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Psilocybin analogues have been synthesized comprising a non-hydrolysable P-C bond to evaluate the
biological activity and the selectivity towards 5-HT,aR, 5-HT,gR and the TNAP receptor. No activity was

observed towards the phosphatase, however all compounds showed good binding affinity for 5-HT,AR and
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The precipitous escalation, quantified at 25%, in the global
prevalence of anxiety and depression in the wake of the
COVID-19 pandemic serves as an alarming indicator of a
profound and pervasive mental health crisis."* Despite the
diverse array of treatments available, the well-known first-line
antidepressants exhibit limited efficacy. The treatment of
major depressive disorder (MDD) with conventional drugs
does not only grapple with a therapeutic delay of at least two
weeks, thereby increasing the vulnerability to self-harm and
suicide, but also with adverse effects such as sexual
dysfunction.®* Another factor that amplifies the socio-
economic burden of MDD is treatment resistant depression
(TRD) in which remission subsequent to treatment has failed.
Approximately 30% of adults suffering from MDD experience
inadequate response to the administration of at least two
different antidepressants of adequate dose and duration.>®
The aforementioned deficiencies emphasize the urgency with
which the scientific community must redirect its focus
towards alternatives to the commonly used, yet suboptimal
first-line antidepressants.

In this context, psychedelic drugs such as psilocybin, LSD,
ketamine and MDMA have gained prominence as potential
candidates for the treatment of psychiatric disorders.””®
Notably, the regulatory approvals in March and December
2019 for intranasal administration of esketamine in
conjunction with a conventional antidepressant for adults
suffering from TRD are evidence of the evolving landscape.’
Completed phase 2 clinical trials show that psilocybin-
assisted therapies produce large, rapid and long-lasting
therapeutic effects among patients with MDD due to
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5-HT,gR and one compound showed a higher selectivity towards 5-HT,4R than psilocin.

increased spine density and brain network integration.'**?

Despite all promising insights, the hallucinogenic nature of
psychedelic drugs necessitates supervised administration,
thereby hampering its widespread use.'® Four recent studies
exploring the design and synthesis of non-hallucinogenic,
non-toxic compounds offer potential solutions to this
constraint."*™” Another challenge in the search for new leads
is the selectivity over off-targets such as 5-HT,gR where its
activation is associated with valvular heart disease.'®

Recent investigations identified a second binding mode of
psilocin in the orthosteric site of 5-HT,,R which triggers only
a modest activation of B-arrestin signaling. This nuanced
mechanism results in antidepressive and anxiolytic effects
devoid of hallucinogenic manifestations.'>*® Moreover,
psilocybin's lower addiction potential and reduced toxicity
compared to ketamine underscore its compelling potential as
alternative antidepressant.*’™

Psilocybin (O-phosphoryl-4-hydroxy-N,N-dimethyltryptamine)
(Chart 1), a tryptamine alkaloid found in psilocybe mushrooms
species,” undergoes dephosphorylation in the human body
primarily facilitated by an alkaline phosphatase. This process
yields its active metabolite psilocin, which is active on 5-HT,sR
and 5-HT,gR in our brain, among others.?*

Considering the significance of the alkaline phosphatase
in drug design and delivery,”>*® coupled with recent insights
into the application of phosphonates in medicinal
chemistry,”” our present work endeavors to ascertain the
activity of phosphonate analogues of psilocybin on the 5-HT,,
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Chart 1 Structures of psilocybin (left) and psilocin (right).
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and 5-HT,p receptors. Notable, investigations into the
inhibition of alkaline phosphatase by phosphonates remain
absent in the existing literature. Hence, we aim to elucidate
their interactions with and potential inhibition of the alkaline
phosphatase, thereby contributing to the understanding and
development of novel therapeutic strategies for mental health
disorders. In alignment with this objective, we have
innovatively developed a new synthesis pathway and
optimized reaction conditions for phosphonoindoles and
phosphonotryptamines.

The introduction of a CH, group adjacent the aromatic
ring results in a more isosteric analogue of psilocybin.
However, this modification increases the count of rotational
bonds. Conversely, the phosphonate and phosphonic acid
analogues devised in this study feature few rotational bonds
allowing for a conformation in the receptors of interests
which more closely mirrors that of psilocin. Moreover, the
synthesis of the variant at the 4-position would prove
challenging owing to the lack of stereoselectivity inherent in
the Fischer-indole reaction.

To obtain the target structure 7, a new pathway starting
from 4-bromo indole 1 (Scheme 1) was investigated. The first
step included a Mannich transformation into compound 2,
which was used in the subsequent introduction of a
nitromethane anion to obtain compound 3. The latter was
further reduced using zinc dust in a sulfuric acid/methanol
mixture. "H-NMR analysis revealed low purity of the product 4
which necessitated the use of less harsh reaction conditions
such as a hydrochloric acid/methanol (1: 1) mixture. An initial
yield of 34% was obtained under these conditions, which
could be further increased to 73% by minimizing the use of
water in the work-up. Next, a variant of the Eschweiler-Clarke
reaction which entails the methylation of a primary or
secondary amine, gives access to compound 5a. In this
particular case, sodium cyanoborohydride was used for
reductive amination. Due to a contamination by acetone of
the solvent used in the reaction, side product 5b with an

2 eq (CH3),S04
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isopropyl group instead of a methyl group was formed.
Optimization of the reaction led to the formation of
compound 5a, which was obtained with an average yield of
90%. Method I, characterized by its simplicity, employs
readily accessible, cheaper as well as less hazardous reagents
and gives higher yields compared to preceding synthesis
pathways of 5a.>%>° Recently, we developed a second pathway
(Scheme 1) towards 5a, which consists of only one step and
makes use of the borrowing hydrogen strategy. Method II
reduces the time required to synthesize compound 5a but
requires the use of a more expensive [Cp*IrCl,], catalyst.
During pathway optimization, different reaction
conditions were tested in parallel on the more accessible
5-bromo-N,N-dimethyltryptamine (Table S1t). First, the
Michaelis-Arbuzov reaction was evaluated under mild
reaction conditions using BF;-Et,0. After 4 h, *'P-NMR
revealed the presence of triethyl phosphite, the product of its
hydrolysis and its oxidation (triethyl phosphate). However, no
evidence of product formation was observed. Rasheed et al
demonstrated that the phosphonylation of 5-bromo indole is
feasible with a Michaelis-Arbuzov reaction in an ionic liquid
(bbim[Br]).** Reactions on 4-bromo indole and 5-bromo
tryptamine in the ionic liquid failed to form the product,
leaving only triethyl phosphite, diethyl phosphite and triethyl
phosphate according to *'P-NMR. Additionally, we evaluated
a nickel-catalyzed Tavs reaction according to the procedure of
Shearan et al.*' Again, no evidence of product formation was
found after 54 h of stirring at 160 °C. Another option to
introduce a phosphonate group is the Hirao coupling.*®
Literature research revealed the lack of Hirao couplings
performed on indole containing compounds. To evaluate the
feasibility of phosphonotryptamine synthesis, we initially
investigated the synthesis of compound 8 (Table S2
Scheme 2). Starting from 4-bromo indole, the desired
compound was synthesized using a non-commercial NHC
catalyst (Pd[(IPr)(Cin)(C1)]))** under the reaction conditions
described by Xu et al. with an isolated yield of 38%.

H 1.33 eq NMe, H 18 eq zinc dust H
N 1.17 eq CH,0 N 1.37 eq NaOMe N2 M HCIMeOH (1:1) N
7 CHsCNIACOH (3:1), 1., 2 7 MeNO,/MeOH (2:1), rt., 6 h Y A,3h Y
7/
Br Br N\ Br Br
1 1.1 eq Cs,CO; 2 3 NO, 4 NH;
‘ ,\/hll (42%) (79%) (73%)
3eq OH > 4.03 eq AcOH
001 eq [Cp*"co'ﬂz I 2.41eq CH0
2h30,150°C 2eqK,CO, 2.03 eq NaCNBH;
pToTTmmTmm e 1)2_5eq BrSiMea3) MeOH 01 €q DPPF MQOH’ r.t"4h
! H H dry CH,CI rt,1h H 2 eq HPO(OEt), H H
: N | r:V CHCle N 10 mol% Pd(OAc), N N
: 7 | ~2) 5.5 eq BrSiMe toluene, 90 °C, 16 h / /
' ' 8 3
1HO-P-OH i dry CH.Cl Br Br
S e e
(22%) (26%) (90%)' (17%)
(24%)"!

Scheme 1 Optimized pathway for the synthesis of the target compound (7) via | or Il
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Scheme 2 Synthesis of diethyl (1H-indol-4-yl)phosphonate via | or II.

These reaction conditions were then evaluated for
5-bromo-N,N-dimethyltryptamine, = however only  29%
conversion was achieved according to **P-NMR. In experiment
5 and 6 (Table S17), Pd(OAc), and K,CO; were evaluated. The
reaction mixture was stirred under a continuous nitrogen
flow, but no full conversion was observed. Changing the base
to Et;N in a THF solution, as described by Francesconi et al.,
resulted in an even lower conversion (12%).>* In experiment
8, similar reaction conditions as in experiment 6 were applied
but the flask was carefully flushed with nitrogen and sealed,
resulting in full conversion and isolation of compound 9 in a
high yield (95%, Table S17). It is worth mentioning that the
same approach is applicable to the synthesis of compound 8.
Moreover, these reaction conditions provided a cleaner
reaction mixture and a higher isolated yield of 68%. A
Mannich reaction was also evaluated on compound 8 but this
resulted in a complex reaction mixture. Hence, this path was
not further investigated.

With the optimized reaction conditions established, we
expanded the library from indoles to tryptamines. First,
compound 6, which was only one step away from the target
structure, was synthesized following the same procedure as
mentioned before. To evaluate the effect of the length and
bulkiness of the alkyl side chain, compounds 2 and 5b were
phosphonylated as well to obtain compounds 10 and 11 in
isolated yields of 9% and 10%, respectively.

Subsequently, phosphonates were dealkylated to their
corresponding phosphonic acids. The mild McKenna method
was favored for the compounds of interest. The hydrolysis of
compound 9 was achieved after 20 h of stirring at room
temperature, followed by stirring in methanol for 1 h. No
further purification was required, and 12 was isolated in 82%
yield. Hydrolysis of compound 6 went less smoothly as 50%
of the start product was partially silylated and 50% fully
silylated after 20 h of stirring at room temperature according
to *'P-NMR. After five days, no further changes were detected.
Hence, the reaction mixture was refluxed at 55 °C. The
solvent and bromotrimethylsilane were then periodically
reintroduced into the mixture. After an additional 30 h, the
conversion was complete and methanol was added.

After the chemical synthesis of the target compound 6 and
five other compounds (Chart 2), we wanted to verify our two
hypotheses. To evaluate the affinity of the phosphonate
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Chart 2 Overview of synthesized and in vitro tested compounds with
corresponding yields.

analogs towards 5-HT,, and 5-HT,gR, a competitive
radioligand binding assay was conducted. Additionally, we
wanted to determine whether these compounds could
influence the metabolism, possibly as inhibitors of alkaline
phosphatase. To answer this question, a tissue-nonspecific
alkaline phosphatase (TNAP) assay was performed. The
results of the initial screening are presented in Table S3.}

Surprisingly, the results of the in vitro assays revealed that
all synthesized compounds lacked affinity for TNAP. This
refutes our initial hypothesis regarding the inhibitory effects
of psilocybin phosphonate analogs on the enzyme, but gives
us more information regarding the metabolic stability of the
compounds.

However, the results for 5-HT,,R and 5-HT,gR are
promising and show a clear structure-activity relationship.
For 5-HT,gR, the phosphonate esters of N,N-
dimethyltryptamine (DMT) 9 and 6 exhibited the highest
inhibitory activity. The phosphonic acids show a significantly
lower affinity for 5-HT,gR and the phosphonate ester of
gramine 10 displays the lowest affinity of all compounds.
Thus, the synthesized compounds can be ranked in terms of
increasing affinity for 5-HT,gR as follows: phosphonate esters
of DMT > phosphonate ester of N-methyl-N-
isopropyltryptamine (MIPT) > phosphonic acids of DMT >
phosphonate esters of gramine (9 > 6 > 11 > 7 > 12 > 10).

A similar trend is observed for the activity at 5-HT5R: 9 >
6 > 12 > 11 > 7 > 10. The phosphonate esters of DMT
continue to exhibit the highest affinity and the phosphonate
ester of gramine has the lowest affinity for this receptor.
Interestingly, unlike the 5-HT,p receptor, the phosphonic
acid at the 5-position demonstrates a higher affinity
compared to the phosphonic acid at the 4-position. In
general, the inhibition percentages of all compounds are
lower for 5-HT,,R compared to 5-HT,gR. Chadeayne et al
reported that psilocybin (with a phosphoryloxy group)

This journal is © The Royal Society of Chemistry 2024
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Table 1 Overview of inhibition constants (K;) for compound 9 on
5-HT,aR and 5-HT,gR

Compound 5-HT,,R (nM) 5-HT,gR (nM)
9 620 140
Psilocin® 107.2 4.6
psilocybin® >10000 98.7

displays a higher selectivity towards 5-HT,gR compared to
psilocin.®®> While the synthesized compounds contain a
phosphorus group similar to psilocybin, their selectivity for
5-HT,gR 1is relatively less prominent. Furthermore, the
observed lower affinity of compound 11 for both 5-HT,,R
and 5-HT,gR is consistent with the findings by McKenna
et al. elaborating the comparison between 4-OH-DMT and
4-OH-MIPT.*® For compound 9, further analysis was
performed to determine ICs, and inhibition constants (X;) on
5-HT,,R and 5-HT,gR. The dose-response curves and a
comparison of the inhibition constants of compound 9 with
values for psilocin and psilocybin found in literature, are
represented in Fig. S101 and Table 1.*°

Compound 9 shows a higher binding affinity than
psilocybin for 5-HT,AR, but a lower although comparable
binding affinity for 5-HT,gR. Psilocin is two orders of
magnitude more potent than compound 9 for 5-HT,gR, but
the difference is smaller for 5-HT,,R. Consequently, the
selectivity of compound 9 for 5-HT,gR is circa 5 times lower
than is the case for psilocin which addresses the previously
mentioned concerns regarding valvular diseases.'®

In the present work, we describe the successful and
innovative synthesis of seven phosphonate analogs of indoles
via a Hirao coupling. Six analogs were subjected to activity
testing on three receptors, 5-HT,5R, 5-HT,pR, and TNAP, to
investigate the influence of the compounds on metabolism
and serotonergic receptors in the brain. Interestingly, none
of the compounds showed affinity for TNAP, thereby
disproving a possible theory of inhibition of the alkaline
phosphatase enzyme by the compounds. Results at the
serotonergic receptors showed a clear structure-activity
relationship, which provides insights for future selective drug
design. Compound 9 showed the highest potency of all the
tested compounds. Despite its lower potency compared to
psilocin, the selectivity for 5-HT,gR is significantly lower
which is favorable with regards to valvular heart diseases.

Leveraging the information from the abovementioned
results, the search for candidates with a higher selectivity
regarding G protein and f-arrestin signaling and other off-
targets can become more oriented. Further in vivo tests can
provide us with more insights into the effects of the
synthesized compounds.
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