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Abstract
Phenethylamines and phenylisopropylamines of scientific relevance can be prepared with a NaBH4/CuCl2 system in 10 to
30 minutes via reduction of substituted β-nitrostyrenes. This one-pot procedure allows the quick isolation of substituted β-nitro-
styrene scaffolds with 62–83% yield under mild conditions, without the need for special precautions, inert atmosphere, and time-
consuming purification techniques.

39

Introduction
The phenethylamine scaffold represents a recurring motif
among natural and synthetic drug molecules. The latter are
mainly constituted by a varied class of substituted phenylethyl-
amines exhibiting psychoactive properties, and typically em-
ployed for medical and recreational use [1,2]. Representative
examples include CNS stimulants (amphetamine), antidepres-
sants and antiparkinson’s agents (e.g., ʟ-deprenyl) [3], hallu-
cinogens and entactogens (e.g., 2,5-dimethoxy-4-iodoampheta-
mine (DOI) and 3,4-methylenedioxy-N-methylamphetamine

(MDMA)) [4,5], nasal decongestants (e.g., levomethampheta-
mine), and appetite suppressants (e.g., phentermine) [6].

Phenethylamines can be produced via numerous different pro-
cedures [7]. One of the oldest methods involves the reduction of
benzyl cyanide with H2 in liquid ammonia with Raney-Nickel
catalyst at 130 °C, and high pressure [8]. Another known
method is based on the reductive amination of phenyl-2-
propanone by use of Al/Hg amalgam. The latter procedure
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Scheme 1: Brief comparison between the main traditional synthetic routes for the preparation of substituted phenethylamines from β-nitrostyrene
scaffolds and our work.

involves numerous drawbacks, such as environmental concerns
for the use of mercury, contamination of the final products, the
need of special safety precautions, and adequate disposal tech-
niques [9,10].

One of the most studied and inexpensive routes to synthesize
substituted phenethylamines focuses on the reduction of their
α,β-unsaturated nitroalkene analogue (β-nitrostyrene), where
both the double bond and the nitro group need to be reduced to
deliver the corresponding primary amine. Their reduction can
be accomplished via catalytic hydrogenation, involving step-
wise reactions and workup, use of additional reagents, and reac-
tion time between 3 and 24 hours [11,12]. Most commonly,
metal hydrides are employed, typically lithium aluminum
hydride [13-18], requiring an inert atmosphere, special precau-
tions, and with isolated yields up to 60% [14,15]. Due to the
formation of side products, final purification of the amino deriv-
atives requires the use of either multiple separation techniques,
chromatography, or distillation [15-18] (Scheme 1).

Differently from lithium aluminum hydride, sodium borohy-
dride is a non-pyrophoric and easy-to-handle reducing agent.
Since the first attempts in 1967, NaBH4 has been employed to
reduce β-nitrostyrene scaffolds to the corresponding nitro-
alkanes [19-21]. Several catalysts have been combined with
NaBH4 to facilitate full reduction of β-nitrostyrenes to

phenethylamines, however, to date, no effective method for
converting α,β-unsaturated nitroalkenes into aminoalkanes have
been developed using NaBH4 as reducing agent [21,22].

The number of procedures reported in the literature regarding
the reduction of β-nitrostyrenes is limited, since a NaBH4/tran-
sition metal salt system is mostly used to reduce nitroarenes
[23-26].

One of the reported methods takes advantage of titanium(IV)
isopropoxide as a catalyst to prepare varied β-phenethylamine
analogues. Despite its simplicity, the reaction time is quite
prolonged (from 18 to 20 hours), and this procedure is not used
to prepare α-phenethylamines [27].

In view of the limitations associated with conventional
methods, we report our findings on an improved approach for
reducing β-nitrostyrenes to their corresponding substituted
phenethylamines. We demonstrate that the NaBH4/CuCl2
system effectively facilitates this transformation and provide an
account of its application to the β-nitrostyrene examples
presented in Figure 1.

Result and Discussion
Herein, we demonstrate that NaBH4, in combination with cata-
lytic amounts of CuCl2, is a simple and higher yielding method
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Table 1: The reduced β-nitrostyrene scaffolds with their corresponding products (entries 1–6). The isolated product yields were obtained by per-
forming the reactions at 80 °C for the time indicated beside each product. For more details, see the experimental section below.

Entry Substrate Product Time (min) Yield (%)

1

1a 1b

15 83

2

2a 2b

10 82

3

3a 3b

30 62

4

4a 4b

10 82

5

5a 5b

30 65

6

6a 6b

30 71

Figure 1: The β-nitrostyrene analogues used in this work.

to synthesize phenethyl- and phenylisopropylamines from the
corresponding nitroalkenes [15,17]. Representatively substi-
tuted β-nitrostyrene analogues were reduced via this method at
80 ˚C, including 2,5-dimethoxy-β-methyl-β-nitrostyrene (3a),
precursor of amphetamines, and 2,5-dimethoxy-β-nitrostyrene
(4a), precursor of most of the hallucinogenic 2C-X family
(Table 1).

This method was also tested on other types of scaffolds to in-
vestigate its potential general applications and effects on other
substituents. As sodium borohydride per se does not reduce
ester nor nitro functionalities [15-22,28,29], the presence of the
copper salt results in overcoming this issue and leads to isolat-
ed yields above 90% (7–9) (Scheme 2).
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Figure 2: Numerous masses (m/z) were detected by ESI-MS at T = 0 upon mixing all the reagents to produce 1b.

Scheme 2: Additional products obtained via this method: nitroben-
zene and methyl benzoate are reduced in excellent yields.

Therefore, the NaBH4/CuCl2 system was proved to work on ar-
omatic ester, nitro, and α,β-unsaturated nitroalkene functionali-
ties.

Our work demonstrates that, up to 24 hours, this method shows
some degree of functional group tolerance, as the amido and
carboxylic acid functionalities of benzamide and benzoic acid,
were left untouched, and the starting materials were finally fully
recovered.

1-Bromo-4-nitrobenzene (8a) and 3-chlorophenol were used to
test the potential effects on halogenated aromatic structures and
no dehalogenation was detected up to 24 hours stirring. The
retention of halogen atoms on aryl halides distinguishes this
procedure from traditional techniques, such as those involving
LiAlH4, which can cause dehalogenation [30,31].

The role of the CuCl2 salt is pivotal to the success of this
method. Studies on the reduction of CuCl2 by NaBH4 suggest

that copper(II) is promptly reduced to free Cu(0), composing up
to 96% of the products. The remaining 4% consist of Cu2O and
negligible amounts of other copper species [32,33]. Consis-
tently, once the chloride is added, the reduction to free Cu(0) is
visually indicated by the immediate disappearance of the blue
color of the copper(II) solution, and the formation of a fine
suspended black powder. The latter, as metallic copper parti-
cles, acts as the actual catalyst.

Time plays a crucial role in the synthesis of phenethylamine an-
alogues via this method. Dithering before the addition of the
copper solution leads to the formation of Micheal adducts,
which decrease the product yields. This phenomenon is due to
the nature of β-nitrostyrenes, displaying considerable delocal-
ization towards the nitro group, which makes them highly
susceptible to Michael addition [34].

While being stirred with the borohydride, the substrate progres-
sively forms an α-carbanion in the newly formed nitroalkane,
which ultimately leads to Michael addition to the nitrostyrene.

Furthermore, studies to identify the highest yielding reaction
times (reaction stopped at 10, 15, 30, 45, 60, 75, and
90 minutes) revealed that longer stirring when heating is
applied is not beneficial. In general, soon after the optimal reac-
tion times indicated in Table 1, the yield progressively
decreases when the reaction stirring time increases. MS
analyses on 4b showed consistently that, while the product mass
decreases over time, high molecular mass compounds form
increasingly (MS data for 4b can be found in Supporting Infor-
mation File 1).

Over the course of the reaction to form 1b, MS analyses indicat-
ed the prompt formation of numerous intermediate species at
T = 0, unstable enough to decompose and deliver the desired
product (Figure 2).

These species were not present in the crude mixture after
15 minutes of stirring. We could speculate that this phenome-
non might indicate that the reduction proceeds via Haber or
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Scheme 3: Proposed mechanism for the formation of the hydroxylamine side product b. N-Phenethylhydroxylamine (d), originated during the reduc-
tion process, reacts with the acetaldehyde e resulting from the hydrolysis of the aldoxime precursor c.

Jackson mechanisms (product (a)), which, to date, were only as-
sociated to the catalytic hydrogenation of nitrobenzene ana-
logues [35-37] (Figure 3).

Figure 3: Structures of proposed adducts. Their masses, 254.2 and
242.2, respectively, were found at T = 0 by UPLC-MS investigation.

An attempt to identify the higher molecular masses observed by
MS was made, and two intermediate structures are proposed in
Figure 3. Together with (a), N,N-diphenethylhydroxylamine (b)
as second product is proposed. The latter may be produced from
the reaction of 2-phenylacetaldehyde (e) and the reduced amino
product d via reductive alkylation [38-40] (Scheme 3).

Further research is required to clarify the formation of high mo-
lecular weight structures both prior to and following the produc-
tion of the target compounds.

The application of mild heating is crucial to reach full conver-
sion of the starting materials in the times indicated in Table 1.
However, conversion to the desired products is also achievable
at room temperature over 18 hour stirring with minor yield loss.
Increasing the heating temperature up to 110 °C does not lead to
increased product yields (for more information on the optimiza-
tion process, see Supporting Information File 1, page S19).

The use of diethylenetriamine (DETA) was also investigated to
evaluate its impact on the extraction process and copper(II)

removal. However, the addition of DETA led to decreased
yields and a deterioration of the phase separation. It was ob-
served that using a 20% aqueous sodium hydroxide solution,
instead of 35%, negatively impacted phase separation, making
the extraction process more time-consuming. Additionally, the
effect of the addition order of the reagents was evaluated,
and the results are also provided in Supporting Information
File 1.

Furthermore, methanol, 2-propanol, and water were indepen-
dently tested as reaction solvents. Solubility issues, which lead
to the formation of dense suspensions and precipitation of the
starting materials, make these solvents unsuitable for this
reaction and the isolation of the products troublesome. The
use of 2-propanol/water (2:1), together with the application
of heat, ensures optimal solubility of the species involved.
Moreover, the workup procedure is simplified thanks to the
ability of 2-propanol to partition from the sodium hydroxide
aqueous solution, which allows prompt extraction of the prod-
ucts.

Once 2-propanol is evaporated, the products can also be
isolated as free amines by dissolving the residue in diethyl
ether, decanting it into another flask, and concentrating in
vacuo.

Scalability was briefly investigated, and the procedure ensures
minor yield loss up to 10 mmol scale of the starting material.

Conclusion
In summary, the presented procedure represents a simple,
higher-yielding, and faster alternative to the conventional reduc-
tive methods used to date for the synthesis of substituted
phenethylamines from their α,β-unsaturated nitroalkene ana-
logues. Furthermore, the NaBH4/CuCl2 system is effective at
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reducing nitro and ester functionalities on aromatic structures,
while leaving intact benzoic acid, amido- and halogenated aro-
matic compounds.

Experimental
NMR spectra were recorded on Bruker Avance 400 MHz or
Bruker Avance III HD 600 MHz spectrometers. Residual sol-
vent peaks (CDCl3, D2O, CD3OD, (CD3)2SO) were used as
internal standard (7.26, 4.79, 3.31, and 2.50 ppm for 1H, and
77.16, 49, and 39.52 ppm for 13C, respectively). UPLC-MS
analyses were performed on a Waters Acquity H-class UPLC
with a Sample Manager FTN and a TUV dual wavelength
detector coupled to a QDa single quadrupole analyzer using
electrospray ionization (ESI). UPLC separation was achieved
with a C18 reversed-phase column (Acquity UPLC BEH C18,
2.1 mm × 50 mm, 1.7 µm) operated at 40 °C, using a linear
gradient of the binary solvent system of buffer A (Milli-Q H2O/
MeCN/formic acid, 95:5:0.1 v/v) to buffer B (MeCN/formic
acid, 100:0.1 v/v) from 0 to 100% B in 3.5 min, then 1 min at
100% B, flow rate: 0.8 mL/min. Data acquisition was con-
trolled by MassLynx ver. 4.1 and data analysis was done using
Waters OpenLynx browser ver. 4.1.

Solvents were commercial HPLC grade and used without
further purification. The substrates 2a, 7a, and 8a were com-
mercially available and used without further purification. The
substituted β-nitrostyrenes 1a and 3a–6a were prepared as de-
scribed in the literature [41]. 9a was prepared by modification
of the literature [42].

General procedure
The desired substrate (1a–9a) (2 mmol, 1 equiv) was added in
small portions to a stirring suspension of NaBH4 (15 mmol,
7.5 equiv) in 2-PrOH/H2O (8 mL, 2:1). 0.1 mL of a freshly pre-
pared CuCl2 2 M solution were added dropwise but rapidly to
the vessel. The reaction was monitored by TLC and refluxed at
80 °C in either oil bath or heating mantle for the time indicated
in Table 1.

General workup procedure of the amino products (1b–8b):
Once cooled to room temperature, a 35% solution of NaOH
(10 mL) was added under stirring. The mixture was extracted
with 2-PrOH (3 × 10 mL), and the organic extracts were
combined, thoroughly dried over MgSO4, and filtered.

(I): The residue was concentrated under reduced pressure and
dissolved in a large amount of diethyl ether. The amino prod-
ucts were precipitated under stirring with an excess of 2 N HCl
in diethyl ether solution and the vessel was cooled to 5 °C. The
solid was filtered, washed with cold diethyl ether, and dried
under reduced pressure as the amine hydrochloride salt.

(II) An excess of 4 N HCl in dioxane solution was added and
the filtrate was stirred for 30 minutes. The residue was concen-
trated under reduced pressure, suspended in dry cold acetone,
and stirred vigorously for 1 hour. The suspension was filtered
and washed with a minimum amount of cold acetone to deliver
the product as hydrochloride salt.

2-Phenylethan-1-amine hydrochloride (1b): The product was
isolated by use of (II) as an amorphous white solid (83%).
1H NMR (600 MHz, CD3OD) δ 2.97 (m, J = 5.18 Hz, 2H), 3.18
(m, J = 5.24 Hz, 2H), 7.28 (m, J = 5.0 Hz, 3H), 7.35 (m, J =
7.6 Hz, 2H); 13C NMR (151 MHz, CD3OD) δ 34.55, 41.98,
128.26, 129.77, 129.99, 137.92; ESI-MS m/z: [M + 1]+ 121.1;
found, 121.0; mp 220–221 °C.

2-(4-Methoxyphenyl)ethan-1-amine hydrochloride (2b): The
product was isolated by use of (I) as a white solid (82%).
1H NMR (600 MHz, CD3OD) δ 2.89 (t, J = 7.7 Hz, 2H), 3.13
(t, J = 7.7 Hz, 2H), 3.78 (s, 3H), 6.91 (ddd, J = 8.4, 2.8, 0.2 Hz,
2H), 7.19 (ddd, J = 8.4, 2.5, 0.2 Hz, 2H); 13C NMR (151 MHz,
CD3OD) δ 33.75, 42.14, 55.71, 115.42, 129.60, 130.78, 160.47;
ESI-MS m/z: [M + 1]+ 151.1; found, 152.1; mp 214–216 °C.

1-(2,5-Dimethoxyphenyl)propan-2-amine hydrochloride
(3b): The product was isolated by use of (II) as a white solid
(62%). 1H NMR (600 MHz, CD3OD) δ 1.26 (d, J = 6.60 Hz,
3H), 2.82 (m, J = 6.92 Hz, 1H), 2.95 (m, J = 6.60 Hz, 1H), 3.56
(m, J = 6.51 Hz, 1H), 3.75 (s, 3H), 3.81 (s, 3H), 6.79 (m, J =
2.94 Hz, 1H), 6.84 (dd, J = 2.43, 8.85 Hz, 1H), 6.93 (m, J =
8.94 Hz, 1H); 13C NMR (151 MHz, CD3OD) δ 18.56, 36.85,
49.22, 56.12, 56.24, 112.81, 114.06, 118.63, 126.24, 153.17,
155.14; ESI-MS m/z: [M + 1]+ 135.1; found, 136.2; mp
115–117 °C.

2-(2,5-Dimethoxyphenyl)ethan-1-amine hydrochloride (4b):
The product was isolated by use of (I) as a white solid (82%).
1H NMR (600 MHz, (CD3)2SO) δ 2.81 (t, J = 7.8 Hz, 2H), 2.97
(t, J = 7.8 Hz, 2H), 3.70 (s, 3H), 3.75 (s, 3H), 6.78 (m, J =
3.1 Hz, 1H), 6.81 (dd, J = 3.09, 8.82 Hz, 1H), 6.92 (m, J =
8.9 Hz, 1H); 13C NMR (151 MHz, (CD3)2SO) δ 28.14, 38.65,
55.32, 55.79, 111.78, 112.18, 116.45, 126.03, 151.25, 153.05;
ESI-MS m/z: [M + 1]+ 181.1; found, 182.2; mp 138–140 °C.

2-(2,5-Dimethoxy-4-methylphenyl)ethan-1-amine hydro-
chloride (5b): The product was isolated by use of (II) as a
white solid (65%). 1H NMR (600 MHz, CD3OD) δ 2.18 (s, 3H),
2.92 (t, J = 7.38 Hz, 2H), 3.12 (t, J = 7.38 Hz, 2H), 3.78 (s, 3H),
3.80 (s, 3H), 6.76 (s, 1H), 6.81 (s, 1H); 13C NMR (151 MHz,
CD3OD) δ 16.27, 29.81, 41.07, 56.33, 56.48, 114.24, 114.96,
123.38, 127.73, 152.65, 153.22; ESI-MS m/z: [M + 1]+ 195.1;
found, 196.2; mp 213–215 °C.
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2-(2,5-Dimethoxy-4-(trifluoromethyl)phenyl)ethan-1-amine
hydrochloride (6b): The product was isolated by use of (II) as
a white solid (71%). 1H NMR (400 MHz, CD3OD) δ 3.03 (t,
J = 7.38 Hz, 2H), 3.18 (m, J = 3.76 Hz, 2H), 3.87 (s, 3H), 3.88
(s, 3H), 7.10 (s, 1H), 7.16 (s, 1H); 13C NMR (151 MHz,
CD3OD) δ 29.96, 40.85, 56.11, 56.26, 112.74, 113.86, 113.87,
117.99, 126.84, 153.15, 155.24; ESI-MS m/z: [M + 1]+ 249.1;
found, 250.1; mp 260–261 °C.

Aniline hydrochloride (7b): The product formation was moni-
tored by TLC using Hex/EtOAc/TEA (3:7:0.1). The product
was isolated by use of (I) as a white solid (96%). 1H NMR
(600 MHz, D2O) δ 7.40 (m, J = 2.96 Hz, 2H), 7.51 (m, J =
1.66 Hz, 1H), 7.56 (m, J = 1.79 Hz, 2H); 13C NMR (151 MHz,
D2O) δ 109.59, 122.50, 128.67, 130.07; ESI-MS m/z: [M + 1]+

93.1; found, 94,2; mp 196–197 °C.

p-Bromoaniline hydrochloride (8b): The product formation
was monitored by TLC using pure pentane. The product was
isolated by use of (I) as a bright white powder (97%). 1H NMR
(600 MHz, D2O) δ 7.31 (ddd, J = 8.5, 2.6, 0.3 Hz, 2H), 7.66
(ddd, J = 8.5, 2.6, 0.3 Hz, 2H); 13C NMR (151 MHz, D2O) δ
122.41, 124.77, 129.01, 133.06; ESI-MS m/z: [M + 1]+ 171.0;
found, 171.1; mp 190–191 °C.

Benzyl alcohol (9b): The product formation was monitored by
TLC using Hex/EtOAc (6:1). Once cooled to room temperature,
the mixture was acidified with 20% HCl solution and extracted
with DCM (3 × 15 mL). The organic extracts were combined,
dried over MgSO4, and concentrated under reduced pressure to
deliver 9b as colorless liquid (92%). 1H NMR (400 MHz,
CDCl3) δ 1.87 (br, 1H), 4.69 (s, 2H), 7.31 (m, J = 2.67 Hz, 1H),
7.37 (m, J = 2.30 Hz, 4H); 13C NMR (151 MHz, CDCl3) δ
65.48, 127.12, 127.79, 128.69, 140.97; ESI-MS m/z: [M + 1]+

108.1; found, 109.1.

Supporting Information
Supporting Information File 1
1H and 13C NMR spectra of the synthesized compounds,
the optimization table, and ESI-MS spectra for the
synthesis of 4b.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-4-S1.pdf]

Acknowledgements
The authors acknowledge the Ph.D. thesis of L.D'A., titled
"Design and Synthesis of beta-Arrestin-Biased 5HT2AR
Agonists".

Funding
L.D’A. acknowledges the EU Horizon 2020, Innovative
Training Network SAFER (765657).

Conflict of Interest
The authors declare no conflicts of interest.

ORCID® iDs
Laura D’Andrea - https://orcid.org/0000-0002-2186-7880
Simon Jademyr - https://orcid.org/0009-0003-3648-6073

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information of this article.

Preprint
A non-peer-reviewed version of this article has been previously published
as a preprint: doi:10.26434/chemrxiv-2023-nwn3x-v4

References
1. Shulgin, A. T. Basic pharmacology and effects. Hallucinogens: a

forensic drug handbook; Academic Press: London, UK, 2003;
pp 67–138.

2. Chackalamannil, S.; Rotella, D.; Ward, S. E. Comprehensive Medicinal
Chemistry III; Elsevier: Amsterdam, Netherlands, 2017.

3. Youdim, M. B. H.; Bakhle, Y. S. Br. J. Pharmacol. 2006, 147 (Suppl. 1),
S287–S296. doi:10.1038/sj.bjp.0706464

4. Berquist, M. D.; Fantegrossi, W. E. Behav. Pharmacol. 2021, 32,
382–391. doi:10.1097/fbp.0000000000000628

5. Mitchell, J. M.; Ot’alora G, M.; van der Kolk, B.; Shannon, S.;
Bogenschutz, M.; Gelfand, Y.; Paleos, C.; Nicholas, C. R.;
Quevedo, S.; Balliett, B.; Hamilton, S.; Mithoefer, M.; Kleiman, S.;
Parker-Guilbert, K.; Tzarfaty, K.; Harrison, C.; de Boer, A.; Doblin, R.;
Yazar-Klosinski, B.; MAPP2 Study Collaborator Group. Nat. Med.
2023, 29, 2473–2480. doi:10.1038/s41591-023-02565-4

6. Barkholtz, H. M.; Hadzima, R.; Miles, A. ACS Pharmacol. Transl. Sci.
2023, 6, 914–924. doi:10.1021/acsptsci.3c00019

7. Shulgin, A. T. J. Psychedelic Drugs 1979, 11, 41–52.
doi:10.1080/02791072.1979.10472091

8. Robinson, J. C., Jr.; Snyder, H. R. Org. Synth. 1943, 23, 68.
9. Wassink, B. H. G.; Duijndam, A.; Jansen, A. C. A. J. Chem. Educ.

1974, 51, 671. doi:10.1021/ed051p671
10. Kunalan, V.; Nic Daéid, N.; Kerr, W. J.; Buchanan, H. A. S.;

McPherson, A. R. Anal. Chem. (Washington, DC, U. S.) 2009, 81,
7342–7348. doi:10.1021/ac9005588

11. Patil, R. D.; Dutta, M.; Pratihar, S. Organometallics 2022, 41,
2432–2447. doi:10.1021/acs.organomet.2c00229

12. Martín, N.; Cirujano, F. G. Org. Biomol. Chem. 2020, 18, 8058–8073.
doi:10.1039/d0ob01571g

13. Martins, D.; Gil-Martins, E.; Cagide, F.; da Fonseca, C.; Benfeito, S.;
Fernandes, C.; Chavarria, D.; Remião, F.; Silva, R.; Borges, F.
Pharmaceuticals 2023, 16, 1158. doi:10.3390/ph16081158

14. Efange, N. M.; Lobe, M. M. M.; Yamthe, L. R. T.; Pekam, J. N. M.;
Tarkang, P. A.; Ayong, L.; Efange, S. M. N.
Antimicrob. Agents Chemother. 2022, 66, e00607-22.
doi:10.1128/aac.00607-22

https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-21-4-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-21-4-S1.pdf
https://orcid.org/0000-0002-2186-7880
https://orcid.org/0009-0003-3648-6073
https://doi.org/10.26434/chemrxiv-2023-nwn3x-v4
https://doi.org/10.1038%2Fsj.bjp.0706464
https://doi.org/10.1097%2Ffbp.0000000000000628
https://doi.org/10.1038%2Fs41591-023-02565-4
https://doi.org/10.1021%2Facsptsci.3c00019
https://doi.org/10.1080%2F02791072.1979.10472091
https://doi.org/10.1021%2Fed051p671
https://doi.org/10.1021%2Fac9005588
https://doi.org/10.1021%2Facs.organomet.2c00229
https://doi.org/10.1039%2Fd0ob01571g
https://doi.org/10.3390%2Fph16081158
https://doi.org/10.1128%2Faac.00607-22


Beilstein J. Org. Chem. 2025, 21, 39–46.

46

15. d'Andrea, L. Design and synthesis of beta-Arrestin-biased 5HT2AR
agonists. Ph.D. Thesis, Aalborg University, Aalborg, Denmark, 2023.
doi:10.54337/aau528157052

16. Jademyr, S. Synthesis of Conformationally Restrained Serotonin 2A
Agonists, M.Sc. Thesis, University of Gothenburg, Gothenburg,
Sweden, 2018.

17. Shulgin, A.; Shulgin, A. PiHKAL: a Chemical Love Story; Transform
Press:: Berkeley, CA, USA, 1991.

18. Kupriyanova, O. V.; Shevyrin, V. A.; Shafran, Y. M.; Lebedev, A. T.;
Milyukov, V. A.; Rusinov, V. L. Drug Test. Anal. 2020, 12, 1154–1170.
doi:10.1002/dta.2859

19. Letort, S.; Lejeune, M.; Kardos, N.; Métay, E.; Popowycz, F.;
Lemaire, M.; Draye, M. Green Chem. 2017, 19, 4583–4590.
doi:10.1039/c7gc01622k

20. Varma, R. S.; Kabalka, G. W. Synth. Commun. 1985, 15, 151–155.
doi:10.1080/00397918508076821

21. Li, J.; Sun, L.; Zhao, Y.; Shi, C. Chin. J. Org. Chem. 2023, 43,
4168–4187. doi:10.6023/cjoc202306008

22. Hu, Z.-N.; Liang, J.; Ding, K.; Ai, Y.; Liang, Q.; Sun, H.-b.
Appl. Catal., A 2021, 626, 118339. doi:10.1016/j.apcata.2021.118339

23. Fountoulaki, S.; Daikopoulou, V.; Gkizis, P. L.; Tamiolakis, I.;
Armatas, G. S.; Lykakis, I. N. ACS Catal. 2014, 4, 3504–3511.
doi:10.1021/cs500379u

24. Zeynizadeh, B.; Mohammadzadeh, I.; Shokri, Z.; Hosseini, S. A.
J. Colloid Interface Sci. 2017, 500, 285–293.
doi:10.1016/j.jcis.2017.03.030

25. Hu, Z.-N.; Liang, J.; Ding, K.; Ai, Y.; Liang, Q.; Sun, H.-b.
Appl. Catal., A 2021, 626, 118339. doi:10.1016/j.apcata.2021.118339

26. Yan, Z.; Xie, X.; Song, Q.; Ma, F.; Sui, X.; Huo, Z.; Ma, M.
Green Chem. 2020, 22, 1301–1307. doi:10.1039/c9gc03957k

27. Bhattacharyya, S.; Chatterjee, A.; Williamson, J. S. Synlett 1995,
1079–1080. doi:10.1055/s-1995-5175

28. Hansen, M.; Phonekeo, K.; Paine, J. S.; Leth-Petersen, S.;
Begtrup, M.; Bräuner-Osborne, H.; Kristensen, J. L.
ACS Chem. Neurosci. 2014, 5, 243–249. doi:10.1021/cn400216u

29. Smith, M. B. Functional Group Exchange Reactions: Reductions.
Organic synthesis, 4th ed.; Academic Press: San Diego, CA, USA,
2016; pp 313–316.

30. Trevoy, L. W.; Brown, W. G. J. Am. Chem. Soc. 1949, 71, 1675–1678.
doi:10.1021/ja01173a035

31. Smith, M. B. Functional Group Exchange Reactions: Reductions.
Organic synthesis, 4th ed.; Academic Press: San Diego, CA, USA,
2016; pp 319–329.

32. Hohnstedt, L. F.; Miniatas, B. O.; Waller, M. C.
Anal. Chem. (Washington, DC, U. S.) 1965, 37, 1163–1164.
doi:10.1021/ac60228a028

33. Glavee, G. N.; Klabunde, K. J.; Sorensen, C. M.; Hadjipanayis, G. C.
Langmuir 1994, 10, 4726–4730. doi:10.1021/la00024a055

34. Meyers, A. I.; Sircar, J. C. J. Org. Chem. 1967, 32, 4134–4136.
doi:10.1021/jo01287a116

35. Serna, P.; Corma, A. ACS Catal. 2015, 5, 7114–7121.
doi:10.1021/acscatal.5b01846

36. Song, J.; Huang, Z.-F.; Pan, L.; Li, K.; Zhang, X.; Wang, L.; Zou, J.-J.
Appl. Catal., B 2018, 227, 386–408. doi:10.1016/j.apcatb.2018.01.052

37. Gelder, E. A.; Jackson, S. D.; Lok, C. M. Chem. Commun. 2005,
522–524. doi:10.1039/b411603h

38. Hutchins, R. O.; Hutchins, M. K. Reduction of C=N to CHNH by Metal
Hydrides. In Comprehensive Organic synthesis; Trost, B. M.;
Fleming, I., Eds.; Pergamon Press: New York, NY, USA, 1991; Vol. 8,
pp 60–70. doi:10.1016/b978-0-08-052349-1.00218-3

39. Guy, M.; Freeman, S.; Alder, J. F.; Brandt, S. D. Cent. Eur. J. Chem.
2008, 6, 526–534. doi:10.2478/s11532-008-0054-z

40. Beckett, A. H.; Coutts, R. T.; Ogunbona, F. A. J. Pharm. Pharmacol.
1973, 25, 708–717. doi:10.1111/j.2042-7158.1973.tb10052.x

41. Hansen, M. Design and Synthesis of Selective Serotonin Receptor
Agonists for Positron Emission Tomography Imaging of the Brain.
Ph.D. Thesis, University of Copenhagen, Copenhagen, Denmark,
2010.

42. Williamson, K. L.; Masters, K. M. Macroscale and microscale organic
experiments, 7th ed.; Cengage Learning: Boston, MA, USA, 2016.

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.21.4

https://doi.org/10.54337%2Faau528157052
https://doi.org/10.1002%2Fdta.2859
https://doi.org/10.1039%2Fc7gc01622k
https://doi.org/10.1080%2F00397918508076821
https://doi.org/10.6023%2Fcjoc202306008
https://doi.org/10.1016%2Fj.apcata.2021.118339
https://doi.org/10.1021%2Fcs500379u
https://doi.org/10.1016%2Fj.jcis.2017.03.030
https://doi.org/10.1016%2Fj.apcata.2021.118339
https://doi.org/10.1039%2Fc9gc03957k
https://doi.org/10.1055%2Fs-1995-5175
https://doi.org/10.1021%2Fcn400216u
https://doi.org/10.1021%2Fja01173a035
https://doi.org/10.1021%2Fac60228a028
https://doi.org/10.1021%2Fla00024a055
https://doi.org/10.1021%2Fjo01287a116
https://doi.org/10.1021%2Facscatal.5b01846
https://doi.org/10.1016%2Fj.apcatb.2018.01.052
https://doi.org/10.1039%2Fb411603h
https://doi.org/10.1016%2Fb978-0-08-052349-1.00218-3
https://doi.org/10.2478%2Fs11532-008-0054-z
https://doi.org/10.1111%2Fj.2042-7158.1973.tb10052.x
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.21.4

	Abstract
	Introduction
	Result and Discussion
	Conclusion
	Experimental
	General procedure

	Supporting Information
	Acknowledgements
	Funding
	Conflict of Interest
	ORCID iDs
	Data Availability Statement
	Preprint
	References

