
solution was prepared in demineralised water, and the pH adjusted to 7.0-7.5 using 1 M aqueous NaOH 
or HCl and a digital pH indicator. The HPLC cartridge was connected to the HPLC pump, and heated to 
38 °C in a water bath. After 30 min at 38 °C, the pump was started at 0.05 mL·min-1. After the reaction 
mixture was pumped, additional demineralised water (±5 mL) was used to remove remaining 
reactants. The product was concentrated in vacuo and the conversion determined using 1H NMR in 
D2O. 
 
Preparative scale experiment 
The Immobead-NAL resin (700 mg) was loaded directly in an HPLC cartridge (±1.5 mL) using vacuum 
suction followed by washing with copious amounts of demineralised water. ManNAc (55.7 g, 252 
mmol) and sodium pyruvate (5.55 g, 50.4 mmol) were added to water (504 mL) and the pH was 
adjusted to 7.0-7.5 using 1 M aqueous NaOH or HCl using a digital pH indicator. The HPLC cartridge 
was connected directly to the HPLC pump without the sample loop, and heated to 38 °C in a water 
bath. After 30 min at 38 °C, the pump was set to 0.05 mL·min-1. After the indicated time intervals, the 
reaction mixture was separately collected for 10 min (3 ×). The samples were concentrated in vacuo 
and the conversion determined using 1H NMR in D2O. 
 
General procedure A: Synthesis of N-carbamate derivatives of D-mannosamine with chloroformates. 
2-amino-2-deoxy-D-mannopyranoside hydrochloride (18) (1.00 g, 4.64 mmol) and sodium bicarbonate 
(1.36 g, 16.24 mmol, 3.5 equiv) were dissolved in 1,4-dioxane (37.5 mL) and MilliQ (12.5 mL). 
Thereafter corresponding chloroformate (5.57 mmol, 1.2 equiv) was added dropwise and stirred until 
complete conversion (within 1 h. as indicated by TLC). The solvents were evaporated and the crude 
product was purified by column chromatography (0  20 % MeOH/DCM, v/v) yielding the product as 
white powder.  
 
General procedure B: Synthesis of N-amide derivatives of D-mannosamine with O-succinimide 
esters. 2-amino-2-deoxy-D-mannopyranoside hydrochloride (18) (1.00 g, 4.64 mmol) was dissolved in 
DMF (50 mL) and TEA (1.9 mL, 13.9 mmol, 3 equiv) was added. Thereafter the corresponding 
succinimide ester (5.57 mmol, 1.2 equiv) was added and stirred until complete conversion (within 1 h. 
as indicated by TLC). The solvents were evaporated and the crude product was purified by column 
chromatography (0  20 % MeOH/DCM, v/v) yielding the product as white powder.  
 
General procedure C: Synthesis of N-amide derivatives of D-mannosamine with anhydrides. 2-amino-
2-deoxy-D-mannopyranoside hydrochloride (18) (1.00 g, 4.64 mmol) was dissolved in MeOH (50 mL) 
and 5 M aq. NaOH (2.1 mL, 10.5 mmol, 2.3 equiv) was added. Thereafter the corresponding anhydride 
(23.2 mmol, 5.0 equiv) was added and stirred until complete conversion (within 1 h. as indicated by 
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TLC). The solvents were evaporated and the crude product was purified by column chromatography (0 
– 20% MeOH in DCM, v/v) yielding the product as white powder.  
 

 
General procedure D: Flow synthesis of neuraminic acid derivatives. Mannosamine derivative (2, 4-
10) (0.50 mmol) was dissolved in a 1.00 mL stock solution containing 11 mg·mL-1 sodium pyruvate (0.10 
mmol). The prepared sample (900 µL) was injected in the injection loop (capacity = 1 mL) of the flow 
system. The flow system contained a packed column containing Immobead-NAL and was run at a flow 
speed of 0.05 mL·min-1, heated in a water bath at 38 °C. The crude product was purified by flash column 
chromatography (0-20% 0.04 M HCl in CH3CN, v/v) yielding corresponding neuraminic acid derivatives 
(1, 11-17).  
 

 2-Amino-2-deoxy-D-mannopyranoside hydrochloride (18):34 2-Acetamido-2-deoxy-D-
mannopyranose (2) (5.00 g, 22.6 mmol) was dissolved in aqueous HCl (2 M, 200 mL) and heated for 16 
h. at 60 °C. Thereafter the solvent was evaporated and dried completely by lyophilisation yielding 24 
as a white powder in quantitative yield. The crude product was used without further purification. TLC 
(EtOAc:MeOH:AcOH:H2O, 6:3:3:2 v/v) Rf = 0.42.  
 

2-(N-Propionyl)-2-deoxy-D-mannopyranoside (4):35 prepared using general procedure 
C and propionic anhydride as acylating agent. The product obtained as white powder after 
lyophilisation (1.19 g, 5.08 mmol, 96 %). TLC (MeOH/DCM 1:4 v/v) Rf = 0.15. 1H NMR (500 MHz, D2O) 
δ 5.13 (d, J = 1.5 Hz, 1H, H-1), 4.34 (dd, J = 4.8, 1.6 Hz, 1H, H-2), 4.07 (dd, J = 9.8, 4.7 Hz, 1H, H-3), 3.93 
– 3.79 (m, 3H, H5 2 × H-6), 3.64 (t, J = 9.5 Hz, 1H, H-4), 3.43 (ddd, J = 9.9, 5.0, 2.3 Hz, 1H, H-5), 2.40 – 
2.30 (m, 2H, 2 × H-8), 1.16 – 1.06 (m, 3H, 3 × H-9). 13C NMR (126 MHz, D2O) δ 178.7 (C-7), 93.2 (C-1), 
72.0 (C-5), 68.8 (C-3), 66.8 (C-4), 60.4 (C-6), 53.1 (C-2), 28.9 (C-8), 9.5 (C-9). HRMS (ESI+) m/z calculated 
for C9H17NO6 [M+Na]+ 258.09500, found 258.09536.  
 

2-(N-Butyryl)-2-deoxy-D-mannopyranoside (5):35 prepared using general procedure 
C and butanoic anhydride as acylating agent. The product obtained as white powder after 
lyophilisation (919 mg, 3.69 mmol, 72 %). TLC (MeOH/DCM 1:4 v/v) Rf = 0.41. 1H NMR (500 MHz, D2O) 
δ 5.13 (d, J = 1.5 Hz, 1H, H-1), 4.35 (dd, J = 4.7, 1.6 Hz, 1H, H-2), 4.08 (dd, J = 9.8, 4.7 Hz, 1H, H-3), 3.93 
– 3.79 (m, 3H, H5 2 × H-6), 3.65 (t, J = 9.5 Hz, 1H, H-4), 2.37 – 2.28 (m, 2H, 2 × H-8), 1.69 – 1.57 (m, 2H, 
2 × H-9), 0.98 – 0.90 (m, 3H, 3 × H-10). 13C NMR (126 MHz, D2O) δ 177.9 (C-7), 93.2 (C-1), 72.0 (C-5), 
68.8 (C-3), 66.7 (C-4), 60.4 (C-6), 53.1 (C-2), 37.5 (C-8), 19.0 (C-9), 12.9 (C-10). HRMS (ESI+) m/z 
calculated for C10H19NO6 [M+Na]+ 272.11054, found 272.11101. 
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2-(N-4-Pentenoyl)-2-deoxy-D-mannopyranoside (6):36, 37 prepared using general 
procedure B and O-succinimide-4-pentenoic acid (19) as acylating agent. The product obtained as 
white powder after lyophilisation (0.83 g, 3.2 mmol, 69 %). TLC (MeOH/DCM 1:4 v/v) Rf = 0.47. 1H NMR 
(500 MHz, CD3OD) δ 5.89 (ddq, J = 16.6, 9.7, 3.3 Hz, 1H, H-10), 5.10 (ddd, J = 16.9, 6.8, 1.9 Hz, 1H, H-1), 
5.00 (dd, J = 9.7, 1.7 Hz, 2H, 2 × H-11), 4.31 (dd, J = 4.7, 1.6 Hz, 1H, H-2), 4.03 (dd, J = 9.7, 4.7 Hz, 1H, H-
3), 3.89 – 3.76 (m, 3H, H5 2 × H-6), 3.61 (t, J = 9.6 Hz, 1H, H-4), 2.44 – 2.35 (m, 4H, 2 × H-8, 2 × H-9). 13C 
NMR (126 MHz, CD3OD) δ 176.1 (C-7), 138.5 (C-10), 115.7 (C-11), 95.0 (C-1), 73.4 (C-5), 70.6 (C-3), 68.5 
(C-4), 62.3 (C-6), 55.1 (C-2), 36.3 (C-9), 30.9 (C-8). HRMS (ESI+) m/z calculated for C11H19NO6 [M+H]+ 
262.12792, found 262.12906. 
 

2-(N-4-Pentynoyl)-2-deoxy-D-mannopyranoside (7):12, 38 prepared using general 
procedure B and O-succinimide-4-pentynoic acid (20) as acylating agent. The product obtained as 
white powder after lyophilisation (1.08 g, 4.18 mmol, 89 %). TLC (MeOH/DCM 1:4 v/v) Rf = 0.37. 1H 
NMR (500 MHz, D2O) δ 5.16 (d, J = 1.6 Hz, 1H, H-1), 4.38 (d, J = 4.8 Hz, 1H, H-2), 4.09 (dd, J = 9.9, 4.7 
Hz, 1H, H-3), 3.94 – 3.80 (m, 3H, H5 2 × H-6), 3.66 (t, J = 9.7 Hz, 1H, H-4), 2.63 (td, J = 6.6, 1.6 Hz, 2H, H-
8), 2.59 – 2.50 (m, 4H, 2 × H8 2 × H-9), 2.41 (dq, J = 3.4, 1.8 Hz, 1H, H-11). 13C NMR (126 MHz, D2O) δ 
175.3 (C-7), 93.2 (C-1), 83.3 (C-10), 72.0 (C-5), 70.1 (C-11), 68.8 (C-3), 66.8 (C-4), 60.4 (C-6), 53.2 (C-2), 
34.2 (C-9), 14.4 (C-8). HRMS (ESI+) m/z calculated for C11H17NO6 [M+Na]+ 282.09490, found 282.09536. 
 

2-(N-Allyloxycarbonyl)-2-deoxy-D-mannopyranoside (8):37, 39 prepared using 
general procedure A and O-allyl chloroformate as acylating agent. The product obtained as white 
powder after lyophilisation (1.14 g, 4.34 mmol, 93 %). TLC (MeOH/DCM 1:4 v/v). Rf = 0.43 1H NMR (400 
MHz, D2O) δ 6.03 (ddq, J = 17.4, 10.3, 5.2 Hz, 1H, H-9), 5.31 (dt, J = 10.6, 1.5 Hz, 2H, 2 × H-10), 5.22 (s, 
1H, H-1), 4.65 (dt, J = 5.6, 1.7 Hz, 2H, 2 × H-8), 4.16 – 4.04 (m, 2H, H-2, H-3), 4.00 – 3.77 (m, 3H, H-5, 2 
× H-6), 3.62 (t, J = 9.2 Hz, 1H, H-4). 13C NMR (101 MHz, D2O) δ 158.5 (C-7), 132.8 (C-9), 117.5 (C-10), 
93.5 (C-1), 72.2 (C-5), 69.0 (C-3), 66.8 (C-4), 66.2 (C-8), 60.7 (C-6), 54.9 (C-2). HRMS (ESI+) m/z 
calculated for C10H17NO7 [M+Na]+ 286.08985, found 286.09027. 
 

2-(N-Propargyloxycarbonyl)-2-deoxy-D-mannopyranoside (9):40 prepared using 
general procedure A and O-propargyl chloroformate as acylating agent. The product obtained as white 
powder after lyophilisation (114 mg, 0.44 mmol, 91 %). TLC (MeOH/DCM 1:4 v/v) Rf = 0.32. 1H NMR 
(500 MHz, D2O) δ 5.20 (s, 1H, H-1), 4.72 (dd, J = 11.2, 2.3 Hz, 2H, 2 × H-8), 4.10 – 4.03 (m, 2H, H-2, H-
3), 3.93 – 3.75 (m, 3H, H5 2 × H-6, H-5), 3.57 (t, J = 9.5 Hz, 1H, H-4), 2.93 (t, J = 2.4 Hz, 1H, H-10). 13C 
NMR (126 MHz, D2O) δ 157.7 (C-7), 93.4 (C-1), 78.5 (C-9), 76.4 (C-10), 72.2 (C-5), 68.9 (C-3), 66.9 (C-4), 
60.6 (C-6), 55.0 (C-2), 53.0 (C-8). HRMS (ESI+) m/z calculated for C10H15NO7 [M+Na]+ 284.07462, found 
284.07394. 
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2-(N-tert-Butyloxycarbonyl)-2-deoxy-D-mannopyranoside (10):34 2-amino-2-deoxy-
D-mannopyranoside hydrochloride (16) (299 mg, 1.39 mmol) was dissolved in water (4 mL) and EtOH 
(4 mL) after which sodium hydrogencarbonate (292 mg, 3.48 mmol) was added. Thereafter a solution 
of tert-butyloxycarbonyl anhydride (607 mg, 2.78 mmol) in EtOH (4 mL) was added and stirred for 16 
hours at rt. The reaction mixture was concentrated in vacuo and without workup purified directly using 
column chromatography (0 – 10% H2O in CH3CN, v/v) yielding the product as white foam after 
concentration in vacuo (327 mg, 1.17 mmol, 84 %) TLC (H2O/CH3CN 1:4 v/v) Rf = 0.52. 1H NMR (500 
MHz, D2O) δ 5.07 (s, 1H, H-1), 3.93 (m, 1H, H-3), 3.82 – 3.76 (m, 1H, H-2), 3.79 – 3.73 (m, 2H, 2 × H-6), 
3.71 (m, 1H, H-5), 3.47 (t, J = 9.4 Hz, 1H, H-4), 1.38 (s, 9H, 9 × H-9). 13C NMR (126 MHz, D2O) δ 158.70 
(C-7), 93.56 (C-1), 81.04 (C-8), 76.31 (C-5), 72.07 (C-3), 66.71 (C-4), 60.60 (C-6), 55.39 (C-2), 27.65 (3 × 
C-9). 
 

(5-N-Propionyl-3,5-dideoxy-D-glycerol-D-galactonon-2-ulopyranoside)onate 
(11):35 Prepared using general procedure D and 2-(N-propionyl)-2-deoxy-D-mannopyranoside (4) as 
reagent. The crude product was analysed directly and obtained as a white foam (75% conversion). TLC 
(0.04 M HCl/CH3CN 1:4 v/v) Rf = 0.10. 1H NMR (500 MHz, D2O) δ 4.13 – 4.06 (m, 2H, H-4, H-6), 3.95 (t, 
J = 10.3 Hz, 1H, H-5), 3.85 (dd, J = 11.8, 2.8 Hz, 1H, H-9a), 3.77 (ddd, J = 9.0, 6.3, 2.7 Hz, 1H, H-7), 3.63 
(dd, J = 11.9, 6.3 Hz, 1H, H-9b), 3.56 (d, J = 9.1 Hz, 1H, H-8), 2.33 (q, J = 7.6 Hz, 3H, H-3a, 2 × H-11), 1.90 
(dd, J = 13.1, 11.6 Hz, 1H, H-3b), 1.14 (t, J = 7.7 Hz, 3H, 3 × H-12). 13C NMR (126 MHz, D2O) δ 178.9 (C-
10), 173.4 (C-1), 95.4 (C-2), 70.5 (C-6), 70.2 (C-7), 68.3 (C-8), 66.6 (C-4), 63.2 (C-9), 51.9 (C-5), 38.9 (C-
3), 29.3 (C-11), 9.6 (C-12). HRMS (ESI+) m/z calculated for C12H21NO9 [M+Na]+ 346.11158, found 
346.11140. 
 

(5-N-Butyryl-3,5-dideoxy-D-glycerol-D-galactonon-2-ulopyranoside)onate 
(12):35 Prepared using general procedure D and 2-(N-butyryl)-2-deoxy-D-mannopyranoside (5) as 
reagent. The crude product was analysed directly and obtained as a white foam (78% conversion). TLC 
(0.04 M HCl/CH3CN 1:4 v/v) Rf = 0.14. 1H NMR (500 MHz, D2O) δ 4.07 (d, J = 10.2 Hz, 2H, H-4, H-6), 3.93 
(t, J = 10.1 Hz, 1H, H-5), 3.83 (dd, J = 11.9, 2.4 Hz, 1H, H-9a), 3.74 (dd, J = 8.9, 6.1 Hz, 1H, H-8), 3.61 (dd, 
J = 11.8, 6.2 Hz, 1H, H-9b), 3.55 (d, J = 9.0 Hz, 1H, H-7), 2.34 – 2.30 (m, 1H, H-3a), 2.28 (t, J = 7.3 Hz, 2H, 
2 × H-11), 1.87 (t, J = 12.3 Hz, 1H, H-3b), 1.62 (q, J = 7.3 Hz, 2H, 2 × H-12), 0.91 (t, J = 7.2 Hz, 3H, 3 × H-
13). 13C NMR (126 MHz, D2O) δ 178.0 (C-10), 173.0 (C-1), 95.2 (C-2), 70.5 (C-6), 70.2 (C-7), 68.3 (C-8), 
66.5 (C-4), 63.2 (C-9), 52.0 (C-5), 38.9 (C-3), 37.9 (C-13), 19.0 (C-12), 12.9 (C-11).  
 

(5-N-4-Pentenoyl-3,5-dideoxy-D-glycerol-D-galactonon-2-
ulopyranoside)onate (13):37 Prepared using general procedure D and 2-(N-4-pentenoyl)-2-deoxy-D-
mannopyranoside (6) as reagent. The crude product was analysed directly and obtained as a white 
foam (48% conversion). TLC (0.04 M HCl/CH3CN 1:4 v/v) Rf = 0.26. 1H NMR (500 MHz, D2O) δ 5.91 (ddt, 
J = 16.5, 10.1, 6.2 Hz, 1H, H-13), 5.18 – 5.06 (m, 2H, 2 × H-14), 4.14 – 4.06 (m, 2H, H-4, H-6), 3.96 (t, J = 
10.3 Hz, 1H, H-5), 3.87 (dd, J = 11.8, 2.7 Hz, 1H, H-9a), 3.78 (ddd, J = 9.1, 6.5, 2.6 Hz, 1H, H-7), 3.66 – 
3.62 (m, 1H, H-9b), 3.62 – 3.58 (m, 1H, H-8), 2.48 – 2.37 (m, 4H, 2 × H-11 2 × H-12), 2.35 (dd, J = 13.0, 
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4.8 Hz, 1H, H-3a), 1.94 – 1.86 (m, 1H, H-3b).13C NMR (126 MHz, D2O) δ 177.0 (C-10), 173.3 (C-1), 137.1 
(C-13), 115.8 (C-14), 95.4 (C-2), 70.4 (C-6), 70.3 (C-7), 68.4 (C-8), 66.6 (C-4), 63.3 (C-9), 52.0 (C-4), 38.9 
(C-3), 35.3 (C-11), 29.4 (C-12). 
 

(5-N-4-Pentynoyl-3,5-dideoxy-D-glycerol-D-galactonon-2-
ulopyranoside)onate (14):12 Prepared using general procedure D and 2-(N-4-pentynoyl)-2-deoxy-D-
mannopyranoside (7) as reagent. The crude product was analysed directly and obtained as a white 
foam (70% conversion). TLC (0.04M HCl/CH3CN 1:4 v/v) Rf = 0.18. 1H NMR (500 MHz, D2O) δ 4.11 (dd, 
J = 10.7, 4.1 Hz, 2H, H-4, H-6), 3.99 (t, J = 10.2 Hz, 1H, H-5), 3.87 (dd, J = 11.9, 2.6 Hz, 1H, H-9a), 3.79 
(ddd, J = 9.0, 6.3, 2.5 Hz, 1H, H-7), 3.72 (t, J = 8.2 Hz, 1H, H-8), 3.63 (dd, J = 11.8, 6.3 Hz, 1H, H-9b), 2.55 
(d, J = 1.7 Hz, 4H, 2 × H-11 2 × H-12), 2.44 (s, 1H, H-14), 2.38 – 2.32 (m, 1H, H-3a), 1.95 – 1.87 (m, 1H, 
H-3b). 13C NMR (126 MHz, D2O) δ 175.5 (C-10), 173.3 (C-1), 95.3 (C-2), 83.6 (C-13), 70.4 (C-14), 70.4 (C-
7), 70.3 (C-6), 68.3 (C-8), 66.6 (C-4), 63.3 (C-9), 52.1 (C-5), 38.9 (C-3), 34.8 (C-11), 14.6 (C-12). 
 

(5-N-Allyloxycarbonyl-3,5-dideoxy-D-glycerol-D-galactonon-2-
ulopyranoside)onate (15):37 Prepared using general procedure D and 2-(N-allyloxycarbonyl)-2-deoxy-
D-mannopyranoside (8) as reagent. The crude product was analysed directly and obtained as a white 
foam (73% conversion). TLC (0.04 M HCl/CH3CN 1:4 v/v) Rf = 0.20. 1H NMR (400 MHz, D2O) δ 6.05 (ddt, 
J = 17.5, 10.4, 5.2 Hz, 1H, H-12), 5.37 (m, 2H, 2 × H-13), 4.67 (dt, J = 5.5, 2.7 Hz, 2H, 2 × H-11), 4.16 (d, 
J = 10.6 Hz, 2H, H-4, H-6), 3.92 (dd, J = 11.8, 2.7 Hz, 1H, H-9a), 3.86 – 3.79 (m, 1H, H-7), 3.77 – 3.66 (m, 
2H, H-9b, H-8), 2.39 (dd, J = 13.2, 5.0 Hz, 1H, H-3a), 1.95 1.95 (t, J = 12.4 Hz, 1H, H-3b). 13C NMR (101 
MHz, D2O) δ 173.3 (C-1), 158.4 (C-10), 132.9 (C-12), 117.4 (C-13), 95.4 (C-2), 70.7 (C-6), 70.5 (C-7), 68.2 
(C-8), 66.9 (C-4), 66.1 (C-11), 63.3 (C-9), 53.5 (C-5), 39.0 (C-3). HRMS (ESI+) m/z calculated for C13H21N-
O10 [M+Na]+ 374.1087, found 374.1063.  
 

(5-N-Propargyloxycarbonyl-3,5-dideoxy-D-glycerol-D-galactonon-2-
ulopyranoside)onate (16):41 Prepared using general procedure D and 2-(N-propargyloxycarbonyl)-2-
deoxy-D-mannopyranoside (9) as reagent. The crude product was analysed directly and obtained as a 
white foam (63% conversion). TLC (0.04 M HCl/CH3CN 1:4 v/v) Rf = 0.12. 1H NMR (500 MHz, D2O) δ 4.72 
(t, J = 4.0, 2.4 Hz, 2H, 2 × H-11), 4.07 – 4.00 (m, 2H, H-4, H-6), 3.87 (dd, J = 11.9, 2.7 Hz, 1H, H-9a), 3.78 
(ddd, J = 9.2, 6.6, 2.7 Hz, 1H, H-8), 3.71 – 3.58 (m, 3H, H-9b, H-7, H-5), 2.93 (t, J = 2.4 Hz, 1H, H-13), 2.24 
(dd, J = 12.9, 4.9 Hz, 1H, H-3a), 1.85 (t, J = 12.9, 11.6 Hz, 1H, H-3b). 13C NMR (126 MHz, D2O) δ 176.4 
(C-1), 157.5 (C-10), 96.3 (C-2), 78.5 (C-12), 75.7 (C-13), 70.5 (C-7), 70.3 (C-8), 68.5 (C-6), 67.3 (C-4), 63.3 
(C-9), 53.8 (C-5), 52.9 (C-11), 39.3 (C-3). HRMS (ESI+) m/z calculated for C13H19NO10 [M+Na]+ 372.0931, 
found 372.0907. 
 

(5-N-tert-Butyloxycarbonyl-3,5-dideoxy-D-glycerol-D-galactonon-2-
ulopyranoside)onate (17):34 Prepared using general procedure D and 2-(N-tert-butyloxycarbonyl)-2-
deoxy-D-mannopyranoside (10) as reagent. The crude product was analysed directly and obtained as 
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a white foam (69% conversion). TLC (H2O/CH3CN 1:4 v/v) Rf = 0.40. 1H NMR (500 MHz, D2O) δ 4.02 – 
3.87 (m, 2H, H-4, H-6), 3.79 (dd, J = 11.8, 2.9 Hz, 1H, H-9a), 3.70 (ddd, J = 9.3, 6.7, 2.7 Hz, 1H, H-8), 3.60 
– 3.49 (m, 3H, H-5, H-7, H-9b), 2.13 (dd, J = 12.9, 5.0 Hz, 1H, H-3a), 1.75 (t, J = 12.4 Hz, 1H, H-3b), 1.38 
(s, 9H, 9 × H-12).13C NMR (126 MHz, D2O) δ 170.27 (C-1), 157.99 (C-10), 96.37 (C-2), 81.05 (C-11), 70.56 
(C-8 and C-6, signal overlap), 68.65 (C-7), 67.43 (C-4), 63.36 (C-9), 53.22 (C-5), 39.47 (C-3), 27.65 (3 × 
C-12).  
 

2,5-Dioxopyrrolidin-1-yl pent-4-enoate (19):42 Prepared according to previous 
literature.[8] Product obtained as white powder (1.38 g, 7.45 mmol, 74 %). TLC (EtOAc/n-heptane 1:1 
v/v) Rf = 0.52. 1H NMR (400 MHz, CDCl3) δ 5.85 (ddt, J = 16.9, 10.3, 6.4 Hz, 1H), 5.16 – 5.06 (m, 2H), 
2.84 (s, 3H), 2.72 (t, J = 7.5 Hz, 1H), 2.55 – 2.45 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 169.2, 168.2, 
135.3, 116.8, 30.5, 28.5, 25.7.  
 

2,5-Dioxopyrrolidin-1-yl pent-4-ynoate (20):38, 43 Prepared according to previous 
literature.[4a, 9] Product obtained as white powder (1.65 g, 8.90 mmol, 89 %). TLC (EtOAc/n-heptane 1:1 
v/v) Rf = 0.43. 1H NMR (500 MHz, CDCl3) δ 2.88 (dd, J = 8.3, 6.7 Hz, 2H), 2.84 (s, 4H), 2.62 (ddd, J = 8.7, 
6.7, 2.6 Hz, 2H), 2.05 (t, J = 2.7 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 169.0, 167.2, 81.0, 70.2, 30.5, 25.7, 
14.3. 
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6.7 – Supporting information 
 
Supporting information I – Investigation of concentration and flow speed for the flow synthesis of neuraminic 
acid. 

 
N-Acetyl-D-mannosamine (2) (1.55 g, 7.00 mmol) and sodium pyruvate (3) (155 mg, 1.400 mmol) were mixed in 
a flask. To this mixture, water (14.0 mL) was added and the mixture was stirred vigorously until the reagents 
were dissolved. The obtained 500 mM stock solution was used to prepare the 250 mM and 100 mM stock 
solutions via dilution. To initiate the reaction, the solution (900 µL) was injected in the sample loop. The product 
was collected directly after the reactor in a flask, and concentrated in vacuo to afford the product as a white 
solid. The conversion was determined directly using 1H NMR.  
 

Flow speed 
(mL·min-1) 

Conversion (%)a 
ManNAc (100 mM) 
Pyruvate (20 mM)b 

ManNAc (250 mM) 
Pyruvate (50 mM)b 

ManNAc (500 mM) 
Pyruvate (100 mM)b 

5.00 <5% <5% <5% 
1.00 <5% 7% 7% 
0.50 16% 16% 14% 
0.25 15% 30% 32% 
0.10 27% 32% 53% 
0.05 29% 49% 73% 
0.02 32% 60% 70% 
0.01 Pump inaccuracy 

a) Determined using 1H NMR. 
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Supporting information II – 1H NMR data for the preparative scale Neu5Ac reaction 

 
1H NMR data showing the decline in enzymatic conversion of N-acetyl-D-mannosamine to N-acetyl-D-neuraminic 
acid. The neuraminic acid H-3 integral was correlated to the sum of H-1 mannosamine.  
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Chapter 7 
 
 
 
 

 
Compartmentalised N-Acetylneuraminate Lyase in 

Flow: Expanding the c-CLEnA Scope 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

V. R. L. J. Bloemendal, T. M. De Martino, L. K. E. A. Abdelmohsen, J. C. M. van Hest & F. P. J. T. Rutjes. 
 
Abstract: Polymeric nanoreactors have drawn increased attention as greener and smarter tools to 
facilitate synthesis processes in industrial applications. In this study we describe the application of N-
acetylneuraminate lyase (NAL) loaded in bowl-shaped polymer vesicles, or stomatocytes, in which NAL 
is cross-linked with genipin to obtain compartmentalised cross-linked enzyme nano-aggregates (c-
CLEnA-NAL). These nanoreactors were applied in a hollow fibre microreactor to catalyse the aldol 
condensation of N-acetyl-D-mannosamine and sodium pyruvate to afford N-acetyl-D-neuraminic acid 
in yields up to 69%. Moreover, we demonstrated that the c-CLEnA-NAL nanoreactors were relatively 
stable during a one-week continuous flow experiment.   
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7.1 – Introduction  
The integration of biocatalysts in flow reactors is regarded as viable approach to scale up 
chemoenzymatic reactions. It combines the traditional excellent control in mass and heat-transfer of 
a flow process with the capacity to attain kinetic control, as processes are not predominantly 
determined by enzyme-induced equilibria found in batch reactions. An important aspect for a cost-
effective flow process is also the possibility to recycle the catalyst. As a result, a wide range of enzyme 
immobilisation methods have been deployed to attach enzymes to a solid support that can be 
recovered after the reaction.1 
 

 
Scheme 1 A) The c-CLEnA preparation from polymersomes, reported by De Martino et al.2 B) Our previous work 
describing an immobilised neuraminic acid lyase for the flow synthesis of N-functionalised-D-neuraminic acids .3 
C) Application of c-CLEnA-NAL for the flow synthesis of N-acetyl-D-neuraminic acid to effectively decrease 
enzyme loading. 
 
A well-studied enzyme for the chemoenzymatic preparation of neuraminic acid derivatives is N-
acetylneuraminate lyase (NAL), which excels in substrate promiscuity and enzymatic stability.4 The use 
of this particular NAL enzyme in a continuous setting has already attracted considerable attention and 
there are several examples of immobilisation in cross-linked enzyme aggregates (CLEA),5-7 and cross-
linked inclusion bodies (CLIB).8 In earlier reports the preparation of NAL-based CLEAs proved to be 
cumbersome due to the time consuming preparation of the particles. This problem was solved by 
Sánchez-Ferrer and co-workers who developed a fast preparation of CLEA particles which was fittingly 
named fpCLEA.9  
As described in chapter 6, our group has developed methodology to successfully produce neuraminic 
acid derivatives using immobilised NAL enzyme in flow in yields up to 80%.3 The high promiscuity and 
stability of the immobilised neuraminic acid lyase provided a system suitable for larger scale sialic acid 
production. The Immobead-NAL system gave high conversions, albeit by using relatively large amounts 
of enzyme (up to 60 mg per loading), but nevertheless represented an effective and scalable approach. 
Recently, De Martino et al. investigated a different type of enzyme immobilisation and developed 
compartmentalised cross-linked enzymatic nano-aggregates (c-CLEnA).2 These nanoparticles are 
capable of effectively encapsulating enzymes, while remaining in direct contact with a substrate 
flow.10, 11 We hypothesised that a c-CLEnA-NAL particle could retain more enzymatic activity – thus 
effectively lowering enzyme concentration – and also provide an increased scope of application for the 
developed technology. We herewith report our recent efforts in preparing and testing the c-CLEnA-
NAL particles for the flow synthesis of N-acetyl-D-neuraminic acid (3, Neu5Ac).  
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7.2 – c-CLEnA-NAL preparation 
The synthesis of c-CLEnA particles proceeded via a sequence of PEG-PS polymersome formation, 
solvent induced shape transformation to stomatocytes, enzyme entrapment and finally cross-linking 
(Scheme 1A).9 Two different methods for cross-linking were investigated, using either glutaraldehyde 
or genipin (Scheme 2). The effective amount of entrapped enzyme was checked using a Bradford assay 
and the occurrence of the cross-linking was monitored using SDS-PAGE, by dissolving the polymer 
particle in an organic solvent and analysing the protein fraction. Cross-linking enzymes using 
glutaraldehyde is a fairly common methodology, but can greatly affect the activity of the c-CLEnA 
encapsulated enzymes. Genipin, a milder and naturally occurring latent dialdehyde, was previously 
shown effective in linking enzymes while retaining high enzymatic conversion.12, 13  
 

 
Scheme 2 Mechanistic representation of protein cross-linking using genipin or glutaraldehyde. Image adapted 
and created with BioRender.com. 
 
The reaction catalysed by NAL is the aldol condensation of N-acetyl-D-mannosamine (ManNAc, 1) with 
pyruvate (2) to afford Neu5Ac (3).14, 15 This reaction has shown to yield up to 82% yield of 3 when using 
a fivefold stoichiometric excess of mannosamine 2 under concentrated reaction conditions (500 mM).3 
For our system, we started with the cross-linking of NAL using both glutaraldehyde and genipin, and 
tested the activity in batch. First, as a positive control, the reaction executed with free NAL in solution 
provided 78% yield (2 mg, entry 1). Unlike literature reports, there was no observable enzymatic 
activity of the glutaraldehyde cross-linked aldolase (Table 1, entry 2).5, 6 A further investigation varying 
the glutaraldehyde cross-linker concentration (100 or 300 µL) did not yield feasible results either. 
 
Table 1 Batch synthesis of Neu5Ac using a variety of cross-linked NAL formulations. 

 
entry NAL formulation conditions yield (%)a 
1 Free NAL solution 35 °C, 64 h 78 
2 Free NAL glutaraldehyde 35 °C, 64 h 0 
3 Free NAL genipin 35 °C, 64 h 49 
4 NAL stomatocyte 35 °C, 64 h 41 
5 c-CLEnA-NAL glutaraldehyde 35 °C, 64 h 0 
6 c-CLEnA-NAL genipin 35 °C, 64 h 16 

Conditions: A stock solution of ManNAc (1) and sodium pyruvate (2) (500 mM and 100 mM, respectively) in water 
(2 mL) was added to an Eppendorf tube (5 mL), and heated to 35 °C for 64 h. The reaction mixture was filtered, 
concentrated in vacuo and analysed directly. a determined by 1H NMR analysis of the crude reaction mixture. 
 
The free NAL solution cross-linked with genipin provided yields up to 49% of Neu5Ac (3, entry 3), albeit 
over the course of a weekend. Furthermore, yields up to 41% were reached with encapsulated NAL in 
PEG-PS stomatocytes, using the same enzyme concentration as used for entry 1. Finally, we observed 
a combined effect of cross-linking and compartmentalisation when using c-CLEnA-NAL cross-linked 
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with genipin (1 wt%), as a yield of 16% was obtained (entry 6). Although this yield was about 5 times 
lower than for the free NAL solution (entry 1), it did indicate the retention of enzymatic activity in the 
c-CLEnA-NAL. Previous batch reactions using Immobead-NAL particles provided up to 65% yield within 
24 hours (Chapter 6, Table 1), compared to our newly designed c-CLEnA-NAL particles over 64 hours. 
This discrepancy can be explained due to the higher enzyme loading in the Immobead-NAL experiment. 
Nonetheless, this result allowed us to investigate the potential benefits of c-CLEnA-NAL in a flow setup. 
 
7.3 – Stability test of c-CLEnA-NAL in flow 
To assess the catalytic activity and stability of the c-CLEnA-NAL, a microporous membrane-based 
reactor was used to contain the nanoreactors (Figure 1). A flow setup was designed using a Microkros 
hollow fibre reactor of mixed cellulose ether (ME) acquired from Repligen (0.1 µm and < 10 kDa, see: 
Supporting information I). The reactor was loaded with freshly prepared c-CLEnA-NAL solution 
(approximately 12 mg) and connected to an HPLC pump. The components were connected with 
perfluoroalkoxy (PFA) tubing (OD 1/16”, ID 1/50”) and flangeless fittings (1/16”). Prior to administering 
the substrates to the hollow fibre membrane reactor, the reactor was preheated using a water bath.  
To make a reliable comparison between the Immobead-NAL and c-CLEnA-NAL, the continuous flow 
experiment was conducted using similar reaction conditions with a lower flow rate. Critically, while the 
Immobead-NAL was loaded in a packed-bed HPLC cartridge, the c-CLEnA-NAL solution was loaded in a 
hollow fibre membrane reactor. In contrast with the packed-bed reactor of the Immobead-NAL, the 
hollow fibre reactor requires the substrate solution to diffuse through the membrane to reach the 
polymer enclosed NAL. Moreover, the enzyme loading of the c-CLEnA-NAL was considerably lower 
compared to the previous Immobead-NAL system (12 and 60 mg, respectively). These differences will 
increase system complexity and also influence total efficiency of the flow reactor.  
 

 

 
Figure 1 Stability test of c-CLEnA-NAL in a continuous flow setup. Conditions: ManNAc (1, 500 mM), sodium 
pyruvate (2, 100 mM), H2O, c-CLEnA-NAL. 25 µLmin-1, 35 °C. Yields determined in triplo by 1H NMR analysis of 
the crude reaction mixture (See: Supporting information II). 
 
A stock solution of ManNAc (1, 500 mM) and sodium pyruvate (2, 100 mM) was pumped continuously 
for one week over the membrane reactor containing the NAL enzyme. After 6 hours yields up to 17% 
of Neu5Ac (3) were obtained, and after 24 hours the system, as the following samples were showing 
less variability in yield. In 168 hours, over 27 grams of ManNAc was eluted through the system and the 
yields slowly decreased to 12%. The decrease in yield was relatively higher compared to the previous 
Immobead-NAL system (82 to 54% after 168 hours), which prompted us to further optimise the 
reaction setup. 
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7.4 – Reaction optimisation using c-CLEnA 
Next we applied the c-CLEnA-NAL in a modified flow system to efficiently screen temperature, flow 
rate and membrane composition to optimise Neu5Ac (3) production. The flow setup was equipped 
with a sample loop which allowed us to change temperature and flow rate. The first optimisations 
were conducted using the ME hollow fibre reactor submerged in a 50 °C water bath and afforded yields 
up to 41% (Table 2, entries 1, 2). A further increase in temperature was not investigated because it 
was postulated that higher temperatures would not dramatically increase the reaction yield up to 80%. 
Instead, by changing the membrane consistency the porosity and permeability of the substrates could 
be (positively) influenced for the reaction at hand.  
Previous experimentation with c-CLEnA substrates were done using a modified polyethersulfone 
(mPES) hollow fibre reactor with a pore size of <10 kDa.2 Complementary to this study, a Microkross 
mPES reactor was loaded with c-CLEnA-NAL solution and a more in depth optimisation on residence 
time (tR) was conducted. Compared to the previous ME hollow fibre reactor, the yields were 
considerably increased to 47% when using a residence time of 30 minutes. Gratifyingly, by lowering 
flow rate, thus increasing residence time, we were able to afford yields up to 69% (entries 6-8). 
Although this conversion did not outrank our previous yields with the Immobead-NAL, it did effectively 
decrease enzyme loading by a factor five (12 mg in c-CLEnA-NAL vs 60 mg in Immobead-NAL). The 
yields of the c-CLEnA-NAL catalysed reaction comes close to the Immobead-NAL and this result 
underlines that the c-CLEnA technology has increased the turnover number (TON) for this particular 
enzyme.16 
 
Table 2 The flow optimisation of genipin cross-linked c-CLEnA-NAL in a microporous flow reactor 

 
entry flow (µLmin-1) tR (min)a T (°C) yield (%)b reactorc 
1 50 30 50 37 ME (0.1 µm, 1.5 mL) 2 25 60 50 41 
3 100 15 35 35 

mPES (10kDa, 1.5 mL) 

4 75 20 35 41 
5 50 30 35 47 
6 40 37.5 35 52 
7 30 50 35 60 
8 20 75 35 69 
9 20 75 50 50 
10 50 30 60 48 
11 50 30 70 22 
12 60 75 35 13 

mPES (10kDa, 4.5 mL) 13 60 75 45 10 
14 75 60 50 16 

Conditions: A stock solution of N-acetyl-d-mannosamine (1) and sodium pyruvate (2) (respectively 500 mM and 
100 mM) in water (900 µL) was injected in a sample loop (1 mL) and pumped (50 µLmin-1) over the microporous 
hollow fibre reactor loaded with genipin cross-linked c-CLEnA-NAL at various temperatures and collected for at 
least 2.0 × tR. a Residence time in minutes. b Determined by 1H NMR analysis of the crude reaction mixture. c 
Reactors used for the reactions with their corresponding membrane (mixed cellulose ether (ME), modified 
polyethersulfone (mPES)), molecular weight cut off (MWCO in kDa or µm) and reactor volume (in mL).  
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Hereafter, the reactor was heated even more to see if that could increase conversions. Disappointingly, 
elevated temperatures led to a loss of activity (entries 9-11). When trying to recycle the c-CLEnA-NAL 
from the reactor it did not show any enzymatic activity. It was postulated that an increase in 
temperature and high substrate concentration could have affected the neuraminic acid lyase and 
rendered it inactive. In addition, after cleaning the reactor and refilling it with a fresh batch c-CLEnA-
NAL solution, it was impossible to load any enzyme as the opaque white solution would leak from the 
hollow fibre membrane. This leakage could be explained by the worn mPES reactor, after multiple runs 
using stoichiometric amounts of substrate and elevated temperatures. Due to the leaching of the 
enzyme, the reactor could not be reused. The optimal conditions therefore involved a temperature of 
35 °C and a flow rate of 20 µLmin-1 using a hollow fibre mPES reactor, leading to a conversion of 69%. 
Finally, a larger 4.5 mL reactor was investigated to increase conversions using a similar amount of c-
CLEnA-NAL. The hypothesis that an increased hollow fibre surface would positively influence the 
substrate permeability - thus conversion - was rejected when yields up to 16% of Neu5Ac (3) were 
obtained (entries 12-14). A possible explanation for this decrease could be the increased reactor 
volume in combination with 1 mL sample injection, which would lead to a more dilute reaction mixture 
in the bigger sized reactor. As observed in earlier research, a decrease in concentration negatively 
influences the enzymatic conversion of NAL.3 
Considering the fact that the enzyme loading was decreased fivefold, the c-CLEnA nanoreactors were 
efficient in the synthesis of neuraminic acids, but were unable to obtain yields up to 80% as described 
in Chapter 6. Critically evaluating both Immobead-NAL and c-CLEnA-NAL, the difference in system 
complexity is significant. While the Immobead-NAL is prepared straightforwardly using commercially 
available reagents in one-step and obtained high yields quickly, the optimisation of c-CLEnA-NAL was 
admittedly more challenging. The c-CLEnA preparation, NAL cross-linking and fine-tuning reaction 
conditions undoubtedly required more expertise than the Immobead-NAL system. We therefore 
currently favour the Immobead-NAL system for the preparation of neuraminic acids, but also 
emphasise that the c-CLEnA nanoreactors can in fact pose a significant immobilisation strategy for 
enzymes which are limited available.  
 
7.5 – Conclusions  
In summary, c-CLEnA technology was implemented for the N-acetylneuraminic acid lyase flow reactor 
for the production of neuraminic acid. The nanoreactors showed to be inactive when cross-linked using 
glutaraldehyde, but gratifyingly retained enzymatic activity by cross-linking with genipin. The 
nanoreactors were loaded in hollow fibre membrane reactors and applied in a flow reactor. The 
stability of the c-CLEnA was demonstrated in a continuous experiment for 168 hours with a moderate 
loss in activity. Finally, we optimised the yields of the reaction by using a modified polyethersulfone 
reactor and low flow rates to afford 69% of Neu5Ac. Although this yield did not outrank our previous 
result with the Immobead-NAL, it did effectively decrease enzyme loading by a factor of five, thus 
increased turnover number of the neuraminic acid lyase. 
 
7.6 – Experimental procedures  
 
General methods: for general methods please refer to section 3.6 
 
c-CLEnA-NAL prepration 
The c-CLEnA-NAL particles were prepared by T.M. de Martino.2 In short, PEG44-b-PS200 was used for the 
preparation of polymersomes, after which stomatocytes were formed using the solvent addition 
method. The stomatocytes were loaded with aqueous N-acetylneuraminate lyase (NAL) solution to 
obtain compartimentalised NAL in stomatocytes. The enzymes were cross-linked using aqueous 
genipin solution (1 wt%), and the particles were filtered to obtain the c-CLEnA-NAL nanoparticles (12 
mg per batch). The particles were studied and analysed using Bradford assay, scanning electron 
microscopy (SEM), transmission electron microscopy (TEM) and dynamic light scattering (DLS). 
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Enzyme loading in Microkros reactors 
The NAL c-CLEnAs (12 mg enzyme content) were freshly prepared and provided by T.M. de Martino 
and solubilised in approximately 3 mL water. The aqueous suspension was vortexed and loaded into a 
syringe (1 mL), after which it was coupled directly to the side-inlet of the flow reactor. Using a syringe 
pump, the solution was slowly added to the reactor (< 0.5 mL·min-1), effectively eluting excess aqueous 
solvent. The reactor was then closed and ready for usage.  
 
Stability test of c-CLEnA-NAL in a continuous flow setup 
The Microkros reactor was loaded with c-CLEnA enzyme dispersion (containing up to ± 12 mg NAL) 
according to General procedure A. An HPLC pump was loaded with a solution of ManNAc (1, 500 mM) 
and sodium pyruvate (2, 100 mM) and pH adjusted to 7.0 using 1 M aqueous NaOH or HCl. The 
Microkross reactor was connected directly to the HPLC pump. The reactor was submerged in a 35 °C 
water bath for 10 minutes prior to starting the experiment. The pump rate was set to 25 µLmin-1, and 
the substrate solution was continuously pumped through the reactor. After the indicated time 
intervals, the reaction mixture was separately collected for 10 min (3 ×). The samples were 
concentrated in vacuo and the conversion determined using 1H NMR in D2O. 
 
Flow setup for optimisation strategy 
The Microkros reactor was loaded with enzyme solution according to the aforementioned procedure. 
An HPLC pump was loaded with demineralised water and connected to a sample loop (1 mL). The 
sample loop outlet was connected to the flow reactor and the pump was set to the according flow 
speed. The reactor was submerged in a pre-heated water bath and after 10 minutes the substrates 
were pumped through. The ManNAc (1, 500 mM) and sodium pyruvate (2, 100 mM) solution was 
prepared in demineralised water and the pH adjusted to 7.0 using 1 M aqueous NaOH or HCl. Before 
each experiment, the HPLC pump was set to the corresponding flow speed, and the ManNAc/pyruvate 
solution (1 mL) was loaded in the sample loop. Hereafter, the reactor outlet was collected for at least 
(2 × residence time (tR)). Finally, the column was flushed with additional demineralised water (± 5 mL) 
and combined with the collected sample. The obtained product was concentrated in vacuo and the 
yield determined using 1H NMR and D2O. 
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7.7 – Supporting information  
 
Supporting information I – Visual representation of microporous reactor 
 

 
Adapted image acquired from Repligen Corporation, 2021.17 
 
 
Supporting information II – NMR data of stability test c-CLEnA-NAL  

 

 
Stacked NMR plot of the continuous experiment described in Table 1. A gradual decrease in conversion of N-
acetyl-D-neuraminic acid is observed over time. Yield determination was conducted using the integral sum of 5 
of distinct NMR signals: Blue box: H-1ax and H-1eq of N-acetyl-D-mannosamine. Red box: H-3ax of N-acetyl-D-
neuraminic acid 
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Chapter 8 
 
 
 
 

 
Summary, future perspectives and concluding remarks 

 
 
 
 
 

8.1 – Summary 
The synthesis of biologically relevant molecules is a topic of interest in current synthetic organic 
chemistry and has a top priority in industry. Over the last decade, batch-type chemistry was used 
primarily to prepare new molecules and develop chemical transformations. Although batch chemistry 
is the go-to option for synthesising molecules, not all problems can be solved efficiently using this well-
established strategy. A great example is the continuous production of active pharmaceutical 
ingredients (APIs), which require good manufacturing practices and optimal production standards 
which can involve a number of (manual) unit operations. Here, flow chemistry might come into play 
and present a (semi-)continuous production process which would require less unit operations after 
researching the chemistry at hand. Aside from unit operations and continuity, flow chemistry can also 
provide higher safety standards and is more easily scalable in the continuous production of APIs.  
Notwithstanding, flow chemistry does not solve all the current challenges in batch-type API synthesis 
and is still a growing field of science. Our European consortium “ONE-FLOW” tries to solve 
shortcomings of flow chemistry by encapsulating sensitive catalysts,1 investigating solvation of (by-
)products for purification,2, 3 implementing oil/water phases for continuous production and 
extraction,4, 5 exploring one-pot cascade reactions6, 7 and finally combining chemoenzymatic catalysis 
in flow.8-10 This thesis focused on the application of One-flow cascade reactions for cannabinoid 
synthesis and chemoenzymatic flow synthesis of neuraminic acids. 
 
In Chapter 1 a literature overview is provided of synthetic strategies to produce two important 
cannabinoid isomers, Δ8- and Δ9-tetrahydrocannabinol (Δ8- and Δ9-THC).11 It commences with the first 
synthesis and isolation of cannabinoids by Mechoulam and Petrzilka, shows different approaches that 
have been developed over the years, and also highlights recent innovations in the synthesis of 
cannabinoids.  
In Chapter 2, previously reported (continuous) flow approaches for the production of API’s have been 
reviewed. The described flow syntheses are divided in two categories, namely: one-flow and 
interrupted one-flow approaches.12 One-flow systems consist of optimised fully continuous flow 
operations which will lead to a straightforward flow scheme. This is attractive in flow synthesis, but is 
often challenging due to numerous factors. Alternatively, interrupted one-flow systems allows more 
rigorous phase switching and intermediate work-up procedures which can prove vital in multistep API 
production. This chapter elaborates on both approaches for the production of APIs.  
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In Chapter 3 a new modular approach to produce synthetic cannabinoid derivatives is described.13 
Primarily, this chapter emerged from literature which wrongly reported a number of Δ8-THC 
derivatives, which was rectified using (batch) synthesis and extensive NMR experimentation. Critically, 
the investigated Friedel-Crafts alkylation of 5-halide-substituted resorcinols is highly dependent on the 
substituent, leading to ortho- or para-regioisomers of Δ8-THC derivatives. This strategy provided two 
functionalised cannabinoid scaffolds which were used for Pd-catalysed Suzuki-Miyaura cross-couplings 
to afford 12 (synthetic) cannabinoids. 
In Chapter 4 previous batch chiral pool approaches to afford naturally occurring cannabinoids have 
been translated in flow. As described in Chapter 2, the stereoselective synthesis of cannabidiol, Δ8- and 
Δ9-THC can be conducted using a chiral pool approach and has been performed many times in batch. 
We designed a flow system based on homo- and heterogeneous Lewis acids and were able to produce 
the cannabinoids in up to 45% yield.  
In Chapter 5 a one-flow synthesis of ortho-substituted cannabidiol (CBD) derivatives is presented. This 
work outlines the flow synthesis of ortho-azidomethylene CBD and preparation of the copper-
containing resin “silica 3”. The flow synthesis of ortho-substituted CBD was combined to a copper-
catalysed azide alkyne cycloaddition (CuAAC) but did not provide feasible results. This work encounters 
some of the current challenges in flow chemistry and discusses them. 
In Chapter 6 we investigated a chemoenzymatic synthesis of biologically relevant neuraminic acid 
derivatives.14 To increase the efficiency of the preparation of these neuraminic acids, we developed an 
immobilised neuraminic acid aldolase (Immobead-NAL) which was used for the synthesis of a variety 
of neuraminic acids, starting from the corresponding N-substituted mannosamine derivatives.  
In Chapter 7 we continued with the previous neuraminic acid aldolase and optimised the amount of 
enzyme required for the enzymatic transformation of mannosamine to neuraminic acid. The aldolase 
enzyme was inserted into stomatocytes and cross-linked with genipin to afford compartmentalised 
cross-linked enzymatic nano-aggregates (c-CLEnAs). In contrast with the previous system, lower flow 
speeds and higher temperatures led to similar conversions, while the enzyme loading was significantly 
decreased with a factor of 5.  
 
8.2 – Future perspectives 
The use of one-flow approaches for the preparation of biologically active molecules has grown over 
the last few years and will remain to expand. Batch type chemistry is well known to organic chemists 
and effective to synthesise molecules in a reliable fashion.15 Yet, batch chemistry has its limitations 
which can be (partly) overcome using flow chemistry, as flow chemistry excels in safety, scalability, and 
reproducibility due to the well-controlled reaction conditions.16 Regardless of the current available 
flow chemistry for the (bio-)chemical synthesis of molecules, there are still important issues to be 
solved before flow chemistry can be used to its full potential.17, 18  
A clear development for the wider acceptance of flow chemistry would be the integration of flow 
principles in the education of young scientists.19, 20 Maybe exaggerated, but clearly in agreement with 
the vision of the flow chemistry community, students with interest in organic chemistry have limited 
exposure to the principles of flow.21-23 Integration of flow chemistry in the (under)graduate curriculum, 
with both theoretical and practical courses, will familiarize next generations of chemists to this new 
field of science, which will facilitate its adaptation in industry. 
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Figure 1 The challenges on the road of flow chemistry. Adapted with permission from upklyak / Freepik 
 
Another opportunity is the implementation of digitally enhanced lab equipment which intertwines 
design of chemistry with programming.24, 25 This broadens the toolbox of chemists and can lead to 
machine learning systems, and more understanding about designing flow setups.26-28 Admittedly, 
expert (flow) chemists and computing scientists need to work together to develop such systems, but 
often have other obligations in their research.29 Instead, a financial investment in digital lab equipment 
and use of LabViewTM software can drive these innovations in the organic laboratory.30  
The toolbox of synthetic flow reactions is extending evermore, but there is still a high need for 
innovations applicable in flow. A major practical drawback is the handling of solids, slurries, 
suspensions and precipitates in flow which can introduce serious challenges.31 As an example, the use 
of ionic liquids can circumvent some of these problems and is also under investigation in our One-Flow 
consortium.32, 33  
Another challenge lies in multi-step organic synthesis using a variety of different catalysts. When 
combining different chemical transformations, catalyst poisoning or cross-reactivity are serious issues 
that limit the scope of flow processes. 34, 35 The search for compatible one-flow reactions for the 
production of APIs has been outlined in chapter 2 and demonstrates a number of challenges in 
sequential chemical transformations. While many syntheses relied on telescoping reactions in one-
flow systems, often an interruption was required to efficiently design a (semi-) continuous production 
of APIs. Intermediate isolation and work-up procedures in these so-called interrupted one-flow 
systems are often still required to effectively accommodate incompatible chemical transformations.  
Alternatively, (interrupted) one-flow approaches can also be combined with encapsulated catalysts to 
effectively compartmentalise chemical transformations and allow for multistep syntheses with 
minimal leaching and interference.36 This principle can address the incompatibilities in multi-step 
cascade reactions and provide a more continuous flow system. Unquestionably, the preparation of 
encapsulated catalysts is far from trivial and has to be optimised per chemical transformation. Though 
this principle is laborious and time-consuming, it can increase catalyst stability and combine multiple 
chemical transformations in a single reactor.  
 
Digital flow synthesis of (–)-trans-Δ8- and Δ9-THC. Although flow chemistry is increasingly used, it is 
generally challenging for chemists to start using flow chemistry because of the unfamiliarity with the 
equipment, laboratory procedures and design of experiments. For instance, the use of different (flow) 
pumps, length and material of reactors, mixing rates and flow rates in flow experiments can become 
quite complex and is very different from stirring a mixture in a flask. In seminal work of Fitzpatrick et 
al., a digital flow chemistry setup is described in which laboratory equipment is connected to a digitally 
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accessible network to make automated (flow) chemistry more easily accessible for a broader audience 
of chemists.37 The implementation of this hardware is straightforward and can drastically decrease the 
amount of unit operations in the optimisation of a chemical transformation.26 Also inline analysis 
techniques such as FlowIR, mass spec, UV flow cells or even supercritical fluid chromatography can be 
introduced and have been shown effective in digital flow syntheses.38  
 

 
Figure 2 Lab across the world principle, demonstrated jointly in Cambridge and Nijmegen 
 
The digital implementation was also investigated in our labs in the flow synthesis of cannabidiol (CBD), 
(–)-trans-Δ8- and Δ9-THC (compounds 7, 3 and 6, respectively). With help from Dr. D. Fitzpatrick, we 
connected a Raspberry Pi 3 via RS232 to our syringe pumps and loaded the reagents in glass syringes. 
Using LeyLab software suite we were able to digitally access the Raspberry Pi and configure flow 
parameters digitally. This allowed us to conduct a number of flow experiments remotely, with less unit 
operations per reaction transformation (Figure 2). As a proof of principle, we successfully 
demonstrated the “Lab across-the-world” philosophy24, by having prof. dr. Steven Ley in Cambridge 
(UK) remotely executing a flow experiment in Nijmegen (NL).  
 

 

 
Figure 3 Digital flow syntheses of (–)-trans-Δ8- and Δ9-THC (3 and 6 respectively). 
 
We also performed a digital optimisation strategy for the synthesis of (–)-trans-Δ8- and Δ9-THC (3 and 
6, respectively, Figure 3). In the Δ8-THC (3) synthesis, there was a clear correlation between reaction 
time and catalyst concentration. Catalyst concentrations below 25 mol% only afforded the 
olivetylverbenyl intermediate 4, while 50 mol% of catalyst provided 45% of Δ8-THC (3) within 1 minute. 
Interestingly, Δ9-THC (6) was formed only at high catalyst concentrations and a long reaction time. The 
Friedel-Crafts alkylation of p-menthadienol (5) and olivetol (2) was also observed at lower catalyst 
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concentrations, and the system proved to be efficient in the synthesis of CBD (7). However, by 
increasing catalyst concentrations, very high conversions of Δ9-THC (6) and CBD (7) were obtained, 
which was considered not possible due to the nature of the reaction. While the chiral pool approach 
in the synthesis of cannabinoids results in high stereoselectivity, a variety products are also obtained 
which decrease total yields. A possible hypothesis for this result was the use of 1,2,4,5-
tetrachlorobenzene as 1H NMR internal standard, which is known to react with phenolic substrates to 
form polychlorinated dioxin (-like) compounds.39  
The implementation of digital equipment proved to be useful for this particular synthesis, but does not 
solve all shortcomings in flow chemistry. The digital environment did increase lab efficiency, but also 
introduced digital complexity which is not applicable for older lab equipment. In our case, new 
investments in lab equipment were required and newer syringe pumps with the possibility for digital 
implementation were purchased. There were also efforts to implement a FlowIR spectrophotometer, 
similar to a previous report by Fitzpatrick et al.,37 but this was unsuccessful due to low signal intensity. 
With even more innovations, digital flow syntheses may bring synthetic organic chemistry into a new 
automated era. 
 
Encapsulated catalysis for cannabinoid synthesis. An innovative approach would entail the use of 
encapsulated catalysts which physically shield reactive catalysts from the environment and enable a 
one-pot cascade reaction without decomposition of the catalyst. As encapsulated chemistry is a major 
topic in current bio-organic chemistry, there are multiple examples in which multi-step cascade 
reactions are employed for the preparation of molecules. 1 Multi-step cascade reactions employing 
combinations of enzymes have been reported widely and normally require aqueous medium which 
will not negatively affect the enzymatic activity.36 However, these multi enzyme systems cannot be 
mistaken of being facile, as reactivity, selectivity and leaching are still considered very challenging in 
encapsulated catalysis.40 On the other hand, the combination of (chiral) metal catalysis and enzymatic 
conversions in encapsulated reactions has remained underexplored.41-43 Encapsulated 
chemoenzymatic one-pot reactions have been reported before, but require extensive experimentation 
under non-optimal conditions such as elevated temperature,44, 45 addition of scavengers46 or 
consecutive addition of catalysts.47 

An example in which incompatible catalysts were combined in a one-pot system and physically 
shielded by encapsulation was reported by Weberskirch & Sand.48 An Immobead 150 bound Candida 
antarctica lipase B (CalB) and an encapsulated Cu(I) bipyridine nanoparticle were combined to catalyse 
an ester hydrolysis and aerobic oxidation reaction to obtain various aldehydes. Despite the effective 
compartmentalisation and physical shielding of the metal catalyst, the principle of a single nanoparticle 
conducting a multi-step cascade reaction was not demonstrated.  
Recently, our ONE-FLOW consortium has developed compartmentalised cross-linked enzymatic nano-
aggregates (c-CLEnA) in which a polymersome particle was shape transformed into a bowl-shaped 
vesicle.10 These shaped vesicles could be loaded with enzymes which were subsequently crosslinked 
to obtain c-CLEnA particles with minimal enzyme leaching. As demonstrated in Chapter 7, the c-CLEnA 
technology was implemented in the flow synthesis of neuraminic acids, but we also envision an 
application in the synthesis of cannabinoid derivatives in flow. The current c-CLEnA nanoparticles 
consist of PEG-PS block-copolymers without any functional handles for further cross-linking. In earlier 
work by Van Oers and co-workers, a PEG-PS with 4-vinylbenzyl azide co-polymer was synthesised and 
used for an azide-functionalised polymersome.41 The azide residues in the membrane bilayer could 
then be effectively cross-linked using a propargyl-functionalised bisoxazoline ligand which allowed the 
immobilisation of a copper(II) triflate catalyst. The nanoreactors were effective in the cyclopropanation 
reaction of styrene with ethyl diazoacetate to afford the corresponding cyclopropane moiety. The 
combination of a membrane-bound catalyst with the c-CLEnA structure could improve the stability and 
combine a chemoenzymatic approach in a single particle (Figure 4A). 
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Figure 4 A) preparation of a bifunctional c-CLEnA particle. B) cascade reaction of (–)-verbenone (8) to (–)-
verbenol (1) and the subsequent Friedel-Crafts alkylation with olivetol (2) to afford Δ8-THC (3). C) schematic 
representation of a flow setup yielding a bifunctional c-CLEnA particle for the synthesis of Δ8-THC (3). 
 
Moreover, the bisoxazoline ligand has also been used as a chiral ligand for different metal complexes 
such as tin(II) triflate49 and rhodium(III) chloride.50 As tin triflates are known to be water stable, but 
also capable of Lewis acid catalysis, this could be a future application for the Friedel-Crafts alkylation 
of (–)-verbenol (1) with olivetol (2) in these nanoparticles. This reaction has been conducted in batch, 
and provided competitive yields of Δ8-THC (3).11, 13 In addition, (–)-verbenol (1) could be synthesised 
from (–)-verbenone (8) using a promiscuous ketoreductase (KRED) or alcohol dehydrogenase (ADH) 
enzyme (Figure 4B). In-line with previous experiments of c-CLEnA particles, these enzymes could be 
effectively immobilised and cross-linked in the stomach of the nanoparticle to obtain a multi-functional 
particle. Finally, to obtain a continuous reaction, the nanoreactor could be loaded in a membrane 
reactor in a flow setup. An isopropanol/water mixture could be employed to dissolve olivetol (2) and 
(–)-verbenone (8), and also provide a sacrificial alcohol for the ketone reduction (Figure 4C).  
 
8.3 – Concluding remarks 
Summarising, there is a clear need for scientific innovations and community-wide acceptance of flow 
chemistry. This thesis has successfully demonstrated one-flow approaches for the preparation of 
cannabinoids and neuraminic acids. Unquestionably, flow chemistry excels in safety, efficiency, 
reproducibility and scalability but is still early stage in its development compared to traditional batch 
chemistry. So far, flow chemistry can be applied to numerous chemical transformations but is not yet 
compatible with all reactions. We are convinced that flow chemistry will change organic chemistry in 
the next decade, and it will develop as a mature complementary technique for the synthetic organic 
chemist.   
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8.4 – Experimental section 
 
General methods: for general methods please refer to section 3.6 
 
Digital flow synthesis of cannabinoids 
Olivetol (1 equiv), (–)-verbenol or p-mentha-2,8-dien-1-ol (1 equiv) and biphenyl (0.25 equiv, 1H-NMR 
standard) were added in a flask which was evacuated and backfilled thrice with Ar. The reactants were 
dissolved in dry DCM at rt to obtain a 0.25 M reactant solution. BF3·OEt2 was added in a second flask, 
and dissolved in dry DCM at rt to obtain a 0.10 M catalyst solution. Both solutions were loaded in glass 
syringes, placed in syringe pumps and connected to a T-piece (PEEK) and PFA tubing with super 
flangeless fittings. The PFA tubing reactor (200 µL) was connected to the system and the syringe pumps 
were coupled to a Raspberry Pi 3 (Model B+) using a RS232 connection, which allowed the remote 
control of the pumps. Using the Leylab software suite, each pump parameter could be adjusted and 
set to the corresponding reaction parameters. After starting the pumps, at least (1.5 × residence time) 
was waited for the system to equilibrate after which samples could be obtained. The reactor outlet 
was led into a stirred solution of saturated aqueous NaHCO3. The crude mixture was extracted with 
DCM, and the organic layers were combined, dried with MgSO4, concentrated in vacuo and analysed 
directly. 
 

(–)-trans-Δ8-tetrahydrocannabinol: Olivetol (0.12 g, 0.69 mmol) and (–)-
verbenol (0.11 g, 0.69 mmol) were dissolved in DCM (6.8 mL) and kept under protective atmosphere. 
The solution was cooled to 0 °C using an ice bath, after which Sn(OTf)2 (29 mg, 69 µmol) was added 
and stirred for 2 h at rt. The mixture was quenched using saturated aqueous NaHCO3 (15 mL), extracted 
with DCM (3 × 10 mL) and the organic layers were concentrated in vacuo. Silica gel column 
chromatography (EtOAc/n-heptane, 0 5%, v/v) afforded (–)-trans-Δ8-tetrahydrocannabinol (88 mg, 
40% yield) as a yellow solidified oil. TLC (EtOAc/n-heptane, 1:9 v/v): Rf = 0.38. 1H NMR (400 MHz, CDCl3) 
δ 6.29 (d, J = 1.5 Hz, 1H, H-4), 6.11 (d, J = 1.5 Hz, 1H, H-2), 5.44 (d, J = 4.8 Hz, 1H, H-8), 4.93 (s, 1H, OH-
1) 3.22 (dd, J = 15.8, 4.2 Hz, 1H, H-10), 2.71 (td, J = 10.8, 4.6 Hz, 1H, H-10a), 2.44 (td, J = 7.4, 2.0 Hz, 2H, 
H-1’), 2.20 – 2.11 (m, 1H, H-7), 1.91 – 1.76 (m, 3H, H-10, H-7, H-6a), 1.71 (s, 3H, H-11), 1.62 – 1.53 (m, 
2H, H-2’), 1.39 (s, 3H, H-12), 1.34 – 1.26 (m, 4H, H-3’, H-4’), 1.12 (s, 3H, H-13), 0.91 – 0.87 (m, 3H, H-
5’). 13C NMR (100 MHz, CDCl3) δ 154.93 (C-1), 154.92 (C-4a), 142.83 (C-3), 134.89 (C-9), 119.45 (C-8), 
110.70(C-10b), 110.20 (C-4), 107.83 (C-2), 76.86 (C-5) 45.05 (C-6a), 36.17 (C-10), 35.59 (C-1’), 31.74 (C-
10a), 31.72 (C-3’), 30.74 (C-2’), 28.04 (C-7) 27.70 (C-12), 23.63 (C-11), 22.69 (C-4’), 18.63 (C-13), 14.16 
(C-5’). HRMS (m/z): [M+H]+ calcd. for C21H30O2, 315.23240; found, 315.23343.  

 2,2’-Methylenebis[(4S)-4-phenyl-2-oxazoline]:51 Diethyl malonimidate 
dihydrochloride (346 mg, 1.50 mmol) and (S)-phenyl glycinol (412 mg, 3.00 mmol) were dissolved in 
CHCl3 (15 mL) and stirred for 16 h at rt. The reaction was diluted with sat. aq. NaHCO3 (10 mL), and 
extracted with DCM (3 × 10 mL). The organic layers were collected and concentrated in vacuo to afford 
2,2’-methylenebis[(4S)-4-phenyl-2-oxazoline] as a yellow solidified oil (454 mg, 99%). TLC (EtOAc/n-
heptane, 1:1 v/v): Rf = 0.21 1H NMR (500 MHz, CDCl3) δ 7.23 – 7.11 (m, 10H, 10 × CH phenyl), 5.11 (dd, 
J = 9.9, 7.8 Hz, 2H, H-5, H-6), 4.53 (dd, J = 10.2, 8.4 Hz, 2H, H-4a, H-7a), 4.02 (t, J = 8.2 Hz, 2H, H-4b, H-
7b), 3.44 (s, 2H, H-2). 13C NMR (126 MHz, CDCl3) δ 163.06 (C-1, C-3), 142.09 (2 × Cquart-Ph), 128.72 (4 × 
C-Ph), 127.61 (2 × C-Ph), 126.67 (4 × C-Ph), 75.33 (C-4, C-7), 69.72(C-5, C-6), 28.40 (C-2). 
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 (4S,4’S)-2,2’-(Hepta-1,6-diyine-4,4-diyl)bis(4-phenyl-4,5-dihydrooxazole):41 A solution 
of 2,2’-methylenebis[(4S)-4-phenyl-2-oxazoline] (2.03 g, 6.62 mmol) in dry THF (66 mL) was cooled to 
-60 °C and stirred vigorously. n-Butyllithium (14.6 mmol, 9.10 mL of 1.6 M solution in hexanes) was 
added dropwise over 15 min using a dropping funnel. After addition, the mixture was stirred for 1 h at 
-60 °C after which propargyl bromide (2.17 g, 14.6 mmol, 80 wt% solution in PhMe) was added 
dropwise using a dropping funnel. The reaction mixture was subsequently stirred for 4 h at -10 °C. After 
the reaction was quenched with sat aq. NH4Cl (50 mL), the product was extracted with Et2O (3 × 20 
mL). The organic layers were combined, dried using MgSO4 and concentrated in vacuo. Column 
chromatography (EtOAc/n-heptane, 0→30%, v/v) afforded (4S,4’S)-2,2’-(hepta-1,6-diyine-4,4-
diyl)bis(4-phenyl-4,5-dihydrooxazole) as a yellow solidified oil (1.89 g, 75%). TLC (EtOAc/n-heptane, 1:1 
v/v): Rf = 0.56. 1H NMR (400 MHz, CDCl3) δ 7.44 – 7.25 (m, 10H, 10 × CH phenyl), 5.30 (dd, J = 10.2, 8.1 
Hz, 2H, H-5, H-6), 4.74 (dd, J = 10.2, 8.4 Hz, 2H, H-4a, H-7a), 4.20 (t, J = 8.3 Hz, 2H, H-4b, H-7b), 3.30 
(dd, J = 5.6, 2.7 Hz, 4H, 2 × H-7, 2 × H-10), 2.13 (t, J = 2.6 Hz, 2H, H-9, H-12). 13C NMR (101 MHz, CDCl3) 
δ 166.06 (C-1, C-3), 141.78 (2 × Cquart-Ph), 128.65 (4 × C-Ph), 127.72 (2 × C-Ph), 126.92 (4 × C-Ph), 79.23 
(C-2), 75.87 (C-4, C-7), 71.60 (C-10, C-13), 69.88 (C-5, C-6), 45.15 (C-9, C-12), 23.75 (C-8, C-11). 
 

 2,2’-Isopropylidenebis[(4S)-4-phenyl-4,5-dihydrooxazole]:52 A solution of 2,2’-
methylenebis[(4S)-4-phenyl-2-oxazoline] (1.84 g, 6.00 mmol) in dry THF (60 mL) was cooled to -60 °C 
and stirred vigorously. n-Butyllithium (13.2 mmol, 8.25 mL of 1.6 M solution in hexanes) was added 
dropwise over 15 min using a dropping funnel. After addition, the mixture was stirred for 1 h at -60 °C 
after which methyl iodide (5.96 g, 42.0 mmol, 2.63 mL) was added dropwise using a dropping funnel. 
The reaction mixture was subsequently stirred for 4 h at -10 °C. After the reaction was quenched with 
sat aq. NH4Cl (50 mL), the product was extracted with Et2O (3 × 20 mL). The organic layers were 
combined, dried using MgSO4 and concentrated in vacuo. Column chromatography (EtOAc/n-heptane, 
0→30%, v/v) afforded compound 2,2’-isopropylidenebis[(4S)-4-phenyl-4,5-dihydrooxazole] as a yellow 
solidified oil (0.81 g, 40%). TLC (EtOAc/n-heptane, 1:1 v/v): Rf = 0.65. 1H NMR (500 MHz, CDCl3) δ 7.35 
– 7.30 (m, 4H, 4 × CH phenyl), 7.29 – 7.25 (m, 6H, 6 × CH phenyl), 5.23 (dd, J = 10.1, 7.6 Hz, 2H, H-5, H-
6), 4.68 (dd, J = 10.1, 8.3 Hz, 2H, H-4a, H-7a), 4.17 (dd, J = 8.3, 7.7 Hz, 2H, H-4b, H-7b), 1.68 (s, 6H, 3 × 
H-8, 3 × H-9). 13C NMR (126 MHz, CDCl3) δ 170.37 (C-1, C-3), 142.43 (2 × Cquart-Ph), 128.68 (4 × C-Ph), 
127.55 (2 × C-Ph), 126.67 (4 × C-Ph), 75.53 (C-4, C-7), 69.54 (C-5, C-6), 38.95 (C-2), 24.52 (C-8, C-9).  
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Nederlandse samenvatting 
 
Het synthetiseren van biologisch actieve stoffen, zoals de actieve bestanddelen van medicijnen, is een 
belangrijk aandachtsgebied binnen de synthetisch organische chemie. Tot het begin van de 21e eeuw 
werd de grootschalige productie van dit soort moleculen veelal uitgevoerd door middel van 
batchchemie, waarbij chemische transformaties stapsgewijs in grote reactievaten worden uitgevoerd. 
Dit is een gevolg van het feit dat syntheseroutes beginnen met reacties op kleine schaal die in glazen 
kolven in batch ontwikkeld worden. Ondanks de uitgebreide kennis over het produceren van stoffen 
in batch, zijn er ook de nodige nadelen. Zo vergt het opschalen van batchchemie dat reacties bij elke 
schaalvergroting opnieuw worden geoptimaliseerd. Daarnaast zijn grote batchreacties relatief moeilijk 
te koelen en dus in de hand te houden op het moment dat een reactie sterk exotherm is, wat tot 
onveilige situaties kan leiden.  
Een alternatief voor batchchemie is flowchemie, waarbij chemische reacties plaatsvinden in een 
doorstroomreactor. Dit relatief nieuwe expertiseveld binnen de organische chemie kenmerkt zich door 
continue processen waarbij stoffen door middel van pompen door doorstroomreactoren worden 
geleid en daar reageren, waardoor producten continu geproduceerd kunnen worden. Voordelen van 
dit type processen zijn onder meer het eenvoudig kunnen opschalen door meerdere reactoren parallel 
te plaatsen, de intrinsieke veiligheid door het doorgaans zeer kleine reactorvolume en het meer 
reproduceerbaar kunnen uitvoeren van reacties. Het gebruik van doorstroomreactoren lost echter niet 
alle huidige problemen op bij het produceren van medicijnen. In het Europese ONE-FLOW consortium 
lopen meerdere projecten om specifieke problemen die zich voordoen bij het uitvoeren van 
multistapreacties in een ONE-FLOW systeem te adresseren. Zo wordt er gewerkt aan 
gecompartimentaliseerde katalyse in het geval van onverenigbare katalysatoren, het vinden van één 
geschikt oplosmiddel voor uiteenlopende stappen, het identificeren van multistapsequenties naar 
biologisch actieve moleculen die in één reactor kunnen worden uitgevoerd en het combineren van 
chemische en biokatalytische stappen in een doorstroomreactor. Dit proefschrift spitst zich met name 
toe op het identificeren van multistapsequenties voor toepassing in doorstroomreactoren voor de 
synthese van natuurstoffen, zogenaamde cannabinoïden.  
 
In hoofdstuk 1 wordt een overzicht gegeven van de belangrijkste manieren om cannabinoïden te 
produceren. Al deze manieren betreffen het gebruik van batchchemie en hebben een enorme bijdrage 
geleverd in het onderzoek naar chemische cannabis derivaten. Daarnaast worden ook de doelen van 
dit proefschrift uiteengezet. 
Hoofdstuk 2 biedt inzicht in het gebruik van doorstroomreactoren en met name hun toepassing in de 
productie van de actieve bestanddelen van medicijnen. Het maakt duidelijk dat zeer complexe 
moleculen geproduceerd kunnen worden in één continu doorstroomsysteem, genaamd One-Flow. Als 
alternatief wordt ook een onderbroken One-Flow systeem besproken, ook wel Interrupted One-Flow 
genoemd, waarin vaak een opwerkstap of een oplosmiddelswitch is verwerkt.  
In hoofdstuk 3 wordt de batchsynthese van (–)-trans-Δ8-tetrahydrocannabinol beschreven door uit te 
gaan van (–)-verbenol. Daarnaast wordt onderbouwd dat in eerdere publicaties de regiochemie van 
een cruciale Friedel-Crafts alkylering verkeerd is geïnterpreteerd. Tot slot wordt aangetoond dat 
gebruik van een palladium-gekatalyseerde Suzuki-Miyaura-koppeling leidt tot de synthese van een 
aantal tetrahydrocannabinolderivaten.  
Hoofdstuk 4 beschrijft het gebruik van doorstroomreactoren voor de productie van cannabidiol, en 
enantiomeerzuiver (–)-trans-Δ8- en (–)-trans-Δ9-tetrahydrocannabinol. Door bouwstenen uit de chiral 
pool te laten reageren met Brønsted- of Lewiszuren in doorstroomreactoren konden cannabinoïden 
worden gesynthetiseerd in 45% geïsoleerde opbrengst. 
Het gebruik van doorstroomreactoren voor de productie van cannabidiolderivaten wordt beschreven 
in hoofdstuk 5. Dit begint met de synthese azidomethylresorcinolen en hun reactie in 
doorstroomreactoren met para-menthadienol tot de synthese van de overeenkomstige ortho-
cannabidiolderivaten. Vervolgens werd onderzocht of functionalisatie middels een koper-
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gekatalyseerde azide-alkyn cycloadditie in een doorstroomreactor mogelijk was. Dit bleek uiteindelijk 
niet succesvol wat aanleiding gaf om de tekortkomingen van hedendaagse flowchemie te bespreken. 
In hoofdstuk 6 wordt de chemo-enzymatische synthese van neuraminezuren (siaalzuren) in 
doorstroomreactoren beschreven. Dit begon met het immobiliseren van het enzym 
neuraminezuurlyase (NAL) op een vaste drager. Door het zo geïmmobiliseerde NAL in een 
doorstroomreactor te plaatsen en pyruvaat en gemodificeerde mannosamines door te leiden, werd 
aangetoond dat dit eenvoudig en efficiënt een reeks neuraminezuurderivaten opleverde in een 
continu proces. 
In aansluiting hierop wordt in hoofdstuk 7 de synthese van neuraminezuurderivaten met behulp van 
zogenaamde stomatocyten beschreven. Onderzocht werd of deze stomatocyten, gevuld met nano-
aggregaten (c-CLEnAs) van NAL, ook aldolase activiteit zouden vertonen. Toepassing van deze 
nanodeeltjes in een doorstroommembraanreactor in combinatie met pyruvaat en 
mannosaminederivaten bleek vrijwel dezelfde hoeveelheden neuraminezuurderivaten te geven als in 
hoofdstuk 6.  
In hoofdstuk 8 worden, naast de Engelse samenvatting, de huidige problematiek en uitdagingen van 
flowchemie besproken. Hierin wordt beargumenteerd hoe verschillende problemen opgelost kunnen 
worden, welke ook ondersteund worden door enkele experimentele gegevens. 
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maar ook tijdens de jaarlijkse BBQ. Op die momenten kwam ik er pas echt achter dat je nóg drukker 
bent dan op het eerste gezicht lijkt. Een duizendpoot met een enorme agenda, dat staat vast en 
bewonder ik. We hebben de afgelopen jaren veel research output gehad en steeds prima kunnen 
publiceren. Ik vind het erg jammer dat deze samenwerking nu ten einde komt, maar ik hoop dat onze 
wegen zeker nog zullen kruisen. Ik wens jou heel veel succes met toekomstig onderzoek en wens je 
familie ook veel gezondheid toe.  
 
Ondanks dat ik niet fulltime in Eindhoven heb gezeten en daar gek genoeg wel mijn doctoraat kan 
halen: Jan van Hest enorm bedankt voor alle goede input die je hebt gehad op ons project. Naar mijns 
inziens zijn we volledig gelukt in ons deel van het One-flow project, en dat was nooit gelukt zonder 
jouw hulp en inzichten in (encapsulated) catalysis. We hebben gezellige momenten gehad, en jij 
schroomde niet om mij voor alles uit te nodigen (zomer BBQ, uitjes, groepsbesprekingen), en daardoor 
voelde ik mij een volwaardig lid van de Van Hest groep in de TU/e. Jij zorgde er dus voor dat ik werd 
geaccepteerd binnen de groep, waarvoor dank. Tot slot: het lied van Willeke Alberti “Ome Jan” was 
erg toepasselijk voor mijn situatie. Ik kon chemicaliën blijven bestellen van een willekeurig nummer in 
Eindhoven en wist dat het betaald wordt door mijn “Ome Jan”! Nogmaals bedankt voor alles, en ik 
wens jou, je familie en de onderzoeksgroep alle geluk toe.  
 
Naast mijn begeleiders wil ik graag de manuscriptcommissie (Anja Palmans, Timothy Noël, Jan van 
Maarseveen) bedanken voor het kritisch lezen en becommentariëren van het proefschrift.  
 
Rens en Hidde, bedankt dat jullie mijn paranimfen willen zijn voor dit huwelijk met de wetenschap. In 
de afgelopen jaren heb ik veel steun gehad van jullie wat betreft onderzoek, en ik vond het dan ook 
niet meer dan normaal om jullie te vragen als “Seconds”. Ondanks dat de huidige coronasituatie roet 
in het eten gooit wat betreft feestelijkheden, gaan we dat later nog eens goed vieren. 
 
Daarnaast wil ik graag Thomas Boltje bedanken voor het opnemen van mij in zijn Boltje-team. Over de 
afgelopen jaren heb ik ongelooflijk veel geleerd van jou over organische (suiker) chemie, en ik heb de 
samenwerkingen met jou dan ook altijd erg op prijs gesteld. Ik voelde mij dan ook als een vis in het 
water tijdens de whiskey borrels, verjaardagen van Koen, Boltje-uitjes én literatuuravonden. Ik hoop 
dat ik een goede aanvulling ben geweest op het hechte Boltje-team, en hoop dat onze wegen nog 
zullen kruisen.  
 
Omdat ik ben opgenomen (gebleven) binnen de Thomas’ groep, wil ik dan ook iedereen bedanken voor 
de fantastische samenwerkingen en gezellige momenten. Hidde Elferink, bedankt voor alle borrels, 
gezelligheid, scherpe inzichten, diepgaande én oppervlakkige gesprekken. Je hebt een fantastische 
contributie gehad aan mijn PhD; alles wat jij aanraakt verandert in goud. Sam Moons, mijn enige echte 
hotsauce en kapsalon fanaat. Samen zijn wij de zoektocht gestart om dé kapsalon van Nijmegen te 
achterhalen. De Fest, Caglar of toch Het Eethuis? En uiteraard mag ik jouw immer kritische blik niet 
vergeten waardoor ook deze thesis beter is geworden. Johan Pijnenborg, een rustige kracht binnen de 
groep, maar je bent voor mij een fantastische, nuchtere, aanvulling geweest tijdens mijn PhD. Ondanks 
dat we niet samen direct aan één project hebben gewerkt hebben we toch twee publicaties. Ik was 
altijd verbaasd van de detail en precisie die jij gebruikt om ideeën uit te werken. Emiel Rossing, de 
échte duizendpoot van de groep. Overal had jij een weerwoord of anekdote op (wat weet jij niet?), en 
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dat zorgde vaak voor goede gesprekken. Bedankt voor de diepgang en luchtigheid. Daan Sondag, ik 
heb je enorm zien groeien over de laatste jaren en dat maakt mij vrolijk. De intrinsieke motivatie en 
creativiteit die jij kan opbrengen in je projecten is bewonderenswaardig. Bedankt voor de super 
samenwerkingen. Mister “even TLCtje” of “tosti?”, Peter Moons, jij bent een smaakmaker. Niettemin 
omdat je met de hoogste precisie een tosti kon beleggen binnen tien minuten, maar ook de uren die 
jij op het lab stond met rammende techno op de achtergrond. Je bent een voorbeeld van “niet bang 
zijn, maar doen”, terwijl je een 1 kg grote reactor hebt gemaakt in een kolom. Laura Janssen, de 
roddeltante van de groep en echt een koffiepartner van afgelopen jaren. Temptation Island? 
Geruchten op de gang? Niets bleef onbesproken en/of gespaard. Ik heb echt enorm gelachen tijdens 
de vele momenten die we hebben gehad, al dan niet met een G&T. Thanks Lau! Jona Merx, ondanks 
al het geweld van de andere luidruchtige collega’s, bleef jij de stille kracht die vaak verdween en 
opdook op willekeurige momenten. Jouw verschillende (on)gepaste momenten van grappen zullen mij 
toch het meeste bijblijven, bedankt voor die momentjes.  
 
En nu een zeer belangrijk stuk in dit dankwoord; studenten die hebben bijgedragen aan dit proefschrift. 
Mohamed Chayoua, jij was de eerste student die bij me begon terwijl ik zelf nog aan het aarden was. 
Je hebt jezelf vaardig gemaakt met enzym chemie in flow en daar was je dan ook echt een pionier in. 
Dit is uiteindelijk chapter 6 geworden. Ik ben blij dat we jouw werk zo hoog hebben kunnen publiceren, 
en dat is toch de kroon op je werk. Floor ter Braak, je begon in 2017 als BSc student en startte met het 
maken van verschillende cannabinoiden (chapter 3). Dit liep uiteindelijk iets anders nadat een 
regioisomeer probleem wat groter bleek (oeps). Hierna ben je terug gekomen als MSc en heb je jezelf 
ontpopt als een ware chemicus. Bescheiden als altijd, maar de creativiteit en je probleemoplossend 
vermogen is minstens indrukwekkend te noemen. Je twijfelde soms aan jezelf met ups en downs, maar 
een ding weet ik zeker: maak je nooit zorgen over je chemie. Daan Sondag, Starboy, ik heb je zien 
starten en stoppen met een practicum, bij Hidde in de leer geweest, en vervolgens je handen uit de 
mouwen gestoken in een project van Hidde en ondergetekende. Een project wat anders verliep en 
zeer succesvol bleek te zijn (en bekroond met publicatie, chapter 3), volledig door jouw oog voor 
precisie en vaardigheden. Het is dan ook niet verwonderlijk dat Thomas en Floris jou een PhD positie 
aangeboden hebben, want je bent echt uit het juiste hout gesneden. Ik hoop dat ik over enkele jaren 
ook jouw PhD verdediging mag bijwonen. Olaf Niesink, je begon als een rustige en hardwerkende 
student op het project van Mohamed en hebt een flinke bijdrage geleverd. Door jouw scherpe inzicht 
op enzym chemie ben jij te weten gekomen dat reactie molariteit veel belangrijker leek dan 
stoichimetrie. Door jouw observatie hebben we dit project succesvol kunnen afronden, en dat is dan 
ook beloond met een publicatie (chapter 6). Bedankt, en ik hoop je ergens op te zien duiken. Bram 
Spierenburg (Goeiemorgen chef!), wij gaan terug naar begin 2017 waarin ik jou enkele weken heb 
begeleid in de labs van Roeland. Toen ik daar weg ging heb jij een enorme berg kennis opgedaan, en 
ben je weer bij mij terug gekomen om te leren over flowchemie. Ik voel me nog steeds vereerd dat je 
hebt gekozen om weer bij mij stage te lopen. In die periode heb jij zeer professioneel flowchemie 
uitgediept en heb ik ontzettend veel van je geleerd. Je bent een geweldig persoon die ongetwijfeld 
veel succes zal blijven maken. Jouw werk is terug te zien in chapter 4 en 5; bedankt kerel. Thom 
Posthumus, begonnen als BSc student met een ogenschijnlijk laagdrempelig project wat volledig is 
geëscaleerd tot volwaardig master project. We hebben de one-flow met verbenone reductie nooit 
perfect kunnen wegzetten (chapter 8), maar jij hebt echt alles gegeven met verfrissende inzichten. 
Chapter 5 heb ik aan jouw contributie te danken. In je dagelijkse werkzaamheden was je bescheiden, 
maar o-zo vaardig, creatief en slim. Tot slot kwamen we ook nog erg goed overeen qua persoonlijkheid 
wat de samenwerking zo prettig maakte. We gaan elkaar ongetwijfeld weer zien in de toekomst. 
Florian Ort, het laatste pareltje. Jouw formele politieke inzichten zorgden altijd voor goede gesprekken 
en gaven diepgang in het voodoo-project. Ieder onderdeel wat jij aanraakt wordt diep uitgepluisd en 
dat maakt jou een ontzettend exacte wetenschapper. Soms gaat dat ten koste van de snelheid, maar 
één ding weet ik zeker: alles wat jij aanraakt wordt goud.  
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Maar er zijn nog meer collega’s/vrienden/studenten die deze periode fantastisch hebben gemaakt en 
ik wil daarom ook nog bedanken: Eline Visser, Luuk Maartense (bedankt voor de fantastische lab 
inzichten, scheldkanonnades, en gezellige koffie pauzes), Abbas al Temimi (I cannot thank you enough 
for all the good talks, sweet food, prep HPLC purifications and endless motivational speeching, thank 
you), Hakim Hamdani (Afghan walnut cake, The Thing, or the realisation that you know even more 
about cannabinoids than I ever will?), Lorenzo Cavina (my Italian lab friend), Rens Mensink (biertjes, 
gezelligheid, gamen… wat nog meer?), Lianne Lelieveldt (voor de goede wandelingen, en inzien dat ik 
ook goede dingen voor een ander kan betekenen), Bob Ignacio, Yvonne Bartels (de insteek was om 
koffie te drinken, maar lukte dat nooit ), Floris van Dalen, Melek Parlak, Heleen de Jong, Margot 
Weijsten, Mike Smeenk, Kevin Venrooij, Roan Fraser, Alejandra Riesco Dominguez (Chiquita banana), 
Danny Lenstra, Torben Heise (van jou heb ik toch het kunstje geleerd… Bedankt!), Ivan Bernar (My 
one-and-only Ukranian friend), Selma Eising, Lise Schoonen, Fleur Kleinpenning, Freek Janssen, Max 
Derks, Antoine Lacour, Claudia Morren Sewing, Lotte Gerritsen (G&T’tje doen?), Maik Derks, Marieke 
Reijneveld (een ding is zeker: de beste secretaresse is een Marieke), Aline Bloom (bedankt voor het 
opvoeden van Johan), Nienke Eerden, Luc de Bie, Mathilde Janssen (het zonnetje op wing 1), 
Frederique Turlings, Alexander Robertson, Nick Arendsen, Eva Harssevoort, Alexandra Kromm, Bart 
van Straten (4daagse biertje?), Evy Meeusen (sambal expres), Frank de Kleijne (golden hands), 
Lonneke Hoffmans, Minou Tinnevelt, Oscar Jansen, Stijn Verhoeven, Willem Titulaer, Luc Zijlmans, 
Eva Witlox, Lianne Wedzinga, Jeroen Bruekers, Wilke Castelijns (de meest aardige persoon die ik ben 
tegen gekomen), Jordi Hintzen, Kim Geurts (je moet mee doen met HHB), Joelle Klop, Denise Lejeune, 
Stijn Jue en Jurriaan Heming (of moet ik zeggen, Prof Dr Ing Heming?). 
 
Naast de collega’s in de RU heb ik ook deel uit mogen maken van de van Hest groep in de TU/e, waar 
ik dus ook meerdere mensen mag bedanken. Bedankt voor de goede gesprekken, kerstborrels en 
biertjes in de Zwarte doos Imke Pijpers, Pascal Welzen, Bastiaan Buddingh, Suzanne Timmermans en 
Marleen Stevendaal. 
 
Labwerk alleen is ook maar zo saai, dus voor extra diepgang heb ik met een fantastisch team gewerkt 
bij de BHV Piketploeg. Ondanks we allemaal vrij unieke persoonlijkheden zijn, werkt(e) dit diverse team 
echt fantastisch samen. Bedankt Ricardo Soekhoe, Christel ten Dam, Geert-Jan Janssen, Gerben 
Wulterkens, René van Buuren, Lars Heijnen, Ivo Hendriks, Marty Herregraven, Stefan Reijgwart, 
Lianne Lelieveldt, Serge Horbach, Daan Sondag, Peter Moons en Heleen de Jong. 
 
Moreover, I would like to thank the partners from the ONE-FLOW consortium with whom I had the 
pleasure to work with. Teresa de Martino, we’ve shared common frustrations about our research and 
things we encountered on the way. But in the end, I think we made it out all okay, so thank you for 
everything and the great collaboration over the years. I wish you the best in your future career. Finally, 
I would like to thank all the other people in the consortium: Daniel Fitzpatrick, Steven Ley, Fabio Tonin, 
Ulf Hanefeld, Isabel Arends, Olivia Morales, Volker Hessel, Chenyue Zhang, Heidrun Gruber-Woelfler, 
Katharina Hiebler, Harald Gröger, Lukas Schober, Claude de Bellefon, Camille Méhault, Bernie Binks, 
Renie Gonzales-Groom, Ana Maria Bago Rodriguez, Dirk Kirschneck, Katja Cus and Franz Strauß.  
 
Uiteraard zijn er nog veel mensen die een waardevolle toevoeging hebben gehad waardoor we 
gewoon onze werkzaamheden konden uitvoeren. Daarom dus: Jan Dommerholt, Paul White, Peter 
van Dijk, Inger Lise van der Graaf, Peter van Galen, Helene Amatdjais Groenen, Marieke Egbertzen, 
Marieke Reijneveld, Paula Willems en Desiree van der Wey, bedankt voor alles. 
 
Ook wil ik mijn waardering uitspreken over het cover design van het boekje. Bedankt voor de hulp en 
je creatieve blik Evie Lelieveldt. 
 
De laatste mensen die over alle jaren een constante factor zijn geweest verdienen ook uiteraard lof. 
Papa, Mama, Henk van Beek, Lilian Uytewaal, Quirine Bloemendal, Remco Verver, Maurits 
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Bloemendal, Elisabeth Bloemendal, Chaïm Den Elsen, Niek Burg, José Slegers en Brent Burg: bedankt 
voor de gezellige momenten van afgelopen jaren. Laten we hopen dat we nog veel leuke momenten 
samen kunnen beleven.  
 
Tot slot heb ik nog één persoon niet bedankt. Lara Burg, bedankt dat jij de afgelopen jaren er altijd 
voor mij bent geweest. Je hebt me geholpen in tijden dat ik het lastig had, en daarvoor doet dit 
dankwoord tekort. Je hebt zelfs nog een keer geassisteerd bij een experiment waarvan de resultaten 
zelfs in dit boekje staan! Ik ben blij dat we dit vier-jarige avontuur samen hebben overwonnen, en dat 
ik jou in de nabije toekomst mijn vrouw mag noemen. Enorm bedankt Lara, jij bent de reden waarvoor 
ik leef. Ik houd van je! 
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