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Abstract

In mid 2022, hexahydrocannabinol (HHC) emerged as an unregulated, legal substitute for cannabis.
HHC is a hydrogenated derivative of the main psychoactive compound found in cannabis, A%-
tetrahydrocannabinol (A?-THC), which also shows psychoactive effects in human. It was therefore
commonly abused and set new challenges for forensic investigators due to its novelty. Prior 2023,
only scarce information about the detection and metabolism of HHC were available. After the
regulation of HHC in Switzerland in April 2023, other semi-synthetic cannabinoids emerged, which
were even more potent, such as hexahydrocannabiphorol (HHCP) or A%-tetrahydrocannabiphorol
(A%-THCP). These potent successors shared the same core structure, but they have a longer side
chain. Distributors of these products claim that they are obtained from the cannabis plant or from

extracted cannabidiol (CBD). Two distinct products were investigated to get an insight into the

synthetic procedures. A product that was declared as pure HHCP wax (Publication I) and a vape
pen, which contained 10% A°-THCP according to the labeling (Publication IT)).

After initial GC-MS analysis of the HHCP wax, it was found that this recreational product
contained several compounds with mass spectra similar to or indistinguishable from HHCP. Six
compounds were isolated from the wax using flash column chromatography and their structures
were elucidated by NMR. Besides the main compound (9R)-HHCP, the side products iso-HHCP,
cis-HHCP, abn-HHCP, and two a,B-unsaturated ketone intermediates were identified. The isolated
products were derivatized using R- and S-mosher acid chloride and analyzed by GC-MS. Besides
1so-HHCP, the isolated compounds were enantiopure. Furthermore, a fraction was collected that
contained bisalkylated cannabinoids, which are common side products in total synthetic approaches
for the synthesis of phytocannabinoids. The presence of the intermediates indicated that a derived

route from Tietze et al. for the synthesis of HHC has been used.

The vape pen, which contained A’-THCP was analyzed by GC-MS and it was found that this product
contained several compounds with mass spectra similar to or indistinguishable from A°-THCP.
Besides A>-THCP, the vape pen liquid contained cannabiphorol (CBP), cannabidiphorol (CBDP),
A3-THCP, and 5-heptylresorcinol, which were confirmed by comparison with reference standards.
Additionally, four other compounds were tentatively identified by comparison with mass spectra
from THC analogs, these were 8-oxo-A’-THCP, cis-A-THCP, 7,8-dihydrocannabidiphorol, and
6a,10a-dihydrocannabiphorol. Furthermore, the vape pen liquid also contained a fraction with
bisalkylated cannabinoids, which are commonly found in total synthetic approaches of phytocannabi-
noids. The compounds A’>-THCP and 5-heptylresorcinol were isolated from the vape pen by flash
column chromatography. The isolated A>-THCP was derivatized with mosher acid chloride and
it was found that this compound was enantiopure, too. The presence of 5-heptylresorcinol, a

homolog of olivetol, indicates that this product was synthesized by using a total synthetic approach
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as olivetol is a known precursor for the total synthesis of A>-THC. It is however unclear which
other starting material has been used as several terpenes can be used for the total synthesis. This

vape pen liquid contained various unspecified terpenes, presumably for olfactory and sensory reasons.

In order to prove the abuse of new emerging substances, analytical targets have to be identified,
which are the abundant and characteristic metabolites of these new compounds. As another topic,
this thesis describes the identification of Phase I and IT metabolites of the semi-synthetic cannabi-
noids HHC (Publication III), HHCP (Publication IVJ), and tetrahydrocannabidiol (H4CBD,

[Publication VJ) in human urine. These studies involved one or two volunteers who ingested a small

amount of the semi-synthetic cannabinoids and collected urine over the course of up to three days.
The Phase I and II metabolites were identified using LC-QqTOF. The Phase I metabolites were also
analyzed after trimethylsilylation with N-methyl- N-(trimethylsilyl)trifluoroacetamide (MSTFA),
and sensitive detection methods for the Phase I metabolites were developed using LC-QqLIT.

For HHC, it was found that the most abundant Phase I metabolites were side chain hydroxylated
metabolites. The main metabolite was tentatively identified as 4 OH-HHC. Besides 4 OH-HHC,
both epimers of 11-OH-HHC have been found to be abundant metabolites and therefore good
analytical targets. The epimers of 11-nor-9-carboxy-HHC (HHC-COOH) and (8R,9R)-8-OH-HHC
were identified as minor metabolites. Further metabolites with hydroxylation positions on the
alicyclic moiety or on the side chain were detected but their structures were not elucidated. The

detected Phase II metabolites were glucuronides of HHC and its hydroxylated structures.

In the case of HHCP, the identified Phase I metabolites were mainly mono- and bishydroxy-
lated metabolites. Hydroxylation was observed on the alicyclic moiety and/or the side chain. The
bishydroxylated Phase I metabolites were more abundant than the monohydroxylated metabolites,
indicating that cannabinoids with a longer side chain undergo further metabolisation. The most
abundant Phase I metabolites of HHCP were two bishydroxylated metabolites, which showed a
hydroxylation position on the side chain and another one on the alicyclic moiety of the molecule.
Phase II metabolites were glucuronides of HHCP, which were formed to a lesser extent, and the
glucuronides of Phase I metabolites. After HHCP ingestion, the urine samples were tested negative
with homogeneous enzyme immunoassay tests designed for A>-THC. This indicates that positive

cases for HHCP might remain undetected in routine case work.

After the ingestion of H4CBD, deglucuronidated urine samples revealed several hydroxylated Phase I
metabolites in high abundance, and bishydroxylated and carboxylated Phase I metabolites in low
abundance. The carboxylated metabolites 7-COOH-H4CBD and 5”COOH-H4CBD, as well as the
hydroxylated metabolites (1R,6R)-6-OH-H4CBD, (1R,6S5)-6-OH-H4CBD, 2”0OH-H4CBD and both
epimers of 7-OH-H4CBD were tentatively identified. The Phase IT metabolites were glucuronides of

WILLI SCHIRMER November 7, 2025 A%
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H4CBD and of its Phase I metabolites. ESI+ product ion mass spectra of H4CBD and its side chain
hydroxylated Phase I metabolites showed very uncommon fragmentation patterns. In some cases,
loss of both oxygens from the resorcinol unit was observed. The corresponding Phase II metabolites
showed degradation of the glucuronide moiety to form furanyl radical cations. This emphasises
the necessity that mass spectra of newly emerging compounds and their metabolites have to be

investigated carefully as they might not just show shifted signals in respect to a well-known derivative.

With the emergence of new semi-synthetic cannabinoids, detection methods have to keep up
to date. [Publication VI| describes the development and validation of a qualitative screening
method for the detection of semi-synthetic cannabinoids in human blood by LC-QqTOF. This

method covers 24 different phyto- and semi-synthetic cannabinoids with recovery rates ranging from

87-118%, matrix effects ranging from 24-93% and limits of detection ranging from 0.8-16 ng/mL.
During the development of this method, it was observed that more hydrophobic analytes showed
non-specific binding to glass vials, which led to diminished or even complete loss of detection signals.
The initially used glass vials did not show this behavior for the analysis of phytocannabinoids and
their metabolites, and finally switching to polypropylene vials solved this issue. Further preanalyti-
cally investigations should be carried out, as this issue can occur when physiological samples are

stored in unsuitable containers with the consequence of analyte loss remaining unnoticed.
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1 Introduction

1.1 Cannabis and phytocannabinoids

Cannabis is a flowering plant from the family of the Cannabaceae, which were already present in
Central Asia near the Altai Mountain about 12’000 years ago. From there, it found its way all
around the world through domestication*2 Cannabis was versatily used. The flowers provided
by unfertilized female plants (ganja sinsemilla, marijuana) or their resin glands (charas, hashish)
were used for medicine and mind-altering drugs. Seeds of the cannabis plant were used for the
production of oil as well as food or animal feed. The stems of the plant deliver long, resiliant fibers
and were used for cordage to provide tows and ropes, or were formed to a pulp for the production
of paper. The leaves were used as fodder and mulch 2% Today, cannabis is mostly associated with
recreational drug consumption because it is the globally most widely used illicit drug. The United
Nations Office on Drugs and Crime (UNODC) states that 244 million people have used cannabis in
2024, roughly 4.6% of the worlds population aged between 15 and 64.°° According to the European
Union Drug Agency (EUDA), formerly known as the European Monitoring Centre for Drugs and
Drug Addiction (EMCDDA), it is estimated that 24 million people in the European Union (EU)
used cannabis in 2024, which is 8.4% of the EU population aged between 15 and 64. Furthermore,
it is estimated that approximately 1.5% of the adult European population are daily or almost
daily cannabis consumers.® In Switzerland, 7.6% of the population aged between 15 and 64 have

consumed cannabis in 20227

To date, cannabis remains prohibited for recreational use in most countries worldwide. Only
nine countries and some US States have legalized the recreational use of cannabis. Switzerland does
not belong to these countries, but the use of cannabis is decriminalized. Cannabis is legal if the
content of A>-THC is below 1.0% by dry weight ® However, possession of up to 10 g of cannabis

with a higher A°-THC content is considered legal as long it is only carried and not consumed.?19

Currently, over 550 different compounds have been identified in the cannabis plant. Of these,
125 are classified as cannabinoids, which are terpenophenolic compounds. Since they originate from
the plant, they are commonly referred to as phytocannabinoids 212 The two most abundant phyto-
cannabinoids are A%-tetrahydrocannabinol (A%~ THC), which is the main psychoactive compound in
the plant, and cannabidiol (CBD), which does not show psychoactive properties. In the plants, they
occur mainly as their inactive precursors A%-tetrahydrocannabinolic acid A (A%-THC acid A) and
cannabidiolic acid (CBDA), which are decarboxylated by heat.

A%-THC was first discovered from the acidic catalyzed cyclization of CBD using either diluted HCI
in EtOH or H3PO, in EtOH. The same reaction using CBD with dry pyridinium HCI resulted

WILLI SCHIRMER November 7, 2025 1
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in another THC isomer; AS-THC1¥ The structures of the THC isomers were not initially deter-
mined correctly, but it transpired that the THC isomers prepared by Adams et al. were in fact
A%-THC and A®-THC ™ Structural elucidation relied on degradation studies before nuclear magnetic
resonance spectroscopy (NMR) was invented and established. It was in 1964 when Gaoni and
Mechoulam elucidated the structure of A-THC, the main psychoactive compound in cannabis*®
The psychotropic effects of pure A>-THC were later shown on different animal models. The observed
effects included severe motor disturbances, reduced aggression, drowsiness and reduced spontaneous
movement activity**® The content of A>-THC in cannabis for recreational use rose significantly
over the years. ElSohly et al. reported that the content of A>-THC in cannabis from the United
States rose from ~4 % in 1995 to ~12 % in 2014, while the content of CBD decreased from 0.28
% to below 0.15 % in a similar time frame, resulting in a change of the A>-THC to CBD ratio
from 14 to 80 times.t? Recently, the same group reported that the A>-THC and CBD content did
not change significantly from 2013 to 2022 in cannabis samples confiscated in the United States2"
Similar observations have been made in Switzerland. The mean content of A>-THC in marijuana
samples analyzed between 1981 and 1985 was 1.4%, whereas cannabis samples analyzed between
2002 and 2003 showed a mean A?-THC content of 12.9%2Y Until 2023, the mean content of A>-THC
in confiscated marijuana samples from Switzerland remained similar.*® High contents of A>-THC,
and high A%>-THC to CBD ratios are associated with the development of psychotic symptoms after
consumption.?? However, abother study shows that CBD does not attenuate the psychotic symptoms
of A>-THC ¥ Nevertheless, the occurence of developing psychotic symptoms in individuals who

consume cannabis is significantly higher when cannabis with a high A>-THC content is consumed.*

OH

<o

Figure 1: Chemical structures of A°>-THC (left) and CBD (right).

In contrary to A’-THC, CBD does not show euphoriant effects. It was first in 1940 when CBD
was isolated by two research groups working independently on Minnesota wild hemp and Egyptian
hashish 2527 Tt was recognized that, unlike cannabinol (CBN), CBD has two phenol groups and
therefore no pyran structure. The proposed structure was based on degradational studies. Adams
et al. mentioned that not all structural features of CBD could be assigned with certainty.*® It was
not until 1963 when Mechoulam and Shvo elucidated the correct structure of CBD by NMR.*

WILLI SCHIRMER November 7, 2025 2
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1.2 Semi-synthetic cannabinoids

In order to mimic the psychoactive effects of A>-THC from the cannabis plant (Cannabis sativa
L.) other unregulated compounds emerged. Semi-synthetic cannabinoids are a class of compounds
that do share the dibenzopyran structure of A>-THC. The first of these compounds were obtained
after derivatization of A>-THC. The A%~ THC was either isolated directly from the cannabis plant or

obtained after acidic catalyzed cyclization of CBD, which is extractable from CBD-rich cannabis.

/ HO CsHi1 CsHip
Figure 2: Acidic catalyzed cyclization of CBD to A%-THC.

In 2023, Ujvary and the EUDA reported about the emergence of hexahydrocannabinol (HHC) and
related substances. HHC first appeared in Europe (Ireland) in May 2022 and has been identified
in 70% of the EU Member States by December 2022. It was sold openly as a legal substitute for

marijuana and products containing A%-THCB%=

Since the emergence of semi-synthetic cannabinoids, many methods have been published for the
analysis of these compounds and their metabolites. The most applied methods for the analysis
are using LC-MS/MS approaches.*#?* GC-MS and GC-MS/MS approaches have also been widely
used for the analysis of semi-synthetic cannabinoids.#™%% Super critical fluid chromatography
coupled to a diode array detector (SFC-DAD) and liquid chromatography coupled to electrochemical
detection (LC-ECD) have also been used for the chromatographic analysis of HHC %2 Different
immunoassay techniques (HEIA, EMIT, ELISA) have been applied to investigate the cross-reactivity

of semi-synthetic cannabinoids and some of their metabolites in A’>-THC specific assays 22 #3037

Even though A’-THC is internationally regulated due to the United Nations Single Convention
on Psychotropic Substances from 1971, it is frequently encountered in the United States as a
replacement for marijuana and products containing A>-THC.%® The Agricultural Improvement Act of
2018 (Farm Bill 2018) legalized the sale of cannabis products, which do have a content of below 0.3%
A%-THC by dry weight.®? This definition has a loophole, as cannabis products for the recreational
use can be sold legally as long as the product mainly contains A-THC or other plant-derived

t @ Due to its scheduling in the United Nations Single

cannabinoids that have a psychoactive effec
Convention on Psychotropic Substances from 1971, AS-THC was not frequently encountered as a
psychoactive substitute for cannabis outside the United States. Outside the United States, A>-THC
is found as its acetate ester (A-THC acetate, A>-THC-O) and other esters such as its methyl

carbonate, as these compounds circumvent the narcotics law in certain countries.
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1.2.1 Legal situation in Switzerland

In Switzerland, salts, esters, ethers, carbamates and stereoisomers of drugs, which are listed in the
Narcotics Schedule Ordinance (BetmVV-EDI) are treated like the drug itself and therefore illegal.
Furthermore, all other THC isomers, like the minor phytocannabinoid A3-THC, are regulated in
Switzerland and therefore no grey market has evolved for THC isomers, or their esters and ethers.
As mentioned before, Switzerland legalized CBD products with a content of below 1.0% A%-THC in
2011 % Even though CBD does not induce psychoactive effects after consumption, it can be used as a
precursor for the synthesis of THC isomers. With the emergence of HHC, CBD was used as starting
material for the synthesis. HHC was not banned until March 31, 2023, when the Narcotics Schedule
Ordinance (BetmVV-EDI) was revised. With the ban of HHC, other semi-synthetic cannabinoids
like A%-tetrahydrocannabiphorol (A>-THCP) or hexahydrocannabiphorol (HHCP) emerged on the
grey market, which were legal at that time. This was quickly changed with another revision of the
Narcotics Schedule Ordinance (BetmVV-EDI) in October of the same year. In this revision, a group

listing was enacted for compounds sharing the dibenzopyran structure of THC.

Figure 3: General structure for semi-synthetic cannabinoids as drawn in the Swiss Narcotics Schedule Ordinance (Verzeichnis e, Nr. 303,
Synthetische Cannabinoide 2, BetmVV-EDI).

This group list includes all compounds derived from the general structure shown in Figure[3], regardless
of the degree of hydrogenation of the non-phenolic benzene ring, and which are substituted with
any alkyl groups at the positions 3, 6 and 9. Compounds that are additionally substituted with
alkyl-, alkoxy-, hydroxygroups or halogens are also included in this listing.

WILLI SCHIRMER November 7, 2025 4
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1.2.2 Health concerns

Reports from intoxication cases with HHC state that they are similar to those of cannabis. Like
THC, HHC can induce psychosis in predisposed individuals. The adverse effects range from mild
to severe BT Referring to a French study, only 5% of the 26 reported HHC intoxications were
classified as severe™ A Czech study investigated 196 cases of poisoning with HHC (185 cases) and
HHCP (11 cases) and reported that 6% of the poisonings were critical. ™ Severe poisonings are
especially known from intoxications with semi-synthetic cannabinoids that contain a prolonged alkyl
chain. In June 2024, an outbreak of 31 non-fatal, but severe poisonings have been reported in Hungary.
These poisonings were linked to the consumption of gummies containing tetrahydrocannabioctyl
isomers (THC-C8). The patients were reported to be in comatose conditions for several days. /™
Consumption of HHCP has lead to serious poisonings in Japan and Denmark “®™ Also in Denmark,
severe poisonings were reported after the consumption of hexahydrocannabioctyl (HHC-C8). In one
of the presented cases, a young man was brought to hospital after his father found him unconscious
and with froth around his mouth. The man remained comatose for two days and woke up on the
third. He showed cognitive and motor impairment for six days and gradually, but not fully regained
his functions. The man was discharged after 17 days and reported on a follow-up visit two and a
half months after the discharge that he felt fatigued and sluggish for 2-3 weeks after his discharge
Lethal poisonings connected to semi-synthetic cannabinoids were only reported from e-cigarette,
or vaping, product use associated lung injury (EVALI). This injury is caused by inhalation of
ketene, which is formed through pyrolysis of acetate esters and is therefore not directly linked to
the toxicity of the cannabinoids®” These vaping products did not only contain acetates of THC
and semi-synthetic cannabinoids, but also vitamin E acetate (o-tocopherol acetate) ®## Vitamin E
acetate is used as an additive to thicken vaping liquids.®¥ Even though vitamin E is known as
radical scavenger, the consumption of vitamin E shows no beneficial impact on the occurence of

lung cancer S>£0

CsHy4 y/

Figure 4: Left: Structure of A-THC. Right: Structure of MDMB-4en-PINACA, as an example for a synthetic cannabinoid with its
structural motifs: linked group (green), tail (blue), core (red), linker (orange).

Due to lacking regulation of these compounds, consumers might unknowingly ingest mislabeled and
uncharacterized products 22E00%ETE0 To date, no fatal intoxications were reported from the sole

use of semi-synthetic cannabinoids. This is contrary to the use of synthetic cannabinoids, which has

91,92

lead to deaths from overdosing. The most synthetic cannabinoids are not structurally related to
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phytocannabinoids and are usually potent full agonists on the CB; and CB, receptors P#24 Their
structure and naming convention can be described as a connection of four units: a linked group, a

tail, a core and a linker® An example is depicted on the right side of Figure 4]

1.2.3 Synthesis of semi-synthetic cannabinoids from CBD or THC
A3-THC, A°-THC and iso-THCs

Distributors of products containing semi-synthetic cannabinoids claim that the psychoactive com-
pounds within their products are synthesized from a natural cannabis source, usually CBD .Y This
is likely true for semi-synthetic cannabinoids containing a pentyl side chain as the common THC
isomers AS-THC and A%-THC are obtained from CBD after a single step under acidic catalysis.
AS-THC occurs only in trace amounts in the plant and is likely synthesized from CBD and not
extracted from the plant. Studies have found that AS-THC products contain iso-THCs, which are
bridged cyclization products of CBD with the cyclic double bond instead of the iso-propenylic
double bond 2428 The iso-THCs have first been described as side products after the acid catalyzed
cyclization of CBD to A3-THC and A%-THC.* The iso-THCs have never been described as natural
compounds in cannabis and are commonly found in A>-THC products, indicating that these products

were made from CBD.

A8-iso-THC
AS-THC

OH
O CsH11

f|H"

| OH
CeHyy O CsH11

ABTHC A*®)iso-THC

Figure 5: Path A: Acidic catalyzed cyclization of CBD to A-THC and isomerization to AS-THC. Path B: Acidic catalyzed cyclization of
CBD to A8-iso-THC and isomerization to A*(®)-ijso-THC.
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THC esters and ethers

Outside Switzerland, esters and ethers of AS-THC and A’-THC are popular substitutes for cannabis.
The most widespread ester is A>-THC acetate, its synthesis was first described by Gaoni and
Mechoulam in 1968 by Einhorn acylation of A%>-THC using acetic anhydride under pyridine catalysis.®”
Other THC esters are also obtained via the Schotten-Baumann method or a modification of it. It
was recently reported that the propionyl and butanoyl esters of A>THC emerged on the recreational
drug market in Japan.®® The most recent THC ester is A>-THC methylcarbonate, its synthesis is
not described in literature but it can be assumed that it is obtained by acylation with dimethyl
dicarbonate under base catalysis, similar to the analog A>-THC tert-butylcarbonate™ The esters

of THC are prodrugs, which are active after enzymatic hydrolysis to THC 18101

Figure 6: General structure for THC ethers (left) and esters (right). The A%-THC derivatives are depicted.

Ethers of THC are probably not active ™% Contrary to the respective esters, the ethers are not
readily hydrolyzed in vivo. They are however easily obtained by alkylation of the phenol with an
alkyl halide under basic conditions2%#1%% Tn 2024, A®-THC methyl ether (AS-THC-OMe) was firstly

encountered as a designer drug in Sweden.®

Other THC derivatives

In early 2025, new THC analogs were reported bearing an allyl or a propenyl group on C2 of the

aromatic ring.”® These compounds are likely products obtained from THC allyl ether after Claisen
04

rearrangement.**® The synthesis of THC allyl ether is described in the literaturet

o

Figure 7: Claisen rearrangement of A%-THC allyl ether to o-allyl-A%-THC.

Hydrohalogenated and halogenated derivatives of THC were reported in 2024. The hydrohalogenated
THC derivatives 9-chloro-HHC and 9-bromo-HHC were found in Germany and Switzerland 1% The
derivative 9-chloro-HHC potentially lacks any cannabimimetic effects and was first described in

literature as an intermediate for the conversion of A>-THC to A’>-THC1% Since they potentially lack
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cannabimimetic activities, one can assume that their purpose is masking illicit THC and recover

A%-THC in a later stage. They can also be used for the synthesis of other THC derivatives.

CsHyp
Figure 8: Conversion of AS-THC to A°-THC by addition and subsequent elimination of HCI.

In 2025, mono- and bischlorinated analogs of HHC were reported, which were chlorinated on the
aromatic ring** Aromatic halogenation of CBD or A>-THC to mono-, and bishalogenated derivatives
can be achieved by the action of a potassium halide and m-chloroperoxybenzoic acid (m-CPBA) on
the cannabinoid in methylene chloride by using 18-crown-6 ether as phase transfer catalyst 19310 For
the synthesis of monofluorinated cannabinoids another approach using N-fluoropyridinium triflate

can be used % Some of these halogenated THC derivatives show cannabimimetic effects10%1L

X=Cl,Brorl

KX or KF,
18-crown-6,
DCM, MCPBA

¥
N
+
O F3CSO5

DCM

Y

C5Hll C5H11_

HIF

Figure 9: Top: Aromatic mono- and bishalogenation of A°>~THC. Bottom: Aromatic monofluoration of CBD and subsequent cyclization
to 2-fluoro-A?-THC and 4-fluoro-A%-THC.

HHC and H4CBD

A reason for the rapid rise of HHC is surely its facile synthesis. It is easily obtained by catalytic
hydrogenation of THC isomers, mainly from a mixture of AS-THC and A%-THC S} Tetrahydro-
cannabidiol (H4CBD) is also easily obtained by hydrogenation using CBD as starting material ©' A
recent study has shown that HHC and H4CBD are the most frequently encountered semi-synthetic
cannabinoids in recreational products.®*® HHC and H4CBD are obtained as epimeric mixtures of
(9R)- and (95)-HHC, or (1R)- and (15)-H4CBD, respectively. The diastereomeric ratio in HHC
depends on the used ratio of THC isomers in the starting material, and on reaction conditions like

temperature, and the choice of catalyst or solvent CH112113
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1.2.4 Total synthetic approaches to semi-synthetic cannabinoids

The semi-synthetic approaches that start from CBD or THC as starting material allow modifications
of the structure on the phenolic groups, the initial double bond or even on the aromatic ring in rare
cases. Alterations on the pentyl side chain of the aromatic rings cannot be introduced at reasonable
cost. Distributors still claim that homologs of the previously discussed compounds can be obtained
by "fortifying the carbon side chain" of CBD or other obscure explanations. It is assumed that these
claims are made for two reasons: First, a loophole in the Agricultural Improvement Act of 2018
(United States) allows the sale of cannabis products as long as the A>THC content is below 0.3% of
the dry weight and as long these products contain hemp derived ingredients. Secondly, it seems to
be more advantageous for marketing purposes to claim that a synthetic drug is derived from natural

ingredients obtained from hemp rather than being produced in a laboratory.

For the total synthesis of A>-THC or A’>-THC, olivetol is the most frequently used starting material.
The first stereoselective synthesis of A>-THC and A°-THC was described in 1967. Condensation
of olivetol and (—)-verbenol under acidic catalysis using p-toluenesulfonic acid (p-TSA) leads to
an intermediate, which gives enantiopure A-THC after treatment with BF5. Addition of HCI and
subsequent elimination of HCI with NaH gives the enantiopure A>-THC™*# A reaction scheme is
shown in Figure [10}

/©\ 7$ p =
CsH
ST HO CsHip CsHya

Figure 10: A8-THC synthesis from olivetol and (-)-verbenol. The isomerization of A%-THC to A3-THC is not shown 114

Another enantiopure approach by Petrzilka uses p-mentha-2 8-dien-1-ol as chiral starting material,
which reacts with olivetol to CBD and subsequentally to A>--THC under p-TSA catalysis? Using
BF3-Et,0 instead of p-TSA leads to A>-THC in a single step.™% Reaction schemes for the p-mentha-
2,8-dien-1-ol approaches are shown in Figure [11]

Many other approaches are known for the synthesis of THC isomers. Some use a chiral ter-
penoid like the examples shown in Figures[I0]and [II] Some of the terpenoids, which have succesfully
been used in the synthesis of THC isomers have been described as natural occurring compounds
in the cannabis plant. Other approaches use asymmetric catalysis to obtain the natural THC
enantiomers in high yield. The review article of Bloemendal, van Hest and Rutjes gives an overview
of synthetic approaches to THC!™ Further synthesis strategies for the synthesis of saturated

cannabinoids like HHC are discussed by Docampio-Palacios et al ®
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CgH11

Figure 11: Top: AS-THC synthesis from olivetol and p-mentha-2,8-dien-1-o1’12 Bottom: A?-THC synthesis from olivetol and
p-mentha-2,8-dien-1-01 16

Homologs of A>-THC, A’-THC and HHC

In 2024, Tanaka and Kikura-Hanajiri reported the occurrence of HHCP in Japan, which was found
in vaping liquids®® The synthetic methods for A>-THC and A~ THC can be altered to obtain the
respective homologs. Since the homologs only differ in the length of the side chain, the olivetol used
for the THC synthesis can be exchanged for any 5-alkylresorcinol in order to obtain the desired
THC homolog ¥

OH

= 0
CnH2n+1 HO CnH2n+1

Figure 12: Top: Total synthetic approach to A%-THC from olivetol. Bottom: Total synthetic approach to A°>~THC homologs using
olivetol homologs as starting material.

In a recent study, the potency of A>-THC homologs with a varying chain length from pentyl to octyl
were determined using a B-arrestin-2 recruitment assay. It was found that the potency increased to
a maximum for the heptyl derivative A>-THCP. The same behavior was also found for the A>-THC
homologs, where A>-THCP was the most potent compound.™? Similar observations were made in
dog ataxia tests with homologs of A%(100_THC and HHC ranging from a methyl to an octyl side
chain with the exclusion of the ethyl homologs. In both series the most potent compounds were the
hexyl homologs A%(10¢)_ THCH and HHCH 21122
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An approach to (9R)-HHC and its homologs is depicted in Figure . The Tietze route starts from
(R)-citronellal and a 5-alkylcyclohexa-1,3-dione. Aldol condensation of these products leads to an
intermediate, which can undergo a Hetero-Diels-Alder reaction to form the dibenzopyran skeleton
as an o,B-unsaturated ketone. This cyclization is stereocontrolled through the chiral methyl group
from the citronellal moiety leading to the (6aR,10aR)-configuration of the newly formed stereo
centers, the same configuration is found in natural A’-THC. Oxidation of the o,B-unsaturated
ketone results in the (9R)-HHC homolog. Starting from (5)-citronellal instead, would not lead
to (95)-HHC homologs with a (6aR,95,10aR)-configuration, but to the enantiomers of (9R)-HHC
homologs with a (6a5,95,10a5)-configuration.’®¥ A similar one-pot reaction to the homologs of

(9R)-HHC uses (R)-citronellal and olivetol derivatives as starting material +4*

1) [4+2]
2) ox.
—_—
CnH2n+1 CnH2n+1
OH
CnH2n+1 @) CnH2n+l
major minor

Figure 13: Top: Total synthetic approach to (9R)-HHC and its homologs using the Tietze synthesis}23 Bottom: Possible explanation
for the minor products with (6aS5,9R,10a.S)-configuration, which are enantiomers of the (95)-HHC homologs.
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Incomplete stereocontrol at the newly formed stereocenters C6a and C10a leads to cis-isomers
and to the unnatural trans-configuration (6a.5,10aS) (see minor product Figure [13). Besides the
lack of stereocontrol at the centers C6a and C10a, other possible side reactions lead to abnormal
cannabinoids, in which the position of the phenol and the alkyl side chain are exchanged. These
compounds are physiologically inactive and have never been described in the cannabis plant.1®
The occurence of abn-CBN and abn-AS-THC have been described in the total synthesis of CBN and
A8 /AY-THC MY Another possible side reaction is the occurence of bisalkylated compounds, which
emerge if two terpene precursors condense with a single olivetol moiety. They have never been
described in the plant, but are well-known side products in total synthetic approaches for A>-THC
and its analogs MP1201L2T Ay overview of possible side products in the synthesis of THC homologs

is depicted in Figure [I4]

H
reactand

Figure 14: Synthesis of A%-THC homologs from olivetol homologs and undesired side reactions. 1: (-)-trans-A%-THC homolog (desired
product), 2: Unnatural enantiomer of 1 ((4)-trans-A°~THC homologs), 3: (&)-cis-A%-THC homologs (both enantiomers), 4:
abn-A°-THC homologs (abnormal cannabinoids), 5 and 6: bisalkylated cannabinoids (stereo centers not defined).
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1.3 Metabolism of A~ THC and CBD

Semi-synthetic cannabinoids are structurally related to A>-THC and CBD. It is therefore expected
that their metabolic fate is similar to the aforementioned phytocannabinoids. Allylic oxidation of
A%-THC by the action of the cytochrome P450 enzymes CYP2C and CYP3A leads to the main
metabolites 11-OH-A-THC and 11-nor-9-carboxy-A’-THC (11-COOH-THC). Allylic oxidation at
(8 also takes place leading to the two epimers (85)-OH-A%-THC and (8 R)-OH-A?-THC. Oxidations
on other positions occur as well, involving the pentyl side chain and the olefinic carbons. The
side chain hydroxylated metabolites oxidize further to oxo-metabolites that can undergo oxidative
degradation of the side chain to form carboxylated metabolites. Epoxidation of the olefinic bond

and subsequent hydrolysis results in the formation of 9,10-bishydroxylated metabolites. Phase II

metabolites of A>-THC are mainly glucuronidated species, but conjugates with fatty acids, amino
(| 281130

acids, glutathione and sulphate have also been observe

_8:
*~/Ho"s
10

Figure 15: Top: Metabolism of A%-THC to its metabolites 11-OH-A-THC and 11-COOH-A?-THC. Bottom: Metabolism of CBD to its
metabolites 7-OH-CBD and 7-COOH-CBD.

4' 1" 3" 5"

The human in vivo metabolism of CBD is similar to that of A>-THC (see Figure .131 In an
earlier study, CBD metabolites were identified by GC-MS in the urine of a dystonic patient who
received 600 mg CBD each day. The most abundant metabolite of CBD was CBD glucuronide.
7-COOH-CBD was also found in high abundance, this metabolite is formed after allylic oxidation,
similar to the formation of 11-COOH-A’-THC from A?-THC. Other abundant metabolites are
further oxidation products of 7-COOH-CBD, bearing hydroxyl groups on the side chain and on
the iso-propenyl group, either after allylic oxidation on C10 or after epoxidation and hydrolysis.
Other abundant metabolites are formed after oxidative degradation of the side chain'#% Side chain
hydroxylated metabolites of CBD have been found from in vitro metabolism experiments of CBD
after incubation with human liver microsomes**¥ The same side chain hydroxylated metabolites

have previously been identified from animal studies involving CBD 434
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1.3.1 Metabolism of (9R)-HHC in animal hepatic microsomes

Prior 2023, data on the in vivo or the human metabolism of HHC did not exist. The only existing
metabolism data were from in vitro experiments of (9R)-HHC using hepatic microsomal preparations
of five different animal models; mouse, rat, guinea pig, rabbit and hamster 223138 Eight different
hydroxylated metabolites of (9R)-HHC were identified; 11-OH-(9R)-HHC, (85, 95)-8-OH-HHC,
(8R, 95)-8-OH-HHC, 4-OH-(9R)-HHC, and hydroxylations on all five carbons of the pentyl side
chain besides 2’0OH-(9R)-HHC were found. No information were given about the epimers of 1'-
3’- or 40OH-(9R)-HHC. The in vitro metabolism of (9R)-HHC in these hepatic microsomes is very
similar to those of A>-THC and A®-THC. It is noteworthy that the amount of the 11-OH metabolite
is much less abundant than in the THCs, where it is the main metabolite in all species besides
hamster, presumably because this position is not allylic in HHC. Furthermore, the 2’0OH metabolite
was not found for (9R)-HHC, but the aromatic 4-OH metabolite was identified. The epimers of the
7-OH metabolites were only found after incubation with A>-THC, probably because the carbon C7
is allylic in AS-THC. Allylic oxidation by cytochrome P450 is a favored metabolic pathway as the
allylic C-H bond strength is low in energy "

OH OH OH

Figure 16: Monohydroxylated metabolites of (9R)-HHC found after in vitro metabolism with hepatic microsomes from five different
animals 22215381 Only one of the red drawn hydroxy groups is present for each of the eight discovered metabolites.

1.3.2 Metabolism of semi-synthetic cannabinoids

With the emergence of HHC and other semi-synthetic cannabinoids on the recreational drug
market, studies have been conducted investigating their metabolism. Forensic-toxicological proof of
consumption can only be determined if abundant and characteristic metabolites of the semi-synthetic
cannabinoids are known, these can serve as analytical targets. Among the studies, which will be
presented later (Publications III} and , research has been conducted investigating the

metabolism of HHC and other semi-synthetic cannabinoids. In several studies the metabolites

of HHC were identified from physiological samples after controlled administration or from real
cases %% The metabolism of HHC and other semi-synthetic cannabinoids was also investigated from
rat samples (urine and feces) and from in vitro experiments with pooled human liver S9 fraction,
hepatocytes, and liver microsomesB2B85%138 The same HHC metabolites have been found as
described in the previous animal studies22>12% The major metabolites were 4 OH-HHC, 5’OH-HHC,
(8R, 9R)-8-OH-HHC, 11-OH-HHC and 11-COOH-HHC. It was found that 11-COOH-HHC is also a
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metabolite of A>-THCE%2U Other groups have shown that the pharmacokinetics of HHC and its
metabolites are similar to those of A>-THC and its metabolites, as evidenced by the analyses of oral
fluid, serum, and urine samples from volunteers who ingested HHC orally or by inhalation, as well

as from rat brain and blood A#P&159

1.4 Mass spectrometry of cannabinoids

In order to understand the fragmentation patterns of semi-synthetic cannabinoids and their metabo-
lites, understanding the fragmentation behavior of phytocannabinoids and their metabolites is
crucial. The electron impact (EI) mass spectra of phytocannabinoids and their metabolites, but also
of HHC and its hypothetical metabolites are very well understood. The fragmentation mechanisms
were evaluated by studying the EI mass spectra of the cannabinoids and several deuterated analogs.
It was found that many derivatives, such as the trimethylsilyl (TMS) ethers and esters, have a
negligible effect on the fragmentation pathways as they are directed by charge localization distant
from the derivatized group. The following reviews give a deep insight into the EI fragmentation
behavior of phytocannabinoids and some of their derivatives Y143 Fragmentation mechanisms of
the cannabinoids under electrospray ionization (ESI) is not that well understood. Several fragmen-
tation mechanisms have been proposed but they have not been fully verified by analyis of various
isotope labeled analogs. In fact, fragmentation mechanisms of A>-THC and its metabolites were
only elucidated by comparison with a single deuterated analog (A%~ THC-Dj3), which is commonly

used as internal standard for the quantification of A%-THC 444

1.4.1 Characteristic fragment ions of THC isomers (EI)

The fragmentation pathway of the THC isomers are similar and lead to some very characteristic ions.
Understanding their formation is crucial for identifying their analogs and locating metabolically
added functions. A common reaction observed in EI spectra of THC isomers and their TMS
derivatives is the loss of a methyl radical, mechanisms are shown in Figure [I7] From EI spectra
of deuterium labeled THC analogs, it was found that 68% of the ion m/z 371 (TMS derivative
of m/z 299) in A>-THC TMS ether was formed after elimination of a methyl radical from C11.
Similar observations were seen for the underivatized A>-THC (see Figure , top) 14148 In AS-THC
TMS ether, most of the formed ion m/z 371 results from loss of a methyl radical from one of the
gem-dimethyl groups at C12 or C13 (see Figure [L7 bottom)™ 37 Tn hoth cases elimination of a

methyl radical from the TMS group played a minor role for the formation of the ion m/z 371142
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R =TMS, m/z 386 R=TMS, m/z 371
R=H, m/z314 R =H, m/z 299

R =TMS, m/z 386 R=TMS, m/z 371
R =H, m/z 314 R =H, m/z 299

Figure 17: Formation of the ion m/z 299 (m/z 371 for TMS derivative) in EI spectra of THC isomers. Top: Loss of a methyl radical
from C11 in A°-THC. Bottom: Loss of a methyl radical from C12 in AS-THC.

Two different pathways have been suggested for the formation of the ion m/z 271. A mechanism
in which the gem-dimethyl group is eliminated as an iso-propyl radical and subsequent ring
contraction could lead to the abundant fragment ion m/z 271 (see Figure [18] bottom) %Il This
mechanism involves the abstraction of a hydrogen radical from C10a, which is not supported from
deuterium labeled experiments. Another pathway was therefore formulated, which is consistent with

observations from deuterium labeled experiments (see Figure , top). This mechanism involves the

elimination of ethene from the alicyclic moiety and loss of a methyl radical from the gem-dimethyl
145|147

group.

CHs, N OR cHy ) OR
—_—
X - A
. |,
0 CsH11 o) CsHyp

TMS, m/z 358
H, m/z 286

R = TMS, m/z 386
R =H, m/z 314

TMS, m/z 343

R= R=
R= R=H, m/z 271

_ CsHi1p
R =TMS, m/z 358 _
R =H, m/z 286 R =TMS, m/z 343
R=H, m/z 271

Figure 18: Formation of the ion m/z 271 (m/z 343 for TMS derivative) in EI spectra of THC isomers. Top: Loss of ethene and a methyl
radical in A%-THC. Bottom: Loss of an iso-propyl radical in A3-THC.
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Another common fragment ion in the EI spectra of THC isomers is the ion m/z 258, which is formed
after fragmentation of the side chain through a McLafferty rearrangement (see Figure [19)) 110145
This ion is not shifted in THC homologs with a different side chain. It does not appear in the
EI spectrum of THC ethyl homologs as these ions do not possess the structural requirement for
a McLafferty rearrangement. Usually, further loss of a methyl radical is observed leading to the

formation of the ion m/z 243.

R =TMS, m/z 386 R =TMS, m/z 330
R=H, m/z314 R =H, m/z 258

Figure 19: Formation of the ion m/z 258 (m/z 330 for TMS derivative) in EI spectra of THC isomers after loss of n-butene through a
McLafferty rearrangement.

The ion m/z 231 is another abundant fragment ion in the EI spectra of THC isomers. Its formation
in AS-THC can be explained from the elimination of isoprene after a Retro-Diels-Alder reaction, and
subsequent elimination of a methyl radical from the gem-dimethyl group (see Figure [20) 2% Another
mechanism that leads to the same chromenylium ion was proposed, which was not initiated by a
Retro-Diels-Alder reaction. This mechanism also contributes to the formation of the chromenylium
ion m/z 231. It is supported through the abundance of the ions m/z 231, 232 and 234, which are
found when all six gem-dimethyl protons are deuterium labeled. A fragmentation mechanism is

shown in the literature 147

OR OR
-CsHg -CH3'
> = > =z
RDA - s
CsHig A0 CsHyg ] CsHyq
R =TMS, m/z 303 R =TMS, m/z 303
R =H, m/z 231 R =H, m/z 231

Figure 20: Formation of the ion m/z 231 (m/z 303 for TMS derivative) in the EI spectrum of AS-THC.

A last characteristic fragment ion is the ion m/z 193. Its formation is seen in the EI spectra of THC
isomers, HHC, CBD, cannabigerol (CBG), iso-THCs and in some of their abnormal isomers. The
formation of this ion was only elucidated for CBG and abn-CBG through deuterium labeling.14®
Fragmentation mechanisms leading to this ion have been proposed for CBD and HHC 14%142 The

ion m/z 193 is a benzylium ion, which is already stable, and rearranges to an even better stabilized
tropylium ion (see Figure .

WILLI SCHIRMER November 7, 2025 17



UNIVERSITAT BERN, DISSERTATION 1 Introduction

OR OH OR
+’/\ (4. H
1,2-H shift
HO HO
H H

© Cshe CsHyp CsHyq
R =TMS, m/z 386 R =TMS, m/z 265 R =TMS, m/z 265 R =TMS, m/z 265
R =H, m/z 314 R =H, m/z 193 R=H, m/z 193 R=H, m/z 193

Figure 21: Formation and stabilization of the ion m/z 193 (m/z 265 for TMS derivative) in the EI spectrum of A>-THC.

1.5 Structure-Activity Relationship of Cannabinoids

The psychoactive effects of A>-THC and other cannabinoids are linked to their interaction at the
CB; receptor.t*? The first structure-activity relationships (SAR) of cannabinoids were conducted
in the early 1940s using dog ataxia tests. Good correlation has been found between the relative
potency in the dog ataxia test and psychoactive effects in human %210 The mouse tetrad assay
is another animal model, which correlates well with the psychoactive potency of cannabinoids in
human. This assay consists of four individual tests: analgesia, sedation, catalepsy, and sedation.
Presence of these responses is indicative for a compound with cannabimetic effects and agonistic
activity at CB; 1Y21%0 Tt was furthermore found that the static ataxia was blocked when the dogs
received the CB; antagonist rimonabant in addition to A>-THC**¥ Rimonabant also attenuates
the effects of A>-THC in human, including the psychoactive effects ™ The responses in the mouse
tetrad assay were clearly attenuated when the mice received rimonabant in addition to A?-THC 123
This indicates that the static ataxia in dogs as well as the responses in the mouse tetrad assay, and
the psychoactive effects in human are caused through action on the CB;, however it is very likely

that different cellular pathways are responsible for these effects*?

Figure 22: SAR of dibenzopyran cannabinoids. The major CB; and CBy pharmacophores are highlighted (methyl group C11, B-ring,
phenol and side chain) 24

Since the early 1940s, THC served as scaffold for the investigation of cannabimimetic effects. Even
though, the exact structure of the main psychoactive compound in cannabis (A’-THC) was not
known until 1963.% The dibenzopyran core structure was known and served as template for further
studies (see Figure [22)). The first SAR studies used different cannabis extracts, racemic homologs of
A%*(100)_THC and epimeric homologs of HHC B2BI22155 Fyen though it was known that A®*(10)_THC
was not the isomer found in THC, it was used for the early investigations**' Presumably because

it exists as enantiomers and not as a diastereomeric mixture, which facilitated the synthesis.
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Nonetheless, the early SAR investigations lacked stereochemically pure compounds, which made
interpretation difficult. It was known that the levorotatory A®(%)_THC ((9R)-enantiomer) are
physiologically active, because the dextrorotatory compounds did not show any activity in animals,
while the racemic did**® It was later shown that the (6aR,10aR)-configuration is required for the
psychoactive effects of A>-THC and its derivatives®® Modifications on the structural motifs in
THC isomers lead to the discovery of the pharmacophores. The earlier studies were performed
using different animal models, which correlated well with psychoactive effects in human. Later SAR
studies determined the affinities (K;) or the potencies (ECjyg) at the cannabinoid receptors CB;
and CB,, which were discovered in 1988 and 1993, respectively25#19 Affinities however, do not
necessarily reflect physiological effects as antagonistic ligands are affine too. In fact, ECsy values
do also not correlate with in vivo potency entirely as different mechanisms are responsible for the
observed effect in the assay and in vivo*%? This is also true for semi-synthetic cannabinoids.t®!
Furthermore, these assays do not consider the pharmacokinetics as cannabimimetic ligands have
to interact with the CB; receptors in the brain to show psychoactive effects'®? The following
alterations on the structure of THC discuss the effects in different animal models or the affinity on

CBy, as action on this receptor is responsible for the psychoactive effects of cannabinoids.

1.5.1 Alterations on Ring A

The alkyl group at C3 shows the largest influence on the affinity to CB; receptors. At least three
carbons are necessary to show cannabimimetic effects, the optimal length for affinity is between five

12154 Branching of the alkyl chain shows an influence on the affinity. Methylation

and eight carbons.
at C1’" or C2" substantially increases the affinity, while a methyl group on C3’ or C4’ decreases
the affinity. Inserting a methyl group each at C1’ and C2’ showed even greater affinity at CB;.
The absolute configuration of these newly formed stereocenters has a negligible influence on the
affinity. Bismethylation at C1” avoids the issue with designing diastereoselective reactions or tidious
separation of them and they show similar affinities at CB; 193159 Branched analogs with a methyl
group on the last carbon of the side chain showed no activity, as seen for the iso-pentyl and iso-hexyl
compounds*®? Up to five-membered alicyclic groups, as well as a dioxolane or dithiolane group on
C1’ show no decline in CB; affinity 8@ The analogs with a desaturated alkyl chain show similar
CB, affinities as their saturated counterparts ™73 Some bulky hydrocarbon substituents like
bornyl, 1-adamantyl and 1-naphthyl show stronger affinities at CB; than the pentyl analogs -4
Some derivatives are depicted in Figure 23] These derivatives show greater affinity at CB; than

AS-THC.
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Figure 23: Discussed examples of side chain altered derivatives of A>-THC. Apart from the bornyl derivative (bottom right), it is known
that these compounds act agonistic at CBj.

Tetracyclic analogs of A>-THC show that the conformer with greater CB; affinity is the one in
which the alkyl group is oriented away from the phenol, the lateral conformer shows a sharp decline
in affinity (see Figure 24) %178 The preferred orientation of the side chain in the binding pocket
can be seen in molecular dockings of A’>-THC or its derivative AM11542 with the CB; receptor.t™

Figure 24: Tetracyclic AS-THC analogs with a fixed alkyl chain. The lateral conformers (blue isomers) show a sharp decline in CB;
affinity while the isomer that is oriented away from the phenol (red isomer) shows high CB; affinity 178

The potency declined when the side chain was replaced with an n-hexoxy group*®” Replacement of
the carbons C2’ and C3’ with an ester function showed similar CB; affinities like the corresponding

alkyl analogs. This is also true when C1’ is further functionalized with methyl groups or a cyclobutyl

group. The resulting carboxylic acids after in vivo hydrolysis through esterases are inactive.t8!

182 Similar nitriles, halogenalkanes, amides

Longer carboxylic acids are very weak ligands at CB;.
and hydrazides are well tolerated and show strong affinities at CB; #4157 Secondary amines like
morpholin or imidazole, as well as phenol ethers can also be used to terminate the alkyl chain and
retain strong CB; affinities 318G 187 Purthermore, hydroxylation, halogenation, methylation or
ethylation at C2 retains cannabimimetic activity. Alkylation at C4 or bishalogenation at C2 and

W09 A phenol group at C1 or a predrug which liberates

102

C4 diminishes cannabimimetic activity.
the phenol in vivo seems to be necessary for CB; affinity*"# Interistingly, by methylation of the
phenol group or desoxygenation, compounds can be obtained that are strong ligands for CB5 but
barely active for CB; 28818 Replacement of the phenol with an amino group leads to a drop of

cannabimietic activity, while substitution with thiol, methylamine or dimethylamine entirely shut
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the activity down™® The phenol group at C1 forms a hydrogen bond with a serine residue within

the binding site of the CB; receptor and therefore contributes significantly to the affinity. ™

1.5.2 Alterations on Ring B

Alterations on Ring B usually lead to decreased potency or inactivity. Changing the gem-dimethyl
group at C6 to a gem-diethyl or gem-dipropyl group showed also a sharp drop in potency.t*!
Replacing the pyran ring with an oxepane ring decreases the activity drastically, regardless of the
presence or position of the gem-dimethyl group. Replacement of the gem-dimethyl group with an
oxo-group results to basically inactive compounds 2?2123 Substitution of the pyran oxygen with an

194 Replacement of the pyran oxygen with a NH group

NCHj; group shut the activity entirely down.
and removal of a methyl group from the gem-dimethyl moiety can be seen in levonantradol, which
is significantly more potent than A>-THC ' Levonantradol also exhibits further alterations on the
A- and C-Ring, it is therefore not clear to which extent the alterations in the B-ring contribute on
its potency. Removal of the B-ring and replacement of the methyl group at C9 with (3R)-OH leads
to the potent CB; agonist CP 47,497 %" Its C8 homolog, also named Cannabicyclohexanol, was
among the first synthetic cannabinoid detected on the recreational product, which was found in the
herbal blend mixture ‘Spice‘*?” Further functionalisation on the cyclohexanol leads to CP 55,940,
which has become the ligand of choice in investigating the endocannabinoid system due to its
subnanomolar affinities for CB; and CB,2*® Some active THC analogs with alterations on the

B-ring are depicted in Figure

OH OH

OH

CeH13

C7H1s \L
OH

Figure 25: Active THC analogs with alterations on the B-ring. Besides alterations on the B-ring, these compounds show alterations on
the side chain and a replacement of the C11 methyl group. Levonantradol (left), Cannabicyclohexanol (middle), CP 55,940 (right).

1.5.3 Alterations on Ring C

Some of the double bond isomers of THC are active at CB; and show psychoactive effects. Besides the
natural A>-THC, the isomers AS-THC, (9R)-A%*109)_THC and A°™)-THC (exo-THC) are potentially
psychoactive 1% From binding studies one might expect that (9R)-A™-THC is psychoactive. %
The other epimer (95)-A™-THC was reported to be inactive, but later studies with the epimers of
A"-THC have shown that both epimers show affinity to the CB; receptor22%2%1 Pharmacological
investigations are nonexistent for the epimers of A%-THC, a synthetic pathway for the (9R) epimer

is described in the literature.?"® There is also no pharmacological data on the epimers of A°-THC,
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but the synthesis is described as well in the literature**¥ The different THC isomers and HHC are
shown in Figure [206]

CsH1p />0 CsH1a @) CsH1y />0 CsHia
Figure 26: Isomers of THC and HHC. Top: A%-THC, A3-THC, ASe(10a)_THC (two enantiomers), A°(D_THC. Bottom: A°-THC (two
epimers), AT-THC (two epimers), A*-THC (two epimers), HHC (two epimers).

Displacement of the methyl group at C9 to C8 or C10, or the removal of the methyl group showed
a significant drop in cannabimimetic potency ®%19! Removal of the alicyclic ring (Ring C) also
leads to a sharp drop in potency?"* Addition of a second methyl group at C9 or C8 leads to a drop
in potency, as did the replacement of the methyl group at C9 with an ethyl group. Whereas the
addition of a second methyl group at C7 showed only a slight drop in potency. The hydroxylated
A%-THC derivatives that are hydroxylated on C11 and C8 show cannabimimetic potency, the epimer
(89)-OH-A’-THC was reported to be slightly active® Further oxidation to the aldehydes showed
that only 11-oxo-A°-THC had cannabimietic potency*? Hydroxylation at position C8 or C10 of
HHC can lead to cannabimimetic compounds. Of the investigated diastereomers only (85,9R)-8-
OH-HHC and (95,105)-10-OH-HHC showed activity. Both are potential metabolites of the less
potent (95)-HHC epimer.?® Substitution of the methyl group C11 with a hydroxy group in HHC
leads to an active compound, the (9R)-OH epimer.?"® Further oxidation to an oxo group retains
cannabimimetic potency as seen in Nabilone.?"? Replacement of Ring C and the methyl group at C9
with a cycloheptenyl group ((abeo)-A%(1°9_THC) leads to potency drop.2® Replacing Ring C with a
cyclopentenyl group showed no cannabimimetic activity®’? Later experiments with derivatives of the
potent dimethylheptylpyran (DMHP) showed that replacement of the Ring C with cyclopentenyl and
methylcyclopentenyl, as well as dihydrothiophenyl, methyldihydrothiophenyl and dihydrothiopyran
rings retained the cannabimimetic potency2%2U If Ring C is replaced with different unsaturated
nitrogen heterocycles like tetrahydropyridines, dihydropyrroles or azabicyclooctenes, the resulting
compounds lose some potency?? Elimination of Ring C and connection of a pyridine ring at
position C10a retains some activity as seen in Nonabine*® Substitution of C9 with nitrogen can
retain activity as seen in the compound Abbott-40174212 Replacing Ring C with an azepane,
N-methylazepane or caprolactam ring can retain some cannabimetic potency*t¥ Some active CB;

ligands with alterations on Ring C are shown in Figure [27]
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Figure 27: Active THC analogs with alterations in Ring C.

As to date, most of the novel cannabimimetic drugs are compounds that derived from another scaffold
and are known as synthetic cannabinoids or synthetic cannabinoid receptor agonists (SCRAs). These
compounds were initially developed to increase the polarity in order to become potential medication
drugs1®* Besides their potency, another reason for their popular rise as new psychoactive substance
is clearly their facile synthesis. These compounds like JWH-018, initially found in the herbal blend
mixture ‘Spice’, or the more recent MDMB-4en-PINACA do not share the stereoselectivity issues of
phytocannabinoids and semi-synthetic cannabinoids. The obtained compounds are either achiral
or the stereocenter is already present in a cheap precursor like tert-leucine in case of MDMB-
4en-PINACA 212215 Fyrther information about SAR studies of cannabinoids can be found in the

literature 102154216
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Isolation and characterization of synthesis intermediates and side prod-
ucts in hexahydrocannabiphorol
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Drug Testing and Analysis, 2024, 17(4), 531-543
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Description of own contribution

I have initialized and conceptualized this study. Afterwards, I have isolated the compounds,
performed the GC-MS experiments and elucidated the structures of the isolated compounds.
Dr. Ilche Gjuroski performed the NMR experiments of the isolated compounds. Prof. Dr. Julien
Furrer, Dr. Martina Vermathen and Dr. Ilche Gjuroski verified the elucidated structures. Dr. Martina
Vermathen, Prof. Dr. Wolfgang Weinmann and Prof. Dr. Stefan Schiirch helped to finalize the
manuscript. Dr. Stefan Konig measured the samples for the LC-QqTOF experiments and Isabelle
Mosch helped with the GC-MS quantification of (9R)- and (9.5)-HHCP in the HHCP product.

Description of novelty

This research paper describes the first investigation, which has shown that semi-synthetic cannabi-
noids with an alkyl chain length other than pentyl are made through total synthesic approaches. In
this work, the synthesis intermediates and side products of HHCP, the heptyl homolog of HHC,
were investigated. It was found that the manufacturers of this HHCP product partially followed a
derived route from the synthesis of HHC described by Tietze et al 143
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Isolation and characterization of synthesis intermediates and
side products in hexahydrocannabiphorol
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Stefan Schirch?®© | Wolfgang Weinmann?

1nstitute of Forensic Medicine, Forensic
Toxicology and Chemistry, University of Bern, Abstract

Bern, Switzerland After the Swiss ban of hexahydrocannabinol (HHC) in March 2023, other
2Department of Chemistry, Biochemistry and

Pharmaceutical Sciences, University of Bern, semisynthetic dibenzopyran cannabinoids emerged on the Swiss gray market. Hexa-

Bern, Switzerland hydrocannabiphorol (HHCP) was the most prominent of them due to its potent can-
Correspondence nabimimetic effects, as anecdotal reports from recreational users suggest. In October
Willi Schirmer, Institute of Forensic Medicine, 2023, a class wide ban of dibenzopyran cannabinoids was introduced in Switzerland

Forensic Toxicology and Chemistry,
University of Bern, Murtenstrasse 26, Bern

3008, Switzerland. online shops claim that HHCP is made from CBD, even though they possess different
Email: willi.schirmer@irm.unibe.ch

to prevent new similar substances from entering the drug market. Various vendors in

alkyl chain lengths. An HHCP sample was analyzed by gas chromatography coupled
to mass spectrometry (GC-MS), showing that a mixture of molecules with the same
or a similar molecular mass as HHCP was present. Six different substances could be
isolated from this sample using column chromatography. Four phenols ((9R)-HHCP,
iso-HHCP, cis-HHCP, and abn-HHCP) and two ketones (possible intermediates to
(9R)-HHCP and abn-HHCP) were identified by various nuclear magnetic resonance
spectroscopy (NMR) techniques. (95)-HHCP was obtained in an impure fraction. In
addition, a fraction was obtained that showed characteristic molecular and fragment
ions consistent with bisalkylated products from the synthesis of similar compounds.
The presence of abnormal cannabinoids (abn-HHCP) and bisalkylated cannabinoids is
a confirmation that this sample was produced purely synthetically as initially sus-
pected, as these compounds have not been reported in Cannabis. Chiral derivatiza-
tion of the phenols with Mosher acid chlorides showed that only iso-HHCP was
present as a scalemic mixture, indicating a good stereocontrol of this synthetic

procedure.

KEYWORDS
cannabis, hexahydrocannabinol (HHC), hexahydrocannabiphorol (HHCP), isomeric cannabinoids,
Mosher ester

1 | INTRODUCTION tetrahydrocannabinol (THC). Like hexahydrocannabinol (HHC) before

it was banned, HHCP was also sold as a legal alternative to THC in
Hexahydrocannabiphorol (HHCP, also named HHCp, HHC-P, or Switzerland. On October 9, 2023, Switzerland issued a group-wide
HHC-C7) is a synthetic cannabinoid with a dibenzopyran structure like ban on cannabinoids with a dibenzopyran structure, placing HHCP

medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Author(s). Drug Testing and Analysis published by John Wiley & Sons Ltd.
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2 | WILEY.

and structurally similar compounds under control. This was in
response to the legal dibenzopyran-cannabimimetics emerging on the
gray market after the ban of HHC on March 31, 2023.%

The aim of this work was to identify stereoisomers, synthesis side
products, precursors, or the absolute configuration of the HHCP epi-
mers in a product obtained from a German vendor to get an insight
about the HHCP on the market. The claim that HHCP and similar
dibenzopyran cannabinoids are synthesized from CBD with an alkyl
side chain other than pentyl should be verifiable. A synthetic route
from CBD is unlikely, as it involves a homologation step of a pentyl
chain without functional groups. Synthetic approaches for dibenzo-
pyran cannabinoids from the literature start with a 5-alkylresorcinol or
a 5-alkylcyclohexane-1,3-dione with the desired chain length. It is also
possible to isolate A’-tetrahydrocannabiphorol (THCP), a minor can-
nabinoid, from a Cannabis strain with higher THCP content and hydro-
genate that fraction to obtain HHCP. This, however, is unlikely since
the THCP content is still very low, making the process very costly.2
To the authors' knowledge, neither the potency nor the affinity of
HHCP towards the human cannabinoid receptor 1 (hCB,) is known
yet, but anecdotal reports from users suggest that it is more potent
than THC. Concerning THCP, it is known that the affinity towards
hCB; in vitro is 30 times higher than for THC.2

2 | MATERIALS AND METHODS

21 | Chemicals and reagents

The HHCP sample was bought from an online shop in Germany (52%
(9R)-HHCP and 21% (9S)-HHCP, gas chromatography coupled to
mass spectrometry (GC-MS) area-% (not quantified)). N-methyl-N-
trimethylsilyltrifluoracetamide (MSTFA) (298.5%), 4-(dimethylamino)
pyridine (DMAP) (299%), (R)-(—)-a-Methoxy-a-(trifluoromethyl)-
phenylacetyl chloride ((R)-MTPA-CI), (S)-(+)-a-Methoxy-a-(trifluoro-
methyl)-phenylacetyl chloride ((S)-MTPA-CI), and the alkane standard
(C7-C40, 1,000 pg/ml) were purchased from Sigma-Aldrich (Buchs,
Switzerland). (9R)-HHCP, (9S)-HHCP, cannabidiphorol (CBDP), and
cannabiphorol (CBP) were purchased from Cayman Chemical (Ann
Arbor, United States). Ethyl acetate (EtOAc) (for liquid chromatogra-
phy), n-hexane (for analysis), Na,SO;, sicc. (for analysis, Reag. Ph. Eur.),
and dichloromethane (DCM) (for analysis, Reag. Ph. Eur.) were from
Grogg Chemie (Stettlen, Switzerland). Methanol (MeOH) (299.9%)
was from Carl Roth (Karlsruhe, Germany). Silica gel 60 (0.015-
0.04 mm) from Macherey-Nagel (Onsingen, Switzerland) was used.
Deuterated chloroform, CDCl; (99.80% D), was purchased from
Eurisotop (St.-Aubin Cedex, France) and used as solvent for the
nuclear magnetic resonance spectroscopy (NMR) measurements.

2.2 | Chiral derivatization solutions

(S)-MTPA-CI or (R)-MTPA-CI (5 pl) was diluted with 495 ul dry DCM.
The solution was kept over Na,SOy4 sicc.

2.3 | DMAP solution
DMAP (10 mg) was dissolved in 1 ml dry DCM. The solution was kept
over NaySOy sicc.

24 | Column chromatographic separation

A part of the HHCP sample (250 mg) was separated on silica gel start-
ing from n-hexane: EtOAc (100:1, V:V) as eluent.* The polarity of the
eluent was stepwise increased to pure EtOAc. Collected fractions
were analyzed by GC-MS. Pure fractions containing the same product
were unified and evaporated to dryness.

2.5 | GC-MS analysis

The isolated samples were analyzed using an 8890 gas chromatograph
with a 7693A autosampler coupled to a 5977B mass selective detec-
tor (Agilent, Basel, Switzerland). Data were acquired with MassHunter
Workstation GC/MS Data Acquisition (Version 10.1.49) and analyzed
with Enhaced ChemStation (F.01.03.2357) (Agilent). Chromatography
was performed on a 5% phenylmethylsiloxane column (HP-5 ms Ultra
Inert, 30 m, 250 um i.d., 0.25 um film thickness; Agilent J&W). Helium
was used as a carrier gas with a constant flow of 1 ml/min. The injec-
tion volume was 1 pl in pulsed splitless mode. Oven temperature
started at 70°C for 3 min and was ramped with 15°C/min to 290°C
and held for 19 min, resulting in a total separation time of 36.7 min.
The source temperature was set to 230°C, and the quadrupole tem-
perature was 150°C. El mass spectra were obtained with an ionization
energy of 70 eV. Depending on the experiment, the scan range was
set from m/z 35 to 450, from m/z 35 to 650, or from m/z 35 to 800.

2.6 | NMR analysis

The NMR spectra were recorded on Bruker Avance Il and Avance
NEO spectrometers operating at resonance frequencies of 400.33
and 500.13 MHz for *H nuclei and 100.66 and 125.76 MHz for *3C
nuclei, respectively (Bruker BioSpin AG, Fallanden, Switzerland). The
instruments are equipped with a 5 mm dual (*H/*3C) probe (400 MHz)
and a 1.7 mm triple (*H/*3C/3'P) TXI microprobe (500 MHz) both
with z-gradient coils. All measurements were carried out at room tem-
perature (T = 298 K). Acquisition and processing of the spectra were
done using the Bruker software TopSpin versions 4.1.4 and 4.0.9. *H
chemical shifts were referenced to the residual *H resonance of
CDCl; (5H = 7.264 ppm), and *3C chemical shifts were referenced
through the *3C resonance of CDCl; (set to §'°C = 77.5 ppm).

One- and two-dimensional NMR experiments were performed
using the Bruker pulse program library (the names of pulse programs
are given in brackets). 1D proton spectra were acquired using the
standard one-pulse experiment with a 30° flip angle (zg30). For struc-
ture elucidation, the following 2D experiments were applied: H-1H-
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COSY using magnitude mode with gradients and purge pulses
(cosygpppaf), *H-3C-HSQC with carbon multiplicity editing and echo-
antiecho acquisition mode (hsqcedetgpsisp2.3), *H-*C-HMBC with
low-pass J-filter to suppress one-bond correlations and magnitude
acquisition mode (hmbclpndqf), and 1H-'H-NOESY in phase sensitive
mode using a mixing time of 300 ms (noesygpphpp).

1H and *3C chemical shift prediction was performed using the
ChemDraw software, version 20.0.0.41 (PerkinElmer Informatics,
Inc.), and used to support resonance assignments.

3 | RESULTS AND DISCUSSION

3.1 | Purity of the sample

The HHCP sample was diluted to 100 mg/L and analyzed by GC-MS.
Besides (9R)-HHCP and (95)-HHCP, several substances were detected
with the same molecular ion of m/z 344 and the same fragment ions,
indicating the presence of isomers. Other compounds in the sample
showed a molecular ion of m/z 346. The total ion current
chromatogram of a sample solution is shown in Figure 1. The absence
of palmitic acid and stearic acid is a hint that no plant extract might
have been used for the synthesis. Unpublished casework showed that
these fatty acids are present in HHC samples deriving from natural
CBD. A fraction with Kovéts indices of 2,900-3,400 was collected.

This fraction contained numerous compounds with molecular ions of
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m/z 480 and 482. XIC of the fragment ion m/z 395 from the HHCP
sample is included in Supporting Information S104.

3.2 | Identification of components by NMR

Six different components were isolated by column chromatography
including (9R)-HHCP. They are shown in Figure 2. Structural elucida-
tion was determined using various NMR-experiments. The isolated
compounds are described in order of column chromatographic elution;
the NMR spectra are found in Supporting Information S1-S58.

3.2.1 | Structure elucidation of compound 1

1H-NMR revealed two aromatic protons in meta-orientation (H-8 and
H-10) and a phenolic proton. The methyl groups appear as a singlet
(H-12), two doublets (H-14 and H-15), and a triplet (H-7’), which is
different to the methyl groups of HHCP, as they appear as two
singlets, a doublet, and a triplet. This indicates another structure of
the terpenoid moiety than in HHCP. The correlations in the 2D-NMR
spectra indicate an iso-propyl group (COSY cross peak between H-13
and H-14, 15) and a bicyclic structure. HMBC correlates the bridged
carbon at position C5 to both iso-propyl CHs-protons (H-15/C-5
and H-14/C-5). In addition, NOE cross peaks are detected between
H-5 and H-15, H-6 and H-15, H-11, and between H-4 and H-14.

TIC: HHCp-sample 100mg_L.D\data.ms

Time-->

I T B T B o o o L I B 0 B e o e
18.80 18.85 18.90 18.95 19.00 19.05 19.10 19.15 19.20 19.25 19.30 19.35 19.40 19.45 19.50 19.55 19.60 19.65 19.70 19.75 19.80 19.85 19.90 19.95 20.00 20.05 20.10 20.15

FIGURE 1 TIC of the HHCP sample (y = 100 mg/L). Other compounds besides the isolated compounds 1-6 are present.
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FIGURE 2

Isolated compounds iso-HHCP (1), cis-(9R)-HHCP (2),
(9R)-HHCP (3), precursor to cis-abn-HHCP (4), precursor to (9R)-
HHCP (5), and abn-HHCP (6).

H-5 and H-6 only yield weak NOE. This leads to the structure of rel-
(25,5R,6S)-9-heptyl-5-isopropyl-2-methyl-3,4,5,6-tetrahydro-2H-2,6-
methanobenzo[b]oxocin-7- ol (iso-HHCP, dihydro-iso-THCP). The
protons (H-14 and H-15) of the iso-propyl group are diastereotopic
due to the chiral centers. The non-equivalency of methyl shifts in
branched, chiral iso-propyl moieties has been reported in the
literature.>® The pentyl-homolog of compound 1, iso-HHC, shows
the same non-equivalency of these particular methyl groups.*¢~%
The *H and *3C resonance assignments are summarized in Table 1.
The NMR spectra of compound 1 are found in Supporting
Information S1-S12.

3.2.2 | Structure elucidation of compounds 2 and 3

In the *H-NMR spectrum of compound 2, two aromatic protons (H-2’
and H-4') in meta-position could be identified. In addition, four methyl
groups were identified appearing as a doublet (H-11), two singlets
(H-12 and H-13), and a triplet (H-7’) as in (9R)-HHCP. Correlations in
the 2D-spectra indicated a constitution like in HHCP. The shifts are
very similar to (9R)-HHCP but change notably in proximity of the
stereogenic centers. NOESY spectrum indicates that the stereochem-
istry at C10a differs from (9R)-HHCP; a cross peak correlates proton
H-10a to proton H-9; a trans-diaxial orientation of these two protons
might be the reason. The protons (H-10a and H-6a) are correlated by
NOESY, indicating a cis-configuration of this compound. Compound

TABLE 1

13C- and H shifts of iso-HHCP (1) in CDCl.

Nr. 5(*3C)/ppm 5(*H)/ppm
Phenolic H - 4.49 (s, br 1H)
1 - -
2 74.8 -
3 41.0 1.98 (m, 1H)
1.48 (m, 1H)
4 23.6 1.06 (ddd, J = 12.9, 4.4 Hz, 1H)
1.59 (td, J = 13.2,4.9 Hz, 1H)
5 51.3 1.26 (m, 1H)
) 30.3 3.40 (dt, J = 3.5 Hz, 2.5 Hz 1H)
6a 109.4 =
7 153.9 -
8 106.9 6.09 (d, J = 1.5 Hz, 1H)
9 143.4 -
10 108.9 6.26 (d, J = 1.4 Hz, 1H)
10a 158.5 -
11 38.5 1.78 (m, 2H)
12 29.6 1.34 (s, 3H)
13 30.3 1.40 (m, 1H)
14 21.6 0.75(d, J = 6.6 Hz, 3H)
15 238 1.12 (d, J = 6.3 Hz, 3H)
1 36.6 2.45 (m, 2H)
2 31.8 1.57 (m, 2H)
3 30.3 1.30 (m, 2H)
4 30.4 1.26 (m, 2H)
5 32.7 1.27 (m, 2H)
6 235 1.29 (m, 2H)
7 15.2 0.88 (m, 3H)
2 was identified as rel-(6aS,9R,10aR)-3-heptyl-6,6,9-trimethyl-

6a,7,8,9,10,10a-hexahydro-6H-benzo|[c]chromen-1-ol (cis-HHCP).
The NMR spectra of compound 2 are found in Supporting
Information $13-523.

Compound 3 is (9R)-HHCP; this was confirmed by GC-MS using a
reference standard. The H- and ¥C-NMR shifts of this compound
are in accordance to the literature.* The *H and **C resonances of
compounds 2 and 3 are summarized in Table 2. The NMR spectra of
compound 3 are found in Supporting Information $24-528.
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TABLE 2 '3C-and 'H shifts of cis-(9R)-HHCP (2) and (9R)-HHCP (3) in CDCl5.
1 "
? 4a -
cis-HHCP (2) (9R)-HHCP (3)

Nr. 8(*3C)/ppm &(*H)/ppm 8(*3C)/ppm &(*H)/ppm
Phenolic H - 4.65 (s, 1H) - 5.88 (m, 1H)
1 156.6 155.1 =
2 110.5 6.25(d, J = 1.8 Hz, 1H) 110.1 6.31(d, J = 1.8 Hz, 1H)
3 143.0 = 142.8 =
4 108.6 6.06 (d, J = 1.8 Hz, 1H) 108.3 6.11(d, J = 1.8 Hz, 1H)
4a 156.6 = 156.7 =
5 - - - -
6 76.9 = 77.6 =
6a 428 1.49 (ddd, J = 9.0 5.3, 4.1 Hz, 1H) 49.6 1.51 (m, 1H)
7 23.9 1.27 (m, 1H) 284 1.14 (m, 1H)

1.78 (m, 1H) 1.87 (m, 1H)
8 35.9 0.94 (m, 1H) 36.0 1.11 (m, 1H)

1.65 (ddt, J = 12.8, 6.7, 3.1 Hz, 1H) 1.89 (m, 1H)
9 27.9 1.19 (m, 1H) 33.2 1.66 (m, 1H)
10 38.2 1.09 (m, 1H) 39.3 0.82 (m, 1H)

3.13(dq, J = 13.2, 2.6 Hz, 1H) 3.17 (dt, J = 13.0, 3.2 Hz, 1H)
10a 32.0 3.27 (ddd, J = 4.3,4.3, 4.3 Hz, 1H) 35.8 2.53 (td, J = 11.1, 2.9 Hz, 1H)
10b 108.6 - 110.9 -
11 231 0.84 (d, J = 6.5 Hz, 3H) 229 0.99 (d, J = 6.6 Hz, 3H)
12 26.1 1.23 (s, 3H) 19.3 1.10 (s, 3H)
13 27.2 1.36 (s, 3H) 28.0 1.43 (s, 3H)
1’ 36.2 2.43(dd,J = 9.0, 6.7 Hz, 2H) 35.8 2.44 second order
2 31.7 1.56 second order 31.3 1.56 (m, 2H)
3 30.2 1.27 (m, 2H) 29.7 1.33 (m, 2H)
4 30.2 1.29 (m, 2H) 29.7 1.33 (m, 2H)
5 324 1.29 (m, 2H) 322 1.32 (m, 2H)
6 23.9 1.27 (m, 2H) 229 1.32 (m, 2H)
7' 14.9 0.88 (t,J = 7.2 Hz, 3H) 14.5 0.93 (t,J = 7.0 Hz, 3H)

3.2.3 | Structure elucidation of compounds 4 and 5 in the 2D-NMR spectra lead to a dibenzopyran structure like in

Compound 4 showed no aromatic or olefinic protons in the *H-NMR.
HMBC revealed the presence of a ketone and an olefin. Since no ole-
finic protons were found, a tetrasubstituted olefin was concluded.
The four methyl groups consist of two singlets (H-12 and H-13), a
doublet (H-11), and a triplet (H-7’) like in HHCP. Further correlations

HHCP. The COSY correlation (H-1 and H-1’) and the HMBC correla-
tions (H-2 and C-3, H-4, and C-3) indicate that the positions of the
substituents at C-1 and C-3 are exchanged in comparison to (9R)-
HHCP. NOESY crosspeaks were found between H-10a and H-11,
indicating a trans-diaxial relation between them, and a correlation
between H-10a and H-6a, indicating a cis-relation between the
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respective carbons C-10a and C-6a. No NOESY crosspeak was

detected between H-1' and H-10, indicating the same configuration

at the atoms C-10a and C-1'. The opposite configuration on these

TABLE 3

13C- and *H shifts of the ketones 4 and 5 in CDCls.

7

two carbons should lead to shorter distances between the attached
hydrogens and therefore to a positive NOESY correlation. The corre-
lead to the structure of rel-(1R,6aS,9R,10aR)-1-heptyl-

lations

4a

6a

10

10a
10b

Compound 4
5(*3C)/ppm 8(*H)/ppm
33.6 2.07 (m, 1H)
444 2.26 (m, 1H)
243 (dd, J = 15.8, 4.7 Hz, 1H)
199.7 -
36.0 2.23 (m, 1H)
2.35 (m, 1H)
171.3 -
80.2 -
41.6 1.43 (ddd, J = 12, 5, 5 Hz, 1H)
233 1.0 (m, 1H)
1.71 (m, 1H)
35.0 0.85 (m, 1H)
1.65 (m, 1H)
20.6 1.03 (m, 1H)
36.1 0.91 (m, 1H)
2.95(dd, J = 13.4, 2.8 Hz, 1H)
29.9 2.85(m, 1H)
111.2 =
229 0.81(d, J = 6.4 Hz, 3H)
26.1 1.20 (s, 3H)
264 1.31 (s, 3H)
354 1.36 (m, 2H)
27.2 1.28 (m, 2H)
30.0 1.25 (m, 2H)
30.0 1.26 (m, 2H)
325 1.27 (m, 2H)
23.0 1.29 (m, 2H)
14.6 0.88 (t, J = 7.0 Hz, 3H)

Compound 5
8(*°C)/ppm 5(*H)/ppm
199.6
44.8 2.22 (m, 1H)
2.47 (m, 1H)
333 1.55(m, 1H)
36.3 2.24 (m, 1H)
2.32 (m, 1H)
1711
81.8
494 1.23 (m, 1H)
28.1 1.04 (m, 1H)
1.73 (m, 1H)
36.3 1.00 (m, 1H)
1.81 (m, 1H)
264 1.20 (m, 1H)
39.0 0.45 (g, J = 11.7 Hz, 1H)
2.84 (dg, J = 12.8, 3.4 Hz, 1H)
34.3 2.07 (m, 1H)
114.9 -
231 0.90(d, J = 7.2 Hz, 3H)
20.6 1.06 (s, 3H)
28.0 1.34 (s, 3H)
35.8 1.37 (m, 2H)
29.9 1.27 (m, 2H)
27.8 1.27 (m, 2H)
27.6 1.27 (m, 2H)
325 1.26 (m, 2H)
232 1.28 (m, 2H)
14.7 0.88 (t, J = 6.5 Hz, 3H)

A 'v '5¢0C ‘TT9L2r6T

wouy

JORIPUOD PUe WP | 3} 39S *[5202/50/T] U0 ARIGITBUIIUO AB1IM 'UBE BISIBAIIN AQ 65.E BIP/Z00T OT/IOPLIOY AB|IM

fopm

5UBOIT SUOWIWOD) SAERID) 3|qedl|dde ayy Aq peusenob aJe Sapie YO ‘88N JO S9INJ o} Akeiq1 8UlUO AB]IM U0

WILLI SCHIRMER

November 7, 2025

30



UNIVERSITAT BERN, DISSERTATION

2 Results

SCHIRMER ET AL.

6,6,9-trimethyl-2,3,4,6,6a,7,8,9,10,10a-decahydro-1H-benzo[c]chro-
men-3-one. The NMR spectra of compound 4 are found in Supporting
Information $29-S37.

1H-NMR of compound 5 showed that this compound does not
contain any aromatic or olefinic protons. HMBC signals in the lower
field can be seen indicating an olefin and a ketone. Considering the
dibenzopyran structure of HHCP, it was assumed that the oxo group
is located where the phenol would otherwise be found. The olefin is
located where the aromatic and heterocyclic rings are fused, resulting
in a tetrasubstituted olefin. Two singlets (H-12 and H-13) on
similar positions like in the *H-NMR spectrum of (9R)-HHCP are
present, which are likely the geminal methyl groups. The other methyl
groups are overlaid around 0.9 ppm. Spin-spin-multiplicity (doublet
H11 and triplet H7')
R,CH group and a RCH,, group, respectively, like in HHCP. The corre-
lations in the 2D-NMR lead to the structure of rel-(6aR,9R,10aR)-
3-heptyl-6,6,9-trimethyl-2,3,4,6,6a,7,8,9,10,10a-decahydro-1H-benzo
[c]lchromen-1-one. No NOESY crosspeak was found between H-10a

indicates that they are bound to a

and H-6a, indicating a trans-configuration. No crosspeak was found
between H-10a and H-11 but one between H-10a and H-9. Stereo-
chemistry at position C-3 could not be determined. The *H and *3C
resonances of compounds 4 and 5 are summarized in Table 3. NMR
spectra of compound 5 are found in Supporting Information S38-544.

3.24 | Structure elucidation of compound 6

1H-NMR revealed the presence of two aromatic protons with the same
multiplicities and coupling constant as in HHCP indicating meta-
orientation of the protons. Multiplicity of the methyl groups is the same
as in HHCP (two singlets [H-12 and H-13], a doublet [H-11], and a trip-
let [H-7']); these signals were assigned to the same methyl groups. The
correlations in the 2D-NMR spectra indicate that the positions of the
heptyl-group and the phenol are exchanged. A correlation between
protons H-1 and H-1' and between H-1 and H-10b are seen in the
HMBC spectrum. NOESY shows that H-1' of the heptyl chain and
H-10 are in close proximity confirming that structure. Protons H-11
and the proton at H-10a show a NOESY crosspeak indicating trans-
diaxial orientation of these two protons. The missing crosspeak
between protons H-10a and H-6a indicates a trans-configuration of the
molecule leading to the molecule rel-(6aR,9R,10aR)-1-heptyl-6,6,9-tri-
methyl-6a,7,8,9,10,10a-hexahydro-6H-benzo[c]chromen-3-ol. H-
NMR spectrum looks similar to the homolog cis-abn-HHC.*° The 'H
and *3C resonances of compound 6 are summarized in Table 4. NMR

spectra of compound 6 are found in Supporting Information S45-S58.

3.3 | Mass spectrometric elucidation

3.3.1 | Formation of HHCP mass fragments

The mass spectra of (9R)-HHCP and (9S)-HHCP are indistinguishable.
Figure 3 shows the mass spectrum of (9R)-HHCP. Their major ions are

WILEY__*

TABLE 4 *3C- and *H shifts of abn-HHCP (6) in CDCls.

Compound 6

Nr. 5(*3C)/ppm 5(*H)/ppm
Phenolic H 4.31 (very broad)
1 143.8 =
2 109.1 6.27 (d, J = 2.6 Hz, 1H)
3 154.9 =
4 102.1 6.14 (d, J = 2.7 Hz, 1H)
4a 155.3 =
5
) 76.6 =
6a 514 1.52 (m, 1H)
7 32.1 1.30 (m, 1H)

1.65 (m, 1H)
8 2338 1.53 (m, 1H)

1.68 (m, 1H)
9 28.3 2.13 (dtd, J = 7.3, 4.7, 2.4 Hz, 1H)
10 39.4 1.38 (m, 1H)

2.22 (m, 1H)
10a 30.9 2.65 (td, J = 11.2, 2.6 Hz, 1H)
10b 117.5
11 18.6 1.16 (d, J = 7.2 Hz, 3H)
12 27.5 1.05 (s, 3H)
13 18.5 1.36 (s, 3H)
1 335 2.55 (ddd, J = 9.6, 7.0, 2.8 Hz, 2H)
2 31.3 1.60 (m, 2H)
3 29.6 1.33 (m, 2H)
4 29.6 1.33 (m, 2H)
5 228 1.31 (m, 2H)
6 228 1.31 (m, 2H)
7' 141 0.90 (t, J = 6.7 Hz, 3H)

the molecular ion (m/z 344), loss of a propyl radical from the gem-
dimethyl group ([M-C3H5*1", m/z 301), loss of n-hexene from the side
chain after McLafferty rearrangement ([M-C¢H1o]"®, m/z 260, base
peak), and the tropylium ion ([M-123°]", m/z 221). Some minor ions like
the loss of a methyl radical ([M-CH3*]", m/z 329) and the ion m/z
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Abundance
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FIGURE 3

136 from the alicyclic moiety are also visible. The fragmentation mecha-
nisms are in analogy to other well characterized cannabinoids.**~*%

An alkane standard (C7-C40) was measured, and the Kovats
index* of the isolated compounds and the references were calculated
according to van den Dool and Kratz.'®> The data are summarized in
Table 5. A chromatogram of the alkane standard is included in Sup-

porting Information S59.

3.3.2 | Mass spectrum of compound 1

The mass spectrum of compound 1 consists of only a few ions with
high intensity: the molecular ion ([M]**, m/z 344), loss of n-hexene
from the side chain ([M-C¢H15]"°, m/z 260), and loss of a iso-hexyl
radical ([M-C4H15°1", m/z 259, base peak).}® Other fragments with
lower abundance like the tropylium ion at m/z 221 and loss of a
methyl radical at m/z 329 are also present. Mass spectrum is similar to
the pentyl analog iso-HHC described in literature. The ions m/z
221, 301, and 344 are shifted by +28 (ethylene) in comparison to the
ions of iso-HHC. The ion m/z 260, which results from the McLafferty
rearrangement, is the same.*

3.3.3 | Mass spectrum of compound 2

This compound shows the same fragments with the same
abundances as (9R)-HHCP and (9S)-HHCP. NMR data imply a cis-

(9R)-HHCP (19.675 min) 260.1
OH
o
]
OH 301.1
N
HO
C7His C/His
344.3
221.2
273.1
235.22452 ‘ 287.1 300.1
el ‘\‘H‘ ‘ 3151 \“ 355.1

i T | T T T T T
90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350

Mass spectrum of (9R)-HHCP with the structures of the most abundant ions.

TABLE 5 Chromatographic data and relevant ions of the isolated
compounds and reference compounds.

Name RT/min RRI Relevant ions
Compound 1 19.12 2,615 344, 260, 259, 221
Compound 2 19.18 2,623 344, 301, 260, 221
Compound 3 19.68 2,692 344, 301, 260, 221
Compound 4 18.62 2,537 346, 331, 303
Compound 5 18.96 2,591 346, 303, 247
Compound 6 19.58 2,679 344, 329, 301, 260, 137
(9R)-HHCP 19.68 2,692 344, 301, 260, 221
(95)-HHCP 19.80 2,708 344,301, 260, 221

CBP 20.88 2,835 338, 323, 238

CBDP 19.51 2,670 342,327,274, 221
A°-THCP 19.99 2,732 342,327,299, 259, 243

Note: Spectra are included in Supporting Information S60-S70.
Abbreviations: RRI, relative retention index (Kovats index); RT, Retention
time.

configuration of the hydrogens at Céa and C10a. By comparison
with (9R)- and (95)-cis-HHC from the literature, it is observable that
the according fragments were found. The fragments m/z 344, 301,
and 221 are shifted by +28 due to the longer alkyl chain of com-
pound 2 (+CyH,), and the fragment m/z 260 remains identical
because this fragment ion results from the fragmentation of the
alkyl chain.”
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3.34 | Mass spectrum of compound 3
The isolated compound 3 is (9R)-HHCP. The same retention time and
mass spectrum were obtained as from the reference compound.

3.3.5 | Mass spectrum of compound 4

Comparison of the mass spectrum of compound 4 with a mass
spectrum from a similar molecule lacking the heptyl chain revealed
that the main fragments are shifted by the mass of heptylene (C;H44,
m/z 98). The relative abundances of the main peaks are similar to
those reported in the literature.” These fragment ions occur
therefore from the fragmentation of the tricyclic moiety. The most
abundant fragments are the molecular ion ([M]™*, m/z 346), loss of a
methyl radical ((M-CH3"]", m/z 331), and loss of a propyl radical from
the gem-dimethyl group ([M-C3H5°1", m/z 303, base peak). In addition,
loss of a heptyl radical can also be observed ([M-C;H45°1", m/z 247).
A mechanism for this reaction is shown in Figure 4.8

CeH1a

FIGURE 4 Fragmentation mechanism for the loss of a heptyl
radical from compound 4.

WILEY-*®

3.3.6 | Massspectrum of compound 5

The same fragments appear as in compound 4 with m/z 303 as base
peak. Slight changes in the abundances of the characteristic fragment
ions are observed. The same fragmentation mechanisms can occur as
in compound 4.

3.4 | Chiral derivatization
Compounds 1-6 were derivatized in presence of the acylation catalyst
DMAP with either (R)-MTPA-CI or (S)-MTPA-CI to their respective
Mosher esters. A solution of (9R)-HHCP, (95)-HHCP, or of one of the
compounds 1-6 (y =1 mg/ml, 10 pl, dry DCM) was evaporated to
dryness. DMAP solution (y = 10 mg/ml in dry DCM, 10 pl), dry DCM
(50 wl), and either (R)-MTPA-CI or (S)-MTPA-CI solution (o = 10 ml/I
in dry DCM, 10 pl) were added to the residue. The solutions were
incubated at 50°C for 15 h overnight. The samples were evaporated
to dryness, and the residue was dissolved in 50 ul EtOAc and analyzed
by GC-MS. An impure sample fraction containing (9S)-HHCP was
derivatized with a similar protocol using 20 ul of a sample solution
(y =1 mg/ml) and 20 ul (R)-MTPA-CI or (S)-MTPA-CI (o = 10 ml/L).
The Mosher esters of the isolated compounds and the references
(9R)-HHCP and (95)-HHCP are summarized in Table 6. (S)-MTPA
esters are the products of derivatization with (R)-MTPA-CI and vice
versa.

The (S)-MTPA and (R)-MTPA esters of one enantiomer of com-
pound 1 ((2S,5R,6S)-iso-HHCP) are the enantiomers of the (R)-MTPA
and (S)-MTPA esters of the other enantiomer of compound

TABLE 6 Chromatographic data and relevant ions of the (R)- and (S)-MTPA esters of the isolated compounds and reference compounds.

Name RT/min
(S)-MTPA ester of 1 24.58
(S)-MTPA ester of 1* 25.00
(R)-MTPA ester of 1 25.06
(R)-MTPA ester of 1* 24.50
(S)-MTPA ester of 2 24.81
(R)-MTPA ester of 2 25.24
(S)-MTPA ester of 3 26.25
(R)-MTPA ester of 3 25.69
(S)-MTPA ester of 6 30.04
(R)-MTPA ester of 6 30.08
(S)-MTPA ester of (95)-HHCP from sample 27.27
(S)-MTPA ester of (95)-HHCP from sample 27.04
(S)-MTPA ester of (9R)-HHCP 26.30
(R)-MTPA ester of (9R)-HHCP 25.77
(S)-MTPA ester of (95)-HHCP 27.43
(R)-MTPA ester of (95)-HHCP 27.16

RRI ee Relevant ions

3,131 72% 560, 475, 273, 189

3,127 - 560, 475, 273, 189

3,159 82% 560, 475, 273, 189

3,156 - 560, 475, 273, 189

3,145 100% 560, 517, 485, 327, 189
3,170 100% 560, 514, 485, 327, 189
3,224 100% 560, 517, 485, 327, 189
3,197 100% 560, 517, 485, 327, 189
3,387 100% 560, 517, 343, 315, 274, 189
3,389 100% 560, 517, 343, 315, 274, 189
3,274 100% 560, 517, 485, 327, 189
3,262 100% 560, 517, 485, 327, 189
3,227 100% 560, 517, 485, 327, 189
3,201 100% 560, 517, 485, 327, 189
3,281 100% 560, 517, 485, 327, 189
3,268 100% 560, 517, 485, 327, 189

Note: Spectra included in Supporting Information S73-5S102. Enantiomeric excess was calculated from GC-MS area-% of the Mosher esters.
Abbreviations: 1*, enantiomer of compound 1; ee, enantiomeric excess; RRI, relative retention index (Kovats index); RT, retention time.
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1 ((2R,5S,6R)-iso-HHCP). The enantiomeric Mosher esters have the
same retention time (see Table 6). Relative intensities of the Mosher
esters to each other are reversed when compound 1 is esterified with
(S)-MTPA-CI instead of (R)-MTPA-CI. This indicates that compound
1 is a scalemic mixture. An enantiomeric excess of 72-82% was calcu-
lated from GC-MS area-%. The Mosher esters of both enantiomers of
compound 1 are shown in Figure 5.

Chiral derivatization revealed that the epimers of HHCP in the
sample were enantiopure. Comparison with reference standards
showed that the HHCP epimers in the sample were indeed (9R)-
HHCP and (95)-HHCP and not their
((6a5,95,10aR)- and (6aS5,9S,10aS)-HHCP).

unnatural enantiomers

3.5 | Mass spectra of high-molecular impurities

A fraction was collected that contained several compounds with
molecular ions of m/z 480 and 482. Some molecules with a molecular
ion of m/z 480 (base peak) showed the ions [M-15°]", [M-43°]",
[M-84]"°, and [M-123°]", indicating that similar fragments are gener-
ated as in HHCP. These compounds are sideproducts resulting from a
second alkylation on the cyclic diketone. Fragmentation patterns are
shown in Figure 6.

(R)-MTPA-CI
~ o ~
T (1) OH Ph H
s e
. Fo OMe i
: [ ©
(9] CrHys ¢}
mixture of enantiomers 4 4
5 ©
EI EI
S S
Z Z
g §
g g
(9-MTPA-CI ° ® q
~ o ALPh
Fmon /K<Ph o
3 C OM
H B —
(o) C7His CrHis

mixture of enantiomers

FIGURE 5 Formation of (S)-MTPA- (top) and (R)-MTPA esters
(bottom) of compound 1 and its enantiomer. Two pairs of
enantiomers are formed.

FIGURE 6
an ortho,para-disubstituted molecule.

Fragmentation of the bisalkylated product shown on

Two different substitution patterns for the bisalkylation are plau-
sible, which are shown in Figure 7. Each of the molecules possesses
six stereogenic centers, which would lead to a total of 48 enantiomeric
pairs and 4 meso compounds, explaining the crowded extracted ion
chromatogram. It can be expected that the fragmentation patterns are
similar.

In addition, bisalkylated iso-cannabinoids might also be formed.
Some of the molecules with a molecular ion of m/z 480 show the frag-
ments [M-15°]", [M-84]"*, and [M-85°]", which are the same losses
as observed for compound 1. Substituted iso-HHCPs are therefore
likely structures, which add even more complexity in the extracted ion
chromatogram. They are shown in Figure 8.

Such bisalkylated compounds are known side products from the
synthesis of other cannabinoids. Houry et al.??2° described a double
condensation product from the reaction of olivetol with limonene or
a-pinene in the presence of phosphorous oxychloride. Millimaci
et al® described that bis-addition can occur from the reaction of
4-isopropyl-1-methylcyclohex-2-en-1-ol with olivetol under acidic
conditions. Similar observations were made from the synthesis of
THC from olivetol with menthadienol under acidic conditions leading

to a disubstituted olivetol.?*

3.6 | Trimethylsilylation of the high-molecular
weight fraction

The fraction, which contained the high-molecular weight impurities,
was evaporated to dryness and dissolved in 500 pl EtOAc. At 90°C,
100 l of this solution and 100 pl MSTFA were incubated for 40 min.
The solution was then evaporated to dryness and dissolved in 1 ml
EtOAc; this was repeated without MSTFA. The samples were mea-
sured by GC-MS. The silylated sample showed peaks with molecular

FIGURE 7 o-p-disubstitution pattern (left) and o-,0-disubstitution

pattern (right). Stereogenic centers are marked with an asterisk (ortho-
and para- refer to the carbon-rest in relation to the position of the
heptyl group).

C7H15

FIGURE 8 Examples of disubstituted bridged molecules. o,-p-
disubstitution (left) and o-,0-disubstitution (mid) and a mixed form
(right).

a 'V 'Se0C ‘TT9Ler6T

wouy

JONIPUOD PUe SIS | 38U} 995 [5202/S0/vT] Uo Afeiqiauliuo A8 (1M ‘used BISIBAIUN AQ 6S/E©IP/Z00T 0T/I0P/W00 A1 A

fopm

5UBOIT SUOWIWOD) SAERID) 3|qedl|dde ayy Aq peusenob aJe Sapie YO ‘88N JO S9INJ o} Akeiq1 8UlUO AB]IM U0

WILLI SCHIRMER

November 7, 2025

34



UNIVERSITAT BERN, DISSERTATION

2 Results

SCHIRMER ET AL.

ions, which would fit to mono- and disilylation (m/z 554, 626). The
extracted ion chromatograms of the derivatized and underivatized
sample from m/z 480 were identical, indicating that these compounds
do not have reactive groups (Supporting Information $105 and S106).
The silylated molecules are possibly TMS-enol ethers of intermediates
prior Hetero-Diels-Alder cyclization. An interesting ion of m/z
429 can be seen in the mass spectra of compounds with a molecular
ion of m/z 554. This ion might result from the fragmentation of the
citronellyl-sidechain; a mechanism is provided in Figure 9. The same
loss of 125 can be seen in an underivatized sample with the ion m/z
482; this molecule is not present after derivatization with MSTFA
(24.94 min). Some monoalkylated compounds with m/z 346 also show
the acylium ion from the loss of 125 amu; the tricyclic ketones 4 and
5 do not.

3.7 |
products

Potential synthetic route to HHCP and side

The presence of the two a,p-unsaturated ketones 4 and 5 is a strong
hint that this HHCP sample was synthesized from 5-heptylcyclohexa-
1,3-dione. Knoevenagel condensation of this diketone with (R)-

citronellal, subsequent Hetero-Diels-Alder reaction, and aromatization

m/z554.4514 m/z 429.3183

mass 125.1330

FIGURE 9 Fragmentation mechanism of the TMS-enol ether with
an m/z 554 to the ion m/z 429.

WILEY_L_5

leads to enantiopure (6aR,9R,10aR)-HHCP.?? An alternative aromati-
zation to olivetol derivatives using catalytic amounts of iodine in
dimethylsulfoxide was shown recently.?® This sequence with citral A
or B as aldehyde would lead to cannabichromephorol (CBCP) and not
A°-THCP, since the 6m-electrocyclization would be the preferred
pathway and not the Hetero-Diels-Alder reaction.?* The presence of
the so-called abnormal or ortho substitution pattern (compounds
5 and 6), where the alkyl chain and the phenol or ketone change posi-
tion might also be explained by this reaction sequence. The
o,B-unsaturated ketones 4 and 5 are intermediates in this sequence
and deliver the desired phenols after oxidation. A plausible pathway
to the ketones 4 and 5 is shown in Figure 10.

The presence of iso-HHCP (compound 1) can occur from cycliza-
tion of CBDP with the cyclic olefin and subsequent hydrogenation of
the double bond (see Figure 11). Derivatization of compound 1 with
(R)- and (S)-MTPA-ClI revealed that this compound is scalemic, which
means that the precursor was scalemic as well, a mixture of (+)-and
(—)-trans-CBDP for instance, therefore confirming that not a natural
substance was used to synthesize this sample. Partial racemization
seems unlikely due to lack of acidic protons at the stereogenic cen-
ters. It is not known how and if CBDP was formed in this process.
CBDP was not detected in the sample.

Chiral derivatization revealed that the isolated phenols besides
compound 1 were enantiopure. Compounds 2 and 3 are the cis and
trans products of the intramolecular Hetero-Diels-Alder reaction of
condensed (R)-citronellal (see Figure 12). Due to the diastereoselectiv-
ity of the reaction, the respective trans-product of (S)-citronellal
should be (6a$,95,10aS)-HHCP, the enantiomer of (9R)-HHCP.?? This
product was not found. A chiral analysis of the impure fraction
containing (9S)-HHCP revealed that this fraction contained only (9S)-
HHCP and not its enantiomer (6aS,9R,10aS)-HHCP. The latter could
have been a plausible side product if only (R)-citronellal was used to
prepare this sample, as their stereochemistry at this position is
identical.

o o OH
X
X
o O O =00
| o CrHis o C7His (¢} C7His

CBCP

FIGURE 10 Top: plausible synthetic pathway to the o,p-unsaturated ketones 4 and 5 starting from (R)-citronellal. Bottom: same reaction

pathway using E- or Z-citral as the aldehyde leads to CBCP.
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OH

C7His C7His

—

(o] CHys o CiHis
FIGURE 11 Cyclization of natural occurring (—)-trans-CBDP with
subsequent hydrogenation to compound 1 would only deliver
enantiopure (2R,55,6R)-9-heptyl-5-isopropyl-2-methyl-
3,4,5,6-tetrahydro-2H-2,6-methanobenzo[b]oxocin-7-ol.

CrHis

trans

FIGURE 12 Plausible formation of compounds 2 and 3 ((9R)-
HHCP) from the condensed (R)-citronellal adduct.

4 | CONCLUSIONS

The impurity profile and the isolated compounds from the analyzed
HHCP sample lead to the conclusion that this sample was made
synthetically. To the authors' knowledge, neither (9R)-HHCP nor (95)-
HHCP has yet been found in Cannabis. Disproportionation from
naturally occurring A°-THCP is plausible, but the by-product of this
reaction, cannabiphorol, was not found in the sample. It is not known
for certain how this sample was prepared, but the sample contained
unnatural stereoisomers (cis-HHCP), unnatural regioisomers (abn-
HHCP), and higher condensed molecules similar to side products from
the total synthesis of similar cannabinoids. The isolated ketones are
most probably unreacted intermediates from chemical synthesis (pre-
cursors of (9R)-HHCP and cis-abn-HHCP) as they are not known to be
intermediates from the cannabinoid biosynthesis. The chosen path-
way allowed acceptable stereocontrol of the centers Céa and C10a.
Most of the impurities in the sample could not be isolated in an
acceptable purity for structure elucidation. Due to their fragmentation
behavior, they are probably isomers of the isolated compounds.
Unreacted starting material was not found, which makes it difficult to
understand which synthetic route was chosen. It is very likely that this
sample is a mixture of different synthetic batches from different
synthetic routes. The presence of (9S)-HHCP cannot be explained by
the proposed pathway, and the presence of ketones 4 and 5 cannot
be explained by a pathway starting from an olivetol homolog. It is

o C7His

o C7His

assumed that not every manufacturer uses the same pathway to syn-
thesize HHCP and similar compounds but CBD as starting material is
certainly not one of these.
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Abstract: A’-Tetrahydrocannabiphorol (A?-THCP, THCP) a psychoactive cannabinoid recently found
in Cannabis sativa L., is widely used as a legal marijuana substitute. THCP is encountered in sprayed
Cannabis, edibles, and vape liquids. The distributors of such products claim that the THCP in
use originates from a natural source. The legal status of this substance varies from country to
country. THCP and similar cannabinoids with a dibenzoyprane structure have been banned in
Switzerland since October 2023. A vape liquid, which contains 90% THCP and 10% terpenes
according to the distributor, was analyzed by gas chromatography coupled with mass spectrometry
(GC-MS). Besides CBP, CBDP, A°-THCP and A8-THCP and some terpenes, other compounds were
found which probably result from a synthetic procedure. This sample contained 5-heptylresorcinol,
the heptyl homologue of olivetol, a common precursor for the synthesis of tetrahydrocannabinol
(THC). Bisalkylated compounds (i11/z 476) were found as a result of the reaction of one equivalent of
5-heptylresorcinol with two equivalents of (+)-p-mentha-1,8-dien-4-ol or another precursor. Similar
bisalkylated compounds are known as undesired side products of the synthesis of THC. The sample
contained unidentified isomers of A?>-THCP, presumably abnormal cannabinoids (abn-Ag-THCP;
abn-A8-THCP) and iso-cannabinoids (iso-THCP). Chiral derivatization with Mosher acid chlorides
revealed that the A°>-THCP in the sample was enantiopure.

Keywords: tetrahydrocannabiphorol; THCP; semi-synthetic cannabinoids; GC-MS; Mosher ester

1. Introduction

The emergence of hexahydrocannabinol (HHC) on the European gray market for
cannabimimetic new psychoactive substances (NPS) in mid 2022 and its regulation by
various European countries has led to new and unregulated entries with a similar structure
on the drug market [1]. HHC can be synthesized from cannabidiol (CBD)-rich extracts of
Cannabis by acidic cyclization to a mixture of A®- and A%-tetrahydrocannabinol (A%- and
A°-THC) and subsequent hydrogenation [2]. Tt is therefore known as a semi-synthetic
cannabinoid. This term is also used for unregulated successors, which share the dibenzopy-
ran structure of THC even though they are not synthesized from natural cannabinoids. One
of the semi-synthetic cannabinoids which followed HHC is A’-tetrahydrocannabiphorol
(A°-THCP), the heptyl homolog of A°-THC. A°-THCP was recently found as a trace cannabi-
noid in Cannabis [3]. Its low amount makes it unprofitable for isolation from the natural
source, and it is not possible to use a synthetic procedure from a more abundant cannabi-
noid like CBD [4]. However, manufacturers of semi-synthetic cannabinoid products still
claim that a natural Cannabis source was used to make these products. A previous work
showed that hexahydrocannabiphorol (HHCP) is probably made synthetically. Isolated
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and characterized intermediates and side products led to the conclusion that the analyzed
HHCP sample was made from 5-heptyl-1,3-cyclohexadione and citronellal [5].

Due to the unregulated distribution of A’-THCP in the form of vape pen liquids,
sprayed hemp, and candies and concerns about the usage of such products, some coun-
tries have placed A?-THCP under control, including Germany, Switzerland, France, and
Japan [6-9]. This work presents an analysis of a THCP vape pen to determine the origin of
its psychoactive ingredient.

1.1. Prevalence of Semi-Synthetic Cannabinoids

To date, statistical data on the prevalence of semi-synthetic cannabinoids on a global
perspective are lacking. Recently, data from Denmark were reported [10]. The United
Nations Office on Drugs and Crime (Vienna, Austria) reported that the number of countries
in North America, South America, Europe, and Southeast Asia reporting semi-synthetic
cannabinoids has increased since the first emergence of HHC in late 2021 [11]. The Euro-
pean Union Drugs Agency (Lisbon, Portugal) reported that the market of semi-synthetic
cannabinoids can be associated with the legalization of hemp in the United States and the
global surplus of CBD from hemp, which can be used for the synthesis of THC isomers
and HHC [12]. Semi-synthetic cannabinoids, which cannot be made from CBD, entered the
market when countries first started to regulate HHC.

1.2. Health Issues of Semi-Synthetic Cannabinoids

The intoxications associated with THCP are not yet reported, but they are reported
for other semi-synthetic cannabinoids. Most intoxication reports due to semi-synthetic
cannabinoids are from the consumption of HHC. The effects of HHC intoxication are
similar to those of THC intoxication [13,14]. Two cases were recently reported where HHCP
was taken. A case of a 20-year-old man with no relevant medical history was reported
who orally ingested several drops of an inhalation liquid containing HHCP. He lost his
ability to articulate, hallucinated, and vomited twice, after which his friend contacted the
ambulance. He received intravenous fluids for maintenance and for facilitating external
drug elimination. The patient continued hallucinating on the second day and was able to
communicate approximately 26 h after drug administration. On the third day, he received
oral intake. Intravenous infusions were stopped on the fourth day as the man reacted well
to oral intake. The man was discharged at the fifth day. No blood pressure fluctuations or
arrhythmias requiring a medical intervention were observed [15]. Another case described
HHCP intoxication in a 19-year-old man who consumed cannabis flowers which were
labeled as having 9% HHCP. A part of it was cooked in butter and oil and was then mixed
into food, which he ate. The man also smoked some of the flowers and went to sleep two
hours after ingestion. The next morning, the man was in a panicked state and had difficulty
breathing, and his friend called an ambulance for him. He was taken to a psychiatric
emergency room due to suspected psychosis. The man fell into a deep sleep and woke up
approximately 50 h after ingestion. He was discharged after two and a half days. During
his stay, severe impaired consciousness, tachycardia, and bradycardia with accompanying
hypotension were noticed [16].

To this day, no fatal cases from the use of semi-synthetic cannabinoids have been reported.
Some semi-synthetic cannabinoids are partial agonists at the human CB; receptor [17,18], but
this might not be the case for future entries in the market. The cases involving HHCP, an
analog of THCP, show that consumers are impaired for several days after consumption.

1.3. Synthetic Routes to A-THCP and Homologs

The first synthesis of A>-THCP and other THC homologs was described by Adams
et al. starting from a corresponding 5-alkylresorcinol and ethyl 4-methyl-2-oxocyclohexane-
1-carboxylate [19] or pulegone [20]. Petrzilka used (+)-p-mentha-2,8-dien-1-ol and a corre-
sponding 5-alkylresorcinol for the synthesis of various A3-THC homologs. The addition of
HCI and the subsequent elimination of HCl with potassium tert-amylate afforded A°-THC
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homologs [21]. The Petrzilka reaction sequence was used for the synthesis of A’>-THCP in a
recent US patent [22].

Several methods for the synthesis of A”-THC using a chiral terpenoid and olivetol are
known. Substituting olivetol for a homolog should deliver the desired A’-THC homolog.
Enantiopure verbenol [23], carene epoxides [24], and cis-chrysanthenol [25] have also been
used with olivetol for the synthesis of A’>-THC. Using 5-heptylresorcinol should lead to
A°-THCP. Other approaches to A’>-THC are summarized in a recent review article [26].

In Switzerland, olivetol is regulated and listed as a precursor substance in the Narcotics
List Ordinance [7]. However, the homologs of olivetol that can be used as precursors for
THC homologs are not listed in the Swiss Narcotics List Ordinance. Neither olivetol nor
its homologs are listed as precursor substances in the United Nations Convention against
Mlicit Traffic in Narcotic Drugs and Psychotropic Substances 1988 [27].

2. Materials and Methods
2.1. Chemicals and Reagents

The THCP vape pen analyzed in this work was an evidence object confiscated by
Swiss customs. It was labeled as having 90% THCP and 10% terpenes. The alkane stan-
dard (C7-C40, 1000 ug/mL), (R)-(-)-a-Methoxy-a-(trifluoromethyl)-phenylacetyl chloride
((R)-MTPA-CI), (S)-(+)-x-Methoxy-a-(trifluoromethyl)-phenylacetyl chloride ((S)-MTPA-CI),
and 4-(dimethylamino)pyridine (DMAP) (>99%) were purchased from Sigma-Aldrich (Buchs,
Switzerland). The reference standards A°-THCP, cannabidiphorol (CBDP), cannabiphorol
(CBP), and 5-heptylresorcinol were purchased from Cayman Chemical (Ann Arbor, United
States). Ethyl acetate (EtOAc) (>99.9%), n-hexane (>99.9%), sodium sulfate sicc. (NapSOy)
(for analysis, Reag. Ph. Eur.), and dichloromethane (DCM) (Reag. Ph. Eur.) were purchased
from Grogg Chemie (Stettlen, Switzerland). Methanol (MeOH) (>99.9%) was purchased
from Carl Roth (Karlsruhe, Germany). Silica gel 60 (0.015-0.04 mm) from Macherey-Nagel
(Onsingen, Switzerland) was used for the isolation of A’>-THCP by preparative column
chromatography. An e-liquid sample containing A8-THCP was used for the identification
of A8-THCP. This sample was donated to us by Christian Bissig from the Forensic Institute
of Ziirich (Ziirich, Switzerland).

2.1.1. Sample Preparation for Untargeted Analysis

The cannabinoid references and 5-heptylresorcinol references were diluted with EtOAc
to a concentration of 10 mg/L or 50 mg/L, respectively, prior to analysis by gas chromatog-
raphy coupled with mass spectrometry (GC-MS). The mass spectra are shown in the
Supplementary Information.

The eluted fractions from preparative column chromatography were measured undi-
luted. The fraction containing high-molecular-weight impurities was evaporated to dry-
ness, redissolved in 500 pL of EtOAc and measured by GC-MS. The chromatogram and
mass spectra of the fraction with high-molecular-weight impurities are included in the
Supplementary Information.

2.1.2. DMAP Solution

A DMAP solution (y = 10 mg/mL in dry DCM) was used as the acylation catalyst for
the chiral derivatization. The solution was stored over dry NaySOy.

2.1.3. Chiral Derivatization Solutions

Mosher acid chloride solutions (o = 10 uL/mL in dry DCM) were used for the prepara-
tion of (S)- and (R)-Mosher esters of A°>-THCP. The solutions were stored over dry NaySOy.

2.1.4. Sample Preparation Mosher Ester

The isolated A°-THCP was derivatized to (S)- and (R)-Mosher esters to determine the
absolute configuration and enantiopurity of this compound. An enantiopure reference
standard of A°-THCP was derivatized accordingly for comparison. The derivatization
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process was described in a previous publication [5]. In brief, a 1 mg/mL solution of
A°-THCP in dry DCM was aliquoted into a vial and evaporated to dryness under a stream of
nitrogen; 10 uL of a DMAP solution, 50 uL of dry DCM, and 10 pL of either (R)-MTPA-Cl or
(5)-MTPA-Cl1 solution were added to the residue. The vials were capped, and the solutions
were incubated at 50 °C for 12 h. After derivatization, the samples were evaporated to
dryness, redissolved in 50 uL EtOAc, and analyzed by GC-MS. The chromatograms and
spectra of the Mosher esters are included in the Supplementary Information.

2.2. GC-MS Analysis

Untargeted analysis was performed using a previously published method [5]. The
isolated A’-THCP, the cannabinoid and 5-heptylresorcinol references, and the Mosher esters
were analyzed using an 8890 gas chromatograph with a 7693A autosampler coupled with
a 5977B mass selective detector (Agilent, Basel, Switzerland). MassHunter Workstation
GC/MS Data Acquisition (Version 10.1.49) was used for data acquisition, and Enhanced
ChemStation (F.01.03.2357) was used for data analysis (both from Agilent). A 5% phenyl-
methylsiloxane column was used for chromatography (HP-5 ms Ultra Inert, 30 m, 250 um
i.d., 0.25 um film thickness; Agilent J&W). Helium with a constant flow of 1 mL/min was
used as carrier gas. The injection volume was 1 pL in pulsed splitless mode. The thermal
oven program started at 70 °C and was held for 3 min; the temperature was then ramped
t0 290 °C at a rate of 15 °C/min and held for 19 min for a total separation time of 36.7 min.
The quadrupole temperature was set to 150 °C, and the source temperature was set to
230 °C. Electron impact (EI) mass spectra were measured with an ionization energy of
70 eV. Measurements were performed in scan mode using a range from m/z 35 to 800.

3. Results
3.1. GC-MS Analysis of Vape Pen Liquid

The cartridge of the vape pen was cracked, and 30 mg of the liquid was removed
and dissolved in 10 mL of EtOAc for the GC-MS analysis. The total ion chromatogram
(Figure 1) shows that this sample contained mostly A’-THCP. Cannabidiphorol (CBDP),
cannabiphorol (CBP), and 5-heptylresorcinol were identified using certified reference stan-
dards. A8-THCP was identified by spectral comparison with the Cayman Spectral Library
(v30052024) (99% match) and by comparison with a sample containing A8-THCP. Besides
the known cannabinoids, other compounds were present, which showed very similar mass
spectra as the identified cannabinoids or as abnormal and iso-cannabinoids, which were
isolated from an HHCP sample in a previous work [5]. The compounds are summarized in
Table 1. The mass spectra are shown in the Supplementary Information.

Table 1. The chromatographic data, area percentages and relevant ions of the compounds found in
the THCP vape pen. The area percentages were calculated from the total ion chromatogram.

Name R;/min RRI GC-MS Area% Relevant Ions
5-Heptylresorcinol 15.22 1971 <1 208, 166, 137,124
CBDP 19.46 2711 1 342,327,274, 221
AS-THCP 20.00 2760 3 342,299, 259
A%-THCP 20.17 2774 56 342,327,299, 259
CBP 20.81 2837 7 338, 323,238
THCP impurity A 19.76 2738 3 356, 341, 313, 286, 214
THCP impurity B * 19.86 2747 10 342,327,299, 259
THCP impurity C 20.43 2797 3 340, 325, 240
THCP impurity D 21.02 2858 2 340, 325, 297, 256

* Mass spectrum indistinguishable from A%-THCP. Abbreviations: R;: retention time; RRI: relative retention index
(Kovats index).
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Figure 1. The total ion chromatogram of the THCP vape pen liquid diluted in EtOAc (y = 3 mg/mL).

Additionally, some terpenes were identified by library hit (>90%) with the Wiley
Registry 12th Edition/NIST 2020 Mass Spectral Library. The identified terpenes were
a-humulene [28,29], 3-myrcene [29], B-phellandrene [30], 3-pinene [30], caryophyllene [28,29],
and (R)-limonene [29], which are naturally found in Cannabis sativa L. besides other terpenes [31].
The spectra of the identified terpenes and comparison spectra from the library are included
in the Supplementary Information.

3.2. Column Chromatographic Separation

A portion of the A°-THCP vape liquid (300 mg) was separated on silica gel using
a chromatography column. Mixtures of n-hexane with EtOAc were used as the mobile
phase [32]. Pure n-hexane was first used as an eluent. The polarity of the eluent was continu-
ously increased by switching to mobile phases with an increasing EtOAc content. A’-THCP
(m = 133.5 mg) was isolated, and the other cannabinoids and 5-heptylresorcinol were ob-
tained as impure fractions usually with A°>-THCP present. An alkane standard (C7-C40)
was measured to identify the Kovats indices of the identified compounds [33]. Their relative
retention indices were calculated according to the method by van den Dool and Kratz [34]. A
total ion chromatogram of the alkane standard is shown in the Supplementary Information.

3.3. Mass Spectrometric Elucidation of A-THCP

The mass spectrum of A’-THCP shows similar fragmentation patterns as A°-THC.
The loss of a methyl radical ([M-15°]*, m/z 327) forms the base peak of the mass spectrum.
The ions resulting from the loss of a propyl radical from the gem-dimethyl group ([M-43°]*,
m/z 299) and the loss of n-hexene after McLafferty rearrangement ([M-84]**, m/z 258) are
also observed. The ion m/z 243 is formed after the loss of a methyl radical from the germ-
dimethyl group and n-hexene from the side chain ([M-15°-84]*). Another abundant ion
is the m/z 259 ion, which forms after a reaction sequence, as shown in Figure 2. The same
chromenylium ion m/z 259 is readily formed from AS-THCP after the loss of a methyl
radical and a Retro-Diels-Alder reaction [35].
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Figure 2. Fragmentation mechanism of the chromenylium ion m/z 259 from A°-THCP.

3.4. Mass Spectrometric Elucidation of THCP Impurities

Impurity A shows some common fragmentation patterns of dibenzopyran cannabi-
noids. An oxo-derivative of THCP seems to be a plausible structure. The elimination
of a methyl radical ([M-15°]*, m/z 341) and the elimination of a propyl radical from the
gem-dimethyl group ([M-43°]*, m/z 313) are observed. The lower fragments could not
be assigned.

Impurity B shows the same mass spectrum as A’-THCP. Since the homolog A°-THC
and the analog (9R)-HHCP show identical mass spectra for their cis- and trans-isomers [5],
it is assumed that the THCP impurity B is cis-A%-THCP.

Impurity C has a similar mass spectrum to CBP. The ions are shifted by m/z 2,
indicating that this compound possesses one degree of saturation more than CBP. 7,8-
Dihydrocannabinol is a likely structure for impurity C. The base peak of the chromatogram
is the ion after the loss of a methyl radical ([M-15°]*, m/z 325). The fragment ion ([M-43°]*,
m/z 297) is not present. The high abundance of m/z 325 might be explained by the formation
of an aromatic chromenylium ion locating the double bond between positions Céa and
C10a. The double bond between Cé6a and C10a disfavors the formation of the [M-43°]* ion,
as seen in the GC-MS spectrum of A%10a_THC [36].

6a,10a-dihydrocannabinol is a plausible structure for THCP impurity D. The mass
spectrum of impurity D shows the molecular ion as the base peak ([M]**, m/z 340). The
loss of a methyl radical ([M-15°]*, m/z 325) and a propyl radical from the gem-dimethyl
group ([M-43°]*, m/z 297) is seen. In addition, the loss of n-hexene after McLafferty
rearrangement is also seen ([M-84]**, m/z 256), confirming the heptyl side chain of this
compound. Proposed structures for the impurities are shown in Figure 3. The mass spectra
of the described THCP impurities are included in the Supplementary Information.

© OH ‘ OH ‘ OH OH
T SWRes T,
/>0 C7Hys o) C7H4s o) CHis /0 C7H4s

Figure 3. The proposed structures of the impurities found in the vape pen. From left to right:
oxo-THCP (impurity A; the position of the oxo group is not determined), cis-A°-THCP (impurity B),
7,8-dihydrocannabinol (impurity C), and 6a,10a-dihydrocannabinol (impurity D).

3.5. Mass Spectrometric Elucidation of High-Molecular-Weight Impurities

An impure fraction was isolated from the THCP sample, containing compounds
with Kovats indices ranging from 3100 to 3600. These compounds showed fragmentation
patterns, which were observed for A’-THCP and its isomers. The molecular ion of most of
these compounds is 11/z 476, which would fit to bisalkylated cannabinoids. Bisalkylated
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side products are known to be obtained from the synthesis of A’-THC [21,37-39]. Similar
bisalkylated products were found in a previous analysis of an HHCP sample [5]. The
fragment ion m/z 461 occurs from the loss of a methyl radical; m/z 433 forms from the loss
of a propyl radical. The chromenylium ion m/z 393 forms according to the mechanism
shown for A>-THCP in Figure 2. After the McLafferty rearrangement and the loss of
n-hexene, the radical ion m/z 392 is formed. The fragmentation of an alicyclic ring leads
to the tropylium ion m/z 355. The shown fragmentation reactions are commonly found in
phytocannabinoids [35,40,41]. The structures for the proposed fragment ions are shown
in Figure 4. Besides the discussed fragment ions, the mass spectra of the high-molecular-
weight impurities showed an abundance of lighter fragment ions, but their structures could
not be elucidated.

m/z 355 m/z 476 m/z 461

m/z 433

CsH1s

(@) 7 (@]
m/z 393 m/z 392

Figure 4. Proposed structures of some fragment ions found in mass spectra of high-molecular-weight

impurities.

3.6. Stereoanalysis of A%-THCP

The chromatograms of the (R)- and (S)-Mosher esters of the isolated A’-THCP showed
one peak with an m/z 558. No scalemic impurities were detected. The mass spectra and
retention times matched with the Mosher esters of the reference compound, leading to the
conclusion that the isolated A’-THCP had a natural configuration ((6aR, 10aR)-A°-THCP)
and was enantiopure.

4. Discussion

The analyzed A’-THCP vape pen consisted mainly of enantiopure (6aR, 10aR)-A°-
THCP. Isomeric compounds and derivatives were also present from which only A3-THCP,
CBP, and CBDP were unambiguously identified via library matching and comparison
with the reference standards. This sample also contained 5-heptylresorcinol, which, to the
authors’ knowledge, does not occur naturally in Cannabis; it is likely an unreacted precursor
for the synthesis of A>-THCP. Several total syntheses of A’-THC start from the homolog
5-pentylresorcinol, which is wider known as olivetol [26]. These methods share excellent
stereocontrol of the newly formed stereocenters at positions 6a and 10a, which might explain
why no scalemic impurity was found in the isolated A°>-THCP. THCP impurities A-D are
likely synthetic side products of incomplete regiocontrol and diastereoselectivity, resulting
in undesirable and mostly unnatural cannabinoids, including abnormal THCPs, iso-THCPs,
cis-THCPs, or even hybrids. The vape pen also contained high-molecular-weight impurities,
which are likely side products from a second alkylation on the resorcinol. Such side products
are well known to be obtained from the synthesis of THC from olivetol [21,37-39].
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The stated content of A>-THCP of the vape pen does not match the results. The distrib-
utor stated that the composition of the liquid consists of 90% A°-THCP and 10% terpenes.
Watanabe et al. reported mismatches between the actual and stated contents of semi-
synthetic cannabinoids in various vape pen liquids sold in Japan. Some of the products did
not even contain the stated cannabinoid [42]. Pulver et al. drew the same conclusion after
analyzing recreational products containing semi-synthetic cannabinoids in Germany [43].

5. Conclusions

The analysis of chemical impurities in synthetic drugs, e.g., semi-synthetic cannabi-
noids, provides information about the synthesis route and the starting material. Knowing
the routes to certain drugs or drug classes gives the authorities the opportunity to control
the illegal production of these substances. Similar to olivetol, which is used for the synthesis
of THC, the control of olivetol homologs could be considered, as they are essential for the
synthesis of semi-synthetic cannabinoids with a different chain length than CBD or THC.

Due to the low frequency of cannabinoids with an alkyl side chain other than pentyl
and the low price of the products containing them, it can be expected that all semi-synthetic
cannabinoids sold with a non-pentyl alkyl chain are of synthetic origin. The quality
control of these products is rather low, as evidenced by the isomeric impurities. It can
be assumed that these products contain impurities from the synthetic process such as
solvents or catalysts. The regulation of semi-synthetic cannabinoids and olivetol homologs
is highly recommended.
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of HHC consumption. The carboxylated metabolites (9R)-11-nor-9-carboxy-HHC and (95)-11-
nor-9-carboxy-HHC were only found in trace amounts. Various methods have been developed for
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Identification of human hexahydrocannabinol
metabolites in urine

Willi Schirmer?(", Volker Auwirter**
Stefan Schiirch? and Wolfgang Weinmann*

, Julia Kaudewitz**,

Abstract

Hexahydrocannabinol (HHC) is a cannabinoid that has been known since 1940 but has only recently found its way into
recreational use as a psychoactive drug. HHC has been used as a legal alternative to tetrahydrocannabinol (THC) in
many countries, but first countries already placed it under their narcotic substances law. Our aim was to evaluate a reliable
analytical method for the proof of HHC consumption by LC-MS/MS and GC-MS. We identified the two epimers of HHC and metab-
olites after HHC consumption by two volunteers (inhalation by use of a vaporizer and oral intake). LC-HR-MS/MS, LC-MS/MS and
GC-MS with literature data (EI-MS spectra of derivatives) and reference compounds - as far as commercially available - were used
for metabolite identification. Phase-ll-metabolites (glucuronides) of HHC and OH-HHC were found in urine samples with LC-HR-
MS/MS and LC-MS/MS. The main metabolite was tentatively identified with GC-MS as 4’OH-HHC (stereochemistry on C9 and C&’
unknown). Another major side-chain hydroxylated metabolite found by LC-MS/MS could not be unambiguously identified. Both
epimers of 11-OH-HHC were found in considerable amounts in urine. (8R, 9R)-8-OH-HHC was identified as a minor metabolite
with GC-MS and LC-MS/MS. While (9S)-HHC was found in urine after oral intake and inhalation of HHC, the more psychoactive
epimer (9R)-HHC was only found in urine after inhalation. Several other minor metabolites were detected but not structurally
identified. We found that after oral or inhalative consumption the urinary main metabolites of a diastereomeric mixture of
HHC are different from the respective, major A’-THC metabolites (11-OH-A’-THC and 11-nor-9-carboxy-A°-THC). Although a sen-
sitive LC-MS/MS and GC-SIM-MS method were set-up for the reference compounds (9R)-11-nor-9-carboxy-HHC and (9S)-11-nor-
9-carboxy-HHC, these oxidation products were not detected in urine with these techniques. To further increase sensitivity, a GC-
MS/MS method was developed, and the 11-nor-9-carboxy metabolites of HHC were confirmed to be present as minor metabolites.

Keywords
HHC, hexahydrocannabinol, metabolism, LC-MS/MS, GC-MS, GC-MS/MS, cannabinoid

Date received: 14 July 2023; accepted: 24 August 2023

its ban in March 31, 2023. To our knowledge there has been
no publication yet about the human metabolism of HHC. Our
aim was to identify consumption markers for HHC in urine
and to set up and present analytical methods for detection of
HHC and its metabolites using LC-MS/MS or GC-MS(/MS)
methods for target analysis. Enzymatic immunoassay for can-
nabinoids — with cross-reactivity for 11-nor-carboxy-A’-THC
and 11-OH- A°-THC (and their phase-Il-metabolites) resulted
in positive results for up to 2 days after a single oral

Introduction

Hexahydrocannabinol (HHC) is a new psychoactive can-
nabinoid on the drug market. It was first synthesized and
described by Roger Adams via hydrogenation of cannabis
extracts.! It occurs naturally due to disproportionation of
(-)-Ag-trans-tetrahydrocannabinol (A°-THC) to canna-
binol and hexahydrocannabinol.> HHC was found in
small amounts in Cannabis sativa.’ It can be synthesized
from cannabidiol (CBD) in two steps after cyclization to
A8 or A°-THC with subsequent hydrogenation.* It has
to be noted that HHC marketed as cannabis substitute
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usually consists of a mixture of the epimers (9R)- and
(95)-HHC. (9R)-HHC possesses similar affinity towards
hCB,-receptor as A’-THC and shows similar effects as
A°-THC in vitro and in various species in vivo. Detailed
and further information about HHC can be found in the
technical report from the EMCDDA and the recently pub-
lished review on HHC.>®

In mid 2022 HHC hit the Swiss market and was adver-
tised as a legal but psychoactive alternative to THC until

University of Bern, Bern, Switzerland

Department of Chemistry, Biochemistry and Pharmaceutical Sciences,
University of Bern, Bern, Switzerland

®Forensic Toxicology, Institute of Forensic Medicine, Medical Center-
University of Freiburg, Freiburg, Germany

“Faculty of Medicine, University of Freiburg, Freiburg, Germany
Corresponding author:

Willi Schirmer, Institute of Forensic Medicine, Forensic Toxicology and
Chemistry, University of Bern, Murtenstrasse 26, 3008 Bern, Switzerland
Email: willi.schirmer@irm.unibe.ch

WILLI SCHIRMER

November 7, 2025

50



UNIVERSITAT BERN, DISSERTATION

2 Results

European Journal of Mass Spectrometry 0(0)

consumption of 20 mg HHC of a A’-THC abstinent volunteer
and up to 4 days after a single inhalation of HHC (15 mg
vaped with a MIGHTY vaporizer), thus differentiation of
HHC and THC-consumption is of forensic importance due
to its different legal status and toxicological effects.

Materials and methods

Chemicals and reagents

Deionized water was produced with a Milli-Q® 1Q 7000
system from Millipore (Billerica, USA). N-methyl-N-tri-
methylsilyltrifluoroacetamide ~ (MSTFA) (= 98.5%),
n-butyl acetate (n-BuOAc) (= 99.7%) and ammonium
formate (> 99.0%) were purchased from Sigma-Aldrich
(Buchs, Switzerland). Acetonitrile (MeCN) (> 99.9%) was
purchased from Thermo Fisher Scientific (Reinach,
Switzerland). Acetic acid (AcOH) (Reag. Ph. Eur.), formic
acid (50%, in water) and ethyl acetate (EtOAc) (for
liquid chromatography) were purchased from Grogg
Chemie (Stettlen, Switzerland), methanol (MeOH) (>
99.9%) from Carl Roth (Karlsruhe, Germany). The internal
standards (ISTD) (—)-A9-trans-tetrahydrocannabinol-D3,
(2)-11-hydroxy-A°-trans-tetrahydrocannabinol-Ds,
(%)-11-nor-9-carboxy-A°-trans-tetrahydrocannabinol-
D3 were purchased from Cerilliant (Round Rock, TX,
USA). (88, 95)-8-hydroxy-hexahydrocannabinol, (8R,
9R)-8-hydroxy-hexahydrocannabinol, (8R, 9S)-8-hydroxy-
hexahydrocannabinol, (9R)-11-hydroxy-hexahydro-
cannabinol, (95)-11-hydroxy-hexahydrocannabinol,
(9R)-11-nor-9-carboxy-hexahydrocannabinol and (95)-
11-nor-9-carboxy-hexahydrocannabinol were purchased
from Cayman Chemical (Ann Arbor, USA). pB-
Glucuronidase (Helix pomatia) and the alkane standard
(C7-C40, 1000 pg/mL) were purchased from Sigma-Aldrich
(Buchs, Switzerland). Instant buffer I and p-glucuronidase
(BGTurbo) from finden KURA and a homogenous enzyme
immunoassay (HEIA) testkit 305UR for cannabinoids in
urine from Immunalysis was also provided by Specialty
Diagnostix (Passau, Germany). The vaporizer used for the
self-administration of HHC was a MIGHTY vaporizer
(STORZ & BICKEL GmbH, Tuttlingen, Germany). HHC
was bought in online shops (66% (9R)-HHC for the vaped
sample, 47% (9R)-HHC for the ingested sample, GC-MS
area percentage).

Self-administration experiment. One of the authors vaped
15 mg HHC, another orally ingested 20 mg HHC. A urine
sample was collected before the administration and urine
samples were collected over a few days. The samples were
stored at —20°C until analysis. An approval by an ethics com-
mittee is not required for self-experiments. After vaping
15 mg HHC mild cannabimimetic effects were reported by
the volunteer which lasted for about two hours. No serious
impairment was observed. The second volunteer reported
no noticeable effects after oral ingestion of 20 mg HHC.

Internal standard for LC-QqLIT. The internal standard
solution (ISTD) consists of 0.1 pg/mL (—)-A’-trans-

tetrahydrocannabinol-Ds, 0.1 pg/mL  (<)-11-hydroxy-A°-
trans-tetrahydrocannabinol-D; and 0.5 pg/mL (%)-11-nor-9-
carboxy-A°-trans-tetrahydrocannabinol-Dy in MeOH.

Reconstitution solution. The reconstitution solution was a
mixture of MeCN in water (60 v%) containing formic
acid (0.1 v%).

LC-QqTOF  analysis. Samples  were  prepared as
follows. 800 puL urine, 100 uL phosphate buffer pH 6
and 40 pL f-glucuronidase (from Helix pomatia) or
40 L water were incubated for 4 h at 47°C. 1 mL
n-BuOAc was added and the mixture was shaken for
10 min and centrifuged for 10 min (13000 rpm
(17190 g), 8°C). The organic phase was transferred to
an autosampler vial and evaporated to dryness under a
stream of nitrogen at 50 °C. The residue was reconstituted
with 100 uL reconstitution solution. A previously
described screening method was used for the analysis.”
A Dionex Ultimate 3000 HPLC system (Thermo Fisher
Scientific, Reinach, Switzerland) coupled to a
TripleTOF 5600 mass spectrometer was used (Sciex,
Toronto, Canada). Data were acquired with Analyst TF
software (version 1.7) and processed with Peak View
(version 1.2.0.3) (Sciex, Toronto, Canada). Acquisition
of mass spectra was performed in positive ionization
mode with an IonDrive Turbo V ion source with
TurbolonSpray probe. Samples were separated on a
Kinetex C8 column, 50x2.1mm, 2.6pum, 100 A
(Phenomenex, Basel, Switzerland). A gradient method
was used with water containing 0.1% formic acid (%v,
mobile phase A) and MeCN containing 0.1% formic
acid (%v, mobile phase B). The gradient was as
follows: 0—1 min: 2.5% B, 1-7 min: 2.5%-97.5% B,
7-11 min: 97.5% B, 11-11.1 min: 97.5%-2.5% B,
11.1-14 min: 2.5% B. The injection volume was 2.5 uL.
and the flow rate was 0.35 mL/min. The LC-QqTOF
instrument was operated in information dependend data
acquisition (IDA) and in SWATH mode (sequential
window acquisition of all theoretical mass spectra). For
IDA a survey scan from m/z 100 to 950 was applied
which triggered the acquisition of product ion mass
spectra from m/z 50 to 950. For SWATH mode mass
range from m/z 100 to 950 was scanned acquiring
product ion spectra in windows of 35 Da from m/z 50 to
950. Collision energy with collision energy spread 35 +
15 V was applied.

GC-MS analysis. For the references 50 uL of 10 pg/mL
solutions were evaporated to dryness under a stream of
nitrogen. The residue was dissolved in 25 uL MSTFA
and 25 pLL EtOAc, the mixture was incubated for 40 min
at 90°C. For sample solutions 1 mL urine, 200 pL
instant buffer I and 50 pL p-glucuronidase (BGTurbo)
were mixed and incubated for 15 min at 50 °C. To the
mixture 500 uL n-BuOAc was added. The mixtures
were shaken for 10 min and centrifuged for 10 min
(13000 rpm (17190 g), 8 °C). The organic phase was col-
lected and the extraction step was repeated with the same

WILLI SCHIRMER

November 7, 2025

51



UNIVERSITAT BERN, DISSERTATION

2 Results

Schirmer et al.

conditions. The extracts were combined and evaporated to
dryness under a stream of nitrogen at 50 °C. The residue
was redissolved in 1 mL MeCN and diluted with 2 mL
water. This solution was purified using solid phase
extraction.

Chromabond® C18 cartridges (Macherey-Nagel,
Onsingen, Switzerland) were conditioned with 2 mL
MeOH and 2 mL AcOH (0.1 M) prior to loading the
sample solution (3 mL) onto the cartridges. The cartridges
were washed with 1 mL AcOH (0.1 M), 1 mL aqueous
MeCN (40 v%) and optionally with 1 mL aqueous
MeCN (70 v%). Samples were eluted with 1.5 mL
MeCN, the eluate was transferred to an autosampler vial
and evaporated to dryness under a stream of nitrogen at
70°C. The residue was dissolved in 25 uL. EtOAc and
25 uL MSTFA and incubated at 90 °C for 40 min. 1 pL
of the reaction mixtures was injected for GC-MS analysis.

Samples were analyzed using a 8890 gas chromato-
graph with a 7693A autosampler coupled to a 5977B
mass selective detector (Agilent, Basel, Switzerland),
data were acquired with MassHunter Workstation GC-
MS Data Acquisition (Version 10.1.49) and analyzed
with Enhanced ChemStation (F.01.03.2357) (Agilent).
Chromatography was performed on a 5% phenylmethylsi-
loxane column (HP-5 ms Ultra Inert, 30 m, 250 um 1i.d.,
0.25 um film thickness; Agilent J&W). Helium was
used as a carrier gas with a constant flow of 1 mL/min.
The injection volume was 1 uL in pulsed splitless mode.
The oven temperature started at 80 °C and was ramped
with 10 °C/min to 300 °C and held for 1 min, resulting
in a total separation time of 23 min. The source tempera-
ture was set to 230 °C and the quadrupole temperature to
150 °C. EI mass spectra were obtained with an ionization
energy of 70 eV. The scan range was from m/z 40 to 650
with a scan speed of 1.562 s7".

GC-MS/MS analysis. One hundred pL of urine, 10 pL
ISTD (0.25 pg/mL (—)-A°-trans-tetrahydrocannabinol-Ds,
025 pg/mL  ()-11-hydroxy-A°-trans-tetrahydrocanna-
binol-D5 and 1.25 pg/mL (+)-11-nor-9-carboxy-A°-trans-
tetrahydrocannabinol-D; in MeOH) and 250 pL. sodium
hydroxide solution (10 M) were mixed and incubated for
15 min at 60 °C. To this mixture 750 uL. AcOH (0.1 M) and
1 mL glacial AcOH were added and vortexed immediately.
The solutions were used for solid phase extraction as described
above for GC-MS. The eluate was evaporated under a stream
of nitrogen at 60°C. The residue was dissolved in 25 pL
MSTFA. 1 pL was injected for GC-MS/MS analysis.
Samples were analyzed using a 7890B gas chromato-
graph with a 7693 autosampler coupled to a 7010 Triple
Quadropole MS, operated by MassHunter Workstation
B.07.05 (Agilent Technologies, Waldbronn, Germany).
Chromatography was performed on a 5% phenylmethylsi-
loxane column (HP-5 ms Ultra Inert, 30 m, 250 um i.d.,
0.25 um film thickness; Agilent J&W). The carrier gas
was helium with a flow rate of 1 mL/min. The injection
volume was 1 pL using splitless mode. The initial oven
temperature was 160 °C, hold 0.5 min, ramped 40 °C/min
to 280°C, hold 5 min, ramped 20 °C/min to 310 °C, hold

5 min, resulting in a total time of 15 min. The injection port
temperature was 250 °C with a transfer line temperature of
250°C. The ion source temperature was set to 230°C.
Electronic ionization was employed with an energy of
70 eV. The collision gas was nitrogen. The transitions with
corresponding collision energy of the multiple reaction mon-
itoring (MRM) method are shown in Table 1.

LC-QqLIT analysis. For acquisition of mass spectra of the
reference compounds, 2 uL. of a 10 pug/mL solutions
were mixed with 20 pL ISTD and evaporated to dryness
under a stream of nitrogen and reconstituted in 200 pL
reconstitution solution. The reference spectra are provided
in the supplementary information. For the analysis of
samples 200 pL urine, 20 uL ISTD, 80 uL instant buffer
I and 40 uL B-glucuronidase (BGTurbo) were mixed
together and incubated for 10 min at 50 °C. Then, 1 mL
n-BuOAc was added and shaken for 10 min and centri-
fuged for 10 min (13000 rpm (17190 g), 8°C). The
upper organic phase was transferred to an autosampler
vial and was evaporated to dryness under a stream of nitrogen
at 50 °C. The residue was reconstituted in 200 pL reconstitu-
tion solution. A Dionex Ultimate 3000 HPLC system
(Thermo Fisher Scientific, Reinach, Switzerland) was used,
coupled to a QTrap 4500 mass spectrometer (Sciex,
Toronto, Canada) equipped with an IonDrive Turbo V ion
source with TurbolonSpray probe. Data was acquired and
processed with Analyst TF software (version 1.7) and visual-
ized with Peak View (version 1.2.0.3) (Sciex, Toronto,
Canada). Mass spectra were acquired in positive ionization
mode. Chromatographic separation was performed on a
Luna Omega PS CI18 column, 100 x2.1 mm, 1.6 pm, 100
A (Phenomenex, Basel, Switzerland) with the following con-
ditions: gradient with mobile phase A (0.1% formic acid (%
v)) and mobile phase B (MeCN containing 0.1% formic
acid (%v)): 020 min: 35.0%-60.0% B, 20-25 min:
60.0%-97.5%, 25.0-26.0 min, 97.5% B, 26.0-26.1 min,
35.0% B with a flow rate of 0.4 mL/min and a column
oven temperature of 40 °C. The injection volume was 1 pL.
Spectra were acquired in positive ionization mode with a

Table 1. MRM method with the relevant transitions.

Q1 / Da Q3 / Da CE/eV Name

388 332 10 HHC MRM 1

388 303 20 HHC MRM 2

373 265 15 OH-HHC MRM 1

373 249 15 OH-HHC MRM 2

490 329 15 HHC-COOH MRM 1
490 265 15 HHC-COOH MRM 2
490 434 15 HHC-COOH MRM 3
389 306 25 THC-D; MRM 1

374 308 20 THC-D; MRM 2

374 292 20 OH-THC-D; MRM 1
374 308 10 OH-THC-D; MRM 2
374 308 10 THC-COOH-D; MRM 1
491 300 30 THC-COOH-D; MRM 2

CE: collision energy, dwell time was 30 ms for the analytes and 10 ms for
the internal standards.
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biexperimental method involving multiple reaction monitor- Figure 1 shows extracted ion chromatograms of HHC
ing and product ion scan. The curtain gas was set to 35.0 arbi- metabolites and their deglucuronidated products. The glucur-
trary units, the ion spray voltage was 4500 V, and the source onides were not cleaved quantitavely by f-glucuronidase. No
temperature was 600 °C. Ion source gases 1 and 2 were set to further oxidation to carboxylic acids or dihydroxylated HHC
40.0 arbitrary units. A product ion scan of the precursor ion was observed (extracted ion chromatograms are not shown).
with m/z 333.2 was acquired from m/z 50-350 with a scan The characteristic fragment ions of the found metabolites
rate of 200 Da/s, a declustering potential of 120 V, an entry are shown in Table 3. The characteristic fragments are dis-
potential of 10V, a collision energy of 30 V and an cell cussed in the supplementary information, the respective
exit potential of 15 V were applied. The relevant transitions mass spectra can also be found in the supplementary
with corresponding potentials of the multiple reaction moni- information.
toring (MRM) method are shown in Table 2. The urine samples which were treated with -glucuronidase

prior to extraction showed several metabolites with m/z
333.2424 indicating hydroxylated HHC. Figure 2 shows the
Results and discussion product ion spectrum of the most abundant metabolite M1.
Collision induced dissociation of M1 result in product ions
LC-QqTOF analysis which are typical for HHC hydroxylated at the alicyclic part
] ) ) of the molecule (m/Zz 135.1168, m/z 153.1274 and m/z
A urine sample which was collected 2 h after oral inges- 193.1223). Additionally, product ions were detected which
tion of 20 mg HHC was analyzed by LC-QqTOF. are typical for side-chain hydroxylated HHC (m/z 137.1325,
. " m/z 191.1067 and m/z 209.1172), suggesting coelution of at
Table 2. MRM method with the relevant transitions. least two compounds. It should be noted that this rapid screen-
Ql/Da Q3/Da DP/V CE/V CXP/V Name ing method with the rather steep gradient did not resolve the
epimers of HHC chromatographically, so coelution of multiple
3342 3162 87 21 12 11-OH-THC-D; MRM 1 isobaric metabolites is also likely.
33k2 1962 90 7 11-0H-THC-D, MRM 2 The presence of HHC was confirmed after deglucuro-
8.2 3302 93 3 12 THC-COOH-D MRM 1 nidation with comparison to a reference compound.
M#e2 3022 102 28 12 THC-COOH-D, MRM 2 Product ion spectra of the metabolites were used for differ-
3182 196.3 88 32 7 THC-D; MRM 1 o h - oret
3182 1230 88 32 7 THC-D, MRM 2 entiation of some hydroxylation positions. Characteristic ions
3172 1932 88 32 7 HHC MRM 1 obtained by the fragmentation of HHC (see supplementary
3172 1232 100 43 8 HHC MRM 2 information) are altered by hydroxylation at various positions.
3332 3152 87 21 12 OH-HHC MRM 1 Figure 3 shows the ions which are characteristic for the alicyc-
3332 1932 90 35 7 OH-HHC MRM 2 lic-hydroxylated HHC. The ions with m/z 93.0699 and m/z
333.2 1912 90 35 7 OH-HHC MRM 3 135.1168 are also found in the product ion spectrum of
3472 3293 93 23 12 HHC-COOH MRM 1 THC. In the case of OH-HHC these ions are likely formed
3472 3012 102 28 12 HHC-COOH MRM 2 by the dehydration reaction of m/z 153.1274 and m/
3472 1932 102 28 12 HHC-COOH MRM 3 111.0804 (see Figure 3), m/z 111.0804 was not found.
1.2 1912 93 2 12 HHC-COOH MRM & Since the precursor ions corresponds to OH-HHC confusion
4933 317.2 35 21 4 HHC-Glu MRM 1 1.nce P . .. P . . .
4933 1933 35 ”n 4 HHC-Glu MRM 2 with THC product ions is impossible. Metabolites which
5003 3332 35 21 4 OH-HHC-Glu MRM 1 are likely hydroxylated at the alicyclic part of the molecule
509.3 1933 35 271 L OH-HHC-Glu MRM 2 are the OH-HHC glucuronides M2 and M3 (see Figure 1).
The deglucuronidated species M6 and M7 show the same
DP: Declustering potential, CE: collision energy, CXP: Cell exit potential. fragment ions and likely originate from M2 and M3. Ml
Dwell time was 20 ms for the glucuronides and 35 ms for all other
transistions.
8084 5903 OH-HHC @ HHC GluXIC, +TOF MS: 493.280 +/- 0.010 Da
7504 @ HHC OH Glu XIC, +TOF MS: 509.275 +/- 0.010 Da
7.004 OH-HHC-Glu @ HHC XIC, +TOF MS: 317.245 +/-0.010 Da
::: @ HHC OH XIC, +TOF MS: 333.242 +/- 0.010 Da
5504 4823 M1
§ oo /AA ]
0ot M2
1504 4.968 L84 M7 HHC
1.00 4882 e 7915
Zszz 40 41 42 43 44 45 46 47 48 49 505:’:1 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 7.1 72&74 75 76 77 78 {53\18:81 82 83 84
Figure 1. lon chromatograms of HHC glucuronide, HHC-OH glucuronides (M1-M3) and their deglucuronidated species (M4-M7) in a urine
sample 2 h after oral ingestion of 20 mg HHC. The glucuronides were only partially cleaved by B-glucuronidase.
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Table 3. Retention time, molecular and fragment ions from HHC metabolites and their deglucuronidated products from the LC-QqTOF

method.

Name RT / min [M+H]* / Da Fragment ions / Da

M1 5.402 509.2793 333.2434, 315.2329, 259.1691, 193.1223,
(9.4 ppm) 191.1073, 137.1333, 135.1160

M2 5.778 509.2792 333.2423, 315.2256, 259.1692, 193.1208,
(9.2 ppm) 153.1263, 135.1102

M3 5.941 509.2754 333.2435, 315.2283, 259.1712, 193.1242,
(1.8 ppm) 135.1132

HHC-Glu 6.451 493.2785 317.2477, 193.1222, 137.1320
(—2.2 ppm)

My 6.569 333.2442 315.2322, 259.1685, 209.1182, 191.1075,
(5.4 ppm) 137.1323

M5 6.659 333.2428 315.2322, 259.1697, 191.1075, 137.0583
(1.2 ppm)

M6 6.765 333.2394 193.1223*
(~9.0 ppm)

M7 7.303 333.2424 315.2313%, 193.1252*
(0.0 ppm)

HHC 7.915 317.2525 193.1223
(15.8 ppm)

The corresponding product ion spectra are shown in the supplementary material

available.

*lons observed in SWATH spectrum and are likely from the metabolite (M6 and M7).

seems to be a mixture of compounds since it shows fragment
ions for both substitution patterns (Figure 3 and Figure 4).

Figure 4 shows ions which suggest hydroxylation at
the pentyl side-chain. The ion with m/z 191.1067 results
from the dehydration reaction of m/z 209.1172.
Metabolites and deglucuronidated products which are
likely side-chain hydroxylated are M4 and MS5. M1
most likely consists of two OH-HHC glucuronides, one
hydroxylated at the alicyclic part of the molecule and
one at the side-chain.

GC-MS analysis

GC-MS analysis of the urine samples was performed
after deglucuronidation, purification and derivatizion of
the metabolites with MSTFA to the corresponding
TMS derivatives. The obtained samples were ionzed by
EI in the full scan mode (m/z 40-650). The extracted
ion chromatogram of m/z 476, which is the molecular
ion for OH-HHC TMS-derivatives, is shown in
Figure 5. Full-scan spectra obtained for the found
signals were compared to the list of characteristic ions
(with relative ion abundances) of TMS derivatives of
OH-HHC:s from literature data or with reference compounds
if available, reference spectra are provided in the supplemen-
tary information.® The presence of (8R, 9R)-8-OH-HHC
could be confirmed by comparison of retention time and
the EI-MS spectrum with a derivatized reference compound
(metabolite G2). The main metabolite G7 was tentatively
identified as a 4°OH-HHC by comparison of the relative
ion abundances with literature data (stereochemistry at C9
and C4’ are unknown).® The presence of the side-chain
hydroxylated tropylium ion (m/z 353) and its fragment ion
(m/z 263) after loss of TMSOH indicate that this metabolite

is indeed a side-chain hydroxylated HHC. Harvey and
Brown stated that 4°OH-HHC possesses a characteristic
fragment ion with m/z 117, which is detected with a relative
abundance of 21%. This characteristic ion derives from the
elimination of CH;CHOTMS™, a possible mechanism is
shown in Figure 6. We found a relative abundance of 25%
for this ion.

This compound also fragments to an ion with m/z 263
which is the trimethylsilylated analogue of the character-
istic ion with m/z 191 discussed in the LC-QqTOF part.
However, due to the similarity of their fragmentation pat-
terns, it is unclear which of the isomers was formed. A ref-
erence substance is not commercially available at this
point. Furthermore, literature does not differentiate the
epimers at the 4’0OH position. Other compounds in
Figure 5 (G1, G3, G4, G5) could not be assigned to hydro-
xylated structures due to lack of reference compounds and
insufficient fit with the relative ion abundances found in
the literature due to noise or coelution of unknown com-
pounds from the biological matrix.

From our findings we can conclude that the epimers of
HHC undergo a different metabolic pathway. The identifi-
cation of (8R, 9R)-8-OH-HHC and absence of (8R,
95)-8-OH-HHC in urine samples indicates that (9R)-HHC
is not metabolized via hydroxylation at C8. The absence
of (9R)-HHC in one sample after deglucuronidation might
be an indicator that this epimer undergoes stronger metabo-
lization during phase I metabolism. Both epimers of
11-OH-HHC were found (G6 and G8). Various peaks
appear in the extracted ion chromatogram for m/Zz 476
with other characteristic ions described by Harvey and
Brown for TMS-OH-HHCs which could not be structurally
identified.® Extracted ion chromatograms for m/z 419, m/z
332 and m/z 145 show several peaks. These ions are

WILLI SCHIRMER November

7, 2025

54



UNIVERSITAT BERN, DISSERTATION 2 Results
6 European Journal of Mass Spectrometry 0(0)
Experiment 10, +TOF MS*2 (50 - 1000) from 5.407 min
Precursor: 509.3 Da, CE: 35.0
333.2431 %io "
600 315.2323
500
400
> + [OGlu, OH]
- OH
é 300 N [OH, 06@77\0 "
200
193.1225 259.1708 509.2773
10 81.0707 137.1315 1911073 233.1571 l 4732493
1 93.0687 165.0924 273.1903 357.2449 398.2421 4552495  491.2665
0 T T VAT WAL ST FYTTIN APTTTNS SN IR AN PR
100 150 200 250 300 350 400 450 500
Mass/Charge, Da
Figure 2. Product ion spectrum of m/z 509.3 at 5.407 min. The molecule ion can be seen at m/z 509.2773 (5.5 ppm), elimination of three
water molecules are also visible (m/z 491.2665 (5.3 pm), m/z 473.2493 (- 8.7 ppm), m/z 455.2495 (14.7 ppm). Fragmentation of the glu-
curonide leads to protonated OH-HHC with m/z 333.2431 (—2.1 ppm). The ion with m/z 193.1225 (1.0 ppm) is characteristic for many
phytocannabinoids.
OH + +
+ HO HO
HO
m/z 111.0804
not found
m/z153.1274
m/z193.1223 -H>0
m/z 333.2424
-H>0
+
+
m/z 93.0699
m/z135.1168
Figure 3. Characteristic product ions of OH-HHC are shown for the hydroxylation of the alicyclic part of the molecule. Hydroxylation
position may change. As an example hydroxylation is shown at C8.
characteristic for 1’OH-HHC (m/z 419), 2’0OH-HHC (m/z COOTMS group at position 9 and the hydrogen at position
145) and 3’OH-HHC (m/z 332), but these are the only 10a (dibenzopyran numbering). This is only possible for
ions which appear with high abundance in their (95)-11-nor-9-carboxy-HHC, the 9R epimer cannot flip
El-spectra.® Therefore their presence could not be proven. into the required conformation to perform the same reaction
It is noteworthy that the epimers (9R and 9S) of with the hydrogen at position 7 since HHC and its discussed
11-nor-9-carboxy-HHC can be distinguished via the abun- metabolites are similar to frans-decalins and they cannot
dance of the characteristic ion m/z 372. We assume that ring flip. The different mass spectra for the epimeric pairs
this ion is a radical cation which is formed after loss of of OH-HHCs, hydroxylated on the alicyclic moiety, could
CO and TMSOH. The postulated mechanism shown in be explained with a similar mechanism leading to the ion
Figure 7 requires a 1,3-diaxial orientation of the m/z 371 after loss of TMSOH and a methyl radical.®
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L HO™ _
m/z 333.2424

OH

m/z 95.0855
HO
m/z209.1172

m/z137.1325

-H0

OH

HO

m/z191.1067

Figure &. Characteristic product ions are shown of OH-HHC with the hydroxylation on the pentyl side chain of the molecule. As an example

shown on the second last carbon of the side chain.
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Figure 5. Extracted ion chromatogramm m/z 476 (OH-HHC 2xTMS) of a urine sample collected 2 h after oral ingestion of 20 mg HHC.

Table 4 shows the retention times, Kovéts-indices® and
characteristic ions of reference substances, compounds
which have been identified by comparison with reference

substances or have been tentavely identified according to
the relative abundances of characteristic ions from the lit-
erature. For the determination of the Kovats-indices an
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Figure 7. Reaction mechanism for the formation of the radical cation wi

ith m/z 372. This ion is characteristic for (95)-11-nor-9-carboxy HHC

since a 1,3-diaxial orientation of the hydrogen and the COOTMS group is required.

alkane standard (C7-C40) was measured with the same
GC-MS method and was calculated according to van
Den Dool and Kratz.'

Further investigations were performed for the detection
of (95)-11-nor-9-carboxy-HHC and (9R)-11-nor-9-
carboxy-HHC. Urine samples were spiked with (+)-11-
nor-9-carboxy-A’-trans-tetrahydrocannabinol-D; as
ISTD, treated with B-glucuronidase and loaded to SPE
cartridges, washed with MeCN (40 v%) and eluted with
pure MeCN. The evaporated eluates were derivatized as
described above. For control, blank urine was spiked
with 20 ng/mL each of (9R)-11-nor-9-carboxy-HHC and
(95)-11-nor-9-carboxy-HHC. The spiked urine and the

urine samples after HHC consumption (oral intake and
inhalation) were measured in SIM mode (m/z 490, 475,
448, 434, 329 and 265 for the 11-nor-9-carboxy HHCs.
m/z 491, 476, 374 and 300 for the ISTD (+)-11-nor-9-
carboxy-A’-trans-tetrahydrocannabinol-Ds). With a limit
of detection of approximately 10 ng/mL, none of the carboxy-
metabolites could be detected in the respective urine samples
from the volunteers. To further increase sensitivity, a GC-MS/
MS method was applied, achieving a limit of detection below
2.5ng/mL. Analyzing the urine sample with the highest
response in the immunoassay test for cannabinoids after
HHC inhalation with a vaporizer, taken 2 h post application,
both epimers of 11-nor-9-carboxy-HHC were unambiguously
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Table &. Identification of HHC and metabolites as TMS derivatives with GC-MS. RT: retention time, RRI: relative retention index

(Kovats-index).

Name RT / min RRI Fragment ions (relative abundance) / Da

(9R)-HHC TMS 18.014 2349 388(85), 373(17), 345(60), 332(100), 303(31), 265(78)

(9S)-HHC TMS 18.536 2412 388(70), 373(20), 345(62), 332(100), 303(32), 265(57)

(8R, 9R)-8-OH-HHC 2xTMS 19.832 2576 476(100), 420(39), 371(46), 343(77), 303(43), 265(50)

(8R, 95)-8-OH-HHC 2xTMS 19.902 2585 476(100), 420(41), 371(40), 343(52), 303(28), 265(38)

(8S, 95)-8-OH-HHC 2xTMS 19.908 2586 476(6), 371(100)

(8S, 9R)-8-0H-HHC 2xTMS 20.237 2632 476(8), 371(100)

(9R)-11-OH-HHC 2xTMS 20.456 2660 476(100), 433(18), 420(60), 373(19), 343(40), 265(90)

4’OH-HHC 2xTMS 20.481 2663 476(100), 433(28), 332(45), 263(20), 117(25)

(95)-11-OH-HHC 2xTMS 20.651 2685 476(89), 433(11) 420(33), 373(23), 371(100), 343(44), 265(65)

(9S)-11-nor-9-carboxy-HHC 2xTMS 21.004 2734 490(75), 475(29), 448(13), 434(43), 372(63), 329(100), 265(58)

(9R)-11-nor-9-carboxy-HHC 2xTMS 21.137 2753 490(97), 475(23), 448(29), 434(84), 372(10), 329(51), 265(100)
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Figure 8. Extracted ion chromatograms for characteristic transitions of HHC glucuronide and OH-HHC glucuronide (L1-L9) in a urine
sample 2 h after inhalative consumption of 20 mg HHC (top) and 2 h after oral ingestion of 20 mg HHC (bottom).
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Figure 9. Extracted ion chromatograms for characteristic transitions of HHC and OH-HHC (L10-L18) in a deglucuronidated urine sample 2 h
after inhalative consumption of 20 mg HHC (top) and in a deglucuronidated urine sample 2 h after oral ingestion of 20 mg HHC (bottom).
identified. Rough estimation of the concentration resulted in very low in this case and another glucuronide L7 emerged
approximately 5 ng/mL for the 9R epimer with the 9§ which was not present after inhalative consumption.
epimer showing lower abundance. Interestingly, the intensity of (9R)-HHC glucuronide is
much lower after oral uptake than after HHC inhalation.
. In a second experiment, the urine samples were treated
LC-QqLIT analysis with B-glucuronidase prior to extraction. Figure 9 (top)
Several glucuronidated OH-HHCs and OH-HHCs have shows such a treated urine sample 2 h after inhalative con-
been detected in urine samples after HHC consumption. As sumption of 15 mg HHC. Nine different OH-HHC (L10-
an example, Figure 8 (top) shows a urine sample 2 h after L18) and both epimers of HHC were detected. The same
inhalative consumption of 15mg HHC. Eight different metabolites were found in a urine sample after oral ingestion
OH-HHC glucuronides (L1-L6, L8, L9) could be detected of 20 mg HHC as shown in Figure 9 (bottom). The only
and both epimers of HHC glucuronide were present. A metabolite which was not found after deglucuronidation
sample taken 2 h after oral ingestion of 20 mg HHC which was (9R)-HHC. 1t is also observable that the relative com-
was prepared in the same manner shows mainly the same position of the metabolites is different for these two cases.
metabolites as the urine sample after inhalative consumption L11 has the same retention time as the reference com-
(Figure 8 bottom). The intensity of the glucuronide LS was pound (8R, 9R)-OH-HHC, the strong characteristic
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Table 5. Retention time of available references and metabolites is shown from the LC-QqLIT method.

Name RT / min [M+H]*/Da Fragment ions / Da Identification

L1 446 509.3 333* Present

L2 4.54 509.3 333* Present

L3 4.76 509.3 333* Present

L& 4.89 509.3 333* Present

L5 5.27 509.3 333* Present

L6 7.50 509.3 333* Major metabolite after vaping
L7 8.25 509.3 333* Only after oral consumption

L8 8.58 509.3 333* Present

L9 9.44 509.3 333* Present

L10 11.48 333.2 315, 193 Minor metabolite

(8R, 9R)-8-0H-HHC 11.71 333.2 315, 259, 193, 135 Minor metabolite L11

(8S, 95)-8-OH-HHC 11.96 333.2 315, 259, 233, 193, 135 Not detected

(8R, 95)-8-OH-HHC 12.03 333.2 315, 259, 193, 135 Not detected

L12 12.05 333.2 315 Minor metabolite

L13 12.28 333.2 315, 259, 191, 137 Main metabolite

(9S)-HHC glucuronide 12.48 509.3 317* Present prior deglucuronidation
L14 12.58 333.2 315, 193 Minor metabolite

L15 12.90 333.2 315, 259, 209, 191, 137 Main metabolite

(9R)-HHC glucuronide 13.01 509.3 317* Present prior deglucuronidation
(9R)-11-nor-9-carboxy-HHC 13.48 347.2 329, 301 Not detected

(9R)-11-0H-HHC 13.78 333.2 315, 259, 193, 135 Present

L16 13.83 333.2 259, 193, 135 Both epimers of 11-OH-HHC, major metabolite
(95)-11-OH-HHC 13.88 333.2 315, 259, 193, 135 Present
(95)-11-nor-9-carboxy-HHC 14.16 347.2 329, 301 Not detected

L17 18.25 333.2 315 Minor metabolite

L18 18.56 333.2 315 Minor metabolite

(9S)-HHC 23.24 317.2 193, 123 Present in both samples
(9R)-HHC 23.33 317.2 193, 123 Present in one sample (inhalative consumption)

Detected metabolites after enzymatic hydrolysis are indicated with “present”. Product ion spectra were collected from ions with m/z 333.2 which correlate to

hydroxylated HHC. The most intense product ions are given.
*No product ion spectra were measured for the glucuronides

transition of m/z 333.2 — m/z 193.2 is present in both ana-
lyses. L11 is therefore identified as (8R, 9R)-8-OH-HHC,
which was also identified by GC-MS analysis. L12 has the
same retention time as the reference compound (8R,
95)-8-OH-HHC but the transition m/z 333.2 — m/z
193.2 was not observed for this metabolite. L12 could
not be identified. L16 seems to be both epimers of
11-OH-HHC, the retention times and observed transitions
are the same as in reference compounds. Both epimers of
11-OH-HHC were also identified with GC-MS. The meta-
bolites L13 and L15 which are the main metabolites show
a transition of m/z 333.2 — m/z 191.2 instead of m/z 333.2
— m/z 193.2 and are therefore likely side-chain hydroxy-
lated OH-HHCs. This observation is in compliance with
GC-MS analysis where the main metabolite was tenta-
tively identified as one 4’OH-HHC diastereomer.
Figure 8 (bottom) and Figure 9 (bottom), which show
the same urine sample without and with deglucuronida-
tion indicate that (9R)-HHC is extensively metabolized
in this individual. It is however unclear if this is due to
the different route of administration or due to other
reasons. The same observation was made with GC-MS
analysis.

The LC-QqLIT analyses showed that incomplete sep-
aration of OH-HHCs might have taken place during the

LC-QqTOF screening since more metabolites were
found with LC-QqLIT for m/z 333 and m/z 509 with rea-
sonable product ions. The slower gradient was able to
resolve the epimers of HHC and also showed that epi-
meric OH-HHCs could be resolved. The route of admin-
istration might have an impact on the metabolic profile of
HHC due to different absorption rates and due to first pass
effect.!! Vaping of HHC leads to the same metabolites as
oral ingestion of the compound. The only differences after
inhalative consumption of HHC were that (9R)-HHC was
still present after deglucuronidation and that the minor
metabolite L7 was absent.

In contrast to the metabolism of A9-THC, neither
(9R)-11-nor-9-carboxy-HHC nor (9S)-11-nor-9-carboxy-
HHC was identified as urinary main metabolite. However,
the carboxy-metabolites can be regarded as minor metabo-
lites, potentially accumulating after repeated use.

The composition of (9R)-HHC metabolites obtained by
microsomal incubations from hepatic microsomes of various
animals shows that hydroxylation of C11 is less favored than
in THC. Side-chain hydroxylated metabolites of (9R)-HHC
are generated in higher amounts but (9R)-11-OH-HHC
was still the most dominant metabolite within all species.'*'®
In contrast to this study our findings indicate that a
4’0OH-HHC and another presumably side-chain hydroxylated
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ABSTRACT

Hexahydrocannabiphorol (HHCP) is an emerging semisynthetic cannabinoid, which has been known since 1942 from research of
tetrahydrocannabinol (THC) analogs and homologs. After the ban of hexahydrocannabinol (HHC) in many European Countries
HHCP emerged as a replacement among other similar compounds. First countries already placed HHCP under their narcotic
substance law. The aim of this research was to identify human Phase I and IT metabolites in urine after oral HHCP consumption.
Enzymatic immunoassays of urine samples were tested negative for cannabinoids after a single oral consumption of 4-mg HHCP
from a A°-THC abstinent volunteer. The HHCP sample consumed in the self-experiment was purchased from an online store
and analyzed beforehand using GC-MS. LC-HR-MS/MS and GC-MS after derivatization were used for the identification of
metabolites. Hydroxylated metabolites were found with hydroxylation on the side chain or on the alicyclic part of the molecule.
Bishydroxylated HHCP metabolites were found in similar abundance as the monohydroxy metabolites. All of the bishydroxy-
lated metabolites besides a minor metabolite had a hydroxyl group on the side chain and another hydroxyl group on the alicyclic
part of the molecule. In addition, the corresponding glucuronides were identified by LC-HR-MS/MS. The exact positions and
stereochemistry of the hydroxylation sites could not be determined. Due to the extensive metabolism of HHCP and the lacking
cross-reactivity of urine samples after consumption in A°-THC specific immunoassays, it is recommended to include HHCP
metabolites in routine screening methods. Monohydroxylated and bishydroxylated metabolites of HHCP and their respective
glucuronides are suggested as forensic targets.

1 | Introduction

In 2022, a new class of new psychoactive substances with can-
nabimimetic effects emerged on the recreational market. These
compounds are structurally related to A°-tetrahydrocannabinol,
the main psychoactive compound found in Cannabis sativa L.
The first entries were synthesized from THC or cannabidiol
(CBD), and these class of NPS are therefore known as semisyn-
thetic cannabinoids. This terminology also remained for canna-
bimimetics, which are not synthesized from THC or CBD but
share structural features with them [1, 2].

One of this synthetically made cannabinoids is hexahydrocan-
nabiphorol (HHCP), which is found as an epimeric mixture of
(9R)-HHCP and (9S)-HHCP in recreational products. As other
semisynthetic cannabinoids, HHCP is sold as a legal and psy-
choactive alternative in countries that placed Cannabis and its
psychoactive component THC under their narcotic substance
law. Until the ban of hexahydrocannabinol (HHC) on March 31,
2023, HHCP was not widely used in Switzerland. This changed
immediately after HHC was banned. In response to the mar-
ket, a class wide ban on dibenzopyran cannabinoids, including
HHCP, was enacted on October 9, 2023 [3].

© 2025 John Wiley & Sons Ltd.
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According to anecdotal reports from users, HHCP is more po-
tent and longer lasting than HHC or THC. Two recent cases
from HHCP intoxications were reported but no fatalities. In
both cases, the patients were hospitalized for several days after
intoxication [4, 5]. The strong and enduring intoxication poses a
safety risk for the consumers. The potency of the HHCP epimers
were just recently investigated. Janssens et al. used a 3-arrestin2
recruitment assay and Persson et al. used a G-protein coupled
receptor functional assay [6, 7]. They reported that (9R)-HHCP
is the more active epimer.

In contrast to HHC, HHCP cannot be synthesized from CBD
even though various vendors from online shops claim that.
GC-MS analysis of recreationally used HHCP shows many
substances with the same molecular ion and fragment ions as
HHCP. Probably resulting from stereoisomers and regioisomers
during synthesis [2, 8, 9]. The poor manufacturing process and
lacking quality standard of HHCP and similar semisynthetic
cannabinoids, which do not derive from CBD poses a further
risk to consumers.

To date, no method has been published that can detect HHCP
and in particular its metabolites. Urine samples are usu-
ally measured beforehand using enzymatic immunoassay.
From urine samples after the consumption of HHC is known
that they show false positive signals for THC, probably due
to structural similarities of the HHC and THC metabolites
[10-15]. A study that evaluated cross-reactivity of 24 diben-
zopyran cannabinoids in whole blood showed that the cross-
reactivity of THC derivatives decline with the chain length.
(9R)-HHCP and (9S)-HHCP were tested positive at 500 ng/mL
but not at the next lower concentration of 20ng/mL or below.
An ELISA test kit from Immunalysis for THC and metabolites
was used [16]. Another study compared the cross-reactivity of
THC derivatives with different immunological screening tests
in various biological matrices and showed no positive results
for the HHCP epimers at a concentration of 250ng/mL. In
both studies, potential HHCP metabolites were not included
[11, 16]. To the authors knowledge, no potential metabolites of
the HHCP epimers are commercially available.

As to date, only a single study reported potential metabolites
of (9R)-HHCP and (9R)-HHCP-O (HHCP acetate) from incuba-
tion experiments with human hepatocytes. They concluded that
differentiation between HHCP and HHCP-O consumption is
unlikely because ester hydrolysis of HHCP-O to HHCP occurs
rapidly. Reported metabolic reactions of (9R)-HHCP in the in-
cubation experiments were monohydroxylation, bishydroxyl-
ation, bishydroxylation with dehydrogenation (oxo-alcohols and
carboxylic acids), trihydroxylation with dehydrogenation, and
subsequent glucuronidation [17]. These reported HHCP metab-
olites are likely found in in vivo samples after the consumption
of HHCP.

The presented study aimed to identify the metabolites of the
semisynthetic cannabinoid HHCP in urine. A routine LC-
QqTOF screening method was used for the determination of
the metabolites and their fragments. With this routine method,
not all of the isomeric metabolites could be resolved; therefore,
a LC-QqLIT was developed for the separation. Additionally, a
GC-MS method was developed for the identification of potential

metabolic markers after derivatization with N-methyl-N-trimet
hylsilyltrifluoroacetamide (MSTFA).

1.1 | Chemicals and Reagents

HHCP was bought from a German online shop (47% (9R)-HHCP
and 15% (9S)-HHCP, quantified by GC-MS (see Figure SI).
Deionized water (18.2MQ-cm) was produced with a Milli-Q
IQ 7000 system from Millipore (Billerica, MA, United States).
Methanol (MeOH) (>99.9%) was purchased from Carl Roth
(Karlsruhe, Germany). Acetic acid (AcOH) (Reag. Ph. Eur.)
and formic acid (50%, in water) were purchased from Grogg
Chemie (Stettlen, Switzerland); N-methyl-N-trimethylsilyltrifl
uoroacetamide (MSTFA) (>98.5%), n-butyl acetate (n-BuOAc)
(=299.7%), the alkane standard (C7-C40, 1000ug/mL), and
ammonium formate (> 99.0%) were purchased from Sigma-
Aldrich (Buchs, Switzerland). Acetonitrile (MeCN) (>99.9%)
was purchased from Thermo Fisher Scientific (Reinach,
Switzerland). Chromabond C18 SPE cartridges (3mL, 500 mg)
were from Macherey-Nagel (Onsingen, Switzerland). The in-
ternal standards (ISTDs) (—)-A°-trans-tetrahydrocannabinol-
D, (THC-D,), (+)-11-hydroxy-A°-trans-tetrahydrocannabinol
-D, (11-OH-THC-D,), and (#)-11-nor-9-carboxy-A°-trans-tetr
ahydrocannabinol-D, (THC-COOH-D,) were purchased from
Cerilliant (Round Rock, TX, United States). The reference stan-
dards (9R)-HHCP and (9S)-HHCP were purchased from Cayman
Chemical (Ann Arbor, M1, United States). Instant buffer I and
B-glucuronidase (BGTurbo) from Finden KURA was used. A
homogenous enzyme immunoassay (HEIA) testkit 305UR for
cannabinoids in urine from Immunalysis was used. The buffer
solution, the 3-glucuronidase, and the HEIA testkit 305UR were
provided by Specialty Diagnostix (Passau, Germany). For the
LC-QqLIT analysis, an ISTD solution was used which consisted
of 0.1-ug/mL THC-D,, 0.1-pg/mL 11-OH-THC-D,, and 0.5-pg/
mL THC-COOH-D, in MeOH. A solution of MeCN in water
(60%V) containing formic acid (0.1%V) was used for the sample
reconstitution for LC-QqLIT and LC-QqTOF analysis.

1.1.1 | Recreational HHCP Product

The HHCP product for recreational use used in this study was
analyzed in a previous study. Besides (9R)-HHCP and (9S)-
HHCP, this sample contained unnatural regioisomers, unnat-
ural stereoisomers, synthesis intermediates, and disubstituted
heptylresorcinols from overalkylation. Five of the impurities
and (9R)-HHCP were isolated, and their structure was eluci-
dated with various NMR experiments. It was found that the
(9R)-HHCP and (9S5)-HHCP in this specific sample were enan-
tiopure [9]. Both HHCP epimers were quantified in this recre-
ational product using THC-D, as ISTD. The GC-MS method and
instrument described in a previous publication was used [18].
This recreational HHCP product contained 47% (9R)-HHCP and
15% (9S)-HHCP by weight (see Figure S1).

1.1.2 | Self-Administration Experiment

In aself-experiment, a A%-THC abstinent volunteer ingested 4 mg
of a well-characterized HHCP sample by dissolving it in olive oil
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on an evening. Cannabimimetic effects started approximately
1h after ingestion and lasted for approx. 10h. Drowsiness, dizzi-
ness, and uncomfortable sleep were experienced. Full recovery
was achieved 14 h after ingestion. An approval by an ethics com-
mittee is not required for self-experiments. Urine samples were
collected before administration and for up to three days after
ingestion. The metabolites were analyzed in the urine samples
10 and 15h after ingestion. The first urine sample was collected
10h after the HHCP ingestion.

1.2 | LC-QqTOF Analysis

The sample pretreatment was performed according to Schirmer
et al. with slight modifications to the deglucuronidation step [10].
Briefly, 800-uL urine, 20-uL ISTD, 100-uL instant buffer I, and
40-uL B-glucuronidase solution were incubated at 50°C for 10 min.
One-milliliter n-BuOAc was added; the mixture was shaken for
10min and centrifuged for 10min (13,000rpm [17,190xg], 8°C).
Afterwards, the organic phase was transferred to an autosampler
vial, evaporated to dryness under a stream of nitrogen at 50°C
and reconstituted with 200-uL reconstitution solution for further
LC-MS analysis. For the analysis of the glucuronides, 800-uL
urine and 100-uL ammonium formate solution (10M, aq.) were
mixed. The solution was extracted using 1mL of cold MeCN. The
organic phase was separated, evaporated to dryness, and the res-
idue was dissolved in 200-uL reconstitution solution. The same
screening method with an LC-QqTOF instrument was used for
the analysis as described previously. A Dionex Ultimate 3000
HPLC system (Thermo Fisher Scientific, Reinach, Switzerland)
coupled to a TripleTOF 5600 mass spectrometer was used (Sciex,
Toronto, Canada). Analyst TF software (Version 1.7) and Peak
View (Version 1.2.0.3) (Sciex, Toronto, Canada) were used for data
acquisition and processing. Mass spectra were measured in pos-
itive ionization mode with an IonDrive Turbo V ion source with
TurbolonSpray probe. The curtain gas was set to 55.0 arbitrary
units, the ion spray voltage floating was 5500V, and the source
temperature was 650°C. Ion Source Gases 1 and 2 were set to 55.0
arbitrary units. Chromatographic separation was performed on
a Kinetex C8 column, 50X2.1mm, 2.6 um, 100A (Phenomenex,
Basel, Switzerland). A gradient method was used consisting of
Mobile Phase A (0.1% aqueous formic acid [%V]) and Mobile
Phase B (MeCN with 0.1% formic acid [%V]) with the following
gradient: 2.5% B, 1-7min: 2.5%-97.5% B, 7-11min: 97.5% B, 11—
11.1min: 97.5%-2.5% B, 11.1-14min: 2.5% B. The injection volume
was 2.5uL, and the flow rate was 0.35mL/min. The LC-QqTOF
instrument was operated in information-dependent data acquisi-
tion (IDA) and in SWATH mode (sequential window acquisition of
all theoretical mass spectra). For IDA a survey scan from m/z 100
to 950 was applied which triggered the acquisition of product ion
mass spectra from m/z 50 to 950. For SWATH mode, a mass range
from m/z 100 to 950 was scanned acquiring product ion spectra in
windows of 35Da from m/z 50 to 950. Collision energy with colli-
sion energy spread of 35+ 15V was applied for IDA and SWATH
acquisition.

1.3 | LC-QqLIT Analysis

Reference solutions were prepared by mixing 2L of a 1-ug/mL
solution and 20-uL ISTD. The solution was evaporated to dryness

and reconstituted in 200-pL reconstitution solution. The extracts
after deglucuronidation as described above were measured.
A slightly changed protocol was used as described previously
[10]. A Dionex Ultimate 3000 HPLC system (Thermo Fisher
Scientific, Reinach, Switzerland) was used, coupled to a QTrap
4500 mass spectrometer (Sciex, Toronto, Canada) equipped with
an IonDrive Turbo V ion source with TurbolonSpray probe.
The curtain gas was set to 35.0 arbitrary units, the ion spray
voltage was 4500V, and the source temperature was 600°C.
Ton Source Gases 1 and 2 were set to 40.0 arbitrary units. Data
were acquired and processed with Analyst TF software (Version
1.7) and visualized with Sciex OS (Version 2.0.0.45330) (Sciex,
Toronto, Canada). Chromatographic separation was performed
on a Luna Omega PS C18 column, 100X2.1mm, 1.6 um, 100A
(Phenomenex, Basel, Switzerland). A gradient method was used
consisting of Mobile Phase A (0.1% aqueous formic acid [%V])
and Mobile Phase B (MeCN with 0.1% formic acid [%V]) with
the following gradient: 0-25 min: 35%-60% B, 25.1-39 min: 70%
B, 39.1%-41 min: 97.5% B, 41-41.1min: 35% B. A flow rate of
0.4mL/min and a column oven temperature of 40°C were ap-
plied. The injection volume was 1 uL. Spectra were acquired in
positive ionization mode with a multiexperimental method in-
volving multiple reaction monitoring (MRM) and two product
ion scans in “enhanced product ion” (EPI) mode. The product
ion scans of the precursors ion with m/z 361.2 and 377.3 were
acquired from m/z 50 to 380 with a scan rate of 10,000Da/s, a
declustering potential of 120V, an entry potential of 10V, and a
collision energy of 35V were applied. The relevant transitions
with corresponding potentials of the MRM method are shown
in Table 1

1.4 | GC-MS Analysis

For measurement of the reference spectra, 50 uL of reference
solutions (y=10ug/mL) was evaporated to dryness under
a stream of nitrogen. The residue was dissolved in 25-pL
MSTFA and 25-uL EtOAc. The mixture was then heated to
90°C for 40 min; 1 uL of this solution was injected for GC-MS
analysis. For measurement of sample solutions 1-mL urine,
200-pL instant buffer I and 50-uL f-glucuronidase (BGTurbo)
were mixed and heated at 50°C for 15min. The mixture was
extracted with 500-uL n-BuOAc by shaking for 10min and
centrifuging for 10min (13,000rpm [17,190x g|, 8°C). After
separation, the organic phase was collected, and the ex-
traction of the aqueous phase was repeated with 500-puL n-
BuOAc. The organic phases were combined and evaporated to
dryness under a stream of nitrogen at 50°C. The residue was
dissolved in 1-mL MeCN and diluted with 2-mL water. The
residue was further purified by solid-phase extraction on a
VacMaster 20 (Biotage, Uppsala, Sweden). Conditioning of the
C18 SPE cartridges was achieved with 2-mL MeOH and 2-mL
AcOH (0.1 M) prior to loading the sample solution (3 mL) onto
the C18 cartridges. After loading, the cartridges were washed
with 1-mL AcOH (0.1M), 1-mL aqueous MeCN (40%V), and
1-mL aqueous MeCN (70%V). The samples were eluted using
1.5-mL MeCN. The eluate was transferred to an autosampler
vial, evaporated to dryness under a stream of nitrogen at 70°C,
redissolved in 25-uL EtOAc and 25-pL MSTFA and heated at
90°C for 40 min. One microliter of this solution was injected
for GC-MS analysis.
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TABLE1 | MRM transitions of the LC-QqLIT method.

DP CE CXP
Qi(Da) Q3MDa) (V) (V) ) Name
334.2 316.2 87 21 12 11-OH-
THC-D,
MRM1
334.2 196.2 90 35 7 11-OH-
THC-D,
MRM2
348.2 330.2 93 23 12 THC-
COOH-D,
MRM1
348.2 302.2 102 28 12 THC-
COOH-D,
MRM2
318.2 196.3 88 32 7 THC-D,
MRM 1
318.2 123.0 100 43 8 THC-D,
MRM 2
345.3 221.2 88 32 7 HHCP
MRM 1
345.3 123.0 100 43 8 HHCP
MRM 2
361.3 343.3 87 21 12 OH-HHCP
MRM1
361.3 221.2 90 35 7 OH-HHCP
MRM2
361.3 219.1 90 35 7 OH-HHCP
MRM3
377.3 359.3 87 21 12 20H-HHCP
MRM1
377.3 341.3 90 35 7 20H-HHCP
MRM2
377.3 219.1 90 35 7 20H-HHCP
MRM3

Note: A dwell time of 20 ms for every transition was applied.
Abbreviations: CE: collision energy, CXP: cell exit potential, DP: declustering
potential.

The samples were analyzed on an 8890 gas chromatograph
with a 7693A autosampler coupled to a 5977B mass selective
detector (Agilent, Basel, Switzerland). Data were acquired
with MassHunter Workstation GC/MS Data Acquisition
(Version 10.1.49) and analyzed with Enhanced ChemStation
(F.01.03.2357) (Agilent). Chromatographic separation was per-
formed on a 5% phenylmethylsiloxane column (HP-5ms Ultra
Inert, 30m, 250 um i.d., 0.25-um film thickness; Agilent J&W).
Helium with a constant flow of 1 mL/min was used as a carrier
gas. Chromatography occurred in pulsed splitless mode; injec-
tion volume was 1uL. The oven temperature was set to 80°C
at the beginning and was ramped with 10°C/min to 300°C and
held for 1min, resulting in a total separation time of 23min.
The quadrupole temperature was set to 150°C, and the source

temperature to 230°C. The mass spectra (electron impact) were
obtained with an ionization energy of 70eV. The scan range was
from m/z 40 to 650 with a scan speed of 1.562s7!.

1.5 | Fragmentation Behavior of HHCP
and Metabolites

The product ion spectrum of HHCP shows fragment ions, which
are characteristic for cannabinoids. Figure 1 shows the MS/
MS spectrum of (9R)-HHCP. The epimer (9S)-HHCP shows the
same spectrum (spectrum found in Figure S2).

The fragments can be divided into those that originate from
the alicyclic part or from the aromatic part of the molecule.
Hydroxylated HHCP show similar fragment ions to HHCP,
which are shifted by +16 Da. Often only the dehydrated fragment
ion is visible in the spectrum (shifted by —2Da). Occurrence of
the shifted fragments allows the determination of the hydroxyl-
ation position.

1.5.1 | Fragment Ions From the Alicyclic Part

The fragment ions m/z 137, m/z 95, and m/z 81 originate from
the alicyclic moiety as shown in Figure 1. Hydroxylation on this
part leads to the fragment ions m/z 153 and m/z 135.

1.5.2 | Fragment Ions From the Aromatic Part

The fragment ion m/z 289 is formed after elimination of iso-
butene, it is barely visible. The dihydrochromenylium ion m/z
261 is low abundant as well. An ion with the same m/z (m/z
261) might also result from the McLafferty rearrangement on
the side chain. The fragment m/z 221 is the main fragment ion
of HHCP. The resulting benzylium/tropylium ion is very stable.
Occurrence of the ion m/z 219 in similar abundance is an indi-
cator for side-chain substitution, especially when its hydrate, the
ion m/z 237, is still visible. Absence of the ion m/z 123 and the
simultaneous presence of m/z 139 allows determining hydroxyl-
ations on the aromatic positions.

2 | Results

Urine samples of a volunteer who orally ingested 4mg of HHCP
were negative in immunoassays for THC and metabolites. This
could be explained by poor cross-reactivity for longer alkyl
chain dibenzopyran cannabinoids and their metabolites in im-
munoassays designed for THC and THC metabolites.

LC-QqTOF, LC-QqLIT, and GC-MS were used for metabolite
identification. For the rapid in-house LC-QqTOF screening
method, the urine samples were measured after and prior deglu-
curonidation for the identification of Phase I and Phase II me-
tabolites. Phase I metabolites were bishydroxylated metabolites
of HHCP (M1-M4) and monohydroxylated metabolites (M5 and
M6). Phase II metabolites consisted of HHCP glucuronide, the
glucuronides of bishydroxylated HHCP (M7-M10), and the glu-
curonides of bishydroxylated HHCP (M11-M13). Fragmentation
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FIGURE1 | Production spectrum of (9R)-HHCP.

patterns were elucidated from the exact masses of the molecular
ions and fragments. They are similar to the patterns found in
HHC and its respective metabolites. Metabolite coelution was
an issue with this rapid screening method and therefore a LC-
QqLIT method with a slower gradient was developed to separate
Phase I metabolites.

In the LC-QqLIT method, bishydroxylated metabolites (M14—
M17), monohydroxylated metabolites (M18-M21), and slight
amounts of HHCP were detected. No carboxylated metabolites
were found. Product ion spectra were acquired in EPI mode, and
an MRM method was used for sensitive detection.

Additionally, a GC-MS method after derivatization of the me-
tabolites was developed. The fragmentation mechanisms of
dibenzopyran cannabinoids and their trimethylsilyl ethers with
a similar structure to HHCP have been investigated thoroughly.
HHCP and carboxylated metabolites were not detected. A mono-
hydroxylated metabolite of HHCP was detected, which was
tentatively identified as (9R)-11-OH-HHCP. Additionally, two
bishydroxylated metabolites were detected.

The monohydroxylated metabolites were either hydroxylated
on the alicyclic part or on the heptyl chain of HHCP. The bishy-
droxylated metabolites were hydroxylated once on the alicyclic
part and once on the heptyl chain of HHCP, the minor metab-
olite M9 was an exception, and this bishydroxylated metabo-
lite had two hydroxylation positions on the alicyclic moiety of
HHCP. Their fragmentational behavior is explained later in
the text.

2.1 | LC-QqTOF: Phase I Metabolites

After deglucuronidation of the urine samples, monohydrox-
ylated and bishydroxylated metabolites of HHCP were found.
HHCP was detected as well, but only in small quantities, which
indicates a strong metabolization of HHCP. The chromatogram
of a deglucuronidated urine sample is shown in Figure 2. A

chromatogram of a deglucuronidated urine sample before the
ingestion of HHCP is found in Figure S3. Bishydroxylated HHCP
(M1-M4) and hydroxylated HHCP (M5 and M6) were found in
the sample but no carboxylated metabolites. The spectra of the
metabolites M1-M6 are found in Figures S4-S8.

Three bishydroxylated metabolites of HHCP were identified
with LC-QqTOF. The mass spectrum of metabolite M1 shows the
protonated molecular ion [M +H*]* at m/z 377.2686 (C,;H,,0,,*,
—13.3ppm). The base peak is formed after loss of H,O at m/z
359.2581 (C,;H,.0,*, —1.4ppm), a second loss of H,O can be
observed at m/z 341.2475 (C,;H,,0,*, —0.3ppm). The pheno-
lic hydroxy group remains intact. The hydroxylated tropylium
ion at m/z 237.1485 (C,,H,,0,*, 1.7ppm) is present and so is the
ion after dehydratization at m/z 219.1380 (C,,H,,0,*, 2.7ppm).
The presence of these tropylium ions show that this metabolite
is monohydroxylated at the side chain, the fragment ions are
shown in Figure S37.

An ion with m/z 285.1849 (C,,H,.0,*, —2.8ppm) is present
which forms after the loss of iso-butene and two H,0, the re-
spective hydrates (m/z 303.1955 [C,,H,,0,*] and m/z 321.2060
[C,gH,40,*]) are not observed. The chromenylium ion m/z
257.1536 (C,,H,0,*, 7.0ppm) and its hydrate m/z 275.1642
(C,,H,;0,*, —7.3ppm) are characteristic ions. The presence of
the ions m/z 135.1168 (C,,H,;*, —11.8 ppm) and its hydrate m/z
153.1274 (C,,H,,0", —12.4ppm), which originate from the ali-
cyclic part, indicates a hydroxylation on that part. The ion m/z
93.0699 (C,H,y*, —12.9ppm), which originates from the alicy-
clic part, supports this. However, its hydrate (m/z 111.0804
[C,H,,0%]) was not detected.

Mass spectrum of metabolite M2 shows the same fragment ions
but with different relative intensities, indicating that M2 is hy-
droxylated on the alicyclic part and on the heptyl group. The
same is true for metabolite M3, which shows a similar mass
spectrum. The bishydroxylated HHCP are all hydroxylated on
the chain and the alicyclic moiety of the molecule. A mass spec-
trum for the metabolite M4 was only obtained from the SWATH
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FIGURE 2 | Extracted ion chromatograms of a deglucuronidated urine sample, 10h after oral ingestion of 4-mg HHCP. HHCP (blue), monohy-

droxylated HHCP (red), and bishydroxylated HHCP (green).

acquisition, the spectrum shows the same fragment ions as de-
scribed for M1.

In the mass spectrum of the metabolite M5 a protonated molec-
ular ion of m/z 361.2737 (C,;H,,0,*, —5.0 ppm) can be observed.
Loss of H,O forms the base peak of this spectrum m/z 343.2632
(C,;H,,0,%, 1.2ppm). An ion of m/z 287.2006 (C,;H,,0,%,
4.5ppm) is present which is formed after the loss of iso-butene
and H,0. The ion at m/z 259.1693 (C,,H,,0,*, —~15.0 ppm) might
be a dihydrochromenylium ion with an unsaturated side chain
or the product after McLafferty rearrangement and loss of H,0.
The respective hydrates (m/z 277.1789 [C,,H,;0,*]) are not
observed. The ion m/z 123.0441 (C,H,0,*, —8.1ppm) is also
seen for HHCP. The ions m/z 221.1536 (C,,H,,0,%, —=21.3ppm),
m/z 135.1168 (C, H,.*, —21.5ppm), and m/z 93.0699 (C,H,*,
—24.7 ppm) are observed which might be the fragments of a me-
tabolite which is hydroxylated on the alicyclic moiety. In addi-
tion, the ions m/z 219.1380 (C,,H,,0,*, —=5.9ppm), m/z 137.1325
(C,oHy,* 1.5ppm), and m/z 95.0855 (C,H,,+, 0.0ppm) can be
observed in the mass spectrum. These are likely fragments of a
metabolite, which is hydroxylated on the side chain. The char-
acteristic fragment ions are shown in Figure S38. Coelution of
side-chain hydroxylated and alicyclic hydroxylated metabolites
would explain the presence of all the ions observed in this mass
spectrum. The chromatogram shown in Figure 2 does not show
well-separated peaks, and coelution of several monohydroxyl-

ated and bishydroxylated metabolites is assumed.

The mass spectrum of M6 shows the protonated molecular ion of
m/z361.2737 (C,;H,,0,*, —1.1 ppm). Loss of H,O leads to an ion
of m/z 343.2632 (C,;H,,0,*, 0.6ppm). An ion of m/z 287.2006
(C,oH,,0,*, =3.5ppm) is observed which forms after fragmen-
tation of iso-butene and H,O. The dihydrochromenylium ion of
m/z 261.1849 (C,,H,,0,*, —13.4ppm) is observable. Base peak
of this spectrum is the tropylium ion m/z 221.1536 (C,,H,,0,%,
—3.2ppm). It indicates that this molecule has no hydroxyl group

on the side chain. This can also be seen from the fragments

resulting from the fragmentation of the alicyclic part m/z 93.0699
(C,Hy*, 0.0ppm) and m/z 135.1168 (C, H,;*, —9.6 ppm); the re-
spective hydrates (m/z 111.0804 [C,H ,0*] and m/z 153.1274
[C,,H;,0,]) are not observed. The dihydrochromenylium ion of
m/z261.1849 (C,,H,.0,"*) allows determining the hydroxylation
position of this molecule even narrower at positions Céa, C7, or
C8. Positions C7 and C8 seem more likely. The characteristic
ions are shown in Figure S39. Metabolic hydroxylation at the
gem-dimethyl carbons (C12 or C13) of similar compounds were
only observed for abnormal cannabinoids. Brown and Harvey
found hydroxylation at these positions in mouse liver after ap-
plication of abn-A3-THC-C1 [19].

2.2 | LC-QqTOF: Phase II Metabolites

Extracted ion chromatograms of a urine sample 10h after
the ingestion of 4-mg HHCP, which was not treated with (-
glucuronidase shows HHCP, four bishydroxylated HHCP
(M7-M10), and three hydroxylated HHCP (M11-M13) as their
glucuronides as seen in Figure 3. A chromatogram with the
same traces from a urine sample before the self-experiment is
found in Figure S9.

Protonated HHCP glucuronide m/z 521.3109 (C,,H,.O%,
—5.0ppm) is detected at 7.05min. The elimination of two H,0
molecules can be observed (m/z 485.2898 [C, H,,0*], 7.6 ppm),
which is probably due to the dehydration of the glucuronide
moiety. Base peak of this spectrum is the protonated HHCP
of m/z 345.2788 (C,;H,,0,*, —3.5ppm), which forms after loss
of dehydrated glucuronide. The same fragments with low m/z
values as in HHCP are present but of lower abundancy. These
are the tropylium ion of m/z 221.1536 (C,,H,,0,*, —14.5ppm),
the methyl-isopropenyl disubstituted cyclohexylium ion (m/z
137.1325 [C,,H,,*], —=11.7ppm), and the methylcyclohexenylium
ion (m/z 95.0855 [C,H,;*], —=12.6 ppm). The corresponding spec-
trum is found in Figure S10.
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FIGURE3 |

Time, min 65

20 75 85 90

Extracted ion chromatograms in an untreated urine sample, 10h after oral consumption of 4-mg HHCP. HHCP (blue), HHCP glucu-

ronide (purple, HHCP Glu), monohydroxylated HHCP (red, HHCP OH), monohydroxylated HHCP glucuronide (yellow, HHCP OGlu), bishydroxyl-
ated HHCP (green, HHCP 20H), and bishydroxylated HHCP glucuronide (pink, HHCP OGlu OH). Peaks at 5.18 (purple), 5.58 (blue), and 5.98 min

(green) also appear in a urine sample before the ingestion of HHCP.

Four metabolites (M7-M10) were detected that are likely bishy-
droxylated HHCP glucuronides (spectra found in Figures S11-
S14). The mass spectrum of M7 shows a very abundant molecular
ion as base peak (m/z 553.3007 [C,,H,.0,,*], =9.4ppm). After
loss of the glucuronide moiety, a protonated bishydroxylated
HHCP (m/z 377.2686 [C,,H,,0,*], —=51.4ppm) remains. Its an-
hydrate m/z 359.2581 (C,,H,,0,*, —24.2ppm) is also present,
resulting from the loss of H,0. The tropylium ion m/z 219.1380
(C,,H,40,%,18.7ppm) is the only indicator that this metabolite is
hydroxylated on the side chain and the alicyclic part.

A mass spectrum of the metabolite M8 was only obtained by
SWATH acquisition mode. The characteristic ions are the mo-
lecular ion m/z 553.3007 (C,,H,;0,,*, 11.4 ppm), loss of glucuro-
nide m/z 377.2686 (C,;H,,0,*, 4.2 ppm), loss of glucuronide and
H,0 m/z359.2581 (C,;H,;0,*, =7.5ppm), and the tropylium ion
m/z 219.1380 (C,,H,,0,*, —=11.9 ppm), indicating that this me-
tabolite is hydroxylated on the side chain and the alicyclic part.

The mass spectrum of the minor metabolite M9 shows the mo-
lecular ion m/z 553.3007 (C,,H,,0,*, 58.4ppm), loss of glucuro-
nide m/z 377.2686 (C,;H,,0,*, 0.0 ppm), loss of glucuronide and
H,0 m/z 359.2581 (C,,H,;.0,*, —14.2ppm), further loss of H,0
m/z 341.2475 (C,,H,,0,%, 48.6 ppm), and the tropylium ion m/z

221.1536 (C,,H,,0,*, —~1.8 ppm). This metabolite is bishydroxyl-

ated on the alicyclic part.

The mass spectrum of the minor metabolite M10 shows the mo-
lecular ion m/z 553.3007 (C,;H,,0,*, —19.5ppm). Base peak of
the spectrum is a protonated bishydroxy-HHCP of m/z 377.2686
(C,;H;,0,%,2.9 ppm). Dehydration of the base peak might be pres-
ent, an ion of m/z 359.2581 (C,,H,,0,*, —26.7ppm) is observed.
The tropylium ion with a hydroxyl group on the side chain is
observable (m/z 237.1485 [C,,H,,0,*], —10.1 ppm). Interestingly,
the dehydrated tropylium ion m/z 219.1380 (C,,H,,0,%) was not
observed. This metabolite possesses a hydroxy group on the side

chain and another one on the alicyclic moiety of the molecule.

The hydroxylated HHCP glucuronides are found at retention
times of 5.94 (M11), 6.20 (M12), and 6.33min (M13) (spectra
are found in Figures S15-S18). Mass spectrum of the metab-
olite M12 shows a quite intensive protonated molecular ion of
m/z 537.3058 (C,yH,0,*, —6.7 ppm). Three losses of H,O are
observed (m/z 519.2952 [C,,H,,0,*], 3.5ppm; m/z 501.2831
[C,,H,,0,7], —3.2ppm; and m/z 483.2774 [C, H,,0.*],
6.8ppm). Protonated monohydroxy HHCP (m/z 361.2737
[C,;H,,0,%], —6.6ppm) and its anhydrate (m/z 343.2632
[C,;H,;0,%], —0.9ppm) are present, the latter forms the base
peak of the spectrum. The ions m/z 287.2006 (C,,H,,0,%,
0.0ppm), m/z 259.1693 (C,,H,,0,*, =7.3ppm), m/z 221.1536
(C,,H,,0,%, —=5.0ppm), and m/z 135.1168 (C, H,.*, —3.7ppm)
indicate a metabolite with hydroxylation on the alicyclic moi-
ety. But the ions m/z 261.1849 (C,,H,,0,*, 16.5ppm), m/z
219.1380 (C,,H,,0,%, —4.6ppm), and m/z 137.1325 (C,,H,,*,
4.4ppm), which indicate a side-chain hydroxylated metabolite,
are also present. Coelution of metabolites would explain this

finding.

Mass spectrum of the metabolite M13 shows the protonated mo-
lecular ion of m/z 537.3058 (C,,H,;O4*, 11.9ppm). Protonated
monohydroxy HHCP (m/z 361.2737 [C,,H,,0,*], —6.4ppm)
forms the base peak of this spectrum. The tropylium ion (m/z
221.1536 [C,,H,,0,*], 8.1ppm), the hydroxycyclohexylium ion
(m/z 153.1274 [C,(H,,0"], —4.6ppm), and its anhydrate (m/z
135.1168 [C, H*], 14.1ppm) indicate that this metabolite is
hydroxylated on the alicyclic part of the molecule. The ion m/z
287.2006 (C,,H,,0,%, 2.8 ppm), which forms after the elimina-
tion of iso-butene and H,0, is of quite high intensity compared
to the similar ion m/z 289.2162 (C, H,,0,*) from the fragmenta-
tion of HHCP which indicates high stability due to conjugation

of the ion.

The mass spectrum of the metabolite M10 also consists of
coelution of side-chain hydroxylated and alicyclic hydroxyl-
ated HHCPs.
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2.3 | LC-QqLIT Analysis

A chromatogram from the deglucuronidated urine sample 15h
after oral ingestion of 4-mg HHCP is shown in Figure 4. The
chromatograms of the urine sample before and 10h after the in-
gestion of HHCP are found in Figures S19 and S20. HHCP was
barely detected after deglucuronidation (30.2min). An intense
metabolite with the transitions m/z 361.3 — m/z 343.3 and m/z
361.3 — m/z 221.2 is detected at 20.4min. This compound is a
monohydroxylated HHCP, which is hydroxylated at the alicyclic
part. Several compounds with the transitions m/z 361.3 - m/z
343.3 and either m/z 361.3 - m/z 221.2 or m/z 361.3 - m/z 219.1
are detected between 16.5 and 19.0 min, which are not baseline
separated, indicating that several monohydroxylated species
are formed during metabolism. Two intense metabolites with
characteristic mass transitions of m/z 377.3 - m/z 359.3 and
m/z 377.3 - m/z 219.1 are seen at 6.4 and 6.7 min, respectively.
These correspond to bishydroxylated species. EPI spectra of the
precursor m/z 377.3 show the same ions as described in the LC-
QqTOF analysis part.

2.4 | LC-QqLIT Bishydroxylated Metabolites

Four bishydroxylated metabolites (M14-M17) are found in the
chromatogram at 4.9, 5.2, 6.4, and 6.8 min (mass spectra are in-
cluded in Figures S21-S24). In addition, several minor metabo-
lites are present, which might result from isomeric impurities of
the ingested HHCP sample. The peak at 9.0 min results from the
matrix, as it is also present in the urine sample collected before
the self-administration of HHCP.

The product ion spectrum of M14 shows fragment ions, which
seem to be not characteristic for bishydroxylated HHCP, this
might be a bishydroxylated metabolite of an HHCP isomer
which are present in the ingested HHCP sample. M15 shows
a few characteristic ions but might also result from an isomer,
the tropylium ion (m/z 219) is also of a quite low abundance.
The product ion spectra of the major metabolite M16 shows
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the molecular ion (m/z 377.13) as base peak. Two losses of H,O
can be observed (m/z 359.22 and 341.25) which are the intro-
duced hydroxyl groups. A very abundant tropylium ion with an
unsaturated side chain is seen at m/z 219.09. In addition, the
chromenylium ion with an unsaturated side chain (m/z 257.14)
and its hydrate (m/z 275.11) are present, confirming that a hy-
droxylation position is present on the side chain and another one
on the alicyclic moiety of the metabolite. A product ion spectrum
of M16 is depicted on Figure 5.

The product ion spectrum of M17 shows the molecular ion (m/z
377.17). The tropylium ion (m/z 219.19) indicates a hydrox-
ylation position on the side chain and the fragment ion (m/z
134.98) indicates a hydroxylation position on the alicyclic part
of the molecule.

2.5 | LC-QqLIT Monohydroxylated Metabolites

The product ion spectrum of the metabolite M18 shows the ion
m/z 219 indicating a side-chain hydroxylated HHCP. In the
product ion spectra of M19 and M20, no characteristic ions were
identified; instead, other ions are found. These compounds are
not found in the blank urine chromatogram and are therefore
likely metabolites of HHCP isomers, which were present in the
ingested sample. The product ion spectrum of M21 (Figure 6)
shows a very abundant ion of m/z 221. The metabolite M21 is
likely (9RS)-11-OH-HHCP, as it shows a similar chromato-
graphic behavior to the homologs (9RS)-11-OH-HHC [10]. It
elutes after side-chain hydroxylated metabolites in similar
chromatographic conditions. The major fragment ion is the
tropylium ion m/z 221 (m/z 193 for the homolog (9RS)-11-OH-
HHC), and the fragment ion after loss of water m/z 343 (m/z
315 for the homolog) is barely visible. The product ion spectrum
is similar to the homolog (9R)-11-OH-HHC; the molecular ion
(m/z 361) and main fragment ions (m/z 287, m/z 235 and m/z
221) are shifted by the mass of ethylene (C,H,, +28 Da). The
product ion spectra of the metabolites M18-M21 are included
in Figures S25-S28.

@ +MRM: 11-OH-THC-D3 MRM 1 (334.2/ 316.2)
@ +MRM: 11-OH-THC-D3 MRM 2 (334.2/ 196.2)
@ +MRM: THC-COOH-D3 MRM 1 (348.2/ 330.2)
@ +MRM: THC-COOH-D3 MRM 2 (348.2/ 302.2)
@ +MRM: THC-D3 MRM 1(318.2/196.3)

@ +MRM: THC-D3 MRM 2 (318.2/ 123.0)

@ +MRM : HHCP MRM 1 (345.3/221.2)

O +MRM: HHCP MRM 2 (345.3 / 123.0)

© +MRM: OH-HHCP MRM1 (361.3/ 343.3)

@ +MRM: OH-HHCP MRM2 (361.3/221.2)

© +MRM: OH-HHCP MRM3 (361.3/219.1)
O+MRM: 20H-HHCP MRM1 (377.3/ 359.3)

© +MRM: 20H-HHCP MRM2 (377.3/ 341.3)

THC-D,

24.72 HHCP

30.19
atintrscanofioh

Time, min

FIGURE4 | Extracted ion chromatograms for characteristic mass transitions of HHCP (yellow, orange), monohydroxylated HHCP (green shades)

and dihydroxylated HHCP (cyan, blue). Chromatogram shows a deglucuronidated urine sample collected 15h after oral ingestion of 4-mg HHCP.
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+EPI of 377.3 (50 - 380) from 6.400 min Precursor: 377.3 Da, CE: 35.0
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+EPI of 361.3 (50 - 380) from 20.427 min Precursor: 361.3 Da, CE: 35.0
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Product ion spectrum of the metabolite M16. A bishydroxylated metabolite of HHCP.
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2.6 | GC-MS of HHCP-TMS

The mass spectra of (9R)-HHCP and (9S)-HHCP are identical.
Formation of the relevant ions were discussed previously [9].
Major ions are the molecular ion ([M]*, m/z 344), loss of a propyl
radical ([M-C,H,’]*, m/z 301), and the tropylium ion ([M-123']%,
m/z 221). Loss of n-hexene from a McLafferty rearrangement
([M-C(H,,|*, m/z 260) is the base peak of their spectra. The un-
natural diastereomer cis-HHCP ((6aS,9R,10aR)-configuration)
shows the same mass spectrum [9].

Mass spectra of the trimethylsilylated (9R)- and (9S)-HHCP are
indistinguishable. They show similar fragments with similar in-
tensities as the underivatized samples but shifted by 72Da (-H,
+Si(CH,),). The base peak is a radical cation with m/z 332, which

100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370

m/z, Da

Product ion spectrum of the metabolite M21. Tentatively identified as (9R)-11-OH-HHCP.

results from the loss of n-hexene after McLafferty rearrange-
ment. Loss of the methyl radical ([M-CH,|*, m/z 401) is more
prominent than in the fragmentation of underivatized HHCP.
The same fragmentation pathways are suggested as for under-
ivatized HHCP and other well-characterized cannabinoids and
their trimethylsilyl ethers [9, 20-23]. Figure 7 shows an EI mass
spectrum of trimethylsilylated (9S)-HHCP. Spectra and XIC (m/z
416) of (9R)- and (9S)-HHCP-TMS are included in Figures S29
and S30.

No HHCP-TMS was detected in the urine samples using this
GC-MS method, indicating excessive metabolization of the par-
ent compounds. Figure 8 shows that the derivatized urine sam-
ple, which was taken 10 h after oral ingestion of 4-mg HHCP, has
no detectable amount of HHCP.
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FIGURE 7 | EImass spectrum of (9S)-HHCP-TMS with the structures of the most abundant ions. The same fragmentation patterns as in under-

ivatized HHCP are suggested.
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FIGURE 8 | Stacked XICs (m/z 416) of a reference solution containing (9R)- and (9S)-HHCP-TMS (bottom) and a trimethylsilylated urine sample

10h after oral ingestion of 4-mg HHCP (top). No HHCP-TMS is seen in the urine sample.
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2.7 | GC-MS of Monohydroxylated Metabolites

Extracted ion chromatogram of m/z 504 showed an intense peak
at 21.83min (see Figure S31). The corresponding spectrum is
found in Figure S32. This molecule is presumably a hydroxylated
HHCP (2xTMS). The mass spectrum shows characteristic frag-
ments, which are shown in Figure S40. The molecular ion (m/z
504) forms the base peak. Elimination of a methyl radical (m/z
489) is present but of low intensity. The ion resulting from the
McLafferty rearrangement is of a quite high abundance (m/z 420).
A chromenylium ion (m/z 371) and a tropylium ion (m/z 293) with
high intensity are present. The tropylium ion shows that the mole-
cule had no hydroxyl group at the side chain. These fragments can
be tentatively assigned to a structure using the spectra of monohy-
droxylated HHC TMS derivatives [21]. The ions and their relative
abundances are similar to the respective ions of the TMS derivative
of (9R)-11-OH-HHC. The ion from the McLafferty rearrangement
remains the same (m/z 420). The other ions are shifted by m/z 28
due to a longer alkyl chain. This metabolite is therefore tentatively
identified as (9R)-11-OH-HHCP.

2.8 | GC-MS of Bishydroxylated Metabolites

In contrast to HHC, a significant amount of HHCP is bishydrox-
ylated. Two metabolites were identified that are likely bishydrox-
ylated HHCP as shown in Figure S33 (their spectra are found in
Figures S34 and S35). These two compounds show the ions m/z
420 from the McLafferty rearrangement indicating that the alicy-
clic moiety is monohydroxylated. In addition, the tropylium ions
m/z 381 and its fragment ion m/z 291, which forms after the loss of
TMSOH, are present. This indicates that there is a hydroxylation
position on the side chain as well. The formation of the ions m/z
449 and m/z 562 is unknown. Extracted ion chromatograms of the
appearing ions show that these ions coelute with the characteristic
ions. The characteristic ions of the trimethylsilyl ethers of bishy-
droxylated HHCP are shown in Figure S41.

Retention times, Kovats indices, and the relevant ions of the
trimethylsilyl ethers of HHCP and their detected metabolites
are summarized in Table 2. A chromatogram of the n-alkane

TABLE 2 |
derivatives of HHCP and their metabolites.

Chromatographic data and relevant ions of the TMS

RT Relevant
Name (min) RRI ions (Da)
(9R)-HHCP-TMS 19.58 2546 416, 401, 373,
332,293
(9S)-HHCP-TMS 20.08 2610 416, 401, 373,
332,293
HHCP-OH 2xTMS 21.82 2850 504, 420, 371, 293

HHCP-2xOH 23.15 3029 592, 562, 420, 291
3XTMS

HHCP-2xOH 23.51 3072 592, 449, 420,
3xTMS 381, 291

Abbreviations: RRI: relative retention index (Kovats index), RT: retention time.

standard (C7-C40) used for the calculation of the Kovats indices
is found in Figure S36.

3 | Discussion

No cross-reactivities were observed from the urinary metabo-
lites in the immunoassay for A°>~THC-COOH. This is in contrast
to the human metabolites of HHC which show positive results
in urine [10-15], whole blood [24], serum [11], and saliva [11].
(9S)-HHCP and (9R)-HHCP were only found in small amounts
in urine after consumption, which indicates a strong metabolic
degradation. It is however unlikely that the small amount of
HHCP epimers are responsible for the negative immunoassay
results. Their cross-reactivity in THC immunoassays is rather
weak [13, 16, 25].

The HHCP sample, which was consumed in this study, was pre-
viously characterized, and it was found that in addition to (9R)-
HHCP and (9S)-HHCP, other regioisomers and stereoisomers
were present [9]. These isomeric compounds are probably metab-
olized in a similar way. It is therefore not clear whether any of the
metabolites described originate from the metabolism of an impu-
rity in the recreational HHCP product. However, most of the im-
purities in the HHCP product are present in very small quantities.

No carboxylic metabolites were found in urine after a single con-
sumption of 4-mg HHCP. This is in accordance with the very low
amount of 11-nor-9-carboxy-HHC in urine found after a single
oral dose of 20-mg HHC [10]. This is also consistent with a study
in which the hepatic metabolites of A’-tetrahydrocannabiphorol
(A%-THCP) were analyzed in mice. The study showed that he-
patic metabolites of A°>-THCP in mice were mainly hydroxylated
compounds containing one to four hydroxyl groups. In contrast
to A°-THC, carboxy metabolites of A>THCP were present only
in small amounts, although THCP has allylic positions that can
be easily hydroxylated in vivo [26].

Polyhydroxylated metabolites of A°>-THC in human are known,
but they are only found in small amounts [27, 28]. Only recently,
Lindbom et al. reported on bishydroxylated metabolites of HHC
in urine samples and in incubation experiments with HHCP
using human hepatocytes [17].

The excessive metabolism of HHCP makes it difficult to prove
consumption as the parent drug might not be present in urine
samples. It is assumed that HHCP (LC-QqTOF and LC-QqLIT)
and HHCP-TMS (GC-MS) have a low sensitivity under the mea-
surement conditions used. The same observation was made in
a similar experiment in which HHC was consumed. HHC glu-
curonide was easily detectable using LC-MS, but after deglucu-
ronidation of the urine sample, HHC was barely detected [10].
No forensic markers for HHCP are established yet. Side-chain
hydroxylated metabolites seem to be important forensic markers
for saturated semisynthetic cannabinoids like HHC and HHCP
[10, 14, 17].

In comparison to the recent study on the metabolites of (9R)-
HHCP from incubation experiments with human hepatocytes,
only monohydroxylated and bishydroxylated metabolites or their
glucuronides were observed in the urine samples [17]. Differences
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between in vitro and in vivo experiments are to be expected. A
single small dose of HHCP would also lead to a different metabolic
profile than a regular intake of HHCP. This was seen in a similar
experiment with HHC where the respective carboxylic acids were
only detected at a small level in urine [10]. Whereas urine samples
of regular users from other studies have shown positive results for
11-nor-(9R)-carboxy-HHC or 11-nor-(9S)-carboxy-HHC [29, 30].
The carboxy metabolites of HHC were also found in human blood
[24, 31]. It was recently shown that the carboxy metabolites of
HHC are minor metabolites of A’-tetrahydrocannabinol [32].

4 | Conclusions

At this stage, it is unclear which of the identified metabolites
originate from (9R)-HHCP and (9S)-HHCP. The isomers and
unreacted intermediates, which are present in the synthetic
sample, are also excreted from the body after metabolism.
One can expect that the metabolites of cis-HHCP are similar
to the metabolites of (9R)-HHCP and (9S)-HHCP. Some of the
identified metabolites might also originate from cis-HHCP.
Composition of isomeric substance are highly dependent on
the synthetic route, measures for stereochemical control, and
for purification of the HHCP before sale. In order to maximize
profit in an unregulated market, it can be expected that these
control measures are rather low.

Monohydroxylated and bishydroxylated HHCP and their glucu-
ronides are recommended as forensic markers for HHCP con-
sumption. (9R)-11-OH-HHCP was the only tentatively identified
metabolite but not the most abundant. The same metabolites
were recommended as forensic markers for HHCP consumption
after incubation experiments with human hepatocytes [17]. In
addition, it should be noted that due to low cross-reactivity, sam-
ples from real cases might show negative results for cannabi-
noids when tested with immunoassays.
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ABSTRACT

Tetrahydrocannabidiol (H4CBD) is an emerging semisynthetic cannabinoid, which has been known since 1940. Like hexahy-
drocannabinol (HHC), it is easily obtained by hydrogenation of available phytocannabinoids, in the case of H4CBD by hydro-
genation of cannabidiol (CBD). H4CBD shows a weak affinity for the CB, receptor, but it is unclear if H4CBD shows psychoactive
properties, as reports from users are divided. Only a few countries have placed H4CBD under their narcotic substance law, for
example, France and Switzerland. The aim of this study was to identify human Phase I and II metabolites in urine as potential
forensic targets. The H4CBD used for this study was bought from an online store and analyzed beforehand using GC-MS. The
Phase I and II metabolites were identified using LC-HR-MS/MS and GC-MS after trimethylsilylation. The found H4CBD me-
tabolites were carboxylated, hydroxylated, and bishydroxylated species and their glucuronides with hydroxylation and carbox-
ylation positions on the alicyclic moiety and on the side chain. The tentatively identified metabolites were the carboxylic acids
5”-COOH-H4CBD and 7-COOH-H4CBD, the hydroxylated metabolites (1R,6R)-OH-H4CBD, (1R,6S)-OH-H4CBD, two epimers
of 2”-OH-H4CBD, and both epimers of 7-OH-H4CBD. The identified bishydroxylated metabolites were side-chain hydroxylated
derivatives of 7-OH-H4CBD. Various other hydroxylated metabolites were found, but their exact hydroxylation positions could
not be determined. Some ESI+ spectra of the metabolites showed very unusual fragmentation patterns, like the loss of both oxy-
gens from the resorcinol moiety with subsequent ring contraction and the appearance of radical cations for Phase II metabolites.
These unusual patterns were noticed for H4CBD and its side-chain-altered metabolites.

1 | Introduction contrast to CBD, H4CBD (epimeric mixture of (R)- and (S)-
H4CBD) has a weak affinity of 145nM at the CB, receptor [3].
A%-Tetrahydrocannabinol (A°-THC), the main psychoactive phy-
tocannabinoid, in comparison, has an affinity of 40.7nM at CB,;
[4]. 1t is therefore assumed that H4CBD might have cannabimi-

metic effects in higher doses. However, a recent study showed

Tetrahydrocannabidiol (H4CBD, also named H4-CBD or
THD) is a fully hydrogenated derivative of cannabidiol (CBD)
and was first described in 1940. Jacob and Todd isolated CBD
from Egyptian hashish and observed that CBD reacts with two

equivalents of hydrogen, indicating the two nonaromatic dou-
ble bonds of CBD [1]. With the rise and fall of hexahydrocan-
nabinol (HHC) in Europe, other semisynthetic cannabinoids
emerged to replace the widely banned HHC. H4CBD is one of
these successors, which is easily obtained by hydrogenation of
CBD. From CBD, it is known that it acts as a negative allosteric
modulator at the CB, receptor, acting antagonistically [2]. In

that neither of the H4CBD epimers showed significant CB, acti-
vation in comparison to A°>-THC. (S)-H4CBD showed the stron-
gest CB, activation of the screened semisynthetic cannabinoids,
whereas (R)-H4CBD showed no significant CB, activation in
comparison with CP55,940 [5]. User reports from drug forums
are inconsistent. Some users noted mild psychoactive effects,
whereas others reported no effects at all after consumption. It is

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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not clear if the users who noticed psychoactive effects consumed
solely H4CBD, as these products are often wrongly declared
[6, 7]. In a recent study in Germany in which 79 confiscated
samples were analyzed, H4CBD was the most frequently de-
tected semisynthetic cannabinoid apart from HHC [8], probably
because, like HHC, it can easily be produced from CBD, whereas
other semisynthetic cannabinoids are not obtained from phy-
tocannabinoids [9-11]. Products containing H4CBD were also
reported in Japan and Denmark [7, 12]. Switzerland scheduled
H4CBD under its narcotic substance law directory on October
9,2023 [13].

In analogy to the metabolism of A°-THC, CBD undergoes hy-
droxylation on the allylic methyl group at C7 to form the metab-
olite 7-OH-CBD, which is further oxidized to the corresponding
acid 7-COOH-CBD. These metabolites were found in rat liver
after in vitro metabolism and after in vivo experiments in
mice liver after application of a CBD suspension [14, 15]. The
same metabolites were later found in the urine of a dystonic
patient who received treatment with CBD [16]. 7-OH-CBD and
7-COOH-CBD are commonly used as analytical targets after the
consumption of CBD [17-19]. The aim of this study was to iden-
tify urinary Phase I and II metabolites of H4CBD and provide
analytical targets for the proof of consumption.

2 | Materials and Methods

H4CBD wasbought from a Swiss online shop before the substance
was banned. The product was declared as pure H4CBD and was a
reddish resin. It contained 34% (R)-H4CBD and 23% (S)-H4CBD,
quantified by GC-MS using a single five-point calibration (see
Figure S1). Deionized water (18.2 MQ-cm) was produced from a
Millipore Milli-Q IQ 7000 system (Billerica, MA, United States).
N-methyl-N-trimethylsilyltrifluoracetamide (MSTFA) (> 98.5%),
n-butyl acetate (n-BuOAc) (> 99.7%), the n-alkane standard (C7-
C40, 1000 ug/mL), and ammonium formate (> 99.0%) were pur-
chased from Sigma-Aldrich (Buchs, Switzerland). Ethyl acetate
(EtOAC) (for liquid chromatography) and methanol (MeOH) (>
99.9%) were purchased from Carl Roth (Karlsruhe, Germany).
Formic acid (50%, in water) and acetic acid (AcOH) were pur-
chased from Grogg Chemie (Stettlen, Switzerland). Acetonitrile
(MeCN) (> 99.9%) was purchased from Thermo Fisher Scientific
(Reinach, Switzerland). Chromabond C18 SPE cartridges (3mL,
500mg) were purchased from Macherey-Nagel (Onsingen,
Switzerland). (R)-Tetrahydrocannabidiol ((R)-H4CBD) and
(S)-tetrahydrocannabidiol ((S)-H4CBD) were purchased from
Cayman Chemical (Ann Arbor, MI, United States). The in-
ternal standard (-)-A%-trans-tetrahydrocannabinol-D, (THC-
D,) was purchased from Cerilliant (Round Rock, TX, United
States). Instant buffer I and $-glucuronidase (BGTurbo) from
Finden KURA were used, which were purchased from Specialty
Diagnostix (Passau, Germany). An aqueous solution of MeCN
(60V%) and formic acid (0.1 V%) was used for the reconstitution
of LC-MS samples.

2.1 | Self-Administration Experiment

In a self-experiment, a cannabis-abstinent volunteer (60-year-old
male) orally ingested 25mg of a well-characterized H4CBD

product after dissolving it in olive oil. Urine samples were col-
lected for 3days after ingestion, and the first sample was col-
lected 1h after ingestion. Further samples were collected 3, 13,
17, 27, and 48h after oral ingestion. The described metabolites
were detected in the urine sample 3h after consumption. No
cannabimimetic effects were noticed.

2.2 | LC-QqTOF

Urine sample preparation was performed according to Schirmer
et al. [20]. For the analysis of Phase I metabolites, 800-uL
urine, 100-puL instant buffer I, and 5-uL §-glucuronidase were
incubated for 15min at 50°C. The solution was extracted with
1-mL n-BuOAc by shaking it for 10 min, centrifuging for 10min
(13,000rpm [17,190g], 8°C), and separating the organic layer.
The organic phase was evaporated to dryness at 50°C under a
stream of nitrogen and reconstituted in a 100-uL reconstitution
solution. For the analysis of Phase II metabolites, 800-uL urine
was mixed with 100 uL of an ammonium formate (10 M) solution
and extracted with 1-mL cold MeCN. The organic layer was evap-
orated to dryness and dissolved with 200-uL reconstitution solu-
tion. Samples were analyzed on a Dionex Ultimate 3000 HPLC
system (Thermo Fisher Scientific, Reinach, Switzerland), which
was coupled to a TripleTOF 5600 mass spectrometer (Sciex,
Toronto, Canada). For the data acquisition, Analyst TF software
(Version 1.7) was used, and data processing was performed with
Peak View (Version 1.2.0.3) and Sciex OS (Version 2.0.0.45330).
Mass spectra were acquired in positive ionization mode (ESI+)
using an IonDrive Turbo V ion source with a TurbolonSpray
probe. The curtain gas and the ion source gases 1 and 2 were
set to 55.0psi, the ion spray voltage floating was 5500V, and
the source temperature was 650°C. Chromatography was per-
formed on a Kinetex C8 column, 50x2.1mm, 2.6um, 100A.
For the analysis of Phase I metabolites after deglucuronidation,
a gradient method consisting of mobile phase A (0.1% aqueous
formic acid [%V]) and mobile phase B (MeCN with 0.1% for-
mic acid [%V]) with the following gradient was used: 0-5min,
45%-62% B; 5-14.5min, 62% B; 14.5-14.6 min, 62%-45% B; and
14.6-15min, 45% B. The flow rate was 0.3 mL/min, the injection
volume was 2.5uL, and the column oven was set to 25.0°C. For
the analysis of Phase II metabolites, the gradient was changed
to the following: 0-5min, 30%-40% B; 5-14.5min, 40% B; 14.5—
14.6 min, 40%-30% B; and 14.6-15min, 30% B. The instrument
was operated in IDA (information-dependent data acquisition)
and in SWATH mode (sequential window acquisition of all the-
oretical mass spectra). A survey scan from m/z 100 to 950 was
applied for IDA, which triggered the acquisition of product ion
mass spectra from m/z 50 to 950. For SWATH mode, a mass
range was scanned from m/z 100 to 950, acquiring product ion
spectra in windows of 35Da from m/z 50 to 950. A collision en-
ergy with a collision energy spread of 35+ 15V was used for IDA
and SWATH mode [21].

3 | LC-QqLIT

The sample solutions after deglucuronidation as described
above were analyzed using a Dionex Ultimate 3000 HPLC sys-
tem (Thermo Fisher Scientific, Reinach, Switzerland) coupled
to a QTRAP 4500 mass spectrometer (Sciex, Toronto, Canada),
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TABLE1 | MRM transitions of the LC-QqLIT method. A dwell time
of 20ms and an entrance potential of 10V for every transition were
applied.

Q1/Da Q3/Da DP/V CE/V CXP/V Name
318.2 196.3 88 32 7 THC-D,
MRM 1
318.2 123.0 100 43 8 THC-D,
MRM 2
319.2 83.0 60 24 16 H4CBD
MRM 1
319.2 55.0 60 60 13 H4CBD
MRM 2
319.2 181.0 60 20 9 H4CBD
MRM 3
335.3 271.2 60 20 10 H4CBD-OH
MRM 1
335.3 137.0 60 20 10 H4CBD-OH
MRM 2
335.3 193.1 60 20 10 H4CBD-OH
MRM 3
335.3 191.1 60 20 10 H4CBD-OH
MRM 4
349.2 193.1 60 20 10 H4CBD-
COOH
MRM 1
349.2 211.1 60 20 10 H4CBD-
COOH
MRM 2
349.2 139.2 60 20 10 H4CBD-
COOH
MRM 3

Abbreviations: CE: collision energy, CXP: cell exit potential, DP: declustering
potential.

which was equipped with an IonDrive Turbo V ion source with
TurbolonSpray probe. The curtain gas and the ion source gases
1 and 2 were set to 35.0psi, the source temperature was 600°C,
and the ion spray voltage was 5500V. The column, mobile phases,
injection volume, column oven temperature, flow rate, and gradi-
ent are the same as described for the analysis of deglucuronidated
samples (Phase I metabolites) in the LC-QqTOF section. Mass
spectra were acquired in positive ionization mode (ESI+). A multi-
ple reaction monitoring method was developed for the detection of
H4CBD and its metabolites, and the relevant transitions with their
corresponding potentials are shown in Table 1.

4 | GC-MS

Sample preparation and analysis were performed according to
Schirmer et al. [20]. Reference solutions were prepared by evap-
orating 50uL of a 10-ug/mL solution under a stream of nitrogen
to dryness. To the residue, 25-uL MSTFA and 25-uL EtOAc were
added. The solutions were incubated at 90°C for 40 min. The sample

solutions were prepared by incubating 1-mL urine with 100-pL in-
stant buffer I and 5-uL f-glucuronidase at 50°C for 15min. The
mixture was extracted twice with 500 uL n-BuOAc by shaking for
10 min and centrifuging for 10min (13,000rpm [17,190g], 8°C). The
organic phases were combined and evaporated to dryness under
a stream of nitrogen. The residue was dissolved in 1-mL MeCN,
diluted with 2-mL water, and purified by solid-phase extraction.
The Chromabond C18 cartridges (3 mL, 500mg) were conditioned
with 2-mL MeOH and 2-mL AcOH (0.1 M). The sample solutions
were loaded onto the cartridges, and they were washed with 1-mL
AcOH (0.1M), 1-mL aqueous MeCN (40V%), and 1-mL aqueous
MeCN (70V%). For the elution, 1.5-mL MeCN was used, and the
eluate was evaporated to dryness under a stream of nitrogen at
70°C. 25-uL MSTFA and 25-uL EtOAc were added, and the mix-
ture was incubated at 90°C for 40min. The extracts and reference
solutions were analyzed using an 8890 gas chromatograph with
a 7693A autosampler coupled to a 5977B mass selective detector
(Agilent, Basel, Switzerland). MassHunter Workstation GCMS
Data Acquisition (Version 10.1.49) was used for acquisition and
Enhanced ChemStation (F.01.03.2357) (Agilent) for data anal-
ysis. A 5% phenylmethylsiloxane column (HP-5ms Ultra Inert,
30m, 250 um i.d., 0.25-pm film thickness; Agilent J&W) was used.
Helium with a constant flow of 1 mL/min was used as the carrier
gas. The injection volume was 1uL in pulsed splitless mode. The
oven temperature started at 80°C and was ramped with 10°C/min
to 300°C and held for 1 min, resulting in a total separation time of
23min. The quadrupole temperature was 150°C, and the source
temperature was 230°C. EI mass spectra were obtained with an
ionization energy of 70eV. The scan range was from m,/z 40 to 650,
with a scan speed of 1.562s71.

5 | Investigated H4CBD Product

The investigated H4CBD resin “for recreational use” was ana-
lyzed by GC-MS: (R)-H4CBD and (S)-H4CBD were quantified
using a single 5-point calibration, and a single determination
was performed. THC-D; was used as an internal standard. The
quantification was run on another GC-MS device using identi-
cal instruments (Agilent 8890 gas chromatograph coupled to a
5977B mass spectrometer). This sample contained stearic acid
and palmitic acid, presumably from the extraction of CBD from
CBD-rich Cannabis plants. In addition, not fully hydrogenated
CBD was detected (H2CBD) in the product.

6 | Results and Discussion

An overview of the Phase I and II metabolites that were identified
by LC-QqTOF can be found in Table 2. Table 2 shows the retention
times and relevant ions of the metabolites. The trimethylsilyl de-
rivatives of Phase I metabolites, which were identified by GC-MS,
are found in Table 3. The Kovats indices [22], retention times, and
relevant fragment ions are listed. The Kovéts indices were calcu-
lated according to van Den Dool and Kratz [23].

6.1 | LC-QqTOF Phase I Metabolites

The chromatogram of an extract from a deglucuronidated urine
sample 3h after ingestion showed H4CBD (M1), carboxylated
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TABLE 2 | Chromatographic data and relevant ions of the Phase I and IT metabolites of H4CBD (LC-QqTOF). The ions are detected in ESI+ with

a collision energy of 35+15V.

Metabolite Glucuronide R,/min Relevant ions/Da
M1, (R,S)-H4CBD 9.35 319.2632, 181.1223, 139.1481, 97.1012, 83.0855, 69.0699, 57.0699, 55.0542
M2, 7-COOH-H4CBD 3.12 349.2373, 331.2268, 313.2162, 303.2319, 285.2213, 227.1794, 137.1325
M3, 5”-COOH-H4CBD 4.51 349.2373, 331.2268, 313.2162, 303.2319,
211.0965, 193.0859, 139.1481, 83.0855
M4, OH-H4CBD? 7.74 335.2573, 271.2420, 197.1172, 179.1067, 137.1325, 83.0855, 81.0699
M5, OH-H4CBD? 7.13 335.2573,271.2420, 197.1172, 179.1067, 137.1325, 83.0855, 81.0699
M6, 2”0OH-H4CBD 4.87 335.2573, 317.2475, 261.1849, 179.1067, 137.1325, 123.0441, 83.0855
M7, 2"OH-H4CBD 4.56 335.2573, 317.2475, 261.1849, 179.1067, 137.1325, 123.0441, 83.0855
MS8, 7-OH-H4CBD 4.37 335.2573, 317.2475,193.1223, 181.1223,
137.1325, 123.0441, 95.0855, 81.0699
M9, 7-OH-H4CBD 3.64 335.2573, 317.2475,193.1223, 181.1223,
137.1325, 123.0441, 95.0855, 81.0699
M10, diOH-H4CBDP 1.96 351.2530, 333.2424, 315.2319, 287.2369,
269.2264,193.1223, 137.1325, 81.0699
M11, H4CBD M1 11.34 495.2952, 459.2741, 384.2659°, 319.2632
M12, H4CBD M1 11.82 495.2952, 459.2741, 384.2659°, 319.2632
M13, 5”-COOH-H4CBD M3 10.04 525.2694, 414.2401°, 349.2373, 331.2268,
211.0965, 193.0859, 139.1481, 83.0855
M14, 7-COOH-H4CBD M2 9.39 525.2694, 457.1857, 349.2373, 331.2268, 303.2319,
281.1536, 193.1223, 181.1223
M15, OH-H4CBD? M6 5.07 511.2902, 400.2608", 335.2573, 317.2475, 261.1849, 179.1067
M16, OH-H4CBD 5.79 511.2902, 335.2573, 317.2475, 193.1223, 181.1223
M17, OH-H4CBD 7.18 511.2902, 335.2573, 317.2475, 193.1223, 137.1325
M18, 7-OH-H4CBD M8, M9 8.59 511.2902, 443.2064, 335.2573, 317.2475, 193.1223, 181.1223
M19, 7-OH-H4CBD M8, M9 9.32 511.2902, 443.2064, 335.2573, 317.2475, 193.1223, 181.1223
M20, OH-H4CBD? 12.41 511.2902, 335.2573, 317.2475, 299.2369,
271.2420, 197.1172, 179.1067, 137.1325
M21, OH-H4CBD? 12.67 511.2902, 335.2573, 317.2475, 299.2369,
271.2420,197.1172, 179.1067, 137.1325
M22, OH-H4CBD? 14.43 511.2902, 335.2573, 317.2475, 299.2369,
271.2420,197.1172, 179.1067, 137.1325
M23, diOH-H4CBDP 3.51 527.2851, 351.2530, 333.2424, 193.1223, 181.1223
M24, diOH-H4CBD*® 5.25 527.2851, 351.2530, 333.2424, 137.1325
M25, diOH-H4CBD® 5.67 527.2851, 351.2530, 333.2424, 193.1223, 137.1325

Note: Base peak is written in bold. The corresponding ESI+ product ion spectra of the Phase I metabolites are found in Figures S3-S13, and the ESI+ product ion

spectra of Phase II metabolites are shown in Figures S15-S29.
Abbreviation: R : retention time.

2Hydroxylation on side chain.

"Two hydroxylation positions on alicyclic moiety.

“One hydroxylation position on side chain and another on the alicyclic moiety.

metabolites (M2 and M3), hydroxylated metabolites (M4-M9), Figures S3-S13. Reference spectra of (S)- and (R)-H4CBD are
and bishydroxylated metabolites (M10) (see Figure 1). A chro- shown in Figures S44 and S45.

matogram of an extract from a deglucuronidated urine sample

prior to H4CBD ingestion is shown in Figure S2. The correspond- Metabolite M1 is H4CBD, eluting as an unresolved double peak
ing spectra of H4CBD and its Phase I metabolites are found in at 9.35min. The ESI+ product ion spectra of (R)-H4CBD and

4
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(S)-H4CBD are indistinguishable and show only a few characteris-
tic ions; see Figures S3 and S4. The base peak of the spectrum is the
molecular ion (m/z 319.2632). The fragment ion with the highest
abundance is the cyclohexylium ion (m/z 83.0855), which derives

TABLE 3 | Chromatographic data (GC-MS) and relevant ions of the
TMS derivatives of H4CBD and their metabolites.

Metabolite R/ Relevant ions/
(trimethylsilylated) min RRI Da (70eV)
M26, (R)-H4CBD 17.03 2235 462,377, 337
M27, (S)-H4CBD 17.66 2307 462,377, 337
M28, 7-COOH-H4CBD 19.70 2560 564, 447,
337,317
M29, 20.30 2640 564, 479, 439,
5”-COOH-H4CBD 354,214
M30, 18.62 2424 550, 476, 392,
(1R,6S)-OH-H4CBD 377, 342
M31, OH-H4CBD? 19.01 2473 550, 465, 425
M32, 19.03 2475 550, 377, 350,
(1R,6R)-OH-H4CBD 337,173
M33, 7-OH-H4CBD 19.15 2491 550, 447, 337
M34, 7-OH-H4CBD 19.55 2541 550, 447, 337
M35, OH-H4CBD? 19.59 2547 550, 465, 425
M36, diOH-H4CBDP 20.86 2716 638, 535, 465,
425,372, 357
M37, diOH-H4CBDP 21.37 2787 638, 535,
499, 425

Note: Base peak is shown in bold. The corresponding EI mass spectra of the
trimethylsilylated Phase I metabolites are found in Figures S30-S41.
Abbreviations: RT: retention time, RRI: relative retention index (Kovats index).
2Hydroxylation on side chain.

PHydroxylation on C7 and on side chain.

from the alicyclic moiety of the molecule. The most abundant ions
in the spectrum of H4CBD are smaller fragments from the alicy-
clic moiety, which are not very characteristic, such as a butenylium
ion (m/z 55.0542), a butylium ion (m/z 57.0699), a pentenylium ion
(m/z 69.0699), and a methylcyclohexylium ion (m/z 97.1012). The
characteristic ions are a methyl-isopropyl-cyclohexylium ion (m/z
139.1481) and a protonated olivetol ion (m/z 181.1223). Some very
characteristic ions for CBD are not found for H4CBD, probably due
to the lack of an olefinic group, which can be protonated under
ESI+ conditions and initiate characteristic fragmentation patterns.
The tropylium ions (m/z 193.1223 and m/z 123.0441), the former
being the base peak of the CBD product ion spectrum, are absent
in the spectrum of H4CBD. The ions resulting from partial frag-
mentation of the terpene moiety (m/z 259.1693 and m/z 217.1223),
presumably chromenylium ions, are also not found in the product
ion spectrum of H4CBD.

6.1.1 | Carboxylated Metabolites

The chromatogram of an extract from a deglucuronidated urine
sample, which was collected 3h after oral ingestion, showed two
carboxylated metabolites (see Figure 1). The metabolite M2 eluting
at 3.12min shows the [M+H]|" ion at m/z 349.2373 (C, H,,0,%,
—0.9ppm); see Figure S5. The ions after loss of two H,O at m/z
331.2268 (C,,H;;,0,*, —0.9ppm) and m/z 313.2162 (C, H,,0,%,
—3.5ppm) and the ions after further loss of CO at m/z 303.2319
(C,,H;;0,*, 1.0ppm) and m/z 285.2213 (C,,H,,0*, —3.5ppm) can
be observed. An ion with m/z 227.1794 (C,;H,,*, —=3.5ppm) is ob-
served in the mass spectrum, and its formation mechanism is un-
known. The base peak of the spectrum is an ion with m/z 137.1325
(C,,H,;*, =3.6ppm). The ion at m/z 227.1794 seems to be charac-
teristic because a similar ion (m/z 225.1) is found in the product ion
spectrum of 7-COOH-CBD (see Figures S42 and S43). This metab-

olite was tentatively identified as 7-COOH-H4CBD.

The metabolite M3 eluting at 4.51 min shows the [M +H]* ion
at m/z 349.2373 (C, H,,0,*, 2.6 ppm); see Figure S6. The ions

after the loss of H,O at m/z 331.2268 (C,,H;,0,*, —0.9ppm) and

M5
6.5e5 : H4CBD
9.350
6.0e5
5.5e5 7'320
: ® HACBD XIC, +TOF MS (100 - 1000): 319.263 +/- 0.025 Da
5.0e5 @ HACBD-OH XIC, +TOF MS (100 - 1000): 335.258 +/- 0.025 Da
M7 ® H4CBD-COOH XIC, +TOF MS (100 - 1000): 349.237 +/-0.025 Da
4565 ©H4CBD-20H XIC, +TOF MS (100 - 1000): 351.253 +/- 0.025 Da
4.556 © H4CBD-COOH-OH XIC, +TOF MS (100 - 1000): 365.232 +/- 0.025 Da
4,065 Mm10
2 1.963
© 3.5e5
=
é 3.065
= M
2.5e5 M2 4 539
3.124 ’
2.0e5
M9
1.5e5 3.640 M6
4.866
1.0e5
5.0e4, ﬁ\,\ﬂw&\rr\k J k
AR N, Ao )
0.0e0 05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 10.0 105 11.0 11.5 12.0 125 13.0 135 140 145
Time, min
FIGURE1 | Extracted ion chromatograms of an extract from a deglucuronidated urine sample, 3h after oral ingestion of 25-mg H4CBD. H4CBD

(blue, M1), carboxylated H4CBD (red, M2 and M3), monohydroxylated H4CBD (pink, M4-M9), and bishydroxylated H4CBD (green, M10).
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subsequent loss of CO at m/z 303.2319 (C,H,,0,%, 4.3ppm) or
the second loss of H,O at m/z 313.2162 (C,,H,,0,*, —5.4ppm)
are found in the higher mass range of the spectrum. The charac-
teristic ions are the protonated carboxy-olivetol at m/z 211.0965
(C,;H,50,*, —1.4ppm) and the oxonium ion after the loss of H,0
at m/z 193.0859 (C,,H,,0,*, —0.5ppm). Ions resulting from the
alicyclic moiety (m/z 139, m/z 97, m/z 83, m/z 69, m/z 57,and m/z
55) are identical to the ions from H4CBD, indicating as well that
the side chain was metabolized. This metabolite was tentatively
identified as 5”"-COOH-H4CBD.

6.1.2 | Hydroxylated Metabolites

The metabolite M4 eluting at 7.74min shows the [M +H]* ion
at m/z 335.2581 (C,;H,;;0,*, 5.7ppm); see Figure S7. An ion
after the loss of a H,0 molecule can be observed at m/z 317.2475
(C,,H,,0,*, 3.8ppm), and an ion after a second loss of H,O is
present at m/z 299.2369 (C,,H,,0%, 2.7ppm). An ion can be ob-
served at m/z 271.2420 (C, H, *, 4.4ppm), and this ion results
from the formal loss of CH 405, presumably from the loss of two
H,0 and one CO. The loss of CO likely occurs from the phenol
cation (m/z 299.2369), which tautomerizes to an oxocyclohexa-
dienylium ion, stabilizing the positive charge on a sp3-carbon.
Elimination of CO from this ion leads to a ring contraction and
to the formation of a cyclopentadienyl cation (m/z 271.2420).
The ion at m/z 137.1325 (C,jH,,*, 4.4ppm) results from the
alicyclic part of the molecule, and this ion might form after a
1,3-H shift of the cyclopentadienyl cation and subsequent elim-
ination of the cyclopentadiene moiety. It is not an indicator for
the hydroxylation position in this case. The ions at m/z 81.0699
(C¢Hy*, 3.7ppm) and m/z 83.0855 (C,H,;*, 2.4 ppm) result from
two different processes, but their simultaneous presence is
most likely indicative of a hydroxylation position on the side
chain of the molecule. Two characteristic ions are found at m/z
197.1172 (C,;H,,0,*, 3.0ppm) and its anhydrate at m/z 179.1067
(C,;H,50,*, —1.1ppm). These ions are a protonated olivetol with
a hydroxylated side chain and its anhydrate. They are character-
istic of side-chain hydroxylated metabolites. A suggested frag-

mentation pathway is shown in Figure 2.

OH,

-H,0
—_—
“/Ho
OH
m/z 335.2581, Cp¢H3505"
-

m/z 1371325, CyoHq7*

FIGURE 2 |
the hydroxy group on the pentyl side chain is unknown.

m/z 271.2420, CyoHay*

The metabolite M5 eluting at 7.13min shows the same ions as
described for the metabolite M4, and the corresponding product
ion spectrum is found in Figure S8. The presence of the ions m/z
179 and m/z 197 and the absence of the ion m/z 181 indicate that
this metabolite is hydroxylated on the side chain. The base peak
m/z 271 indicates that this ion emerged after the loss of CO from
an oxocyclohexadienylium, a tautomer of the phenol cation.

The minor metabolite M6 eluting at 4.87min shows the ion
at m/z 179.1067 (CHH1502+, 7.3ppm), indicating that this me-
tabolite is hydroxylated on the side chain; see Figure S9. The
fragment ion at m/z 261.1849 (C,,H,;0,*, 7.3 ppm) might result
from a tropylium ion, which is formed after degradation of the
side chain, and a hydroxy group at C2 seems plausible. Further
fragmentation of this ion leads to the tropylium ion with m/z
123.0441 (C,H,0,", —2.4ppm), which could also be formed from
the ion with m/z 179 after elimination of n-butene from the
side chain. The fragment ion m/z 137.0592 (C4H,0,", 8.0ppm)
is from the aromatic part. The characteristic ion m/z 139.1481
(C,,H,y", —2.2ppm) is present but very low in abundance, indi-
cating that hydroxylation took place on the side chain. The me-
tabolite M6 was tentatively identified as 2”OH-H4CBD, and a
suggested fragmentation pathway is shown in Figure 3.

The metabolite M7 eluting at 4.56 min shows the same ions as
M6, and it is therefore assumed that these two compounds are
diastereomers, showing a different configuration at either C1,
the hydroxylation position C2”, or at both positions. The corre-
sponding product ion spectrum is shown in Figure S10.

The metabolite M8 (see Figure S11) eluting at 4.37min shows
the protonated olivetol ion at m/z 181.1223 (C,;H,,0,*, 0.6 ppm),
indicating a hydroxylation position on the alicyclic moiety
of the molecule. In addition, a tropylium ion at m/z 193.1223
(C,,H,,0,%, 0.0ppm) is present, which fragments further by loss
of the side chain, seen at m/z 123.0441 (C,H,0,*, —1.6 ppm). The
presence of the ion at m/z 193.1223 is a further indicator of the
hydroxylation on the alicyclic moiety. This tropylium ion has a
saturated pentyl side chain, and it can only be formed if the hy-

droxylation position is found on the alicyclic moiety.

m/z 299.2369, Cy;H3,0*

m/z 317.2475, Cp1H330,*

7o

m/z 299.2369, C;1Hz,0*

Possible fragmentation pathway of the metabolite M4, an unusual carbenium ion (m/z 271) is seen in the spectrum. The position of
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OH OH
¥
OH b
@\/Kz/\ - : o
HO 7HO

m/z 197.1172, C43Hy,05*
not seen

|

OH

—
+
HO

m/z 179.1067, C1H;50,"

m/z 335.2581, Co4H3505"

HO

O
HO

m/z 123.0441, C;H,0,*

m/z 317.2475, Cy4H330,*

m/z 261.1849, C17H,50,*

FIGURE3 | Possible fragmentation pathway of 2”OH-H4CBD (metabolite M6).

A minor metabolite M9 can be seen at 3.64min, which shows
a very similar mass spectrum to the metabolite M8, probably a
diastereomer. The product ion spectrum is shown in Figure S12.

6.1.3 | Bishydroxylated Metabolites

A bishydroxylated metabolite M10 eluting at 1.96 min shows a
rather strong abundance. The presence of the ion at m/z193.1223
(C,,H,,0,%, —1.6 ppm) indicates that this metabolite had two hy-
droxylation positions at the alicyclic moiety. A product spectrum
is shown in Figure S13.

Some other coeluting bishydroxylated metabolites are present
between 2.0 and 3.0min, and most of them show the ions with
m/z 193 or m/z 181, which are indicative ions for bishydroxyl-
ation on the alicyclic moiety.

6.2 | LC-QqTOF Phase II Metabolites

Several glucuronidated metabolites were found in an extract of
the urine sample 3h after the ingestion of H4CBD. The most
abundant metabolites in urine after 3h were the glucuronides of
H4CBD (M11 and M12). The glucuronides of carboxylated (M13
and M14), hydroxylated (M15-M22), and bishydroxylated me-
tabolites (M23-M25) of H4CBD are present as well. A chromato-
gram is shown in Figure 4, and a chromatogram prior to H4CBD
ingestion can be found in Figure S14.

The epimers of H4CBD glucuronide eluted at 11.34min (M11)
and 11.82min (M12). Their product ion spectra are shown
in Figures S15 and S16. The [M + H]* ion can be found at m/z
495.2952 (C,,H,,0,*, —4.2ppm), and the loss of two H,0 mol-
ecules is seen at m/z 459.2741 (C,,H,,0,*, —2.6 ppm). An odd-
electron fragment is present at m/z 384.2659 (C,H,,0,*",
—4.4ppm), which results from the fragmentation of the glu-
curonide moiety, and a H4CBD-furanyl radical cation seems
to be a plausible structure for this fragment ion. A postulated
fragmentation pathway is shown in Figure 5. The base peak of
the spectrum is the protonated aglycone found at m/z 319.2632
(C,,H,,0,*, —=3.1ppm). The lower mass fragments, discussed
earlier for the fragment ions of H4CBD, are of low abundance.

6.2.1 | Carboxylated Glucuronides

The metabolite M13 eluting at 10.04min shows the [M+H]*
ion at m/z 525.2694 (C,,H,,0,,*, 24.7ppm); see Figure S17.
An odd-electron fragment ion can be seen at m/z 414.2401
(C,sH,,0,*", 0.5ppm), which results from the fragmentation of
the glucuronide moiety. The base peak of this spectrum is the
protonated aglycone at m/z 349.2373 (C,,H,,0,,*, —0.9ppm).
The same lower fragment ions can be seen as in the mass spec-
trum of the Phase I metabolite 5”-COOH-H4CBD (M3), namely,
m/z 331.2268 (C, H,,0,*, 1.5ppm), m/z 211.0965 (C,;H,.0,*,

3.3ppm), m/z 193.0859 (C,H,;0,* 3.6ppm), m/z 139.1481

(C,,H,y*, —6.5ppm), and m/z 83.0855 (C,H,,*, —9.6 ppm). This
metabolite was tentatively identified as 5”"-COOH-H4CBD

glucuronide.

Another glucuronidated carboxylic metabolite (M14) eluted at
9.39min, and a product ion spectrum is shown in Figure S18.
The [M +HJ* ion is seen at m/z 525.2694 (C,,H,,0,,*, 27.6 ppm).
Anion at m/z457.1857 (C,;H,,0,*, 0.2 ppm) and its deglucuroni-
dated species at m/z 281.1536 (C,,H,,0,", —8.9 ppm) are present,
representing formal losses of C,H,,0, (two H,O and two CH,)
from the [M + H]|* ion and the protonated aglycone, respectively.
Their structures are unknown. Interestingly, the ion at m/z
281.1536 does only appear if the metabolite was priorly glucu-
ronidated. The formation of the ion at m/z 169.1223 (C, H,,0,%,
—6.5ppm) is unknown. It further decomposes by the loss of H,0O
at m/z 151.1117 (C, H,,0%, 6.6 ppm) and the loss of CO at m/z
123.1168 (C4H,;*, —4.1 ppm). Additionally, the tropylium ion at
m/z 193.1223 (C,,H,,0,*, —8.8 ppm) and the protonated olive-
tol ion at m/z 181.1223 (C,,H,,0,*, 4.4 ppm) appear in the mass
spectrum, indicating that this metabolite is carboxylated at the
alicyclic moiety. This metabolite was tentatively identified as the

glucuronide of 7-COOH-H4CBD.

6.2.2 | Hydroxylated Glucuronides

The metabolite M15 eluting at 5.07min shows the [M+ H]J*
ion at m/z 511.2902 (C,,H,,04%, —26.4ppm); see Figure S19.

Loss of three H,O can be observed (m/z 493.2796, C,,H,,0.*,

—13.8ppm; m/z 475.2690, C,,H,,0.*, —3.4ppm; m/z 457.2585,

C,,H,,0,", 10.5ppm). The characteristic odd-electron fragment
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7.5e4 M11
7.064] ®HACBD-Glu XIC, +TOF MS (100 - 1000): 495.295 +/- 0.025 Da 11.340
@ H4CBD-OGIu XIC, +TOF MS (100 - 1000): 511.290 +/- 0.025 Da
6.5e4{ @ HACBD-COOGIu XIC, +TOF MS (100 - 1000): 525.269 +/- 0.025 Da
O H4CBD-OH-0GIu XIC, +TOF MS (100 - 1000): 527.285 +/- 0.025 Da

6.0e4] ©H4CBD-COOH-OGIu XIC, +TOF MS (100 - 1000): 541.264 +/- 0.025 Da
5.5¢4
5.0e4

8 4.5e4

2

g 4.0e4
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3.0e4
2.5e4
2.0e4 M25

5.672 M16 M8 M14
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FIGURE4 | Extracted ion chromatograms of an extract from a urine sample, 3h after oral ingestion of 25-mg H4CBD. H4CBD glucuronide (blue,

M11 and M12), carboxylated H4CBD glucuronide (red, M13 and M14), monohydroxylated H4CBD glucuronide (pink, M15-M22), and bishydroxyl-
ated H4CBD glucuronide (green, M23-M25). An extracted urine sample prior to H4CBD ingestion is shown in Figure S14.

7£HO

CsH1s
M/z 495.2952, Cy7Hy30g"

3H0

p—
O oo

m/z 495.2952, Cp7H,305"

m/z 441.2636, CZ7H3705

O

m/z 384.2659, CpsH303"

FIGURES5 |

ion at m/z 400.2608 (C,;H,,O,**, —4.2 ppm) and its anhydrate at
m/z 382.2502 (C,H,,0,*", 4.4ppm) can be found. The proton-
ated aglycone is found at m/z 335.2581 (C,,H,.,0,*, —1.2ppm),
and its anhydrate at m/z 317.2475 (C, H33O2 , —0‘9 ppm) forms
the base peak of this spectrum. The protonated and unsatu-
rated olivetol ion at m/z 179.1067 (C,;H,;0,*, 1.1ppm) is pres-
ent, indicating that this metabolite was hydroxylated on the side
chain. A very low-abundant ion with m/z 261.1849 (C17stoz s
—10.0 ppm) is seen. This metabolite might be the glucuronide of

the metabolite M6.

The metabolite eluting M16 at 5.79 min shows the [M + H|* ion

at m/z 511.2902 (C,,H,,0,4*, 4.7ppm); see Figure S20. The base

peak of this spectrum is the protonated aglycone at m/z 335.2581

(C,;H,,0,*, —2.4ppm), and the anhydrate at m/z 317.2475

H
" Q
0 F G e L
R.y” 0 R.g” ~0J) R.o70

/(O\//Cg Q. /(T

m/z 413.2686, CpgH3;04"

| <o

m/z 441 .2636

m/z 385.2737, Cp5H3705"
not seen

m/z 385.2737
not seen

Postulated fragmentation pathway of H4CBD glucuronide, explaining the formation of the radical cation m/z 384.

(C,;H,,0,*, 6.9ppm) is also present. The tropylium ion at m/z
193.1223 (C;,H,,0,*, —3.6ppm) and the protonated olivetol ion
at m/z181.1223 (C,,H,,0,*, 11.0ppm) are characteristic ions for
a hydroxylation position on the alicyclic moiety. The product ion

spectrum is shown in Figure S20.

At 7.18 min, the metabolite M17 can be seen, and a product ion
spectrum is found in Figure S21. It shows the [M +H]J* ion at
m/z 511.2902 (C,,H,,0,*, —5.1ppm). The protonated aglycone
at m/z 335.2581 (C21H3SO3 , 0.6ppm) and the anhydrate at
m/z 317.2475 (C, H,,0,*, —7.9ppm) are present, and the lat-
ter forms the base peak of this spectrum. The tropylium ion at
m/z 193.1223 (C,H,,0,*, 9.3ppm) and the ion at m/z 137.1325
(C,,H,},* —10.2 ppm) are indicative of a hydroxylation on the ali-

cyclic moiety.
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The metabolite M18, eluting at 8.59min, shows the [M+H]*"
ion at m/z 511.2902 (C,,H,;0,*, —2.5ppm) and its anhydrates
at m/z 493.2796 (C,,H,O,*, 8.7ppm) and at m/z 475.2690
(C,,H,,0,*, 0.0ppm); see Figure S22. An ion can be seen at
m/z 443.2064 (C,H,,0,*, —8.1 ppm) representing a formal loss
of C,H,,0,, the same formal loss as observed for the glucuro-
nidated carboxy metabolite M14. The base peak of the spec-
trum is the deglucuronidated molecule, seen at m/z 335.2581
(C,,H,,0,*, 2.7ppm), and its anhydrate is seen at m/z 317.2475
(C,,H;,0,*, 5.0ppm). The presence of the tropylium ion at m/z
193.1223 (C,,H,,0,*, =2.6ppm), the protonated olivetol ion at
m/z181.1223 (C,,H,,0,*, —1.7ppm), and the ion at m/z 137.1325
(C,oH,,*, —2.9ppm) are indicative of a metabolite that is hydrox-
ylated on the alicyclic moiety. The same lower fragment ions ap-
pear as in the mass spectrum of the Phase [ metabolites M8 and
MO9. This metabolite was tentatively identified as 7-OH-H4CBD

glucuronide.

The metabolite M19 eluting at 9.32min shows the same frag-
ment ions as the metabolite M18, indicating that these two
metabolites are diastereomers; see Figure S23. This metabo-
lite was therefore tentatively identified as the other epimer of
7-OH-H4CBD glucuronide.

The metabolite M20 eluting at 12.41 min shows the [M + H]* ion
at m/z 511.2902 (C,,H,;0,*, 1.6 ppm), shown in Figure S24. The
protonated aglycone at m/z 335.2581 (C,,H,;0,*, 3.9 ppm) forms
the base peak of the spectrum. Repetitive loss of two H,O mole-
cules resulting in the ions at m/z 317.2475 (C,;H,,0,*, —0.6 ppm)
and at m/z 299.2369 (C,,H,,0%, 4.3 ppm) is present. Further loss
of CO at m/z 271.2420 (C, H,,*, 1.5ppm) is also present. The ion
at m/z137.1325 (C, H,,*, —2.9 ppm) is not indicative of a hydrox-
ylation on the alicyclic moiety in this case, as the ions at m/z
1971178 (C,,H,,0,*, 5.1ppm) and at m/z 179.1065 (C,,H,;0,*,
—16.7ppm) are present but not very abundant. The same lower
fragment ions appear as in the mass spectrum of the Phase I
metabolites M4 and M5, and the product ion spectrum of the

metabolite M20 is found in Figure S24.

The mass spectrum of the metabolite M21 eluting at 12.67 min
is very similar to the mass spectrum of the metabolite M20, and
the same fragment ions appear in similar abundances. The prod-
uct ion spectrum is found in Figure S25.

The mass spectrum of the metabolite M22 (see Figure S26) elut-
ing at 14.43min is similar to the mass spectra of the metabolites
M20 and M21, but only the aglycone at m/z 335.2581 (C,;H,;0,*,
4.5ppm) is of high abundance. The other fragment ions are
even less abundant than in the spectra of the metabolites M20

and M21.

6.2.3 | Bishydroxylated Glucuronides

A glucuronidated bishydroxylated metabolite M23 eluted at
3.51min; a product ion spectrum is found in Figure S27. The

[M+H]*ion at m/z 527.2851(C,,H,,0,4*, 6.6 ppm) and loss of two

H,0 molecules are seen at m/z 509.2745 (C,,H,,0,", —4.1ppm)

and at m/z 491.2639 (C,,H,,0,*, —11.4ppm). The protonated

aglycone at m/z 351.2530 (C,,H,.0,*, 5.1ppm) and loss of two

H,0 molecules are seen at m/z 333.2424 (C,;H,,0,*, 4.8 ppm)

and m/z 315.2319 (C, H,,0,%, 14.6ppm). The tropylium ion at
m/z 193.1223 (C,,H,,0,*, 4.1ppm) and the protonated olivetol
ion at m/z 181.1223 (C,;;H,,0,*, 2.8 ppm) can be observed. The
ion at m/z 153.1274 (C,;H,,0%, —3.3ppm) and its anhydrate at
m/z 135.1168 (C,;H,;*, —20.7 ppm) are present, indicating two
hydroxylation sites on the alicyclic moiety of the molecule. The
ion at m/z137.1325 (C,,H,,*, 2.9 ppm) might result from a coelut-
ing metabolite, as it is indicative of a metabolite that is hydrox-

ylated on the alicyclic moiety and the side chain of the molecule.

Another glucuronidated bishydroxylated metabolite M24 eluted
at 5.25min; the product ion spectrum is found in Figure S28.
The [M+H]* ion at m/z 527.2851 (C,,H,,0,%, 12.1ppm) is
seen. The deglucuronidated ion at m/z 351.2530 (C, H,.,0,*,
—0.6ppm) and the loss of two H,O molecules are seen at m/z
333.2424 (C,,H,,0,%, 7.8ppm) and m/z 315.2319 (C,,H,0,%
4.1ppm). An ion from the alicyclic moiety can be seen at m/z
137.1325 (C, H,,*, —8.0ppm), indicating that this metabolite is

hydroxylated on the alicyclic moiety and on the side chain.

Another bishydroxylated glucuronide M25 eluted at 5.67 min;
the product ion spectrum is seen in Figure S29. The [M+ H]J*
ion at m/z 527.2851 (C,,H,;0,*, —2.8 ppm) and its anhydrate at
m/z 509.2745 (C,,H,,O,*, —9.4ppm) are observable. The base
peak of the spectrum is the protonated aglycone at m/z 351.2530
(C,;H,,0,*, —=3.7ppm). Two losses of H,O at m/z 333.2424
(C,,H,,0,*,0.3ppm) and at m/z 315.2319 (C,,H,,0,*, —5.7ppm)
are observed. The hydroxylated olivetol ion at m/z 197.1172
(C,;H,,0,%, 0.5ppm) indicates that this metabolite had a hy-
droxylation site on the alicyclic moiety and on the side chain.
The tropylium ion at m/z 193.1223 (C,,H,,0,*, 7.2ppm) derives
from a metabolite that bears two hydroxylation positions on the
alicyclic moiety, which leads to the assumption that coelution of

metabolites is likely in this case.

6.3 | GC-MS Phase I Metabolites (TMS
Derivatives)

6.3.1 | Fragmentation Patterns of H4CBD and Its
Trimethylsilylderivatives

The electron impact (EI) mass spectra of (R)-H4CBD and (S)-
H4CBD are indistinguishable. They show the molecular ion at
m/z 318. The main fragments are the dihydrochromenylium
ion at m/z 233 and the tropylium ion at m/z 193. The dihydro-
chromenylium ion in hydrogenated cannabinoids like H4CBD
or HHC is of high abundance. In their unsaturated analogs,
CBD and the isomers of THC, the analogous chromenylium ion
m/z 231 usually forms the base peak and is often the only highly
abundant ion due to its simple formation and aromatic stability
[24-26]. The tropylium ion forms the base peak of the H4CBD
epimers as it does for the HHC epimers [24, 26-28].

The spectra of the trimethylsilylated H4CBD epimers are indis-
tinguishable as well; see Figures S30 and S31. The most common
fragments are the trimethylsilylated derivatives of the dihydro-
chromenylium ion m/z 377 and the trimethylsilylated tropylium
ion m/z 337 discussed previously. The trimethylsilylated metab-
olites (R)-H4CBD TMS (M26) and (S)-H4CBD (M27) can be seen
at 17.03 and 17.66 min, respectively (see Figure 6).
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FIGURE 6 | Overlayed XIC of a trimethylsilylated extract from a deglucuronidated urine sample 3h after oral ingestion of H4CBD. H4CBD
(black, M26 and M27), carboxylated metabolites (red, M28 and M29), hydroxylated metabolites (blue, M30-M35), and bishydroxylated metabolites

(green, M36 and M37).

6.3.2 | Carboxylated Metabolites, Trimethylsilylated

Two different carboxylated metabolites were detected. The
metabolite M28 at 19.70 min shows the molecular ion at m/z
564 (see Figure S32). After loss of a trimethylsilyl radical and
CO, from the trimethylsilylcarboxy group, the base peak of the
spectrum at m/z 447 is formed. Additionally, the tropylium
ion at m/z 337 is present, indicating that this metabolite was
carboxylated on the alicyclic moiety. Trimethylsilylated
7-COOH-H4CBD fits with the observed fragments. The same
fragmentation mechanisms as in 7-COOH-CBD occur, with
the exception of the retro-Diels-Alder fragmentation of the cy-
clohexene ring due to a lacking double bond in the alicyclic
ring [15].

Another carboxylated metabolite M29 is observed at 20.30 min
(see Figure S33). This metabolite shows the fragment ion m/z
439 and m/z 479, which are trimethylsilylcarboxy derivatives of
the dihydrochromenylium ion m/z 337 and the tropylium ion
m/z 377, indicating that this metabolite is carboxylated on the
side chain. This metabolite was therefore tentatively identified
as 5”-COOH-H4CBD. The fragment ion m/z 439 can also be seen
in the mass spectrum of trimethylsilylated 5”-COOH-CBD [15].

6.3.3 | Hydroxylated Metabolites, Trimethylsilylated
Metabolites that are hydroxylated on the side chain can be rec-

ognized by the presence of the ions with m/z 425 and m/z 465,
whereas the ions with m/z 337 and m/z 377 are absent [29]. The

former ions have an additional trimethylsilyloxy group on the
side chain.

Five different hydroxylated metabolites of H4CBD are seen in the
extracted ion chromatogram (XIC m/z 550). The minor metabo-
lite M30 eluting at 18.62min shows the dihydrochromenlyium
ion m/z 377 as the base peak, indicating that this metabolite is
hydroxylated on the alicyclic moiety (see Figure S34). The pres-
ence of the ion at m/z 392 might be indicative that this metabo-
lite was hydroxylated on C6, synperiplanar to the methyl group
at C1. Elimination of trimethylsilanol and subsequent retro-Diels-
Alder reaction would lead to a fragment ion with m/z 392, a simi-
lar mechanism as shown in Figure 7. A plausible structure of this
metabolite might be (1R,6S)-OH-H4CBD or (1S,6R)-OH-H4CBD,
and the latter shows higher 1,3-diaxial strain in the conformation
in which trimethylsilanol could be eliminated due to bulky axial
groups. The EI mass spectrum is shown in Figure S34.

At 19.0min, two different metabolites are almost coeluting; the
first metabolite M31 at 19.01 min shows the ions m/z 465 and
m/z 425, indicating that this metabolite is a side-chain hydroxyl-
ated metabolite. The hydroxylation position is unknown; a mass
spectrum is shown in Figure S35.

The other metabolite M32 at 19.03 min shows the fragment ions
m/z 377 and m/z 337, indicating a metabolite that is hydrox-
ylated on the alicyclic part (see Figure S36). In addition, this
metabolite shows a quite abundant fragment ion with m/z 350.
This might be indicative that the hydroxylation position is either
antiperiplanar to the methyl group or to the iso-propyl group.

10

Drug Testing and Analysis, 2025

wouy

SUOIHPUOD PUe SWiB | 8L} 885 *[G202/60/€0] U0 A%Iq1T8UIIUO AB|IM * UBE TISIBAIUN - BWIIYIS 1111 AQ SYEEBIP/Z00T OT/I0P/WO00"A3|IM"AReAd 1 U1 |UO 'S UINOK

YETY

L

850807 SUOWILLIOD BA 8. (ot [dde 8y Aq pauienob afe sajole YO ‘8N JO S8|ni Joj Ariqi8uluO /B|IM uo

WILLI SCHIRMER

November 7, 2025

86



UNIVERSITAT BERN, DISSERTATION

2 Results

: OTMS : "
TMSO,__- C -HOTMsS oA || OTMS
0, - T T,
HY O R H iPr Y R
r iPr TMSO CsHy4
- | +e
(1R,5R)-OH-H4CBD TS m/z 350.2
R= A:e
TMSO CsHy4

FIGURE7 |

The tentative metabolite (1R,6R)-OH-H4CBD has a stable chair
conformation in which the iso-propyl group and the aromatic
moiety are equatorial substituents. In this conformation, the
metabolite could eliminate trimethylsilanol, resulting in the for-
mation of a 3,4,6-trisubstituted cyclohexene intermediate, which
can fragment further to a styrene ion with m/z 350 after retro-
Diels-Alder reaction. The potential metabolites (1S,5S)-OH-
H4CBD, (1R,4S)-OH-H4CBD, and (1S,4S)-OH-H4CBD might
undergo the same reaction cascade, but in these molecules, the
conformation in which the elimination of trimethylsilanol could
occur would have three bulky axial substituents, resulting in
a high 1,3-diaxial strain. A possible fragmentation pathway is
shown in Figure 7.

The mass spectra of the metabolites M33 and M34 eluting at
19.15 and 19.55min are identical, showing the molecular ion
at m/z 550 and two abundant ions at m/z 447 and m/z 337; see
Figures S37 and S38. The ion with m/z 447 forms the base peak
of their spectra and might form after the loss of a trimethylsilyl
radical and formaldehyde. A primary alcohol is therefore sus-
pected. The ion m/z 337 is the tropylium ion that is also pres-
ent in the mass spectra of the H4CBD epimers, indicating that
these metabolites were hydroxylated on the alicyclic moiety of
the molecule. Hydroxylation position on C7 seems plausible; this
would explain why the characteristic dihydrochromenylium ion
m/z 377 is not present. These metabolites were therefore ten-
tatively identified as 7-OH-(R)-H4CBD and 7-OH-(S)-H4CBD.
The same fragmentation reactions occur in the TMS derivative
of the analogue 7-OH-CBD, where the ion m/z 443 (unsaturated
analogue of m/z 447) forms after the loss of a trimethylsilyl rad-
ical and formaldehyde; the ion m/z 337 is also present. An addi-
tional ion is formed in 7-OH-CBD with m/z 478, which cannot
be formed from 7-OH-H4CBD, as this ion occurs from a retro-
Diels-Alder pathway [14].

The metabolite M35 eluting at 19.59 min shows the ions m/z 465
and m/z 425 (see Figure S39). These are the discussed dihydro-
chromenylium ion (m/z 377) and tropylium ion (m/z 337) with
an additional trimethylsilyloxy group, indicating that this me-
tabolite is hydroxylated on the side chain.

6.3.4 | Bishydroxylated Metabolites, Trimethylsilylated
The metabolite M36 at 20.86 min shows the ion m/z 535, which

is indicative of a hydroxylation position on C7 after the loss of a
trimethylsilyl radical and formaldehyde (see Figure S40). The

Possible fragmentation pathway to the ion m/z 350 seen in the spectrum of (1R,5R)-OH-H4CBD (metabolite M32).

fragment ions at m/z 465 and m/z 425 are present, indicating a
hydroxylation position on the side chain.

The metabolite M37 at 21.37min shows two very abundant
fragment ions (see Figure S41). The ion m/z 535 can be formed
after the elimination of a trimethylsilyl radical and formal-
dehyde, the same fragmentation mechanism as in the tenta-
tively identified 7-OH-H4CBD epimers and the metabolite
M36. The other ion (m/z 425) is indicative of a hydroxylation
position at the side chain. This metabolite was therefore ten-
tatively identified as a side-chain hydroxylated derivative of
7-OH-H4CBD; an EI mass spectrum is shown in Figure S41.
The analogous fragment ion m/z 531 and the same fragment
ion m/z 425 are observed for the bishydroxylated metabolites
of CBD 1”,7-DiOH-CBD, 3”,7-DiOH-CBD, 4”,7-DiOH-CBD,
and 5”,7-DiOH-CBD [14, 15].

The Kovats indices, retention times, and relevant ions of the
trimethylsilyl derivatives of H4CBD and the detected metab-
olites are summarized in Table 3. A chromatogram of the n-
alkane standard that was used for the calculation of the Kovats
indices can be found in Figure S46.

6.4 | Fragmentation Patterns of Phase I
Metabolites

In ESI4+, the fragmentation patterns of H4CBD are different
from CBD. H4CBD does not fragment to the characteristic tro-
pylium ion m/z 193.1223; instead, the aromatic moiety of the
molecule can be seen as a protonated olivetol at m/z 181.1223
after fragmentation under ESI+ conditions. This is also true for
their respective metabolites, side-chain hydroxylated metabo-
lites of H4CBD fragment to a hydroxy-olivetol ion m/z 197.1178
and its anhydrate m/z 179.1065. H4CBD metabolites that are hy-
droxylated on the alicyclic moiety can undergo fragmentation to
the characteristic tropylium ion m/z 193.1223. The presence of
these ions in H4CBD metabolites is therefore indicative of the
hydroxylation position.

Very unusual fragmentation patterns are found for several
Phase I and Phase II metabolites. A Phase I metabolite (M2)
that was tentatively identified as a carboxylic acid showed the
fragment ion m/z 227.1794 that was identified as (C,,H,,*). It
is not clear how this ion is formed. A similar ion (m/z 225.1)
is found in the mass spectrum of 7-COOH-CBD under ESI+
conditions.
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The side-chain hydroxylated metabolites M4 and M5 showed
loss of both oxygens from the phenol groups, presumably as H,O
and CO to form a cyclopentadienyl cation. The same fragmen-
tation pattern to form a cyclopentadienyl ion can be seen in the
ESI+ mass spectra of hydroquinone, pyrocatechol, and vanillin
[30, 31].

The side-chain hydroxylated metabolites M6 and M7 form an-
other tropylium ion (m/z 261.1849), which results from the frag-
mentation of the side chain, in contrast to the formation of the
tropylium ion m/z 193.1223, which is formed from the fragmen-
tation of the alicyclic moiety.

The fragmentation patterns of the trimethylsilylated derivatives
of H4CBD and its Phase I metabolites under EI ionization are
similar to those of the trimethylsilylated derivatives of CBD and
its Phase I metabolites.

6.5 | Fragmentation Patterns of Phase II
Metabolites

Several Phase II metabolites showed odd-electron fragment
ions, which are presumably formed by the fragmentation of the
glucuronide moiety to form a furanyl radical cation. This kind
of fragmentation was seen for the glucuronides of H4CBD (M11,
M12), the side-chain carboxylated metabolite 5”-COOH-H4CBD
(M13), and the side-chain hydroxylated metabolite M15. The
Phase II metabolites with functional groups on the alicyclic
moiety did not show this fragmentation pattern. It is there-
fore assumed that side-chain oxidized metabolites of H4CBD
can easily be protonated on the glucuronide, which is prone to
fragmentation.

The tentatively identified metabolites 7-OH-H4CBD glucuron-
ide and 7-COOH-H4CBD glucuronide (M14) showed a formal
loss of C,H,,0, (two H,0O and two CH,) by an unknown process.
The glucuronide moiety seems not to be fragmented in this frag-
mentation pathway because, in the case of the carboxy metabo-
lite M14, the deglucuronidated species was found as well.

7 | Conclusions

The epimers of H4CBD and their respective glucuronides can
be used as analytical targets, but might not be present because
of metabolization, depending on the time between consumption
and urine sampling. In this case, the side-chain hydroxylated
metabolites M4 and M5, and the metabolite M8, which is pre-
sumably an epimer of 7-OH-H4CBD, might be better targets
as they were very abundant in the chromatogram. Further in-
vestigations are needed to elucidate the structures of the very
abundant side-chain hydroxylated metabolites M4 and M5. A
method for the determination of H4CBD and its metabolites
should also include the carboxylic acids 7-COOH-H4CBD and
5”-COOH-H4CBD, and it is assumed that they accumulate
after frequent H4CBD consumption. The same metabolites can
be analyzed as TMS derivatives by GC-MS. Glucuronides of
the discussed metabolites would also suit as forensic markers.
Currently, no analytical standards for the proof of H4CBD con-
sumption are available besides (R)-H4CBD and (S)-H4CBD.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Quantification of (R)- and
(S)-H4CBD in the H4CBD product for recreational use with GC-MS.
Figure S2: Chromatogram of deglucuronidated urine before ingestion
of H4CBD, measured on a LC-QqTOF. Figure S3: LC-QqTOF spectrum
of (S)-H4CBD (Metabolite M1). Figure S4: LC-QqTOF spectrum of (R)-
H4CBD (Metabolite M1). Figure S5: Mass spectrum of metabolite M2,
a carboxylated metabolite of H4CBD (from a deglucuronidated urine
sample 3h after ingestion of 25-mg H4CBD). Figure S6: Mass spectrum
of metabolite M3, a carboxylated metabolite of H4CBD (from a deglucu-
ronidated urine sample 3h after ingestion of 25-mg H4CBD). Figure
S7: Mass spectrum of metabolite M4, a side-chain hydroxylated metab-
olite of H4CBD (from a deglucuronidated urine sample 3h after inges-
tion of 25-mg H4CBD). *The position of the hydroxy group is unknown.
Figure S8: Mass spectrum of metabolite M5, a side-chain hydroxylated
metabolite of H4CBD (from a deglucuronidated urine sample 3h after
ingestion of 25-mg H4CBD). *The position of the hydroxy group is un-
known. Figure S9: Mass spectrum of metabolite M6, a hydroxylated
metabolite of H4CBD (from a deglucuronidated urine sample 3h after
ingestion of 25-mg H4CBD). Tentatively identified as an epimer of
2"0OH-H4CBD. Figure S10: Mass spectrum of metabolite M7, a hydrox-
ylated metabolite of H4CBD (from a deglucuronidated urine sample 3h
after ingestion of 25-mg H4CBD). Tentatively identified as an epimer of
2"0H-H4CBD. Figure S11: Mass spectrum of metabolite M8, a hydrox-
ylated metabolite of H4CBD (from a deglucuronidated urine sample 3h
after ingestion of 25-mg H4CBD). Tentatively identified as an epimer of
7-OH-H4CBD. Figure S12: Mass spectrum of metabolite M9, a hydrox-
ylated metabolite of H4CBD (from a deglucuronidated urine sample 3h
after ingestion of 25-mg H4CBD). Tentatively identified as an epimer of
7-OH-H4CBD. Figure S13: Mass spectrum of metabolite M10, a bishy-
droxylated metabolite of H4CBD (from a deglucuronidated urine sam-
ple 3h after ingestion of 25-mg H4CBD). The position of the hydroxy
groups is unknown. Figure S14: Chromatogram of a urine sample be-
fore ingestion of H4CBD, measured on a LC-QqTOF. Figure S15: Mass
spectrum of metabolite M11, a glucuronidated metabolite of H4CBD
(from a urine sample 3h after ingestion of 25-mg H4CBD). Figure S16:
Mass spectrum of metabolite M12, a glucuronidated metabolite of
H4CBD (from a urine sample 3h after ingestion of 25-mg H4CBD).
Acquired in SWATH mode. Figure S17: Mass spectrum of metabolite
M13, a carboxylated and glucuronidated metabolite of H4CBD (from a
urine sample 3h after ingestion of 25-mg H4CBD). The position of the
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glucuronide moiety is unknown. Figure S18: Mass spectrum of metab-
olite M14, a carboxylated and glucuronidated metabolite of H4CBD
(from a urine sample 3h after ingestion of 25-mg H4CBD). The position
of the glucuronide moiety is unknown. Figure S19: Mass spectrum of
metabolite M15, a hydroxylated and glucuronidated metabolite of
H4CBD (from a urine sample 3h after ingestion of 25-mg H4CBD). The
position of the glucuronide moiety is unknown. Figure S20: Mass spec-
trum of metabolite M16, a hydroxylated and glucuronidated metabolite
of H4CBD (from a urine sample 3h after ingestion of 25-mg H4CBD).
The position of the glucuronide moiety and the hydroxy group is un-
known. Figure S21: Mass spectrum of metabolite M17, a hydroxylated
and glucuronidated metabolite of H4CBD (from a urine sample 3h after
ingestion of 25-mg H4CBD). The position of the glucuronide moiety and
the hydroxy group is unknown. Figure S22: Mass spectrum of metabo-
lite M18, a hydroxylated and glucuronidated metabolite of H4CBD
(from a urine sample 3 h after ingestion of 25-mg H4CBD). The position
of the glucuronide moiety is unknown. Figure S23: Mass spectrum of
metabolite M19, a hydroxylated and glucuronidated metabolite of
H4CBD (from a urine sample 3h after ingestion of 25-mg H4CBD). The
position of the glucuronide moiety is unknown. Figure S24: Mass spec-
trum of metabolite M20, a hydroxylated and glucuronidated metabolite
of H4CBD (from a urine sample 3h after ingestion of 25-mg H4CBD).
The position of the hydroxy group and the glucuronide is unknown.
Figure S25: Mass spectrum of metabolite M21, a hydroxylated and glu-
curonidated metabolite of H4CBD (from a urine sample 3h after inges-
tion of 25-mg H4CBD). The position of the hydroxy group and the
glucuronide is unknown. Figure S26: Mass spectrum of metabolite
M22, a hydroxylated and glucuronidated metabolite of H4CBD (from a
urine sample 3h after ingestion of 25-mg H4CBD). The position of the
hydroxy group and the glucuronide is unknown. Figure S27: Mass
spectrum of metabolite M23, a bishydroxylated and glucuronidated me-
tabolite of H4CBD (from a urine sample 3h after ingestion of 25-mg
H4CBD). Both hydroxylation positions are found on the alicyclic moi-
ety, and their position and the position of the glucuronide are not clear.
Figure S28: Mass spectrum of metabolite M24, a bishydroxylated and
glucuronidated metabolite of H4CBD (from a urine sample 3h after in-
gestion of 25-mg H4CBD). One hydroxylation position is found on the
alicyclic moiety, the other hydroxylation position is on the side-chain,
and their position and the position of the glucuronide are not clear.
Figure S29: Mass spectrum of metabolite M25, a bishydroxylated and
glucuronidated metabolite of H4CBD (from a urine sample 3h after in-
gestion of 25-mg H4CBD). Both hydroxylation positions are found on
the alicyclic moiety, and their position and the position of the glucuron-
ide are not clear. The ion m/z 197.1173 could result from a coeluting
metabolite with a hydroxylation position on the side-chain. Figure S30:
EI mass spectrum of the metabolite M26 (R)-H4CBD TMS. Figure S31:
EI mass spectrum of the metabolite M27 (S)-H4CBD TMS, the same
ions are formed as for (R)-H4CBD TMS. Figure S32: EI mass spectrum
of the carboxylated metabolite M28 7-COOH-H4CBD TMS. Figure
S$33: EI mass spectrum of the carboxylated metabolite M29
5”-COOH-H4CBD TMS. Figure S34: EI mass spectrum of the hydrox-
ylated metabolite M30, hydroxylated on the alicyclic moiety. Figure
$35: EI mass spectrum of the hydroxylated metabolite M31, hydroxyl-
ated on the side-chain. Hydroxylation position unknown. Figure S36:
EI mass spectrum of the hydroxylated metabolite M32, hydroxylated on
the alicyclic moiety. Figure S37: EI mass spectrum of the hydroxylated
metabolite M33, hydroxylated on the alicyclic moiety. Presumably
7-OH-(R)-H4CBD. Figure S38: EI mass spectrum of the hydroxylated
metabolite M34, hydroxylated on the alicyclic moiety. Presumably
7-OH-(S)-H4CBD. Figure S39: EI mass spectrum of the hydroxylated
metabolite M35, hydroxylated on the side-chain. Hydroxylation posi-
tion unknown. Figure S40: EI mass spectrum of the bishydroxylated
metabolite M36, hydroxylated on C7 of the alicyclic moiety and on the
side-chain. Position of the side-chain hydroxylation is unknown.
Figure S41: EI mass spectrum of the bishydroxylated metabolite M37,
hydroxylated on C7 of the alicyclic moiety and on the side-chain.
Position of the side-chain hydroxylation is unknown. Figure S42:
Product ion spectrum of 7-COOH-CBD at a collision energy of +46V.
Figure S43: Product ion spectrum of 7-COOH-CBD at a collision en-
ergy of +73V. Figure S44: Product ion spectrum of (S)-H4CBD

(reference standard). Figure S45: Product ion spectrum of (R)-H4CBD
(reference standard). Figure S46: Chromatogram of an n-alkane stan-
dard (C7-C40) used for the determination of Kovats indices.
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2.6 Publication VI

Rapid LC-QTOF-MS screening method for semi-synthetic cannabinoids
in whole blood

Schirmer W., Walton S. E., Schiirch S., Weinmann W., Logan B. K., Krotulski A. J.
Journal of Analytical Toxicology, 2025 (Ahead of print)
DOI: 10.1093/jat /bkat095

Description of own contribution

This work was initialized by Dr. Alex Krotulski, Dr. Barry Logan, Prof. Dr. Wolfgang Weinmann
and myself. The chromatographic method was developed by Dr. Alex Krotulski and other people
working at the Center of Forensic Research and Education (CFSRE). I have modified the method,
performed the LC-QqTOF analysis and validated the method. Dr. Alex Krotulski and Sara Walton
supervised me during my stay at CFSRE and helped me with the operation of the instruments.
I have written the manuscript and Sara Walton, Prof. Dr. Stefan Schiirch, Prof. Dr. Wolfgang
Weinmann, Dr. Barry Logan and Dr. Alex Krotulski proof read it and helped to finalize the

manuscript.

Description of novelty

This publication describes a screening method for semi-synthetic cannabinoids in whole blood and
is currently one of two published methods for screening semi-synthetic cannabinoids in physiological
samples. Due to the emergence of these compounds, a method that can safely identify these in
biological samples is needed to verify if a suspect was under the influence of these drugs. Methods
like the described one are especially important if people are suspected to be driving under the

influence of semi-synthetic cannabinoids.

Reprint permission

Reprinted by permission from the licensor: Oxford University Press, Journal of Analytical Toxicology,
Creative Common CC BY-NC licence: Rapid LC-QTOF-MS screening method for semi-synthetic
cannabinoids in whole blood. Schirmer Willi, Walton Sara, Logan Barry, Schiirch Stefan, Weinmann
Wolfgang, Krotulski Alex.
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Abstract

Semi-synthetic cannabinoids are a class of new psychoactive substances (NPSs) with structural
similarities to the main psychoactive phytocannabinoid A’-tetrahydrocannabinol (A’-THC) found
in Cannabis sativa L. The first semi-synthetic cannabinoids, which were used as legal substitutes
for marijuana were A®-tetrahydrocannabinol (A3-THC) and hexahydrocannabinol (HHC). A*-THC
emerged around 2019 on the recreational drug market in the United States after it became legal
due to an ambiguity in the Agricultural Improvement Act 2018 (Farm Bill 2018). It was never legal
outside the United States as the isomers of THC are regulated in the United Single Convention on
Narcotic Drugs from 1971. HHC, a hydrogenated derivative of THC, followed as a legal substitute
on the European recreational drug market. Many countries already placed HHC in their narcotic
substance law, which lead to the emergence of other structurally related derivatives of THC. An
existing rapid screening method for the qualitative analysis of various new psychoactive
substances was expanded for semi-synthetic cannabinoids in whole blood using a LC-QTOF-MS
system. This method was validated for 24 different phytocannabinoids and semi-synthetic
cannabinoids in blood. Recovery rates of the analytes from a liquid-liquid-extraction ranged from
87-118%, matrix effects ranged from 24-93%, and limits of detection (LOD) ranged from 0.8-

16 ng/mL.

Keywords: Semi-synthetic cannabinoids, LC-QTOF-MS, SSC, THC, HHC, screening
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47 Introduction
48  The emergence of A®-tetrahydrocannabinol (A®*-THC) and hexahydrocannabinol (HHC) on the
49  recreational cannabinoid market has led to a new class of new psychoactive substances (NPSs)
50  with cannabimimetic effects, commonly referred to as semi-synthetic cannabinoids [1]. Semi-
51  synthetic cannabinoids are structurally related to A’-tetrahydrocannabinol (A°-THC), the main
52 psychoactive substance in Cannabis sativa L. (marijuana). Currently, the most prevalent semi-
53  synthetic cannabinoids worldwide are HHC and A3-THC [1]. They both occur naturally in small
54 amounts in the cannabis plant [2,3]. However, it is unclear if HHC is naturally formed or only as
55  adegradation product from the disproportionation of A°~THC to cannabinol (CBN) and HHC [4].
56  The first description of HHC was in 1940 after the hydrogenation of cannabis extracts [5]. Even
57  though their natural occurrence in cannabis, the low content of A>-THC and HHC in the cannabis
58  plant makes it cost prohibited for extraction. Both can be synthesized from cannabidiol (CBD),
59  which is legal in many countries, including the United States through the enactment of the 2018
60  “Farm Bill” [6], and are then sprayed on hemp, or used as an ingredient in vaping liquids or edibles
61  [1]. Acidic catalyzed ring-closure of CBD yields A~ THC and A®-iso-THC, respectively. Further
62  acid catalyzed isomerization converts the products to the thermodynamically more stable A*-THC
63  and A*®-iso-THC, respectively (see Figure 1). The product composition depends on the reaction
64  conditions (e.g., choice of acid, solvent, temperature and time) [7]. After hydrogenation of the
65  THC mixture, HHC is obtained as a mixture of two epimers: (9R)-HHC and (95)-HHC [8,9]. While
66  hydrogenation of A>-THC delivers an excess of (95)-HHC, the hydrogenation of A-THC yields
67 an excess of (9R)-HHC [9]. The iso-THCs are undesired side-products commonly found in
68  recreational products containing A>-THC and have not been identified in Cannabis sativa L. [10-
69  12]. Their hydrogenation delivers iso-HHC, which is a synthetic impurity in recreational HHC
WILLI SCHIRMER November 7, 2025 94
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70  products [13]. Like A>~THC, A3-THC is a partial agonist on the CB cannabinoid receptor but it is
71  commonly accepted to be less potent than A°>-THC [14]. Of the two HHC epimers, (9R)-HHC
72  shows a greater cannabimimetic potency [9,15] and a greater binding affinity towards CB: [16-
73 18]. The iso-THCs potentially lack any cannabimimetic properties, and their pharmacology has

74  not been studied yet due to suggested lower significance and importance.

A8-jso-THC

OH

0 CsHi4
A*®)jso-THC

75

76 Figure 1: Acid catalyzed synthesis of A>-THC and AS-THC from CBD (Path A). Acid catalyzed synthesis of A8-iso-THC and
77  A*®-iso-THC from CBD (Path B).

78  Even though A’-THC and all its double-bonded isomers are listed in Schedule I of the United
79  Nations (UN) Convention on Psychotropic Substances of 1971 [19], A%-THC is not legally
80  regulated in the United States due to an ambiguity in the Agriculture Improvement Act of 2018
81  (“Farm Bill”). Hemp derived products are in a legal gray area in the United States as long as the
82  product does not contain more than 0.3% A’-THC by dry weight [20]. In 2021, HHC entered the
83  recreational drug market and spread rapidly as a legal substitute for Cannabis [1]. The regulation
84  of HHC in many European countries has led to other unregulated semi-synthetic cannabinoids

85  being available on the recreational drug market [21,22]. Some semi-synthetic cannabinoids on the
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recreational market, like 11-OH-A’-THC and 8-OH-A’-THC, are known active metabolites of A°-
THC [23-25]. Their synthesis is not as simple as for A>-THC or HHC [26,27]. Other semi-synthetic
cannabinoids like A’-THCP or A’-tetrahydrocannabihexol (A’-THCH) have been previously
discovered as natural trace compounds in Cannabis sativa L. A content of 29 pg/g was reported
for A>-THCP and 7 pg/g for A>-THCH, respectively [28,29], indicating that they cannot be cost
efficiently be extracted from the cannabis plant. Instead, these semi-synthetic cannabinoids that do
not share the pentyl moiety of A®-THC or HHC are synthesized from 5-alkylresorcinols or 5-
alkylcyclohexane-1,3-diones [30-32]. Suppliers claim that these semi-synthetic cannabinoids are
made from CBD; however, this seems unlikely because of the alteration of the cannabinoid pentyl
substituent. A general structure for semi-synthetic cannabinoids is depicted in Figure 2. Semi-
synthetic cannabinoids are derivatives of A°-THC and share the dibenzopyran moiety with it. The
differences to A’-THC are the position or presence of the double bond. Acylation or alkylation of
the phenolic hydroxy group, or homologation of the pentyl group are encountered as well. Other
derivatives are hydroxylated at the positions C8, C10, or C11. Recently, three novel THC analogs
were identified bearing an allyl or a propen-2-yl group at position C2. These derivatives are likely
products after a Claisen rearrangement of THC allyl ethers [33]. The herein presented method
expands an already existing screening method to include semi-synthetic cannabinoids [34].
Recently, a targeted method for the determination of THC isomers, analogs, homologs, and

metabolites in blood and urine was published [35].
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OH
R1: n-alkyl
or R,: H or acyl

HO R, o X: H, OH or halogen
105
106 Figure 2: Retrosynthesis of semi-synthetic cannabinoids. Common precursors are depicted on the left (5-alkylresorcinols and 5-
107 alkylcyclohexane-1,3-diones). A general structure for semi-synthetic cannabinoids is shown on the right side. The differences to
%83 A°-THC are the position or presence of the double bond, acylation or alkylation of the phenolic hydroxy group or the chain length

of Ri.
110  Adsorption of A>-THC on different surfaces is a well-known phenomenon [36]. Compounds with
111  alarge octanol-water partition coefficient (log Pow), like semi-synthetic cannabinoids, may adsorb
112 to hydrophobic surfaces, such as polymers or siloxane groups of glass [37]. For THC analogues,
113 it is known that their lipophilicity (log Pow) increases by a factor of approximatively three for each
114 methylene group added to the side chain [38]. This might lead to preanalytical challenges when
115  such hydrophobic compounds are analyzed. Storage and workup of samples might lead to analyte
116  loss due to non-specific binding of the highly hydrophobic substances on storage containers, test
117  tubes or vials prior analysis. Adsorption of A>-THC has been described on polystyrene, glass and
118  polypropylene [36,39,40].
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Materials and methods

Chemicals and reagents

A°-Tetrahydrocannabiorcol (A°-THCO), A’-THC-ethyl (A°-THCE), A’-THC-butyl (A’~-THCB),
A’-tetrahydrocannabinol ~ (A°-THC),  A’-tetrahydrocannabihexol ~ (A’-THCH),  A°’-
tetrahydrocannabiphorol (A’-THCP), A’-THC-octyl (A-THC-C8), A’-tetrahydrocannabinol
methyl ether (A’-THC-OMe), A’-tetrahydrocannabinol acetate (A°-THC-O), cannabinol (CBN),
cannabidiol (CBD), cannabigerol (CBG), (9R)-hexahydrocannabinol ((9R)-HHC), (95)-
hexahydrocannabinol  ((95)-HHC), (9R)-hexahydrocannabihexol ((9R)-HHCH), (9R)-
hexahydrocannabiphorol ((9R)-HHCP), (9R)-hexahydrocannabinol acetate ((9R)-HHC-O), A®-
tetrahydrocannabinol (AS-THC), (£)-9a-hydroxy hexahydrocannabinol (90-OH-HHC), (+)-9p-
hydroxy hexahydrocannabinol (9-OH-HHC), (-)-11-hydroxy-A®-tetrahydrocannabinol (11-OH-
A3-THC), (&)-hydroxy-A’-tetrahydrocannabinol (11-OH-A’-THC), (%)-11-nor-9-carboxy-A’-
tetrahydrocannabinol (11-COOH-A’-THC) and 11-nor-(9R)-carboxy-hexahydrocannabinol (11-
COOH-(9R)-HHC) at concentrations of 1.0 mg/mL were purchased from Cayman Chemical (Ann
Arbor, MI, United States). Cannabidiol-D3 (CBD-D3) and A’-tetrahydrocannabinol-D3 (THC-D3)
at concentrations of 100 pg/mL were purchased from Cerilliant (Round Rock, TX, United States).
Bond Elut C18 Solid Phase Extraction cartridges (500 mg, 3 mL) were purchased from Agilent
(Santa Clara, CA, United States). Hexanes (95% n-hexane), ethyl acetate (EtOAc), tert-butyl
methyl ether (TBME), and LC-MS grade solvents (e.g., methanol (MeOH), acetonitrile (MeCN),
and water) were purchased from Honeywell Chemicals (Charlotte, NC, United States), formic acid
ampules (1 mL) were purchased from Thermo Fisher Scientific (Waltham, MA, United States),
ammonium formate was purchased from Millipore Sigma (St. Louis, MO, United States),

phosphoric acid was purchased from VWR (Radnor, PA, United States). A solution of MeOH in
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142 water (90%, V%) with formic acid (0.1%, V%) was used to reconstitute samples prior to analysis.
143 The internal standard (ISTD) solution consisted of CBD-D3 and THC-D3 (y =500 ng/mL) in
144 reconstitution solution. A solution of n-hexane, TBME and EtOAc (8/1/1; V/V/V) was used for the
145  liquid extraction from blood. Drug-free human blood preserved with sodium fluoride and
146  potassium oxalate was purchased from BiolVT (Westbury, NY, United States). Drug-free status
147  was determined through comprehensive toxicology screening onsite after basic and acidic liquid-

148  liquid-extraction described previously [34,41].

149

150  Library semi-synthetic cannabinoids

151  Reference mass spectra from the cannabinoid standards were implemented in the library by
152  measuring diluted cannabinoid standards (40 ng injected from each analyte). Standard solutions
153 (2 uL, y=1mg/mL) were diluted with 1.0 mL mobile phase B (y=2 pg/mL). From these
154  solutions, 20 uL were injected on a Sciex Exion liquid chromatograph coupled to a Sciex X500R

155  quadrupole time-of-flight mass spectrometer (LC-QTOF-MS) using SWATH-acquisition.

156 Reference mixtures 1 and 2

157  For the determination of limits of detection (LOD), recovery rates and matrix effects, two different
158  mixtures were prepared. Reference mixture 1 was prepared by mixing 2 uL of 13 different
159  standards (y = 1 mg/mL) and diluting the mixture with 974 uL of mobile phase B (y =2 pg/mL).
160  The standards were A’-THCO, 90-OH-HHC, 11-OH-A’-THC, A°>-THCE, 11-COOH-A’-THC, A3-

161  THC, CBG, A’-THCB, CBN, A’>-THCH, A°-THCP, (95)-HHC and A’-THC-CS.

162  Reference mixture 2 was prepared by mixing 2 puL of 11 different standards (y = 1 mg/mL) and

163 diluting the mixture with 978 uL of mobile phase B (y = 2 ng/mL). The standards were 11-OH-A3-
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164 THC, 11-COOH-(9R)-HHC, 9-OH-HHC, CBD, A>-THC, (9R)-HHCH, A’-THC-O, (9R)-HHCP,

165  (9R)-HHC, (9R)-HHC-O and A’-THC-OMe.

166  Blood samples were fortified with the Reference mixtures 1 and 2 prior extraction for the
167  determination of the recovery rates and LOD, and after the extraction for the determination for the

168  matrix effects.

169 LC-QTOF-MS method

170 A previously published method with adjustments to the electrospray voltage was used for the
171  measurements [34]. Five-hundred pL of blood was mixed with 8 uL ISTD working solution in a
172 test tube. To this solution, 1 mL H3PO4 (5%, m%) and 3 mL extraction mixture were added. The
173  mixture was rotated for 15 min and then centrifuged for 5 min (3398 g). To facilitate the phase
174  separation, the test tubes were put in the freezer for 15 min at -80 °C. The organic phase was
175  decanted into a clean test tube and evaporated to dryness. The residue was dissolved in 200 uL.
176  reconstitution solution. Instrumental analysis was performed as described above using an Exion
177  LC coupled to a X500R mass spectrometer (Sciex, Framingham, MA, United States) equipped
178  with an ESI twinspray electrode assembly. The mass spectra were measured in positive ionization
179  mode utilizing SWATH acquisition. The mobile phase A was an aqueous ammonium formate
180  solution (10 mM, pH 3) containing formic acid, and mobile phase B was a solution of MeOH and
181  MeCN (1/1, V/V) containing formic acid (0.1 %, V%). The injection volume was 20 pL.
182  Chromatography was performed at 30 °C on a Kinetex C18 column, 50 x 3 mm, 2.6 um, 100 A
183  (Phenomenex, Torrance, CA, United States). A gradient method was used for chromatographic
184  separation with the following conditions: 0-1 min: 5% B, 1-10 min: 5-95% B, 10-13 min: 95% B,
185  13-13.1 min: 95-5% B, 13.1-15.5 min: 5%. The curtain gas was set to 45 psi, ion source gas 1 to

186 40 psi, ion source gas 2 to 75 psi, the electrospray voltage was set to 4000 V and the source

WILLI SCHIRMER November 7, 2025 100



UNIVERSITAT BERN, DISSERTATION

2 Results

187  temperature was 600 °C. Precursor ions from 100 — 510 Da were selected. Fragmentation was

188  induced by using a collision energy spread of 35+ 15V [42]. The fragment scan range was

189 40 —510 Da. The declustering potential was 80 V. Data were acquired on SciexOS (version

190 3.3.143) and processed with Peak View (version 2.2.0.11391) and MasterView

191  1.1.1944.0).

' C17H2202 XIC Experiment 1, +SWATH TOF MS (100 - 510): 258169 +/- 0.025 Da (AS-THCO)

. C18H2402 XIC Experiment 1, +SWATH TOF MS (100 - 510} 273.185 +/- 0.025 Da (AS-THCE }

@ ©20H2802 XIC Experiment 1, +SWATH TOF MS (100 - 510): 301,216 +/- 0,025 Da (A3-THCB)

@ C21H2602 XIC Experiment 1, +SWATH TOF MS (100 - 510): 311.201 +/- 0.025 Da (CBN)

@ C21H2804 XIC Experiment 1, +SWATH TOF MS (100 - 510); 345,206 +/- 0.025 Da (A9-THC-COOH)

@ C21H3002 XIC Experiment 1, +SWATH TOF MS (100 - 510): 315.232 +/- 0,025 Da (CBD, A9-THC. A8-THC)

‘ CZ1H3003 XIC Experiment 1, +SWATH TOF MS (100 - 510} 331.227 +/- 0.025 Da (11-OH-AS-THC, 11-OH-A8-THC)

(
(
(
(
(
(
(
@ C21H3004 XIC Experiment 1, +SWATH TOF MS (100 - 510); 347,222 +/-0.025 Da (11-COOH-HHC)

O C21H3202 XIC Experiment 1, +SWATH TOF MS (100 - 510): 317.248 +/- 0.025 Da (CBG, (9R)-HHC, (98)-HHC)
@ C21H3203 XIC Experiment 1, +SWATH TOF MS (100 - 510): 333,242 +/- 0.025 Da (3p-OH HHC, 96-OH HHC)
@ ©22H3202 XIC Experiment 1, +SWATH TOF MS (100 - 510); 329,248 +/- 0,025 Da (AS-THCH, A9-THC-OMe)
@ C22H3402 XIC Experiment 1, +SWATH TOF MS (100 - 510): 331,263 +/- 0,025 Da ((9R)-HHCH)

© C23H3203 XIC Experiment 1, +SWATH TOF MS (100 - 510): 357.242 +/- 0,025 Da (A9-THC-O)

© C23H3402 XIC Experiment 1, +SWATH TOF MS (100 - 510): 343.263 +/- 0.025 Da (AS-THCP)

@ C23H3403 XIC Experiment 1, +SWATH TOF MS (100 - 510); 359.258 +/- 0,025 Da ((9R)-HHC-0)

@ C©23H3602 XIC Experiment 1, +SWATH TOF MS (100 - 510); 345.279 +/- 0.025 Da ((9R)-HHCP)

@ C24H3602 XIC Experiment 1, +SWATH TOF MS (100 - 510): 357.279 +/- 0.025 Da (AS-THC-C8)
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193 Figure 3: Overlay of two blank blood samples fortified to a concentration of y= 500 ng/mL with reference mixture 1 and 2,

194 respectively.

195 Method validation

196 A laboratory validation plan was developed and evaluated according to a previous screening

197  validation performed by Krotulski et al. [34]. Validation experiments included recovery, matrix

198  effects, limit of detection, carryover and inter- and intra-day reproducibility (mass-accuracy,
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199  retention times and analyte area ratio to CBD-Ds3). The validation was evaluated for suitability for

200  the method’s intended use: qualitative broad-based semi-synthetic cannabinoid identification.

201  For the inter-day reproducibility, the blood samples were fortified on each day with the reference
202  mixtures 1 and 2, respectively. A five-fold determination was performed on three different days.
203  Intra-day reproducibility was calculated by comparing the retention times, mass accuracy, and area

204  ratios of the analyte to CBD-Ds over a five-fold determination.

205 Recovery and Matrix effects

206  Analyte recovery rates and matrix effects were evaluated for a liquid-liquid extraction (LLE) and
207  a solid-phase extraction (SPE) protocol. The method was validated using the LLE protocol
208  described below, however; both extraction protocols were evaluated for optimal recovery and

209  matrix effects. Recovery rates and matrix effects rates were determined in triplicate.

210  Liquid-liquid extraction

211  Inatesttube 0.5 mL blood, 1 mL H3PO4 (5%, m%), and 8 uL of the ISTD solution (y =20 ng/mL)
212 were added. For the determination of the recovery rates, 2.5 pL reference mixture 1 or mixture 2
213 (y=25 ng/mL) were added, additionally. The solution was mixed, and 3 mL of the extraction
214  solvent mixture was added. The test tubes were rotated for 15 min and centrifuged for 5 min
215 (3398 g). Afterwards, the test tubes were put in the freezer at -80 °C for 15 min, the organic phase
216  was transferred to a new test tube and the solvent was evaporated in a TurboVap at 40 °C for
217 30 min. The residue was dissolved in 200 uL reconstitution solution, transferred to a vial and

218  analyzed on the X500R QTOF-MS.

219  For the determination of the matrix effects 0.5 mL blood, 1 mL H3PO4 (5%, m%) and 8 puL of the

220  ISTD solution (y =20 ng/mL) were added into a test tube. The mixture was extracted and
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221  separated as mentioned for the determination of the recovery rates. After separation of the organic
222 phase, 2.5 pL reference mixture 1 or mixture 2 (y =25 ng/mL) was added and the solvent was
223 evaporated. The residue was dissolved in 200 pL reconstitution solution, transferred to a vial and

224 analyzed on the X500R QTOF-MS.

225  Solid phase extraction

226 A validated method for the extraction of A>-THC and its metabolites from serum was used with
227  the slight modification that the cartridges were additionally eluted with EtOAc [43]. C18 Bond
228  Elut cartridges were conditioned with 2 mL MeOH and 2 mL AcOH (0.1 M). Five-hundred pL
229  blood was mixed with 8 uL ISTD (y =20 ng/mL). For the determination of the recovery rates,
230 2.5 pL reference mixture 1 or mixture 2 (y =25 ng/mL) were added. The samples were briefly
231  vortexed and loaded on the cartridges. After loading, the cartridges were washed with 1 mL AcOH
232 (0.1 M)and I mL MeCN (40 %, V%). The samples were eluted using 1.5 mL MeCN and then with
233 1.5 mL EtOAc. The solutions were evaporated to dryness, dissolved in 200 pL reconstitution

234 solution, transferred to a PP vial and analyzed on the X500R QTOF-MS.

235  The determination of the matrix effects were determined similar with the difference that the 2.5 uLL
236  reference mixture 1 or mixture 2 (y =25 ng/mL) were added to the organic phase after the
237  extraction step. The eluted solutions were evaporated to dryness and dissolved in 200 pL

238  reconstitution solution, transferred to a PP vial and analyzed on the X500R QTOF-MS.
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239  Limit of detection

240 Limits of detection (LOD) were determined from fortified blood samples at different
241  concentrations (y = 0.8 ng/mL, 2 ng/mL, 4 ng/mL, 8 ng/mL and 16 ng/mL) after LLE. The given
242 LOD show a signal-to-noise ratio greater than 3 (S/N > 3). The noise near the analyte signal was

243 used for the determination of the S/N. The LOD were determined from one measurement per level.

244  Inter-day and intra-day reproducibility

245  For investigation of the reproducibility inter-day and intra-day measurements were performed, and
246  mass accuracy, relative standard deviation of retention time (RSD(R/)) and signal area (RSD(A))
247  were calculated. For inter-day and intra-day reproducibility blank blood was fortified to a
248  concentration of y =10 ng/mL with reference mixture 1 and 2, respectively. For the inter-day
249  reproducibility a five-fold determination on three different days were prepared. The intra-day

250  reproducibility was determined from a five-fold determination.

251  Carryover

252 For the investigation of carryover effects, blank solutions were injected after reference solutions

253 (y=2000 ng/mL).

254  Results

255 Validation

256  Validation of the LC-QTOF-MS screening method was performed successfully. The method was
257  wvalidated for the liquid-liquid-extraction protocol using polypropylene (PP) vials. The recovery

258  rates ranged from 87-118% and the matrix effects ranged from 24-93% (see Table 1 and
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259  Supplementary Material S2). LOD ranged from 0.8 ng/mL to 16 ng/mL, they are summarized in
260  Table 1. For the inter-day reproducibility the mass errors of the analytes ranged from -2.1 to
261 1.3 ppm. The relative standard deviations of the retention times were RSD(Rr) < 0.32%, and the
262  relative standard deviations of the peak area were RSD(A) < 48.2%. The values are summarized
263  inTable 1. For the intra-day reproducibility, the mass errors of the analytes ranged from -3.7 to 0.2
264  ppm. The relative standard deviations of the retention times were RSD(R) < 0.11%, and the
265  relative standard deviations of the peak area were RSD(A) < 22.5%. The values are summarized

266  in Table 1. No carryover was observed.

267  The recovery rates from the liquid-liquid-extraction using non-silanized glass vials ranged from 0-
268  113% (see Supplementary Material S1 and S3). The matrix effects ranged from 11-76% (see
269  Supplementary Material S1). For the SPE protocol the recovery rates ranged from 28-90% (see
270  Supplementary Material S1 and S4), and the matrix effects ranged from 33-171% (see

271  Supplementary Material S1).
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272 Table 1: Validation parameters for the analytes. LOD: Limit of detection, RSD: relative standard deviation, M.E.: Matrix effect, R: retention time. Recoveries and matrix effects are from the LLE

273 protocol measured in PP vials.
274
Mass LOD /| Recovery / | M.E./ | R:/ min Interday reproducibility Intraday reproducibility

Analyte [M+H'T" | ng*mL"! % % Area RSD /% | Mass accuracy RSD /ppm | R/ RSD/% | AreaRSD /% | Mass accuracy RSD/ppm | R/RSD/%
A°-THCO 259.1693 2 108 +6.9 70 9.47 29.2 0.2 0.30 12.9 -0.1 0.09
9B-OH-HHC 333.2424 4 97+5.7 43 9.73 17.9 -0.1 0.31 5.9 -0.2 0.07
11-OH-A’-THC | 331.2268 2 104+9.9 32 9.75 33.1 -0.5 0.29 132 -1.4 0.08
11-OH-AS-THC | 331.2268 4 95+5.2 46 9.78 15.3 0.1 0.32 9.0 -0.5 0.09
A°-THCE 273.1849 0.8 100 + 8.1 30 9.82 18.5 -0.4 0.30 5.3 -0.5 0.05
11-COOH-(9R)- | 347.2217 63 0.31 5.1 -1.0 0.11
HHC 8 88+12.4 9.85 11.8 -0.9

11-COOH-A’- 345.2060 59 0.28 6.4 -3.1 0.05
THC 0.8 100 + 6.2 9.93 14.9 -2.0

9a-OH-HHC 333.2424 2 101 +6.4 41 10.09 26.7 -0.9 0.28 4.8 -1.9 0.10
CBD 315.2319 2 101 +£4.8 66 10.13 13.6 0.1 0.27 10.8 -0.6 0.11
CBG 317.2475 2 99+9.6 61 10.17 20.2 -0.2 0.23 6.3 -0.6 0.05
A°-THCB 301.2162 2 102 +8.2 62 10.53 20.3 -2.1 0.27 5.0 -3.0 0.08
CBN 311.2006 2 106 + 8.2 50 10.62 19.8 -1.9 0.27 9.5 -2.6 0.05
A°-THC 315.2319 2 100+5.2 24 10.85 19.6 -0.8 0.26 10.8 -1.6 0.07
A8-THC 315.2319 2 111 +8.1 24 10.92 20.9 -1.0 0.26 6.7 -1.9 0.09
(95)-HHC 317.2475 2 101 £ 10.2 67 11.01 329 -1.5 0.25 10.4 -2.1 0.09
(9R)-HHC 317.2475 2 102+5.6 44 11.06 25.9 -0.8 0.26 10.5 -1.7 0.08
A°-THCH 329.2475 8 106 +4.6 93 11.13 18.8 -0.1 0.25 6.1 -0.7 0.05
(9R)-HHCH 331.2632 4 118+4.4 24 11.34 21.3 1.3 0.16 225 0.5 0.06
A°-THCP 343.2632 4 97+54 53 11.40 17.0 -0.8 0.24 11.0 -1.8 0.10
A°-THC-O 357.2424 2 92 +10.7 80 11.49 48.2 2.4 0.25 19.6 -3.7 0.06
(9R)-HHCP 345.2788 16 87 +10.0 25 11.58 16.7 0.5 0.25 11.0 -0.1 0.07
(9R)-HHC-O 359.2581 2 94+ 11.6 42 11.60 16.9 -0.1 0.22 18.4 -0.6 0.08
A°-THC-C8 357.2788 8 90 +7.0 35 11.66 22.8 0.0 0.24 2.6 -0.6 0.06
A°-THC-OMe 329.2475 4 91+3.0 71 11.85 25.5 0.5 0.24 17.6 0.2 0.04
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275  Application to authentic samples

276  The validated LC-QTOF-MS method described above was applied to authentic driving under
277  the influence of drugs (DUID) samples where the consumption of cannabinoids other than or
278  in addition to A>-THC was suspected. Twenty-three deidentified human blood specimens
279  collected between December 2023 and February 2024 were provided by NMS Labs (Horsham,
280  PA, United States) and were subjected to the optimized workflow described in this manuscript.
281  The semi-synthetic cannabinoid HHC and its metabolite HHC-COOH were identified in one
282  blood specimen (1 of 23). THC and THC-COOH were identified in eighteen samples (18 of
283  23). Four samples (4 of 23) did not contain any cannabinoids described in the method above

284  the listed LOD (Table 1).

285  For the confirmation of the results of the qualitative QTOF screening method on THC isomers,
286  the described samples were re-analyzed using an in-house research method (LC-QqQ). This
287  method enables the chromatographic separation of the THC isomers: A-THC and A°-THC
288  were both qualitatively identified in the majority of the samples (18 of 23), three were tested
289  positive for only A>-THC (3 of 23), one sample was only positive for A>-THC (1 of 23) and

290  one sample did not contain any THC isomers (1 of 23).

291 Discussion

292  Adsorption

293 During the recovery experiments, it was found that the larger semi-synthetic cannabinoids (by
294  mass) showed a low recovery rate. (9R)-HHCH, A°-THCP, A’>-THCP-O, A>-THC-C8 and A°-
295  THC-OMe were initially not detected after extraction. It was found that this problem occurred
296  when analysis was performed from non-silanized glass vials with inserts. Vials made from

297  polypropylene did not show this behavior and were therefore used for validation and further
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298 analyses, even though adsorption of phytocannabinoids has been described on glass and on
299  polypropylene [39,40]. It is assumed that the adsorption of the more hydrophobic analytes
300  emerged from the interactions with the hydrophobic siloxane groups on the glass surface. These
301  groups would not be affected through silanization, only the hydrophilic silanol groups would

302  be desactivated.

303  The analyte recovery rates from the tested solid-phase extraction protocol dropped noticeably
304  with the lipophilicity of the analytes. It is assumed that the more lipophilic analytes experienced
305  such a strong retention that elution did not occur completely, even additional elution with
306 EtOAc showed no improved recovery rates. The solid-phase extraction protocol, which was
307 tested for this method was from a validated method for the determination of A°-THC and its
308  metabolites from serum [43]. For the extraction of semi-synthetic cannabinoids from blood

309  another SPE protocol should be developed.
310 Limitations

311  Missing forensic markers and sensitivity

312  For most analytes described in this method, no established forensic markers (e.g., metabolites)
313  are known due to scarce research on the metabolism of semi-synthetic cannabinoids. It is
314  unclear to what extent the analytes are metabolized and if the consumption of such substances
315 leads to a detectable concentration of the unmetabolized consumed drug in blood, particularly
316  if'the consumption was days prior. Work on HHCP has shown that semi-synthetic cannabinoids
317  with a longer side-chain might metabolize excessive to mono- and bishydroxylated phase-I
318  metabolites [44,45]. Semi-synthetic cannabinoids with a longer side-chain are more potent than
319  A°-THC, lower LODs should therefore be achieved for these compounds [17,18]. This might

320  however not be possible due to their poor ionizability. Currently unknown phase-I or phase-II
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321  metabolites are better targets and should be included after their respective discovery and

322  availability as reference standard.

323  Resolution of THC isomers

324  Initially, the panel included more THC isomers, which could be synthesized from CBD, namely
325 A -THC, A’-THC, A%iso-THC, A®-THC, (95)-A°!".THC, (95)-A’-THC, exo-THC and
326 (6aR,9R)-A'°-THC. Only A®- and A’>-THC were then included due to poor separation of the
327 THC isomers using the method described. From the possible isomers with natural
328  configuration, only A®-THC has a significant prevalence besides the main cannabinoid A°-
329  THC. The isomers (6aR, 95)-A'>-THC, (9R, 10aR)-A*-THC, (9S, 10aR)-A%-THC, (9R)-A’-
330 THC and the enantiomer of the initially included cannabinoid (9R)-A®*!%-THC were not
331  measured. These THC isomers could also be prepared from CBD. To the authors' knowledge
332 no method exists which separates all THC isomers in a single chromatographic method, which
333 is somewhat inhibited by the introduction of new isomers to the recreational market yearly. Our
334  LC-QTOF-MS qualitative screening method did not fully resolve A’>-THC from A®-THC and
335  11-OH-A’-THC from 11-OH-A3-THC. The HHC epimers (9S)-HHC and (9R)-HHC are

336  coeluting within this screening method (see Supplementary Material S5-S8).

337 Interferences from regio- and stereo-chemical synthetic impurities

338  Previous work on HHCP and THCP has shown that these substances possess isomeric
339  impurities such as abnormal cannabinoids or cis-cannabinoids [31,32]. These unnatural regio-
340  and stereo-isomers show similar chromatographic properties and very similar fragmentation
341  patterns which might interfere with the detection of the semi-synthetic cannabinoids. These
342  impurities were not included in this screening method and might interfere with the detection of

343  semi-synthetic cannabinoids in authentic specimens.
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344 Conclusion

345 Due to the emergence of semi-synthetic cannabinoids on the recreational market and their
346  potent cannabimimetic effects, existing screening methods should be updated to include these
347  novel substances in their screening panel. There is limited information in the literature about
348  comprehensive screening for semi-synthetic cannabinoids and our LC-QTOF-MS
349  demonstrates the feasibility for application to authentic forensic biological specimens. The
350 lipophilicity of these cannabinoid substances might lead to adsorption on material used for
351  sample preparation or storage and should be taken into account if an analytical method should

352 cover these analytes.
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3 Discussion

After the regulation of HHC in many European countries, other semi-synthetic cannabinoids
emerged, which are homologs of HHC and THC with a longer side chain like HHCP or A°-THCP.
Manufacturers of these products claim that the homologs have a natural origin, which is CBD or are
derived from CBD. This marketing strategy intends to present their products as a natural product
and not a synthetic drug, which is more appealing for potential customers and might be considered
as hemp-derived according the Agricultural Improvement Act of 2018. The manufacturers claim
that these compounds are made by prolongation of the alkyl side chain of HHC or a THC isomer,
which are obtainable from CBD. However, homologation reactions for alkanes are unknown. In order
to homologize an alkane, one would have to selectively oxidize the terminal carbon to an aldehyde
or a carboxylic acid, which seems too challenging, if not impossible. Aldehydes can be prolonged
to alkynes via either a Seyferth-Gilbert or a Corey-Fuchs reaction. The resulting alkyne is then
hydrogenated to obtain a alkane, which is a single CHy unit longer than the starting alkane. If further
prolongation would be required, the alkyne is hydroborated to an aldehyde and the homologation
reaction would be repeated. Carboxylic acids can be homologized using the Arndt-Eistert reaction.
These reactions all occur via carbenes, which are highly reactive intermediates. Controlling the
conditions to avoid side reactions seems too challenging. Additionally, these reactions use diazo
compounds or n-butyl lithium in order to work, which are either explosive or pyrophoric. High
safety measurements would have to be taken into account. A homologation strategy of converting
A%-THC to A’>-THCP is shown in Figure

2 3 2
RO —> Rv/o —> R - R\/§O - R\/z// —> R~
Ny,

1 1 1 8

Figure 28: Hypothetical homologation strategy of converting A-THC to A°-THCP.

In order to gain an insight into the procedures used for the synthesis of HHCP (Publication I))

and A>-THCP (Publication II)), recreational products were investigated. It was found that the

distributors claims do not withstand a critical proof. Typical undesired side products from a carbene
driven reaction like dimeric alkenes and cyclopropanes, or the intermediates have not been found.
Instead, the identified intermediates and side products are compounds, which are similar to these
described in the literature for the total synthesis of HHC and A°-THC, respectively (see subsec-
tion . Briefly: abnormal cannabinoids, unnatural stereoisomers and bisalkylated cannabinoids.
These side products cannot be explained if one would assume that a homologation protocol has

been used. The appearance of the isolated o,B-unsaturated ketones is a strong hint that the HHCP
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sample in (Publication I)) was synthesized by a route adapted from Tietze et al.’** However, the

suspected starting material 5-heptylcyclohexa-1,3-dione was not identified in the HHCP sample.
After further consideration, more attempts should have been made to isolate the (95)-HHCP
from the recreational sample, it was later suspected that the (95)-HHCP in this sample was its
unnatural enantiomer (6a5,9R,10a.5)-HHCP. Verification of this assumption would support the hy-
pothesis that the Tietze route has been used, as this route uses R-citronellal which could only lead to
a HHCP isomer with (9R)-configuration of which the psychoactive (9R)-HHCP is the desired product.

During the investigation of a vape pen containing A>-THCP (Publication II)), it was attempted to

isolate some of the compounds from the vape pen liquid for the structural elucidation by NMR and
stereoanalysis after derivatization with Moshers acid chloride. Only A>-THCP and 5-heptylresorcinol
could succesfully be isolated. The interpretation of the side products relied solely on mass spectro-
metric comparison with literature data of similar derivatives and the compounds were identified
as oxidation products of A>-THCP, and a cis-isomer of A>-THCP. Additionally, cannabiphorol
(CBP), another oxidation product, and cannabidiphorol (CBDP) were identified by comparison
with analytical reference standards. The absolute configuration of these identified side products
is unknown. Further side products were the bisalkylated cannabinoids, which were also found in
[Publication Il Their presence and the occurence of the isolated precursor 5-heptylresorcinol lead
to the conclusion that this A>-THCP was made by a total synthetic approach. It was not possible

to identify the second starting material as this A>-THCP sample contained a fraction of terpenes,
of which several could have been used for the total synthesis. Many synthetic approaches for the
synthesis of A>-THC using olivetol and a terpene have been described in the literature” These
publications show that various synthetic routes are commonly used for the synthesis of semi-synthetic
cannabinoids that do not share the pentyl side chain of THC isomers or CBD. These routes could
also be used for the synthesis of pentyl substituted cannabinoids, but routes starting from THC
isomers or CBD are less laborous. A strict regulation of the phytocannabinoid precursor would pos-

sibly lead to the total synthetic workarounds as they are currently used for the non-pentylic homologs.

After a single inhalative and after an oral consumption of HHC with two volunteers (Publication ITI]),

several metabolites were identified that show similarities to the metabolites of A>-THC. The positions
C8 and C11 are affected by CYP isomers leading to hydroxylation on these positions. Contrary to
A-THC, these positions are not allylic positions in saturated cannabinoids such as HHC, which is
why they do not oxidize as easily. This is reflected in the metabolic profile: it seemed that the most
abundant metabolites were side chain hydroxylated metabolites for both volunteers. The most abun-
dant metabolite was tentatively identified as an epimer of 4OH-HHC, the absolute configuration at
the positions C9 and C4’ is unknown. A limitation of this study is that some of the identified major
metabolites could not be identified unambiguously as no reference substances are available. The only
unambigously identified major metabolites were 11-OH-(95)-HHC and 11-OH-(9R)-HHC. These

WILLI SCHIRMER November 7, 2025 115



UNIVERSITAT BERN, DISSERTATION 3 Discussion

epimers were, however, not baseline separated. The most methods in the literature chose to quantify
both epimers as a sum (11-OH-HHC). An approach, which is not flawless. Even though their
mass spectra are indistinguishable, it is merely assumed that this also applies to signal sensitivity.
Furthermore, it was found that 11-OH-HHC and 11-COOH-HHC are also metabolites of A>-THC,
which might lead to incorrect interpretation in case of polysubstance abuse. Various publications
recommended different main metabolites of HHC and therefore suggested different analytical targets
to prove the consumption of HHC. There are some reasons why this is the case, first of all not every
research group investigated side chain hydroxylated metabolites. This can be seen in their methodol-
ogy as the main transition for side chain hydroxylated HHC metabolites (m/z 333 — m/z 191) was
not included. Secondly, the number of volunteers is very limited, it is expected that interindividual
differences are reflected in the metabolic profile. Finally, the signal sensitivity of the isomeric metabo-

lites for the selected potentials for ionization and product formation is not optimal for all metabolites.

Another issue which applies generally to metabolism studies of saturated cannabinoids is that
the different epimers will undergo different metabolic pathways. This can be somewhat mitigated
as the study can be designed in such a way that the metabolisms of the epimers are investigated
separately, as it has been realized in current in vitro metabolism studies. However, semi-synthetic
cannabinoids on the recreational market are always available as a mixture of epimers. For a proper in-

vestigation in real cases, at least one characteristic metabolite for each epimer should be investigated.

It was expected that the in vivo metabolism of HHCP (Publication IV]) would be similar to the
metabolism of HHC (Publication III)). Similarities have been found as side chain hydroxylated

metabolites were quite abundant. In contrast to HHC, however, bishydroxylation was very common.
It is assumed that this would facilitate the excretion because the lipophilicity of the homologs
increases with the chain length. For A’-THC homologs, it is known that their lipophilicity (K oy)
increases by a factor of approximately 3 for each CH, group added to the side chain* An in vitro
metabolism study of HHC and HHCP using human hepatocytes came to the same conclusions regard-
ing the tendency of bishydroxylation on HHCP.?” However, the opposite observation has been made

in in vitro studies with pooled human liver microsomes. The tendency of bishydroxylation decreased

with increasing chain length*® For the investigation of the metabolism of HHCP (Publication IV))

a well characterized, but impure HHCP product (see [Publication I)) was orally ingested. It is

therefore likely that some of the detected metabolites are not metabolites of the epimers (9R)-
or (95)-HHCP but metabolites of the intermediates and side products that have been identified
in the recreational HHCP product. As for HHC, the major metabolites could only be identified
tentatively, and further analysis with certified reference material will be needed for unambiguous
metabolite identification. Side products or their metabolites found in biological samples might
serve as indicators for the utilized synthetic route like detection of 1-(cyclohexa-1,4-dien-1-yl)- N-

methylpropan-2-amine (CMP) in biological samples, which is indicative for the consumption of
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methamphetamine synthesized by the Birch reduction s

The work on the in vivo metabolsim of H4CBD (Publication V| has shown that the mass

spectrometrical interpretation of new psychoactive substances (NPS) can be challenging, even if the

NPS is a simple derivative of a known compound like CBD in this case. While the EI mass spectra
of trimethylsilylated derivatives of H4CBD metabolites and the CBD analogs are similar, this is not
the case for the ESI+ mass spectra of H4CBD metabolites and the corresponding CBD analogs.
The metabolism of H4CBD is somewhat similar to CBD. It was observed that hydroxylation on
the methyl group at C7 is not the preferred metabolic pathway of H4CBD. This is in accordance
to the observations made for the in vivo metabolism of HHC and HHCP, (Publication III and
. Similar to the metabolism studies on HHC and HHCP, a limitation in this work is the lack of

stereochemical knowledge of the metabolites. It is not clear which metabolite is formed from which

H4CBD epimer, as no certified reference material is available. Further studies should include them.

The developed screening method for semi-synthetic cannabinoids in human blood (Publication VI

is one of two comprehensive screening methods covering a wide range of semi-synthetic cannabi-
noids.*¥ Due to scarce information on the metabolism of semi-synthetic cannabinoids, both methods
lack good analytical targets. The metabolism study on HHCP (Publication 1V)) indicates that

more lipophilic cannabinoids might undergo strong metabolism, the unmetabolized drug might not

be detectable in real case samples. It is recommended that sample storage containers and vials
are tested for unspecific adsorption to these extremely lipophilic compounds when setting up an
analytical workflow. During the validation of this method, it was found that the glass vials adsorbed
the more lipophilic compounds to such a degree that no analytical signal was detected. A change to
polypropylene vials did resolve this issue. From early A>-THC analysis is known that analyte loss

can be observed by storing the physiological samples in inadequate containers.*
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4 QOutlook

Cannabis is the most consumed recreational drug worldwide and this will remain. This is also
reflected in the approximately 950 monitored NPS by the EUDA. Roughly 30% of these NPS are
either synthetic or semi-synthetic cannabinoids. In countries that prohibit the consumption of
cannabis, one might expect that the consumers are taking replacement drugs, sometimes unknow-
ingly. Since the emergence of HHC in 2022, new semi-synthetic cannabinoids entered the market
and it has to be expected that this market will evolve in order to circumvent the latest regulations.
After the regulation of HHC, stronger and longer lasting compounds like A>-THCP, HHCP and
HHC-C8 emerged. Consumption of these compounds has lead to severe intoxications in the past.
To this date, no fatalities have been reported, but this might change as soon as newly emerging
compounds are becoming more potent. The newest compounds in the recreational market show that
the synthesis strategies have evolved. The compounds, available prior 2023 were simple derivatives
of A%-THC that were obtained after esterification or hydrogenation. Today, after the regulation
of HHC, more complex compounds have emerged that are obtained from total synthetic routes,
or after more complex derivatization of A>-THC like aromatic allylation or aromatic halogenation.
These newly introduced functions would enable further derivatization, and it is to be expected
that these new cannabinoids will appear on the recreational drug market, particularly in countries
where recreational cannabis use is prohibited. The most recent formal notifications on NPS from
EUDA already show this trend. The latest semi-synthetic cannabinoids show branched side chains.
One can also expect that other cannabimimetic scaffolds will be used, which only vaguely resemble
phytocannabinoids. Such a scaffold might be the hydroxycyclohexylphenol scaffold, which is found
in the synthetic cannabinoids CP 55,940, CP 47,497, and cannabicyclohexanol, the C8 homolog of
CP 47,497. Some of these compounds are already listed in the Swiss Narcotics Schedule Ordinance
(BetmVV-EDI).® Cannabicyclohexanol was among the first synthetic cannabinoids detected in the
herbal smoking blend ‘Spice* in 20097 Tt can be expected that the newly emerging drugs are either

simple derivatives of existing NPS or, as before, will be hijacked from basic research or patents.2423

It is therefore necessary that the synthetic origin can be traced back to the manufacturers and this is
only possible if we as forensic investigators understand how these compounds are synthesized. This
is achievable by analyzing recreational products and identifying side products and intermediates,
as they are characteristic for a given route. Frequently identified precursor compounds such as
the olivetol homologs could then ultimately be scheduled. In order to prove the use and abuse
of these compounds, we further need to develop detection methods. The work on HHCP has
shown that physiological samples, which are positive on cannabinoids, might be unnoticed as
they are not detected by immunoassays and would not be detected in a routine screening method.
Screening methods have to be updated to identify the presence of emerging NPS. Understanding

the metabolism of these emerging compounds is the basis of developing such methods.
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o 19 5
Compound 1: rel-(2S,5R,6S)-9-heptyl-5-isopropyl-2-methyl-3,4,5,6-tetrahydro-2 H-2,6-methanobenzo[ b]oxocin-

7-ol (iso-HHCP)

Compound 2: rel-(6aS,9R,10aR)-3-heptyl-6,6,9-trimethyl-6a,7,8,9,10,10a-hexahydro-6H-benzo[c]chromen-1-ol
(cis-HHCP)

Compound 3: rel-(6aR, 9R, 10aR)-6,6,9-trimethyl-3-heptyl-6a,7,8,9,10,10a-hexahydrobenzo[c]chromen-1-ol
((9R)-HHCP)

Compound 4: rel-(1R,6aS,9R,10aR)-1-heptyl-6,6,9-trimethyl-2,3,4,6,6a,7,8,9,10,10a-decahydro-1 H-

benzo[c]chromen-3-one (precursor to cis-abn-HHCP)

Compound 5: rel-(6aR,9R,10aR)-3-heptyl-6,6,9-trimethyl-2,3,4,6,6a,7,8,9,10,10a-decahydro-1H-
benzo[c]chromen-1-one (precursor to (9R)-HHCP)

Compound 6: rel-(6aS,9R,10aS)-1-heptyl-6,6,9-trimethyl-6a,7,8,9,10,10a-hexahydro-6 H-benzo[c]chromen-3-ol
(precursor to ortho-HHCP)
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S1: "TH-NMR of Compound 1. Recorded at 400.33 MHz in CDCls.

(D

. \ H-8/,‘

N N
\H/AJ.O}
S

Lk

T T T T T
65 8.0

S2: "H-NMR of Compound 1, detailed view. Recorded at 400.33 MHz in CDCla.
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S3: "H-NMR of Compound 1, detailed view. Recorded at 400.33 MHz in CDCla.
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S4: "H-"H-COSY of Compound 1. Recorded at 400.33 MHz in CDCls.
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S5: 'H-"H-COSY of Compound 1, detailed view. Recorded at 400.33 MHz in CDCls.
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S6: 'H-13C-HSQC of Compound 1. Recorded at 400.33 MHz in CDCla.
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S7: 'H-"3C-HSQC of Compound 1, detailed view. Recorded at 400.33 MHz in CDCla.
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S8: "H-3C-HSQC of Compound 1, detailed view. Recorded at 400.33 MHz in CDCls.
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S9: H-3C-HMBC of Compound 1. Recorded at 400.33 MHz in CDCls.
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S10: 'H-3C-HMBC of Compound 1, detailed view. Recorded at 400.33 MHz in CDCls.
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S11: NOESY of Compound 1. Recorded at 400.33 MHz in CDCls.
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S12: NOESY of Compound 1, detailed view. Recorded at 400.33 MHz in CDCl.
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S13: "H-NMR of Compound 2. Recorded at 400.33 MHz in CDCla.
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S14: "H-NMR of Compound 2, detailed view. Recorded at 400.33 MHz in CDCls.
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S15: 'H-"H-COSY of Compound 2. Recorded at 400.33 MHz in CDCls.
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S16: 'H-"H-COSY of Compound 2, detailed view. Recorded at 400.33 MHz in CDCls.
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S17: 'H-"3C-HSQC of Compound 2 Recorded at 400.33 MHz in CDCla.
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S$18: "H-"3C-HSQC of Compound 2, detailed view. Recorded at 400.33 MHz in CDCls.
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Compound 2. Recorded at 400.33 MHz in CDCls.

H1'-C4
H6a-C10b -
ror a. H10-C10b
H1'-C3
e °
a
H13-Cda
T T T T T T T
30 25 20 15 1.0 F2 [ppm]

S20: "H-"3C-HMBC of Compound 2, detailed view. Recorded at 400.33 MHz in CDCls.
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S21: "H-"3C-HMBC of Compound 2, detailed view. Recorded at 400.33 MHz in CDCls.
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S23: NOESY of Compound 2, detailed view. Recorded at 400.33 MHz in CDCls.
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S24: "H-NMR of Compound 3. Recorded at 500.13 MHz in CDCla.
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S25: "H-NMR of Compound 3, detailed view. Recorded at 500.13 MHz in CDCls.
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S26: 3*C-NMR of Compound 3. Recorded at 125.76 MHz in CDCls.
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S27: 3C-NMR of Compound 3, detailed view. Recorded at 125.76 MHz in CDCls.
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S28: 3C-NMR of Compound 3, detailed view. Recorded at 125.76 MHz in CDCls.
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S29: "H-NMR of Compound 4. Recorded at 500.13 MHz in CDCla.
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S30: 'H-NMR of Compound 4, detailed view. Recorded at 500.13 MHz in CDCls.
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S31: 'H-"H-COSY of Compound 4. Recorded at 500.13 MHz in CDCls.
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S32: 'H-"H-COSY of Compound 4, detailed view. Recorded at 500.13 MHz in CDCls.
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S33: 'H-13C-HSQC of Compound 4, detailed view. Recorded at 500.13 MHz in CDCls.
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S34: "H-"3C-HMBC of Compound 4. Recorded at 500.13 MHz in CDCls.
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S35: 'H-13C-HMBC of Compound 4, detailed view. Recorded at 500.13 MHz in CDCla.
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S36: 'H-13C-HMBC of Compound 4, detailed view. Recorded at 500.13 MHz in CDCla.
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S37: NOESY of Compound 4. Recorded at 500.13 MHz in CDCls.
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S38: 'H-NMR of Compound 5. Recorded at 500.13 MHz in CDCls.
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S39: 'H-NMR of Compound 5, detailed view. Recorded at 500.13 MHz in CDCls.

WILLI SCHIRMER

November 7, 2025 149



UNIVERSITAT BERN, DISSERTATION

A Supporting Information Publication I

§
}

T T T T
20 05

25 15 1.0 F2 [ppm]
S40: "H-"H-COSY of Compound 5. Recorded at 500.13 MHz in CDCls.
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S41: 'H-13C-HSQC of Compound 5, detailed view. Recorded at 500.13 MHz in CDCla.
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S42: 'H-3C-HMBC of Compound 5, detailed view. Recorded at 500.13 MHz in CDCls.
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S43: NOESY of Compound 5. Recorded at 500.13 MHz in CDCls.
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S44: NOESY of Compound 5, detailed view. Recorded at 500.13 MHz in CDCls.
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S45: "H-NMR of Compound 6. Recorded at 500.13 MHz in CDCls.
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S46: "H-NMR of Compound 6, detailed view. Recorded at 500.13 MHz in CDCls.
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S47: "H-NMR of Compound 6, detailed view. Recorded at 500.13 MHz in CDCls.
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S48: "H-NMR of Compound 6, detailed view. Recorded at 500.13 MHz in CDCls.
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S50: 'H-"H-COSY of Compound 6, detailed view. Recorded at 500.13 MHz in CDCl3
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S51: "H-13C-HSQC of Compound 6. Recorded at 500.13 MHz in CDCls.
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$52: 'H-13C-HSQC of Compound 6, detailed view. Recorded at 500.13 MHz in CDCls.
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S53: 'H-"3C-HMBC of Compound 6. Recorded at 500.13 MHz in CDCla.
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S54: 'H-13C-HMBC of Compound 6, detailed view. Recorded at 500.13 MHz in CDCla.
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$55: 'H-13C-HMBC of Compound 6, detailed view. Recorded at 500.13 MHz in CDCls.
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S56: 'H-13C-HMBC of Compound 6, detailed view. Recorded at 500.13 MHz in CDCla.
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S57: NOESY of Compound 6. Recorded at 500.13 MHz in CDCls.
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S58: NOESY of Compound 6, detailed view. Recorded at 500.13 MHz in CDCls.
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S59: Chromatogram of an alkane standard (C7-C40) for the determination of the Kovats indices.
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S60: GC-EI-MS of (9R)-HHCP.
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rbundance: Scan 1439 (19.799 min): 05_HHCp 10mq_L D\data.ms (-1427) (-)
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S§61: GC-EI-MS of (9S)-HHCP.
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$62: GC-EI-MS of AS-THCP.
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S63: GC-EI-MS of cannabiphorol (CBP).
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S64: GC-EI-MS of cannabidiphorol (CBDP).
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S65: GC-EI-MS of Compound 1.
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S66: GC-EI-MS of Compound 2.
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S67: GC-EI-MS of Compound 3.
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S68: GC-EI-MS of Compound 4.
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S69: GC-EI-MS of Compound 5.
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S70: GC-EI-MS of Compound 6.
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S71: Extracted ion chromatogram (m/z 344) of a fraction containing (9S)-HHCP
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S72: GC-EI-MS of the compound eluting 19.82 min ((9S)-HHCP)
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Abundance TIC: R-MTPA ester of 9R-HHCP
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S73: TIC of the (R)-MTPA ester of (9R)-HHCP at 25.77 min.

Abundance Scan 1627 (25.753 min): R-MTPA ester of SR-HHCP
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S§74: GC-EI-MS of the (R)-MTPA ester of (9R)-HHCP.
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S75: TIC of the (S)-MTPA ester of (9R)-HHCP at 26.30 min.
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Abundance

Scan 1660 (26.261 min): S-MTPA ester of 9R-HHCP
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S76: GC-EI-MS of the (S)-MTPA ester of (9R)-HHCP.
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§77: TIC of the (R)-MTPA ester of (9S)-HHCP at 27.16 min.
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S78: GC-EI-MS of (R)-MTPA ester of (9S)-HHCP.
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S79: TIC of the (S)-MTPA ester of (9S)-HHCP at 27.43 min.
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Scan 1739 (27 347 min): S-MTPA ester of 9S-HHCP

T T T T T T
26.00 28.00 3000 3200 34 .00 36.00

T
24.00

3273

2741 9991

215.1 257.1 3

2352
|

5603

451 S

38714071 4371 4572

miz—>

O
] Wl
%60 g0 1bo

120 140 160

180 200

o oko e Sk G 5% 3o

8§80: GC-EI-MS of the (S)-MTPA ester of (9S)-HHCP.
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S81: TIC of the (R)-MTPA ester of Compound 1 at 25.06 min. A scalemic impurity is seen at 24.50 min (same retention
time (S84) and mass spectrum (S85))
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[bundznce Scan 1574 (24.934 min): R-MTPA ester of Compound 1
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S82: GC-EI-MS of the (R)-MTPA ester of Compound 1. (Enantiomer to S86)
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Abundance Scan 1544 (24.471 min): R-MTPA ester of Compound 1
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S83: GC-EI-MS of the (R)-MTPA ester of the other enantiomer of Compound 1. (Enantiomer to S85)

fbundance TIC: S-MTPA ester of Compound 1
19152
11e+08 1zrs
19.440
1e+08 |1
9e+07. ‘
8e+07 f @
|
Te+07 J |
!
6e+07 ‘
5e+07 i
20751
4e+07 71656
10989
3e+07
Scalemic impurity at 25.00 min
‘ 4 997
26407 |
6.565|
\ I 27376
1e+07] \ | oo b i ‘ i
) ‘ \ Jwydwwa - “wi vl “\“ by f‘
L Bl N iV SR, M
I . 4 b[] GH B,hD 10!(]0 WZIDI] 14'!]!] 16‘0!] 18.00 ZU‘OD 22‘!]!] 24'00 ZBIUD 28[00 SDrDl] 32‘00 34‘00 SSVUO
ime—
S84: TIC of the (S)-MTPA ester of Compound 1 at 24.58 min. A scalemic impurity is seen at 25.00 min (same retention
time as S81.
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Scan 1577 (24982 min): S-MTPA ester of Compound 1
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S87: TIC of the (R)-MTPA ester of Compound 2 at 25.24 min.
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Scan 1588 (25.152 min): R-MTPA ester of Compound 2
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S88: GC-EI-MS of the (R)-MTPA ester of Compound 2.
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S89: TIC of the (S)-MTPA ester of Compound 2 at 24.81 min.
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S90: GC-EI-MS of the (S)-MTPA ester of Compound 2.
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S91: TIC of the (R)-MTPA ester of Compound 3 at 25.69 min. (Identical to (9R)-HHCP)
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Scan 1618 (25.614 min): R-MTPA ester of Compound 3
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S92: GC-EI-MS of the (R)-MTPA ester of Compound 3. (Identical to (9R)-HHCP)
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S93: TIC of the (S)-MTPA ester of Compound 3 at 26.25 min. (Identitcal to (9R)-HHCP)
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Scan 1651 (26.139 min): S-MTPA ester of Compound 3
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S94: GC-EI-MS of the (S)-MTPA ester of Compound 3. (Identical to (9R)-HHCP)
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TIC: R-MTPA ester of Compound 6
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S95: TIC of the (R)-MTPA ester of Compound 6 at 30.08 min.
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Scan 1920 (29.836 min): R-MTPA ester of Compound 6
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S96: GC-EI-MS of the (R)-MTPA ester of Compound 6.
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S97: TIC of the (S)-MTPA ester of Compound 6 at 30.04 min.
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Scan 1925 (29 903 min): S-MTPA ester of Compound 6
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S98: GC-EI-MS of the (S)-MTPA ester of Compound 6.
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TIC: S-MTPA ester of the fraction containing 9S-HHCP
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S99: TIC of the fraction containing (9S)-HHCP after derivatization with (R)-MTPA-CI
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Abundance on 550,00 (550.70 t0 560 70): S-MTPA ester of the fraction containing 88 HHCP
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S100: top: XIC(560) of the fraction containing (9S)-HHCP, bottom: GC-EI-MS of (9S)-HHCP (S)-MTPA ester.

Abundance TIC: R-MTPA ester of the fraction containing 9S-HHCP
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S101: TIC of the fraction containing (9S)-HHCP after derivatization with (S)-MTPA-CI

fibundance lon 560.00 (559.70 10 560.70). R-MTPA ester of the fraction containing 9S-HHCP
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S102: top: XIC(560) of the fraction containing (9S)-HHCP, bottom: GC-EI-MS of (9S)-HHCP (R)-MTPA ester.
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Abundance
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| 9R-HHCP (Compound 3)
| 19.720

Compound 2
19.199

| 95-HHCP
| ‘ 19.829

Compound 1

Compound 5
Compound 4 19.002

18.630 N i \ 15}/q7\2 \¥ ngi-l .

T
18.50

Time—>

T T T T T T T T T T T T T T T T T T
18.60 18.70 18.80 18.90 19.00 19.10 19.20 19.30 19.40 19.50 19.60 19.70 19.80 19.90 20.00 20.10 20.20 20.30

S103: TIC of the HHCP sample (y = 100 mg/L). Other compounds besides the isolated compounds 1-6 are present.
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S104: XIC (395) of the HHCP sample (y = 100 mg/L). High-molecular mass impurities, m/z 395 is a common fragment ion

of them.
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S105: XIC (480) of the underivatized fraction containing the impurities with a high molecular mass.
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Abundance
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S106: XIC (480) of the MSTFA derivatized fraction containing the impurities with a high molecular mass. The XIC looks
identical to S101 indicating that these compounds do not possess reactive groups (phenols, enols).

Abundance
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S107: XIC (482) of the underivatized fraction containing the impurities with a high molecular mass.

Abundance
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S$108: XIC (482) of the MSTFA derivatized fraction containing the impurities with a high molecular mass. XIC looks very
different to S103 and of lower abundances. Most compounds with a molecular mass of 482 were derivatized.
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Abundance
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S109: XIC (554) of the underivatized sample with the high molecular mass impurities. No ions with m/z 554 were present

prior derivatization.
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S110: XIC (554) of the MSTFA derivatized sample with the high molecular mass impurities. A lot of compounds with the
molecular ion (or fragment ion) m/z 554 are present after trimethylsilylation (482+72).
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S111: GC-EI-MS of a byproduct with high molecular mass prior silylation. Characteristic fragmentation reactions for HHCP

are observable.
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pibundance Scan 1558 (24.689 min): F16_HHCP.D\data.ms (-1424) (-)
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S112: GC-EI-MS of a byproduct with high molecular mass prior silylation. Characteristic fragmentation reactions for HHCP
are observable.

fibundance Scan 1595 (25.260 min): F16_HHCP D\data.ms (-1441) (-)
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S113: GC-EI-MS of a byproduct with high molecular mass prior silylation. Characteristic fragmentation reactions for
dibenzopyran cannabinoids are observable.

fbundance Scan 1573 (24.920 min): F15_HHCP_neat D\data.ms (-1415) (-)
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S114: GC-EI-MS of a byproduct with high molecular mass prior silylation. Similar fragmentation reactions as in the isolated
ketones 4 and 5 appear.
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Abundance
4200000

Scan 1664 (26.318 min): F15_HHCP_neat.D\data.ms (-1768) (-)
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S115: GC-EI-MS of a byproduct with high molecular mass prior silylation. Similar fragmentation reactions as in the isolated
ketones 4 and 5 appear.

Abundance
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S116: GC-EI-MS of a byproduct with high molecular mass after mono-silylation. Similar fragmentation reactions appear as
in dibenzopyran cannabinoids.

ADUNGANCE

Scan 1495 (23.717 min): F15_HHCP_MSTFA D\data.ms
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S117: GC-EI-MS of a byproduct with high molecular mass after mono-silylation. Similar fragmentation reactions appear as
in dibenzopyran cannabinoids.
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S118: GC-EI-MS of a byproduct with high molecular mass after mono-silylation. Similar fragmentation reactions appear as

in dibenzopyran cannabinoids.
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isolated ketones 4 and 5 appear.
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S119: GC-EI-MS of a byproduct with high molecular mass after mono-silylation. Similar fragmentation reactions as in the
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S$120: GC-EI-MS of a byproduct with high molecular mass after double-silylation. Similar fragmentation reactions appear

as in dibenzopyran cannabinoids.
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(Abundance Scan 1427 (22.668 min): F15_HHCP_MSTFA Ddatams
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S$121: GC-EI-MS of a byproduct with high molecular mass after double-silylation. Similar fragmentation reactions appear
as in dibenzopyran cannabinoids.

Abundance Average of 24.581 to 24.720 min.: F15_HHCP_MSTFA D\data.ms
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S122: GC-EI-MS of a byproduct with high molecular mass after double-silylation. Similar fragmentation reactions appear
as in dibenzopyran cannabinoids.
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fAbundance TIC: Alkane_Std_C7-C40.D\data.ms
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S1 TIC of an alkane standard (C7-C40) for the determination of Kovats indices.
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S2: El mass spectrum of A°-THCP (reference)
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pbundance Average of 19,619 to 19.674 min.; (9R)-HHCP 10 moiL
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S3: El mass spectrum of (9R)-HHCP (reference)

Abundance Average of 19.751 to 19.798 min.: (98)-HHCP 10 mg/L
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S4: El mass spectrum of (9S)-HHCP (reference)
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Abundance

Average of 19.440 to 19.467 min.: CBDP 10 mg/L
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S5: El mass spectrum of CBDP (reference)
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S6: El mass spectrum of CBP (reference)
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Abundance

Average of 15.208 to 15.235 min.: 5-Heptylresorcinol 50 ma/L
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S7: El mass spectrum of 5-heptylresorcinol (reference)
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S8: El mass spectrum of A8-THCP (reference)
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fAbundance Sean 623 (11.648 min): F18_THCP
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S9: a-Humulene found in a chromatographic fraction of the THCP vape pen liquid.
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pbundance #39911: .beta.-Myrcene
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S10: B-Myrcene found in a chromatographic fraction of the THCP vape pen liquid.
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pbundance Sean 250 (6.523 min): F7_THCP
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S11: B-Pinene found in a chromatographic fraction of the THCP vape pen liquid
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S12: Caryophyllene found in a chromatographic fraction of the THCP vape pen liquid
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fAbundance Scan 275 (6.867 min): F&_THCP
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S13: B-Phellandrene found in a chromatographic fraction of the THCP vape pen liquid
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ibundance #2947: d-Limonene
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S14: (R)-Limonene found in a chromatographic fraction of the THCP vape pen liquid
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feundance Scan 883 (15.221 min): F18_THCP
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S15: m-Camphorene found in a chromatographic fraction of the THCP vape pen liquid

fbundance Average of 19.426 to 19.454 min.: sample_THCP 3 mg/mL
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Abundance #347: CBDP
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S16: CBDP found in the THCP vape pen liquid
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fibundance Average of 20.823 to 20,858 min.: sample_THCP 3 mg/mL
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flbundance #2242 Cannabiphorol
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S17: CBP found in the THCP vape pen liquid

feundance Average of 19.92 to 20,040 min.: sample_THCP 3 mg/mL
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S18: A8-THCP found in the THCP vape pen liquid
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fibundance Scan 1245 (20.160 min): sample_THCP 3 mg/mL
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S19: A°-THCP found in the THCP vape pen liquid
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S20: Unknown THCP impurity found in the THCP vape pen liquid, potentially an oxo-THCP. (THCP impurity A)
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fAbundance Average of 19.847 to 19.871 min.: sample_THCP_3 mg/mL
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iundance #3330 delta 8- THCP
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S21: THCP isomer found in the THCP vape pen liquid with a very similar fragmentation pattern as A>-THCP,
potentially the cis-isomer cis-A%>-THCP (THCP impurity B)
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S22: Unknown impurity found in the THCP vape pen liquid, potentially a dihydrocannabiphorol (THCP impurity C)
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Abundance Scan 1314 (21.015 min): sample_THCP_3mg_mL
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S23: Unknown impurity found in the THCP vape pen liquid, potentially a second dihydrocannabiphorol (THCP
impurity D)

Abundance TIC: High_molecular_impurities_ THCP
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S24: TIC of a chromatographic fraction from the THCP vape pen liquid containing impurities with a high molecular
mass. The impurities are found between 24 and 36 min.
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Abundance
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S25: TIC of a chromatographic fraction of the THCP vape pen liquid. Detail from S25.
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S26: El mass spectrum of a bisalkylated cannabinoid
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fbundance Average of 26,620 to 26.716 min.: High_molecular_impurities_THCP
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S27: El mass spectrum of a bisalkylated cannabinoid
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Abundance Average of 27.321 to 27.445 min.: High_molecular_impurities_THCP
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S28: El mass spectrum of a bisalkylated cannabinoid
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Abundance
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S29: El mass spectrum of a bisalkylated cannabinoid
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S30: TIC of the (S)-Mosher ester of AS>-THCP.
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S31: El mass spectrum of the (S)-Mosher ester of A>-THCP.
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S32: TIC of the (R)-Mosher ester of A>-THCP.
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Abundance Average of 26.606 to 26.716 min.. Rel_A®THCP (R)}-MTPA ester
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S33: El mass spectrum of the (R)-Mosher ester of A°-THCP.
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S34: TIC of the (S)-Mosher ester of the isolated A°>-THCP.
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feundance Average of 27.017 to 27.154 min.: Sample_A"THCP (S»-MTPA ester
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S35: El mass spectrum of the (S)-Mosher ester of the isolated A°-THCP.
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S36: TIC of the (R)-Mosher ester of the isolated A>-THCP.
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Abundance

Average of 26.591 to 26.687 min.: Sample_A"-THCP (R)-MTPA ester
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S37: El mass spectrum of the (R)-Mosher ester of the isolated A>-THCP.
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Dibenzopyran numbering of cannabinoids

4|

5'

Numbering shown on HHC (no stereochemistry specified on C9)
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LC-QqTOF chromatograms of deglucuronidated urine sample
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Extracted ion chromatograms of protonated HHC (green), HHC glucuronide (blue), HHC OH (pink) and
HHC OH glucuronide (red) in a urine sample 2 h after oral ingestion of 20 mg HHC. The urine sample
was treated with B-glucuronidase but the glucuronides were not fully hydrolysed (M1', M2', M3' and
HHC glucuronide). The found metabolites are marked. The unmarked peaks can also be found in a
urine sample treated in the same manner before the ingestion of HHC (see chromatogram below).
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LC-QqTOF chromatograms of untreated urine sample

1. +TOF MS (100- 100

1. sTOF M5 (100
TOF MS (100- 1000): 31
1. +TOF MS(100- 100

HHC-Glu
M3’ 6415
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-

Extracted ion chromatograms of protonated HHC (green), HHC glucuronide (blue), HHC OH (pink) and
HHC OH glucuronide (red) in a urine sample 2 h after oral ingestion of 20 mg HHC. The urine sample
was extracted but not treated with B-glucuronidase. The deglucuronidated species can be seen at the
same retention time as the glucuronides due to fragmentation. The unmarked peaks are also in a
urine sample treated in the same manner prior ingestion of HHC (see below).

F MS (100- 1000): 493,

<TOF M (100 - 1000}
MS (100- 1000) 317215
F MS (100 - 1000): 33:
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LC-QqTOF spectrum of M1

Spectrum from HHG_2 wiff (sample 1)- HHC_2. Experiment 10.+TOF MS"2(50- 1000) from 5418 min
Precursor 509.3 Da.CE: 35.0
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100} 810676 93.0686 1351160
217.1297
l ! 19793521231155”‘37”33 181.1211|| 1911073

3332434

3152329

2591691

2331548 2351682 314 2007 3219973332071
241161

315178,
P 2831663 2972314 | s| 3331608 3802444 3982522
Il L
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60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 430 500 510 520 530 540

M1'": [M+H*]*: 509.2793 Da (9.4 ppm)
[M+H*]*- H,0: 491.2659 Da (4.1 ppm)
[M+H*]*- 2 H,0: 473.2529 Da (-1.1 ppm)
[M+H*]*- 3 H,0: 455.2458 Da (6.6 ppm)
[M+H*]* - Glu: 333.2434 Da (3.0 ppm)

Mass/Charge. Da

[M+H*]*- Glu - H,0: 315.2329 Da (3.2 ppm)

259.1691 Da (-0.8 ppm)
193.1223 Da (0.0 ppm)
191.1073 Da (3.1 ppm)
137.1333 Da (5.8 ppm)
135.1160 Da (-5.9 ppm)
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LC-QqTOF spectrum of M2

Spectrumfrom HHC_2 wiff(sample 1)- HHC_2. Experiment 10, + TOF MS"2 (50 - 1000) from 5.807 min
Precursor 509.3 Da, CE: 35.0
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Mass/Charge. Da

M2': [M+H*]*: 509.2792 Da (9.2 ppm)
[M+H*]*- H,0 > 491.2592 Da (-9.6 ppm)
[M+H*]*- 2 H,0 > 473.2580 Da (9.7 ppm)
[M+H*T* - Glu > 333.2423 Da (-0.3 ppm)
[M+H*]*- Glu - H,0 > 315.2334 Da (4.8 ppm)
259.1692 Da (-0.4 ppm)

193.1208 Da (-7.8 ppm)

153.1263 Da (-7.2 ppm)

135.1102 Da (-48.8 ppm)
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LC-QqTOF spectrum of M3

Spectrum fromHHC_2wiff(sample 1)- HHC_2 Experiment 10, +TOF MS "2 (50- 1000) from 5.960 min
Precursor:509.3 Da, CE: 35.0
333.2435
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Mass/Charge. Da

M3': [M+H*]*: 509.2754 Da (9.2 ppm)
[M+H*]*- H,0: 491.2608 Da (-6.3 ppm)
[M+H*]*- 2 H,0: 473.2498 Da (-7.6 ppm)
[M+H*]*- 3 H,0: 455.2414 Da (-3.1)

[M+H*]* - Glu: 333.2435 Da (3.3 ppm)
[M+H*]*- Glu - H,0: 315.2283 Da (-11.4 ppm)
259.1712 Da (7.3 ppm)

193.1242 Da (9.8 ppm)

153.1289 Da (9.8 ppm)

135.1102 Da (-6.7 ppm)
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LC-QQqTOF spectrum of M4

SpectrumfromUT_HHC wiff (sample 1)- U1_HHC. Experiment 7.+ TOF MS"2 (50 - 1000) from 6.602 min

Precursor 3332 Da, CE: 350
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300

200 1230439 1371323

610695 149.0608
2091182

1931231 2331561 3331962

100 3333271
163.0767

630703 1750752

189.0919|

ol | .I..I..|......I.||...I.||.. P P B |
1 T 1 1 |l 1 Ll 1 1 1 T 1 1
60 n 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 20N 280 290 300 310 320 330 340

Mass/Charge, Da

M4': [M+H*]*: 333.2442 Da (5.4 ppm)
[M+H*]*- H,0: 315.2322 Da (1.0 ppm)
259.1685 Da (-3.1 ppm)
209.1182 Da (4.8 ppm)
191.1075 Da (4.2 ppm)
137.1323 Da (-1.5 ppm)
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LC-QqTOF spectrum of M5

Spectumfrom U1_HHC wiff(sample 1)- UT_HHC, Experiment4, +TOF MS"2 (50- 1000) from 6 674 min

Precursor: 3332 Da, CE: 350

3152322
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H
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M5'": [M+H*]*: 333.2428 Da (1.2 ppm)
[M+H*]*- H,0: 315.2322 Da (1.0 ppm)

259.1697 Da (1.5 ppm)
209.1181 Da (4.3 ppm)
193.1229 Da (3.1 ppm)
191.1075 Da (4.2 ppm)

137.1322 Da (-2.2 ppm)

135.1171 Da (2.2 ppm)

Mass/Charge.Da
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LC-QqTOF spectrum of M6 (SWATH acquisition)

Spectiumfrom U2_HHC_Swath wiff(sample 1)- U2_HHC, Experiment 10, +TOF MS"20f329.0to 365.0 (50 - 950) from6.768 min
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M6': [M+H*]*: 333.2394 Da (-9.0 ppm)
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LC-QQTOF spectrum of M7 (SWATH acquisition)

Spectrum flom U2_HHC_Swath wiff(sample 1)- U2_HHC, Experiment 10, +TOF MS "2 0f329.0 to 365.0 (50 - 950) from 7.320 min
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LC-QgTOF spectrum of HHC glucuronide

Spectrum from HHC_2 wiff (sample 1)- HHC_2, Experiment, + TOF MS"2 (50 1000) from 6436 min

Precursor:493.3 Da, CE: 350

800.

700.

600.

500.

400.

300.

1371320

3172477

1931222

493.2785

Mass/Charge. Da

HHC-Glucuronide: [M+H*]*: 493.2785 Da (-2.2 ppm)
[M+H*]*- H,0: 475.2683 Da (-1.5 ppm)

[M+H*]*- 2 H,0: 457.2594 Da (2.0 ppm)

[M+H*]*- Glu: 317.2477 Da (0.6 ppm)

193.1222 Da (-0.5 ppm)
137.1320 Da (-3.6 ppm)

1 . i ' N ’
60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540

WILLI SCHIRMER

November 7, 2025

211



UNIVERSITAT BERN, DISSERTATION

C Supporting Information Publication III

LC-QQTOF spectrum of HHC (metabolite after deglucuronidation) (SWATH acquisition)

Spectrum from U2_HHC_Swath wiff (sample 1)- U2_HHC. Experiment3, +TOF MS"2 0294 0to 330.0 (50 - 950) from 7.933 min
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909719l
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1769888 3312621
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220

HHC SWATH: [M+H*]*: 317.2525 Da (15.8 ppm)

193.1223 Da (0.0 ppm)

LC-QqTOF spectrum of a HHC sample (diastereomeric mixture)

Spectumiion HHC Awfi(samele 1)- HHC_A Experimeni2. ~TOF MS"2(0- 1000) from 7.949 min
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Product ion spectrum of an authentic HHC sample (Diastereomeric mixture)

[M+H*1*:317.2486 Da (3.5 ppm)
261.1845 Da (-1.5 ppm)
233.1536 (0.0 ppm)

193.1228 Da (2.6 ppm)
137.1329 Da (2.9 ppm)
123.0441 Da (0.0 ppm)
95.0858 Da (3.2 ppm)
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Explanation of fragment ions

Origin of m/z 261

The ion with m/z 261 is formed by loss of isobutene from the terpene moiety. This pathway is less
pronounced than the same mechanism in A9-THC where the resulting carbocation can be
delocalized, one of this mesomeric states is also a tertiary carbocation increasing its stability. This ion
might also cyclize to the cyclobutachromenylium ion proposed by Maralikova and Weinmann.1 A
degradation from the pentyl chain is less likely.2 259 indicates a double bond in the terpene moiety,
A8-THC also fragments to 259 under positive ESI conditions.?

— H
OH
'C4H8 +
—_ =
HO
Exact Mass: 261.1849
_ H+
X OH
_C4H8 +
_ =
HO
Exact Mass: 315.2319 Exact Mass: 259.1693
X OH + OH = OH
+ ] [
- -
HO HO HO
- Exact Mass: 259.1693 Exact Mass: 259.1693 Exact Mass: 259.1693

N on

Exact Mass: 259.1693
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Origin of m/z 233

The ion with m/z 233 is also barely visible, this fragmentation mechanism leads to a
dihydrochromenylium ion, in the case of AS-THC this mechanism leads to an aromatic chromenylium
ion with m/z 231 with quite high abundance.*

— _H+

X OH

OH
-CgH1z +
0
HO

Exact Mass: 233.1536

Exact Mass: 233.1536
_ H+ — — +

|
OH

OH
Cofp || -
—» —»
0
HO

— Exact Mass: 231.1380

Exact Mass: 315.2319 Exact Mass: 231.1380
B OH OH 7
- Nt
0
' Exact Mass: 233.1536 Exact Mass: 233.1536
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Origin of m/z 193

The ion with m/z 193 corresponds to 2,6-dihydroxy-4-pentylphenyl)methylium and is a widely
encountered ion in phytocannabinoids. This benzylic cation is extremely stable due to rearrangement
to a to a tropylium species, stabilizing the positive charge via aromaticity. This ion was discussed by
Budzikiewicz et al.*

— H'
OH
_C9H16 "
_—
HO
N Exact Mass: 193.1223
_ H+

OH

Exact Mass: 315.2319

OH

HO

Exact Mass: 193.1223

Exact Mass: 193.1223

OH

HO

Exact Mass: 193.1223

WILLI SCHIRMER

November 7, 2025

215



UNIVERSITAT BERN, DISSERTATION C Supporting Information Publication III

Origin of m/z 137 and 123

The ion with m/z 137 corresponds to an ion which corresponds to partially hydrogenated limonene.
The analogue ion from the fragmentation of A%- and A%-THC leads to charged limonene with m/z

135.2

H+

-CoHye

Exact Mass: 137.1325

-CoH1g
— >

Exact Mass: 135.1168

Exact Mass: 315.2319

m/z 123 corresponds to (2,6-dihydroxyphenyl)methylium which is also stabilized via a tropylium
species. The same ion is encountered in the product mass spectra of A%- and A°-THC and allows no

distinction between the phytocannabinoids.?
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HO OH

Exact Mass: 123.0441

HO OH

Exact Mass: 123.0441

Exact Mass: 315.2319

Origin of m/z2 95

HO + OH

U

Exact Mass: 123.0441

HO + OH

Exact Mass: 123.0441

m/z 95 corresponds to a 4-methylcyclohex-1-enium ion, the corresponding ion from the

fragmentation of A%- and A®-THC possesses an additional double bound inside the ring with m/z 93.

This ion can be used for the differentiation of THC and HHC.?

Exact Mass: 317.2475

Exact Mass: 315.2319

— H'

-C1202H11
—_—

Exact Mass: 95.0855

-C420,H44

Exact Mass: 93.0699
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Differentiation of hydroxylation position on OH-HHCs

_ —
+ +
HO oH
" + HO HO
> HO
’ m/z 113.0961
not found
m/z 153.1274
B /z 333.2424 o m/z 193.1223 -H,0
m/z .
-Hzo
+
m/z 93.0699
m/z 135.1168
B H OH
OH +
! HO
° - m/z 95.0855
HO m/z 137.1325
HO m/z 209.1172
m/z 333.2424
_Hzo
OH

HO

m/z 191.1067
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LC-QqLIT chromatograms and spectra

HIC MRM 1 (33327 3152)
T1OMHHG MAM2 (332 [ 1932)
OHLHHE MAM 1 (3112 [ 1912)

|

L \ ffn g
AL, o A o Aoty

[besr

\ A '

I ] n \ A“ﬁ
N Vi NN

7l
¥

205

Spectrum of a urine sample treated with B-glucuronidase prior HHC consumption. The traces for
mass reactions typical for OH HHC are shown. Matrix peak at 22.87 min can be seen.
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(85, 95)-8-OH-HHC

@XIC from Tesﬁserl&}DSZSw\ﬁ(sampleﬂ] 85-0H-95-HHC, Expenmenﬂ +MRM (32 transitions) 'IT -OH-HHC MRM1(333.2/315.2)
@ XIC from 8S-0HISHHC, 1. +MRM(32 11-OHHHHC MRM2 (333.2/1932)
@XIC from Testsene230526ww’f(sampleS] 85-0H-95-HHC, Experiment 1, +MRM (32 transitions): OH-HHC MRM1(333.2 / 191.2)

3500

3000 (83, 95‘)-8-OH-HHC

1197

2500

2000

Intensity

1500

1000

500

Time, min

Spectrum from Testserie 230526 wiff (sample 6) - 85-OH-9S-HHC, Experiment 2, +MS"2 of 333.2 (50 - 350) from 11.963 min

8000,
7000] 333.18
6000

50004

Intensity

40001

3000 314.90
2000) 192.88

1000

60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340
Mass/Charge, Da

(8R, 95)-8-OH-HHC

§XIC from Testsere230526.wiff (sample 5}- BR-OH-5-HHC, Experiment 1, +MRM {32 transitions): 11-0H-HHC MRM 1(333.2/315.2)
@ XIC from Testsene230506 wiff (sam #1-0H-95 HHC. Bxperimert 1. (32 wansiions): 11-0H-HHC MAM 2(3332/1933)
@ XIC from Testsene230526.wiff (sample 5}- 8R-0H-8S-HHC. Expeniment 1, +MRM (32 ransitions): CH-HHC MRM1(333.2/181.2)

1100¢ 1203

1000

(8R, 95)-8-OH-HHC

9001

Intens iy

Spectrum from Testserie230526 wiff (sample 5) - 8R-OH-9S-HHC, Experiment 2, +MS"2 of 333.2 (50 - 350) from 12.048 min
12000

11000
10000
9000
8000
7000
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315.13

Intensity

135.20 193.30 233.46

259.25

60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340
Mass/Charge, Da

206.80 221.25
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(8R, 9R)-8-OH-HHC

@XIC from Testserie230526.wiff (sample4) - 8R-0H-9R-HHC, Experiment 1, +MRM (32 transitions). 11-0H-HHC MRM1(333.2 /316.2)
from i it BROHR- i

exXiC ) -HHC. _+MRM (32 THOHHHC MRM2(3332/ 1
@XIC from Testserie230526.wiff (sample4) - 8R-OH-9R-HHC, Experiment 1, +MRM (32 transitions): OH-HHC MRM 1(3332 / 191.2)
700 171
6500
6000
2500 (8R, 9R)-8-OH-HHC
5000
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. 4000
5 300
=m0
2500
2000
1500
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500
0l

Spectrum from Testserie230526 wiff (sample 4) - 8R-OH-9R-HHC, Experiment 2, +MS"2 of 333.2 (50 - 350) from 11.751 min
6000

5000

4000 259.35

w
S
S
S

Intensity

2000 135.30 192.80

1000

333.03

60 70 80 90 100 110 120 1307 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310’ 320 330 340

Mass/Charge, Da

(95)-11-OH-HHC

@XIC from Testserie230526.wiff (sample 9)- 110H-95-HHC. Experiment 1. +MRM (32 transitions). 11-OH-HHC MRM 1(333.2 /315.2)
@ XIC from Testsene?30526 wiff (sample 9) - 110H9SHHC. Expenment 1. +MRM (32 transitions) 11-OHHHC MRM 2(3332/1932)
@XIC from Testserie230526.wiff(sample 9)- 110H-98-HHC, Experiment 1, +MRM (32 transitions). OH-HHC MRM 1(333.2/ 191.2)
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Spectrum from Testserie230526.wiff (sample 9) - 110H-9S-HHC, Experiment 2, +MS"2 of 333.2 (50 - 350) from 13.919 min
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(9R)-11-OH-HHC

@XIC from Testserie230526. w\ﬁ(samp\e&] 110H-9R-HHC, Expenmem‘l +MRM (32 transitions): 11-OH-HHC MRM 1(333.2/ 315.2)
@XIC from Te TIOHIRHHC. B 1.+MRM (32 11-0HHHC MRM2(3332/193.2)
@XIC from Testserie230526. w\ﬁ(samp\eﬁ] 110H-8R-HHC. Experiment 1. +MRM (32 transitions): OH-HHC MRM 1(333.2/191.2)

‘TBBD
4.0e4

(9R)-110H-HHC
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5.0e3

I
el L I

Time, min

Spectrum from Testserie230526 wiff (sample 8) - 110H-9R-HHC, Experiment 2, +MS"2 of 333.2(50 - 350) from 13.792 min
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OH-HHC Mix

0XIC from Testserie230526 wiff (sample 3) - OH-HHC Mlx Experiment 1, +MRM (32 lransmons) ﬂ -OH-HHC MRMW (333.2/315.2)
0 XIC from Testsorit -OH-HHC| EXpBl‘lTBn‘l1 +MRM (32 transitions): 11-OHHHC gmznmz)
0XIC from TsstssrleQBDSZSwwff(samp\a3) OH-HHC Mlx Experiment 1, +MRM (32 transitions): “OH-HHC MRM1 (33 9

13.82
3004 r

2564

OH-HHC Mix
|
|

5.0e3

0.0e0 A U VSO Uw

1 2 3 4 5 6 7 8 9 0N 12 '\‘3 14 15 '\IB '\I7 '\IS 19 20 21 22 23 24 X% 26 27 28 29 30 3
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(95)-11-nor-9-carboxy HHC

@ X|C from Testserie230627.wiff (sample 19) - 11nor_9R-HHC, Experiment 1, +MRM (32 transitions): HHC-COOHMRM 1 (347.2/ 329.3)
9 XIC from Testserie230627 wiff (sample 19) - 11nor_9R-HHC, Experiment 1, +MRM (32 transitions): HHC-COOHMRM2 (347.2/ 301.2)
# XIC from Testssrie230627. wiff (sample 19)- 11nar 9R-HHC, Experiment 1, +MRM (32 transitionsy: HHC-COOHMRM 3 (347.2/ 193.2)
® XIC from Testserie230627 wiff (sample 19) - 11nor_9R-HHC, Experiment 1, +MRM (32 transitions): HHC-COOHMRM4 (347.2/ 191 2)

3000 1348
2900
2800
2700
gggg 11-nor-9R-carboxy-HHC
2400
2300
2200

A\ M | de. )

Wl

(9A)-11-nor-9-carboxy HHC

© XIC from Testserie230627.wiff (sample 20) - 11nor_9S-HHC, Experi 1, +MRM (32 it : HHC-COOHMRM 1 (347 2/ 329.3)
O XIC from Testserie230627 wiff (sample 20) - 11nor_9S-HHC, Experiment 1, +MRM (32 transitions): HHC-COOH MRM 2 (347.2 1 301.2)
®X|C from Testserie230627.wiff (sample 20) - 11nor_9S-HHC, Experiment 1, +MRM (32 transitions): HHC-COOH MRM 3 (347.2 / 193.2)
@ XIC from Testserie230627 wiff (sample 20) - 11nor_9S-HHC, Experiment 1, +MRM (32 transitions)- HHC-COOH MRM 4 (347 2 / 191.2)

14.16

10000
9500
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8000
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5500

]
N n N M A A
o i et M At Attt oW bty sl b i o g At o I

1 2 3 4 5 6 7 8 9 10 m 12 13 14 15 _16 17 8 19 20 21 22 23 24 2% 26 27 28 29 30 31
Time, min

No product ion spectra measured for the epimers of 11-nor-9-carboxy-HHC

WILLI SCHIRMER November 7, 2025 223



UNIVERSITAT BERN, DISSERTATION C Supporting Information Publication III

@ XIC from Testserie230526 wiff (sample 10) - U0_HHC, Experiment 1, +MRM (32 transitions): 11-OH-HHC MRM 1 (333.2/ 315.2)
@XIC from Testserie230526.wiff (sample 10)- UO_HHC, Experi J+ 32transitions): 11-OHHHC MRM2 (333.2/ 1932)
@XIC from Testserie230526.wiff (sample 10) - UD_HHC, Experiment 1, +MRM (32 transitions): OH-HHC MRM1(333.2/ 191.2)
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0

GC-MS chromatograms and spectra
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Extracted ion chromatogram of m/z 476 (OH-HHC 2xTMS) of a urine sample prior HHC ingestion.
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Alkane standard for determination of Kovats-indices
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GC-MS reference spectra (TMS)
(9R)-HHC TMS
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(88, 9R)-8-OH-HHC 2xTMS
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(85, 95)-8-OH-HHC 2xTMS
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(95)-11-OH-HHC 2xTMS
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(99)-11-nor-9-carboxy-HHC 2xTMS
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GC-MS/MS ion chromatogram
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Extracted ion chromatogram for the three monitored ion transitions characteristic for 11-nor-9-
carboxy-HHC of a urine sample of the volunteer who vaped 15 mg of HHC. The urine sample showing
the highest response in immunochemical screening for cannabinoids (taken 2 hours post
administration) was used.
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conc/ mg/L Area R-HHCP Area S-HHCP ArealSTD  AreaRatioR AreaRatio S

1 13449020 24867414 8911424 1.509188655 2.790509575

2 39535290 64348226 9059341 4.364035971 7.102969852

3 70866537 112608487 10082468 7.028689503 11.16874232

4 84191177 131604340 7802717 10.78998213 16.86647613
Sample Area R-HHCP  Area S-HHCP  AreaISTD  Area RatioR AreaRatioS R-HHCP S-HHCP % R-HHCP % S-HHCP
5mg/L 54924786 16480167 10182202 5.394195283 1.618526818  2.326669881 0.801356 46.5 16.0
10 mg/L 201955250 60895701 13242896 15.25008201 4.598367381  5.445039514 1.542662 54.5 15.4

inside calibration
ISTD: THC-D3

calibration 9R-HHCP calibration 9S-HHCP

-
N
N~
=}

y=3.0507x-1.7038 _.®
R?=0.8938..""

=
S

y=46294x-2.0912 _®
R*=0.9939 ..~

=
o

AAna\yLe/A\STD /1

AAna\vtg/AISTD /1
.
o

(=R ]

=}

0 1 2 3 4 5 0 1 2 3 4 5
V(OR-HHCP) / mg*L! Y195-HHCP) / mg*L?

S1: Quantification of (9R)- and (9S)-HHCP in the HHCP product for recreational use with GC-MS.
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S2: LC-QgTOF spectrum of (9S)-HHCP

@HHCP XIC, +TOF MS (100- 1000): 345.279 +/-0.010 Da
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S3: Deglucuronidated urine before ingestion of HHCP (LC_QqTOF)
+TOF MS*2 (50 - 1000) from 5.873 min Precursor: 377.3 Da, CE: 35.0 359.2576
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S4: Mass spectrum of metabolite M1, a bishydroxylated metabolite of HHCP (from a deglucuronidated urine

sample 10 h after ingestion of 4 mg HHCP)
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S5: Mass spectrum of metabolite M2, a bishydroxylated metabolite of HHCP (from a deglucuronidated urine
sample 10 h after ingestion of 4 mg HHCP)
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S6: Mass spectrum of metabolite M3, a bishydroxylated metabolite of HHCP (from a deglucuronidated urine
sample 10 h after ingestion of 4 mg HHCP)
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S7: Mass spectrum of metabolite M5, a hydroxylated metabolite of HHCP (from a deglucuronidated urine sample
10 h after ingestion of 4 mg HHCP)
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S8: Mass spectrum of metabolite M6, a hydroxylated metabolite of HHCP (from a deglucuronidated urine sample
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S9: Urine sample before ingestion of HHCP (LC_QqTOF)
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S10: Mass spectrum of HHCP glucuronide (from a urine sample 10 h after ingestion of 4 mg HHCP)
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S11: Mass spectrum of metabolite M7, a bishydroxylated and glucuronidated HHCP metabolite (from a urine
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S12: SWATH mass spectrum of metabolite M8, a bishydroxylated and glucuronidated HHCP metabolite (from a
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S13: Mass spectrum of metabolite M9, a bishydroxylated and glucuronidated HHCP metabolite (from a urine

sample 10 h after ingestion of 4 mg HHCP)
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S14: Mass spectrum of metabolite M10, a bishydroxylated and glucuronidated HHCP metabolite (from a urine
sample 10 h after ingestion of 4 mg HHCP) m/z 237 is likely a tropylium with a hydroxylated heptyl chain.
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S15: Mass spectrum of metabolite M11, a hydroxylated and glucuronidated metabolite of HHCP (from a urine
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S16: Mass spectrum of a metabolite coeluting with metabolite M11, a hydroxylated and glucuronidated metabolite
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of HHCP (from a urine sample 10 h after ingestion of 4 mg HHCP)
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S17: Mas spectrum of coeluting metabolites (M12), hydroxylated and glucuronidated metabolites of HHCP (from a
urine sample 10 h after ingestion of 4 mg HHCP)
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S18: Mass spectrum of metabolite M13, a hydroxylated and glucuronidated metabolite of HHCP (from a urine
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S19: Extracted ion chromatograms for characteristic mass transitions of a deglucuronidated urine sample prior
ingestion of HHCP, Matrix peak is seen at 9.02 min
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S20: Extracted ion chromatograms for characteristic mass transitions of a deglucuronidated urine sample (10 h

after oral ingestion of 4 mg HHCP)
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S21: Enhanced product ion spectrum of the bishydroxylated metabolite M14 (from a deglucuronidated urine
sample 15 h after oral ingestion of 4 mg HHCP)
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S22: Enhanced product ion spectrum of the bishydroxylated metabolite M15 (from a deglucuronidated urine
sample 15 h after oral ingestion of 4 mg HHCP)
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S23: Enhanced product ion spectrum of the bishydroxylated metabolite M16 (from a deglucuronidated urine
sample 15 h after oral ingestion of 4 mg HHCP)
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S24: Enhanced product ion spectrum of the bishydroxylated HHCP metabolite M17 (from a deglucuronidated
urine sample 15 h after oral ingestion of 4 mg HHCP)
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S25: Enhanced product ion spectrum of the hydroxylated HHCP metabolite M18 (from a deglucuronidated urine
sample 15 h after oral ingestion of 4 mg HHCP)
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S26: Enhanced product ion spectrum of the hydroxylated HHCP metabolite M19 (from a deglucuronidated urine
sample 15 h after oral ingestion of 4 mg HHCP)
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S27: Enhanced product ion spectrum of the hydroxylated HHCP metabolite M20 (from a deglucuronidated urine
sample 15 h after oral ingestion of 4 mg HHCP)
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S28: Enhanced product ion spectrum of the hydroxylated HHCP metabolite M21 (from a deglucuronidated urine
sample 15 h after oral ingestion of 4 mg HHCP)
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S29: El mass spectrum of (9R)-HHCP TMS (derivatized reference)
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S30: El mass spectrum of (9S)-HHCP TMS (derivatized reference)
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S31: Stacked XICs (m/z 504) of a trimethylsilylated urine sample collected before the oral ingestion of HHCP (top)
and a trimethylsilyated urine sample from the same person 10 h after oral ingestion of 4 mg HHCP (bottom).

Abundance
16000004

1400000
1200000;
1000000
8000001
600000
400000

200000}

lon 504,00 (503.70 to 504.70): U1_HHCP
f 21.822

21203 /
20.@5@2221-3215;‘5?\
EAWAYAAN

20806
2N

T T T
20.00 2010 2020 2030 2040 20.50 20.60 20.70
Time=>
Abundance

900000
8000001
700000/
6000001
500000,
400000,

1571

300000 1091

2211

2000001 201.1

1000001

1831
'

T T T T T T
20.80 2080 21.00 2110 2120 21.30

Average of 21.789 to 21 844 min.: U1_HHCP

3162
5043

2932

420.2
447.3
3551

388.2
371.2

wh Ll

2552
4633
5413

|h L 5631 592.4

oy -

3.1
l

A

60 80 160 180 200 220

miz-->

T
480

27
by 531
240 260 280 300 320 340 360 380 400 420 440 480 500 520 540 560 580

S32: Top: XIC (m/z 504) of a trimethylsilylated urine sample 10 h after oral ingestion of 4 mg HHCP. Bottom: El
mass spectrum of the compound eluting at 21.82 min.
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S33: Stacked XICs (m/z 592) of a trimethylsilylated urine sample collected before the oral ingestion of HHCP (top)
and a trimethylsilyated urine sample from the same person 10 h after oral ingestion of 4 mg HHCP (bottom).
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S34: Top: XIC (m/z 592) of a trimethylsilylated
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S35: Top: XIC (m/z 592) of a trimethylsilylated urine sample 10 h after oral ingestion of 4 mg HHCP. Bottom: El
mass spectrum of the compound eluting at 23.15 min.
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S36: TIC of an alkane standard (C7-C40) for the determination of Kovats indices.
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S37: Formation of the tropylium ions m/z 237 and m/z 219 which are characteristic ions for side chain
hydroxylated HHCP. Position of the non-phenolic hydroxyl groups are not known, one is on the alicyclic moiety
the other on the alkyl chain. Stereochemistry and position of the double bond on the alkyl chain of the ion m/z 219

is unknown.
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S38: LC-QqTOF ions of the monohydroxylated HHCP metabolite M5. Stereochemistry and position of the hydroxy
group or double bond in the side chain is unknown.
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S 39: LC-QqTOF fragment ions of a monohydroxylated HHCP metabolite. The fragments are observed in the
mass spectrum of M5 and in the mass spectrum of M6 besides fragment ions, which are characteristic for side-
chain hydroxylation.
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S40: Characteristic fragment ions of the only monohydroxylated HHCP metabolite found with GC-MS after
derivatization with MSTFA. It is suspected that this metabolite is (9R)-11-OH-HHCP.
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S41: Characteristic fragment ions of the dihydroxylated HHCP metabolites after derivatization with MSTFA. The
exact positions of the additional trimethylsilyethers are unknown. The position of the double bond of the fragment
ion m/z 291 is unknown.
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1 1238511 1744565 1040731 1.180039501 1.676288109
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Figure S1: Quantification of (R)- and (S)-H4CBD in the H4CBD product for recreational use with GC-MS.
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Figure S1: Chromatogram of deglucuronidated urine before ingestion of H4CBD, measured on a LC-QqTOF
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Spectrum from S-H4CBD; Experiment 2, +TOF MS"2 (50 - 1000) from 9.261 min Precursor: 319.3 Da, CE: 35.0
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Figure S2: LC-QqTOF spectrum of (S)-H4CBD (Metabolite M1)

Spectrum from R-H4CBD, +TOF MS"2 (50 - 1000) from 9.350 min Precursor: 319.3 Da, CE: 35.0
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Figure S3: LC-QqTOF spectrum of (R)-H4CBD (Metabolite M1)

Spectrum from U2_H4CBD.wiff (sample 1) - U2_H4CBD; Experiment 7, +TOF MS"2 (50 - 1000) from 3.154 min Precursor: 349.2 Da, CE: 35.0
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Figure S4: Mass spectrum of metabolite M2, a carboxylated metabolite of H4CBD (from a deglucuronidated urine

sample 3 h after ingestion of 25 mg H4CBD)
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Spectrum from U2_H4CBD.wiff (sample 1) - U2_H4CBD; Experiment 10, +TOF MS"2 (50 - 1000) from 4.530 min Precursor: 349.2Da, CE: 35.0
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Figure S5: Mass spectrum of metabolite M3, a carboxylated metabolite of H4CBD (from a deglucuronidated urine
sample 3 h after ingestion of 25 mg H4CBD)

Spectrum from U2_H4CBD.wiff (sample 1) - U2_H4CBD; Experiment 2, +TOF MS"2 (50 - 1000) from 7.705 min Precursor: 335.3 Da, CE: 35.0
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Figure S6: Mass spectrum of metabolite M4, a side chain hydroxylated metabolite of H4CBD (from a
deglucuronidated urine sample 3 h after ingestion of 25 mg H4CBD). *The position of the hydroxy group is

unknown.

Spectrum from U2_H4CBD.wiff (sample 1) - U2_H4CBD; Experiment4, +TOF MS"2 (50 - 1000) from 7.090 min Precursor: 335.3 Da, CE: 35.0
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Figure S7: Mass spectrum of metabolite M5, a side chain hydroxylated metabolite of H4CBD (from a
deglucuronidated urine sample 3 h after ingestion of 25 mg H4CBD). *The position of the hydroxy group is

unknown.
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Spectrum from U2_H4CBD .wiff (sample 1) - U2_H4CBD; Experiment 6, +TOF MS"2 (50 - 1000) from 4.889 min Precursor: 335.3 Da, CE: 35.0
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Figure S8: Mass spectrum of metabolite M6, a hydroxylated metabolite of H4CBD (from a deglucuronidated urine
sample 3 h after ingestion of 25 mg H4CBD). Tentatively identified as an epimer of 2"OH-H4CBD.

Spectrum from U2_H4CBD.wiff (sample 1) - U2_H4CBD; Experiment 7, +TOF MS”2 (50 - 1000) from 4.563 min Precursor: 335.3 Da, CE: 35.0
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Figure S9: Mass spectrum of metabolite M7, a hydroxylated metabolite of H4CBD (from a deglucuronidated urine
sample 3 h after ingestion of 25 mg H4CBD). Tentatively identified as an epimer of 2"OH-H4CBD.

Spectrum from U2_H4CBD.wiff (sample 1) - U2_H4CBD; Experiment 2, +TOF MS*2 (50 - 1000) from 4.347 min Precursor: 335.3 Da, CE: 35.0
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Figure S10: Mass spectrum of metabolite M8, a hydroxylated metabolite of H4CBD (from a deglucuronidated
urine sample 3 h after ingestion of 25 mg H4CBD). Tentatively identified as an epimer of 7-OH-H4CBD.
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Spectrum from U2_H4CBD.wiff (sample 1) - U2_H4CBD; Experiment 7, +TOF MS"2 (50 - 1000) from 3.634 min Precursor: 335.3 Da, CE: 35.0
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Figure S11: Mass spectrum of metabolite M9, a hydroxylated metabolite of H4CBD (from a deglucuronidated
urine sample 3 h after ingestion of 25 mg H4CBD). Tentatively identified as an epimer of 7-OH-H4CBD.

Spectrum from U2_H4CBD.wiff (sample 1) - U2_H4CBD; Experiment 6, +TOF MS"2 (50 - 1000) from 2.063 min Precursor: 351.3 Da, CE: 35.0
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Figure S12: Mass spectrum of metabolite M10, a bishydroxylated metabolite of H4CBD (from a deglucuronidated
urine sample 3 h after ingestion of 25 mg H4CBD). The position of the hydroxy groups are unknown.
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Figure S13: Chromatogram of a urine sample before ingestioh of H4CBD, measured on a LC-QqTOF
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Spectrum from U2_H4CBD_Glc_2.5uL.wiff (sample 1) - U2_H4CBD_Glc; Exper..., +TOF MS"2 (50 - 1000) from 11.303 min Precursor: 495.3 Da, CE: 35.0
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Figure S14: Mass spectrum of metabolite M11, a glucuronidated metabolite of H4CBD (from a urine sample 3 h
after ingestion of 25 mg H4CBD).

Spectrum from U2_H4CBD_Glc_SWATH_2.5ul .wiff (sample 1) - U2_H4CBD_Gl...periment 14, +TOF MS*2 of 469.0 to 505.0 (50 - 950) from 11.753 min
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Figure S15: Mass spectrum of metabolite M12, a glucuronidated metabolite of H4CBD (from a urine sample 3 h
after ingestion of 25 mg H4CBD). Acquired in SWATH mode.

Spectrum from U2_H4CBD_Glc_2.5ul wiff (sample 1) - U2_H4CBD_Gilc; Exper..., + TOF MS"2 (50 - 1000) from 10.064 min Precursor:525.3 Da, CE: 35.0
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Figure S16: Mass spectrum of metabolite M13, a carboxylated and glucuronidated metabolite of H4CBD (from a
urine sample 3 h after ingestion of 25 mg H4CBD). The position of the glucuronide moiety is unknown.
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Spectrum from U3_H4CBD_Glc_2.5uL.wiff (sample 1) - U3_H4CBD_Gilc; Experi... 5, +TOF MS"2 (50 - 1000) from 9.320 min Precursor: 525.3 Da, CE: 35.0
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Figure S17: Mass spectrum of metabolite M14, a carboxylated and glucuronidated metabolite of H4CBD (from a
urine sample 3 h after ingestion of 25 mg H4CBD). The position of the glucuronide moiety is unknown.

Spectrum from U2_H4CBD_Glc_2.5ul .wiff (sample 1) - U2_H4CBD_Glc; Experi... 3, + TOF MS"2 (50 - 1000) from 5.032 min Precursor: 511.3 Da, CE: 35.0
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Figure S18: Mass spectrum of metabolite M15, a hydroxylated and glucuronidated metabolite of H4CBD (from a
urine sample 3 h after ingestion of 25 mg H4CBD). The position of the glucuronide moiety is unknown.

Spectrum from U2_H4CBD_Gilc_2.5ul .wiff (sample 1) - U2_H4CBD_Glc; Exper...0, +TOF MS"2 (50 - 1000) from 5.776 min Precursor: 511.3Da, CE: 35.0
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Figure S19: Mass spectrum of metabolite M16, a hydroxylated and glucuronidated metabolite of H4CBD (from a
urine sample 3 h after ingestion of 25 mg H4CBD). The position of the glucuronide moiety and the hydroxy group

are unknown.
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Spectrum from U2_H4CBD_GIc_2.5uL wiff (sample 1) - U2_H4CBD_Glc; Experi... 8, +TOF MS"2 (50 - 1000) from 7.181 min Precursor:511.3 Da, CE: 35.0
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Figure S20: Mass spectrum of metabolite M17, a hydroxylated and glucuronidated metabolite of H4CBD (from a
urine sample 3 h after ingestion of 25 mg H4CBD). The position of the glucuronide moiety and the hydroxy group

is unknown.

Spectrum from U2_H4CBD_Glc_2.5ul wiff (sample 1) - U2_H4CBD_Glc; Experi... 3, +TOF MS"2 (50 - 1000) from 8.578 min Precursor:511.3Da, CE: 35.0
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Figure S21: Mass spectrum of metabolite M18, a hydroxylated and glucuronidated metabolite of H4CBD (from a
urine sample 3 h after ingestion of 25 mg H4CBD). The position of the glucuronide moiety is unknown.

Spectrum from U2_H4CBD_Glc_2.5uL wiff (sample 1) - U2_H4CBD_Gic; Experi... 5, +TOF MS"2 (50 - 1000) from 8.308 min Precursor:511.3 Da, CE: 35.0
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Figure S22: Mass spectrum of metabolite M19, a hydroxylated and glucuronidated metabolite of H4CBD (from a
urine sample 3 h after ingestion of 25 mg H4CBD). The position of the glucuronide moiety is unknown.
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Spectrum from U2_H4CBD_Glc_2.5uL.wiff (sample 1) - U2_H4CBD_Gilc; Exper..., +TOF MS*2 (50 - 1000) from 12.376 min Precursor: 511.3 Da, CE: 35.0
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Figure S23: Mass spectrum of metabolite M20, a hydroxylated and glucuronidated metabolite of H4CBD (from a
urine sample 3 h after ingestion of 25 mg H4CBD). The position of the hydroxy group and the glucuronide are

unknown.

Spectrum from U2_H4CBD_Glc_2.5uL wiff (sample 1) - U2_H4CBD_Gic; Exper..., +TOF MS"2 (50 - 1000) from 12.437 min Precursor: 511.3 Da, CE: 35.0
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Figure S24: Mass spectrum of metabolite M21, a hydroxylated and glucuronidated metabolite of H4CBD (from a
urine sample 3 h after ingestion of 25 mg H4CBD). The position of the hydroxy group and the glucuronide are

Spectrum from U2_H4CBD_Glc_2.5ul .wiff (sample 1) - U2_H4CBD_Glc; Exper..., +TOF MS”2 (50 - 1000) from 14.441 min Precursor:511.3 Da, CE: 35.0
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Figure S25: Mass spectrum of metabolite M22, a hydroxylated and glucuronidated metabolite of H4CBD (from a
urine sample 3 h after ingestion of 25 mg H4CBD). The position of the hydroxy group and the glucuronide are

unknown.
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Spectrum from U2_H4CBD_Glc_2.5ul.wiff (sample 1) - U2_H4CBD_Glc; Experi... 4, +TOF MS"2 (50 - 1000) from 3.515 min Precursor: 527.3 Da, CE: 35.0
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Figure S26: Mass spectrum of metabolite M23, a bishydroxylated and glucuronidated metabolite of H4CBD (from
a urine sample 3 h after ingestion of 25 mg H4CBD). Both hydroxylation positions are found on the alicyclic
moiety, their position and the position of the glucuronide are not clear.

Spectrum from U2_H4CBD_Glc_2.5ul .wiff (sample 1) - U2_H4CBD_Glc; Experi... 7, +TOF MS"2 (50 - 1000) from 5.205 min Precursor: 527.3 Da, CE: 35.0
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Figure S27: Mass spectrum of metabolite M24, a bishydroxylated and glucuronidated metabolite of H4CBD (from
a urine sample 3 h after ingestion of 25 mg H4CBD). One hydroxylation positions is found on the alicyclic moiety,
the other hydroxylation position is on the side-chain, their position and the position of the glucuronide are not

clear.

Spectrum from U2_H4CBD_Glc_2.5ul wiff (sample 1) - U2_H4CBD_Gic; Experi... 4, +TOF MS"2 (50 - 1000) from 5.677 min Precursor: 527.3 Da, CE: 35.0
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Figure S28: Mass spectrum of metabolite M25, a bishydroxylated and glucuronidated metabolite of H4CBD (from
a urine sample 3 h after ingestion of 25 mg H4CBD). Both hydroxylation positions are found on the alicyclic
moiety, their position and the position of the glucuronide are not clear. The ion m/z 197.1173 could result from a
coeluting metabolite with a hydroxylation position on the side-chain.
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Figure S29: El mass spectrum of the metabolite M26 (R)-H4CBD TMS
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Figure S30: El mass spectrum of the metabolite M27 (S)-H4CBD TMS, the same ions are formed as for (R)-

H4CBD TMS.
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Figure S31: El mass spectrum of the carboxylated metabolite M28 7-COOH-H4CBD TMS.
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Figure S33: El mass spectrum of the hydroxylated metabolite M30, hydroxylated on the alicyclic moiety.
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Figure S34: El mass spectrum of the hydroxylated metabolite M31, hydroxylated on the side-chain. Hydroxylation
position unknown.
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Figure S35: El mass spectrum of the hydroxylated metabolite M32, hydroxylated on the alicyclic moiety.
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Figure S36: El mass spectrum of the hydroxylated metabolite M33, hydroxylated on the alicyclic moiety.
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WILLI SCHIRMER

November 7, 2025

265



UNIVERSITAT BERN, DISSERTATION

E Supporting Information Publication V

Abundance

4500000

4000000

3500000

3000000

2500000

2000000

1500000

1000000

500000

43.0
de
f

Scan 473 (19.548 min): U2_H4CBD .D\data.ms (-471) ()

73.0

192.0

I 215.1 233,
Mg e, T

‘ g0 1230 1470
Il NN “\ e

I|||| 155'0 |‘II
Sanns

12

OTMS

TMSO
337.1

268.0
1

49.0 |‘ 2044 321
Lo b

4471

OTMS

—oTMs
oTMs

TMSO CsHiy
550.3

4111
363.1 386.1

165.1
‘lu PR T

49415114 5310 L

431.0

T
40 60

miz->

Figure S37:

T T
80 100 120 140 160 180 200 220

Presumably 7-OH-(S)-H4CBD

Abundance

1500000

1400000

1300000

1200000

1100000

1000000

900000

800000

700000

600000

500000

400000

300000

200000

100000

ol
’ 40 60
m/z—->

T
240

y T
260 280 300 320 340

T
540

T T T T T T T T T
360 380 400 420 440 460 480 500 520

El mass spectrum of the hydroxylated metabolite M34, hydroxylated on the alicyclic moiety.
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Figure S38: El mass spectrum of the hydroxylated metabolite M35, hydroxylated on the side-chain. Hydroxylation

position unknown.
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Figure S39: El mass spectrum of the bishydroxylated metabolite M36, hydroxylated on C7 of the alicyclic moiety
and on the side-chain. Position of the side-chain hydroxylation is unknown.
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Figure S40: El mass spectrum of the bishydroxylated metabolite M37, hydroxylated on C7 of the alicyclic moiety
and on the side-chain. Position of the side-chain hydroxylation is unknown.
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Figure S41: Product ion spectrum of 7-COOH-CBD at a collision energy of +46 V.
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Figure S42: Product ion spectrum of 7-COOH-CBD at a collision energy of +73 V.

WILLI SCHIRMER November 7, 2025 268



UNIVERSITAT BERN, DISSERTATION

E Supporting Information Publication V

Spectrum from R-H4CBD .wiff (sample 1) - R-H4CBD; Experiment 3, +TOF MS*2 (50 - 1000) from 9.368 min Precursor: 319.3Da, CE: 35.0
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Figure S43: Product ion spectrum of (S)-H4CBD (reference standard).
Spectrum from S-H4CBD.wiff (sample 1) - S-H4CBD; Experiment 9, +TOF MS*2 (50 - 1000) from 9.316 min Precursor: 319.3 Da, CE: 35.0
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Figure S44: Product ion spectrum of (R)-H4CBD (reference standard).
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Figure S45: Chromatogram of an n-alkane standard (C7-C40) used for the determination of Kovats indices.
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S1: Recovery rates and matrix effects of the analytes from the liquid-liquid extraction protocol (LLE), measured in
glass vials (left side) and from the solid-phase extraction protocol (SPE), measured in polypropylene vials (right
side). Graphical illustration of the recovery rates from the LLE protocol (analyzed in glass vials) are shown in S3.
Graphical illustration of the recovery rates from the SPE protocol are shown in S4.

Analyte Recovery rates LLE = Matrix effects LLE Recovery Matrix effects SPE
glass vials / % glass vials / % rates SPE / % 1'%
AS-THCO 7973 76 69 + 6.2 97
9B-OH-HHC 55+4.8 49 82+24 54
11-OH-A®-THC 96 + 10.5 39 75+ 2.0 76
11-OH-A8-THC 61+7.7 45 86+ 12.1 46
AS-THCE 91+1.3 36 75+ 7.3 85
|1_|1|_;800H-9R- 62+6.4 27 90 + 1.1 33
}L—gOOH-AE’- 99+8.3 28 64 + 4.4 117
9a-OH-HHC 96 +8.7 48 66+4.4 95
CBD 65+ 10.8 18 81+5.8 79
CBG 94 +16.3 15 62 + 6.8 126
AS-THCB 103 £ 15.3 22 63+ 3.6 926
CBN 111+ 26.5 14 63+2.2 84
AS-THC 74 +16.0 11 68 +5.7 39
AS-THC 95+31.8 15 61+24 43
9S-HHC 113 £ 30.5 12 53+23 73
9R-HHC 0 N/A 6927 54
AS-THCH 101 £29.9 31 72 +3.4 171
9R-HHCH 0 N/A 86+ 1.8 85
AS-THCP 0 N/A 45+ 4.6 52
AS-THC-O 0 N/A 57+25 148
9R-HHCP 0 N/A 44 + 3.0 52
9R-HHC-O 0 N/A 58 +1.7 74
AS-THC-C8 0 N/A 31+4.0 97
AS-THC-OMe 0 N/A 28+2.8 120
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Recovery LLE in PP vials
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S2: Recovery rates of the analytes included in the screening panel. Analytes were spiked on blank blood and
were extracted with a liquid-liquid-extraction (LLE) protocol. The solutions were measured using polypropylene
(PP) vials. Recovery rates and error bars were determined from triplicates.
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S3: Recovery rates of the analytes included in the screening panel. Analytes were spiked on blank blood and
were extracted with a liquid-liquid-extraction protocol. The solutions were measured using glass vials. The
recovery rates were in general lower than from PP vials and the late eluting compounds were not detected.
Recovery rates and error bars were determined from triplicates.
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Recovery SPE in PP vials
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S4: Recovery rates of the analytes included in the screening panel. Analytes were spiked on blank blood and were
extracted with a solid-phase-extraction (SPE) protocol. The solutions were measured using PP vials. Recovery
rates seem to drop with the lipophilicity of the analytes. Recovery rates and error bars were determined from
triplicates.
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S5: Real case sample, which showed an interference for A>-THC-COOH at Rt = 9.99 min, presumably A8-THC-COOH. The peaks are not fully resolved.
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S6: A real case sample with similar amounts of A8-THC and A®-THC. The peaks are not fully resolved.
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S7: Another real case sample showing more A8-THC than A®-THC. The isomers are not fully resolved.
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S8: A real case sample containing HHC. Differentiation between the epimers (9R)- and (9S)-HHC is not possible as they are coeluting.
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