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Abstract: N-dealkylation, the removal of an N-alkyl group from an amine, is an important chemical
transformation which provides routes for the synthesis of a wide range of pharmaceuticals, agro-
chemicals, bulk and fine chemicals. N-dealkylation of amines is also an important in vivo metabolic
pathway in the metabolism of xenobiotics. Identification and synthesis of drug metabolites such
as N-dealkylated metabolites are necessary throughout all phases of drug development studies. In
this review, different approaches for the N-dealkylation of amines including chemical, catalytic,
electrochemical, photochemical and enzymatic methods will be discussed.
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1. Introduction

The carbon-nitrogen bond is ubiquitous in organic molecules and biomolecules and
is well represented in all proteins as amino acids and in nucleic acids as nitrogenous
bases. The amine functional group that has one or more C-N bonds is also present in large
numbers of bulk chemicals, fine chemicals, agrochemicals and pharmaceuticals [1,2]. More
than half of the top 200 small molecule pharmaceuticals by retail sales in 2020 contain
an amine functional group in part of their chemical structure, covering a broad spectrum
of therapeutic applications [3]. The basicity and electronic characteristics of the amines
in these therapeutics generally provide positively charged entities which are crucial for
interactions with the target receptors and are prone to oxidation processes with enzymes
responsible for the metabolism of drugs [4]. Transformations of C-N bonds into different
functional groups have been studied extensively in biochemistry, organic chemistry and
electrochemistry [2,5,6].

Among the different transformations, cleavage of the C-N bond is an important in vivo
metabolic reaction of drugs containing amines, catalyzed by members of the cytochrome
P450 family of enzymes [7]. Several studies have investigated the mechanistic properties of
the enzyme-catalyzed N-dealkylation reaction and researchers tried to simulate specific
P450-catalyzed N-dealkylation reactions using electrochemistry and enzyme-derived sys-
tems (Sections 5 and 6). Another important N-dealkylation reaction in living systems is
the repair of alkylated DNA, which eliminates the alkylation damage at nitrogen atoms in
nucleobases in the DNA structure upon the exposure of living cells to 3alkylating agents.
If the N-alkylated modifications in the DNA structure are left unrepaired by the MGMT
and ALKBH family of proteins, they compromise genomic integrity and disrupt different
processes in living cells such as replication and/or initiate apoptosis [8].

Besides its importance in in vivo reactions, N-dealkylation of amines is a valuable syn-
thetic tool for the synthesis of different agrochemicals, pharmaceuticals and fine chemicals.
For example, N-demethylation of opiate alkaloids to their secondary amine derivatives
is an important chemical step in the semi-synthesis of a wide range of opioid medicines.
However, the high dissociation energy of C-N bonds in general and the stability of C-N
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bonds in amines in particular, have made their cleavage a great challenge in synthetic or-
ganic chemistry [2]. Especially demethylation reactions have been identified as a key green
chemistry research area by pharmaceutical companies, which requires the development of
alternative routes [9].

Several comprehensive reviews have summarized strategies for C-N bond activation
and cleavage in a wide variety of nitrogen-containing chemical structures [2,10]. In this re-
view, only C-N bond cleavage in amines in the context of N-dealkylations will be discussed.
We will cover the N-dealkylation of amines, for which the newly synthesized N-dealkylated
amines are the main product of the reaction and constitute added-value chemicals.

2. General Chemical Methods for N-Dealkylation of Amines

Chemical methods are commonly used for the N-dealkylation of tertiary amines in
natural products allowing re-alkylation and derivatization of the corresponding secondary
amines. An important example for this is the N-demethylation of opiate alkaloids using
different synthetic methods, a topic that will be discussed throughout all sections of
this review.

All opioid medicines in use today are semi-synthesized from naturally occurring
opiates such as morphine 1a, codeine 2a, oripavine 3a and thebaine 4a. Buprenorphine
5 is an opiate agonist and is used as analgesic to reduce moderate to severe pain but its
primary use is to treat opioid dependence. Nalmefene 6 and Naltrexone 7 are used for
the treatment of patients with addiction and dependence on alcohol or opiates. Nalox-
one 8 is an opiate antagonist listed on the Model List of Essential Medicines established
by the World Health Organization and is used in life-threatening situations arising from
synthetic or natural opiate overdose. Nalbuphine 9 is a mixed opiate agonist-antagonist
which is used as analgesic to avoid undesirable effects of morphine [11,12]. The chemical
structures of various semi-synthesized opioid medicines are given in Figure 1 (blue box).
The transformation of these natural compounds to pharmaceutically active agents requires
different chemical steps among which N-demethylation is the most important and chal-
lenging step. After N-demethylation of the tertiary amine, the synthesized noropiates are
functionalized with appropriate chemical groups to obtain specific therapeutic properties.
A typical route for the synthesis of opioid medicines is the conversion of natural opiates
3-4 to oxycodone 10a or oxymorphone 11a followed by N-demethylation to noroxycodone
10b or noroxymorphone 11b and subsequent re-alkylation [12-14]. Therefore, different
organic chemistry methods were developed for the selective N-demethylation of opiate
alkaloids over a period of one century.



Molecules 2022, 27, 3293

30f33

Figure 1. Naturally occurring opiate alkaloids (green box), opiate intermediates (yellow box), and
opiate pharmaceuticals (blue box).

2.1. N-Dealkylation of Amines by the von Braun Reaction

Von Braun reported his method for N-dealkylation of amines in 1900 and it is con-
sidered one of the oldest reported methods still used by synthetic chemists [15-17]. The
general scope and mechanism of this reaction [18,19] and its application to N-demethylation
of alkaloids [20,21] have been reviewed in detail. Generally, reaction of a tertiary amine
with cyanogen bromide in an inert solvent such as chloroform or ether leads to the bromide
salt of a quaternary cyanoammonium intermediate, which is then converted to a cyanamide
and an alkyl bromide. Subsequent acid- or base-hydrolysis [22-25] or reduction [26,27] of
the cyanamide leads to the desired secondary amine. Although acyclic amines in the von
Braun reaction are converted to two distinct cyanamides and alkyl bromides, cyclic amines
may undergo ring-opening resulting in the formation of a terminal long-chain bromo-alkyl-
cyanamide, as shown for the conversion of compound 12a to 12b and 12b’. However,
normally the removal of the methyl group attached to the ring nitrogen is preferred to the
ring opening [19,28] (Figure 2).

This method is broadly used for the N-demethylation of natural compounds. Generally,
the phenol moieties in the morphinan structure need to be protected, as shown for heroin
13a, before treatment with cyanogen bromide and subsequent hydrolysis [23,25]. However,
the reaction can be performed without the protection of the C6-hydroxyl group of morphine
in good yields, for example in compound 14 [26]. Rapoport et al. [27] reported the N-
demethylation of codeinone dimethyl ketal 15a using BrCN and subsequent reduction
using LiAlHy in 75% yield. This method was also used for the N-demethylation of 3,14-
diacetyloxymorphone 16a to 16¢ in 95% yield using 25% aqueous H;SOy in the hydrolysis
step [29]. Other examples of N-demethylation of opiates include the N-demethylation of
the -thevinone derivative 17 in 77% yield [30] and the benzomorphan derivative 18 in
72% yield [31] (Figure 2). This method was recently used in the multi-step conversion of
thebaine 4 to noroxymorphone 11b [32] and buprenorphine 5 on an industrial scale [33].
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Figure 2. N-Dealkylation of amines by the von Braun reaction.

Besides opiate alkaloids this reaction was also applied to other classes of molecules [19].

For example, eschscholtzidine 19a (a pavine alkaloid) was converted to its correspond-
ing cyanamide upon treatment with BrCN in 80% yield. Subsequent hydrolysis of the
cyanamide under basic conditions led to noreschscholtzidine 19¢ in 82% yield [34]. Flu-
oxetine 20c, an antidepressant registered in the WHO list of essential medicines, can
also be synthesized from 20a following a one-step N-demethylation using the von Braun
method [35] (Figure 2).

Limited selectivity of this reaction due to the high reactivity of BrCN and its consider-
able toxicity are the major drawbacks which limit its application. Therefore, new methods

based on chloroformates were developed which are discussed in the next section.

2.2. N-Dealkylation of Amines by Chloroformates

Numerous studies have reported the utilization of different types of chloroformate

reagents 21 (also known as carbonochloridates) for the N-dealkylation of tertiary amines.
Their application to amines in general [36,37] and natural compounds in particular [20,21]
has been reviewed in detail. Therefore, only several important examples will be discussed
in this section. Generally, a tertiary amine reaction with a chloroformate reagent leads to

a carbamate and an alkyl chloride via the formation of the chloride salt of a quaternary
ammonium species. Subsequent hydrolysis of the carbamate yields the desired secondary
amine [20] (Figure 3).
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Figure 3. N-Dealkylation of amines by chloroformates.

This method is broadly applied to the N-demethylation of alkaloids. For example,
phenyl and ethyl chloroformate 21a—b were used for the N-demethylation of morphine 1a
and codeine 2a, respectively, both in 44% yield. A base (such as KHCO3; or KOH) was re-
quired in the presence of the chloroformate for this reaction, presumably for deprotonation
and activation of the basic amine in the opiate. The carbamate intermediate needed to be
isolated prior to the hydrolysis step, which required vigorous conditions of 50% aqueous
or ethanolic KOH for the hydrolysis of the carbamate intermediate [38]. Milder and more
effective conditions using hydrazine in the hydrolysis step were developed by Rice [39,40]
in which phenyl chloroformate 21a in the presence of sodium or potassium bicarbonate
were used in the first reaction step. Moreover, the crude carbamate intermediate was used
directly in the hydrolysis step. An excellent yield of normorphine 1c (84%) and norcodeine
2¢ (89%) was obtained by this method. Later, Brine et al. [41] showed that the substitution
of phenyl chloroformate by methyl chloroformate 21c in Rice’s procedure led to slightly
lower yields of normorphine (74%) and norcodeine (71%), but purification of the final
crude mixture was easier, since removing phenol as a byproduct is harder than the more
volatile methanol that is released upon the hydrolysis of the carbamate. In other studies, a
codeine derivative 22¢ was obtained with the phenyl chloroformate/hydrazine approach
in 65% yield [42] while the methyl chloroformate /hydrazine approach was applied for the
N-demethylation of morphine derivative 23a in 70% yield [43] (Figure 3).

As an alternative to alkyl/phenyl chloroformate, 2,2,2-trichloroethyl chloroformate 21e
was first introduced for the N-demethylation of tropanes 24-25 [44]. This reagent allowed
the facile conversion of the carbamate intermediate to a secondary amine upon treatment
in acetic acid or methanol in the presence of zinc. Besides tropanes, the opiates noracetyl-
methadol 26¢ and normorphine 1c were obtained in 60% and 75% yield, respectively [44].
Other studies used this procedure for the N-demethylation of dextromethorphan 27a [45,46]
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(Figure 3). The cleavage of the carbamate intermediate obtained by vinyl chloroformate
21f was found to be more effective than the previously reported chloroformates. Using
N-ethylpiperidine 28a with chloroformates 21a,b,d,e,f, Olofson et al. [47] showed that the
carbamate intermediate of 28a was obtained in 90% yield with 21f compared to 10-34%
with chloroformates 21a,b,d,e. Hydrolysis of the carbamate intermediates in aqueous HCI
led to the HCl salt of the corresponding secondary amines. The authors proposed that the
improved selectivity of 21f compared to other chloroformates is related to an increased
electrophilicity at the acyl carbon adjacent to the electron withdrawing vinyl group as
well as to the steric factors. The authors showed that this method is very useful for the
N-demethylation of 16a following carbamate intermediate formation and hydrolysis of
carbamate and acetyl groups to directly obtain 11b in 98% crude yield [47]. Other studies
also reported the successful application of this method for the N-demethylation of various
opiate alkaloids [48,49] (Figure 3).

a-Chloroethyl chloroformate 21g was used for the selective N-demethylation of ter-
tiary amines including alkaloids with a facile hydrolysis step. Upon treatment of N-
ethylpiperidine 28a with 21g in ethylene chloride, the carbamate intermediate was formed
which was used without further isolation in the next hydrolysis step. The removal of sol-
vent followed by dissolution in methanol at 50 °C resulted in an HCI salt of the secondary
amine, without adding any HCl. Compared to vinyl chloroformate 21e, x-chloroethyl
chloroformate is cheaper and does not require any HCl to form the secondary amine salt
in the second step. Other examples of this procedure include the N-demethylation of
O-acetyltropine 25a and 6-acetylcodeine 29a both in 97% yield [50] (Figure 3).

Besides natural tertiary amines, this method is also widely applied for the N-demethyla
tion of fine chemicals. For example, the latter method based on 21g was used for the
synthesis of N-demethylated drug metabolites of citalopram 30a, an antidepressant used for
the treatment of anxiety, in 87% yield [51]. N-demethylated drug metabolites of promazine
31a, clomipramine 32a, orphenadrine 33a [52], and erythromycin 34a [53,54] were also
synthesized using this procedure. Kim [55] reported the N-demethylation of apomorphine
35a using phenyl chloroformate and subsequent reduction by hydrazine in 81% yield. The
method was also used for the N-demethylation of ergolines (ergot alkaloids) with 2,2,2-
trichloroethyl chloroformate in the presence of potassium bicarbonate as a base to obtain
a carbamate derivative of ergoline 36 in 90% yield. This intermediate was hydrolyzed
in acetic acid in the presence of Zn powder at room temperature to afford the secondary
amine 36¢ in 72% isolated yield [56]. Recently, this method was used for the synthesis of the
Parkinson’s disease medicines pergolide 37 and cabergoline 38, on an industrial scale [57].
37 and 38 can be synthesized via N-demethylation of 36a and subsequent functionalization
of secondary amine 36¢. The main difference in this study was the application of only
5 mol% 4-(N,N-dimethylamino)pyridine (DMAP) as base [57] instead of 5 equivalents of
KHCOj; [56] leading to a considerable decrease in the solid waste while increasing the
purity and isolated yield of the carbamate intermediate of 36 to 94% in kg scale (Figure 4).

Duloxetine 39c is an FDA approved therapeutic drug which is used for the treatment
of depressive disorders [58]. 39c can be synthesized by N-demethylation of 39a which in
turn is synthesized in a multi-step procedure. Deeter et al. [59] reported the application of
21e followed by a hydrolysis step with zinc dust in formic acid for the N-demethylation of
39a in 82% yield. A process based on this method was also patented for the synthesis of
fluoxetine 20c via N-demethylation of 20a [60] (Figure 4).
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Figure 4. N-Dealkylated drug metabolite synthesis with chloroformates.

3. Transition-Metal Catalyzed N-Dealkylation
3.1. Palladium-Catalyzed

Among the different transition-metal catalyzed N-dealkylation methods, Pd-catalyzed
N-dealkylation of amines is one of the most widely studied and best developed strategies
for the synthesis of pharmaceutical intermediates and therapeutics in small to large scales.

The recent annual reports of the International Narcotics Control Board (INCB) showed
that the global manufacture of buprenorphine 5 was 17.2 and 10.5 tons in 2018 and 2019,
respectively. The estimated annual needs for oxymorphone 11a, noroxymorphone 11b and
oxycodone 10a, for conversion purposes, in the United States for 2021 were 28.2, 22 and,
57 tons, respectively; all three are potential starting compounds for the synthesis of opioid
medicines [61-63]. Such a high demand and consequent large-scale production of these
pharmaceuticals requires sustainable, efficient and scalable N-demethylation methods, and
the Pd-catalyzed N-demethylation of opiate alkaloids is the most developed strategy, which
has been put into practice for different opiate alkaloids in large scale.

The first study of Pd-catalyzed N-dealkylation of amines was introduced by Murahashi
et al. [64] in 1979 using palladium black as catalyst in the presence of hydrochloric acid for
the catalytic hydrolysis of a variety of aliphatic and cyclic tertiary amines 40a—44a. The
reaction was performed in water as the only solvent at a temperature of 200 °C with a
catalyst-to-amine ratio of 40% and an HCI-to-amine ratio of 35%. The authors reported that
the application of other palladium compounds such as PdCl, or Pd(OAc); as catalyst gave
similar results. N-dealkylation of different alkyl groups showed that the cleavage of the
C-N bond is easier in the order of methine > methylene > methyl. The reaction is capable of
removing aliphatic groups such as butyl and hexyl and cyclic groups such as cyclohexane,
cyclopentane. A plausible mechanistic pathway was presented which included an initial
coordination of the lone pair electrons of nitrogen to palladium (45a) followed by palladium
insertion into the adjacent C-H bond (45b) which is in equilibrium with complexes of 45c
and 45d. Upon protonolysis of the intermediate complexes, an iminium ion (45e) is formed
which hydrolyses to the secondary amine 45f and the corresponding carbonyl compounds
(Figure 5).
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mechanistic pathways.

The first report of palladium-catalyzed N-demethylation of opiates showed the con-
version of hydrocodone 46a to norhydrocodone 46b [65]. A 2.5 equivalent of palladium
acetate was used as catalyst in heated benzene and refluxed to obtain 46b in 40% yield with
55% recovery of starting 46a. It was noted that this reaction only occurred for 46a and failed
when applied to other opiates such as oxycodone 10a, morphine 1a or codeine 2a. The same
reaction in the presence of acetic anhydride led to concurrent N-demethylation/N-acylation
of hydrocodone, as an alternative 2-step N-demethylation strategy. A 0.2 equivalent of
palladium acetate in dioxane/acetic anhydride was heated to 80 °C and refluxed to obtain
N-acetylnorhydrocodone 46¢ in 80% yield, which can be hydrolyzed to 46a (Figure 6A).
This methodology was later used for the semi-synthesis of buprenorphine 5 from thebaine
3 by Machara et al. [66]. A key advanced intermediate 47a obtained from 3a was used as
starting compound which concurrently N-demethylated /N-acylated to 47b with 62% yield
using either Pd(OAc), (palladium(II) acetate) or Pd(acac), (palladium(II) acetylacetonate).
The base hydrolysis of the N-acetyl bond forming the secondary amine derivative 47c,
followed by re-alkylation and subsequent O-demethylation led to buprenorphine 5 with an
overall 65% yield (Figure 6B).

N
46a 46b
40%

- ~

\

\

1

i

1

1 1) O-demethylation
o 5
| 2)re-alkylation

1

1

I

1

1

U

Figure 6. Pd-catalyzed N-demethylation/N-acylation of opiates of (A) hydrocodone (46a) and (B)
oripavine (3a).
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Following their previous study, Machara et al. [67] used a conceptually similar ap-
proach for the synthesis of naltrexone 7 using N-demethylation/N-acylation of a spe-
cific derivative of oxymorphone, 3,14-diacetate oxymorphone 16a. The major difference
was that instead of N-demethylation/N-acylation of the N-methyl moiety using acetic
anhydride as acetyl source, an intramolecular acyl transfer occurred converting bis-O-
acetyloxymorphone to its N-acetyl derivative 16d, using Pd(OAc), as catalyst. The other
difference is the application of pure oxygen as oxidant instead of air. Following this interest-
ing observation, an intermediate compound 48a obtained from oxymorphone 11a was used
as a starting compound for the semi-synthesis of 7 which was N-demethylated /N-acylated
to 48b followed by one-step reduction to obtain 7 (Figure 7A).

(A)
Pd(OAc), (0.1 xqul\
)
dlox1m O, .
80°C N___o
o OH Y
16a lntrnnmlt cular acyl tramfu ;;’:1
0.0 0.0
Cyclopropancarbonyl Z Z Reduction
chloride Q Pd(OAC), (0.04 equiv.) Q > 7
11a ——» N - N

Triethylamine

AN dioxane,O,
L OH
Ethyl acetate 100°C b <
>~

80 °C O

O 48a 48b
92% 87%

(B) () O. Batch: 0, 0
Pd(OAC), (0.05 equiv.)
dioxane,O,
120 °C
\ Flow: (
Pd(OAc), (0.05 equiv.) O“ O]l
DMA,0O,

140°C 16d 16¢
Batch: 90% Batch: 4%
Flow: 73% Flow: 22%

(C

0, [
Y Flow kg-scale: Y Y
Pd(OAC), (0.05 equiv.)
_DMA,0, 155°C 0., 155°C Hydrogenation Hydrolysis
—»C — 11b
4 equiv. AcOH as additive o 82%
011 o Y

16e

97%
Figure 7. Pd-catalyzed intramolecular acyl transfer in opiates: (A) conversion of 3,14-diacetate
oxymorphone (16a) according to Machara et al. [67], (B) conversion of 16a according to Gutmann
et al. [68], and (C) conversion of 16f, the hydrogenated form of 16a, according to Gutmann et al. [68].

Gutmann et al. [68] used the same intramolecular acyl transfer strategy for the synthe-
sis of noroxymorphone 11b on an industrial scale in a tubular flow reactor, using Pd(OAc),
as catalyst and oxygen as oxidant at a temperature of 120-160 °C. Their preliminary results
in a microwave reactor using starting compound 16a showed that changing the reaction
temperature from 80 °C [67] to 120 °C considerably increased the rate of reaction from
about 20 h [67] to less than 2 h, in small-scale synthesis. Moreover, the reaction proceeds
in DMA (dimethylacetamide) as solvent as well as in dioxane. However, in every condi-
tion they observed the formation of 16e as byproduct, which is the dehydrogenated form
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of 16d. Continuous flow conversion of 16a to 16d also gave 22% of 16e under optimal
conditions beside the main acyl-transferred product (Figure 7B). In order to avoid the
formation of the byproduct, they changed the starting compound from 16a to its precursor
compound 16f (16f is converted to 16a by a one-step hydrogenation). Continuous flow N-
demethylation/N-acylation of 16f led to 93% of 16e with less than 1% of other byproducts,
in small scale. Finally, they converted 16f to 16e in kg-scale with 97% yield and only 3% of
other byproducts in a sophisticated flow system. A flow-hydrogenation of 16e followed
by a batch-hydrolysis using sulfuric acid in an n-BuOH/H;0O solvent system led to ~80%
isolated yield of noroxymorphone 11b (Figure 7C).

Gutmann et al. [69] later reported a two-step N-demethylation strategy for the syn-
thesis of noroxycodone 10b and noroxymorphone 11b using Pd/C as catalyst and oxygen
as terminal oxidant at a temperature of 120-140 °C. They reported the formation of an
oxazolidine intermediate 49b-50b upon the catalytic oxidation of 14-hydroxymorphinone
49a or 14-hydroxycodeinone 50a (Figure 8A). The oxazolidine structure can be readily
acid hydrolyzed to the corresponding nor-form which then only requires one more hy-
drogenation step to afford 10b or 11b. A broad screening of different solvents showed
that the palladium-catalyzed oxazolidine formation only works in DMA or DMSO (less
than 5% yield was achieved in NMP, MeCN, EtOAc, dioxane, toluene, i-PrOH, AcOH, and
butanone). The formation and presence of formaldehyde during the acid hydrolysis of
the oxazolidine structure was found to be detrimental for the selectivity of the hydrolysis,
as different unidentified byproducts were observed in this step. In order to remove the
formaldehyde from the system, the hydrolysis step was carried out at lower pressure
(140 mbar) and 80 °C, leading to a high selectivity of 90% in a very short time (<5 min).
Moreover, they reported the in situ formation of Pd(0) colloid particles as catalyst instead
of Pd/C. The heating of a mixture of palladium acetate in the presence of acetic acid in
DMA to 120-140 °C led to the formation of a deep-dark solution of finely dispersed Pd(0)
particles which has the same catalytic efficiency as Pd/C toward the formation of 49b and
50b. Indeed, they reported the application of AcOH as additive in their previous kg-scale
synthesis of noroxymorphone [68]. A one-pot two-step gram-scale conversion of 49a to 49¢
using in situ formation of catalyst was then carried out with 98% yield after the two steps.
Subsequent hydrogenation of 49b under flow conditions led to noroxymorphone 11b with
70% overall yield (Figure 8B).

Following their previous study, Gutmann et al. [13] designed and developed a contin-
uous flow system for the conversion of oxymorphone 11a to noroxymorphone 11b through
the oxazolidine intermediate. They also started the reaction with 49a, but switched the
hydrogenation reaction step to be the first step (to obtain 11a) and used the palladium-
catalyzed oxidation of N-methyl group as the second step, before hydrolyzing the oxazoli-
dine structure to produce noroxymorphone (Figure 8C). As they previously reported [69],
a Pd(0) colloid was freshly prepared using palladium acetate and acetic acid before starting
the reaction and was used both for the hydrogenation and oxazolidine formation reactions.
Processing the crude product of the hydrogenation reaction through an aerobic oxidation
reaction showed that the initial colloidal Pd(0) catalyst can be utilized both for the hy-
drogenation and the subsequent oxidation step. However, due to the low activity of the
Pd(0) catalyst in the second step, and the therefore diminished selectivity of oxazolidine
formation (80-90%), a freshly prepared Pd(0) catalyst was used in the second step. A 77%
isolated yield of the oxazolidine 11c was obtained through crystallization upon concentra-
tion of the final crude mixture and addition of cold water. The synthesized oxazolidine was
hydrolyzed to 11b using their previously reported hydrolysis method [69]. A very similar
approach for the continuous flow synthesis of 11b from 49a was also reported [14]. The
difference in this study was that continuous C-14 hydroxylation of oripavine 4a (as the
natural starting compound) was used to obtain advanced intermediate 49a in the flow con-
dition and a commercially available Pd/C flow cartridge was used for the hydrogenation
step. Palladium-catalyzed aerobic oxidation of 49a was performed under the same optimal
conditions as reported in [13] leading to the oxazolidine 11c with similar final yields.
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Figure 8. Pd-catalyzed oxazolidination of opiates: (A) 14-hydroxymorphinone 49a and 14-
hydroxycodeinone 50a according to Gutmann et al. [69], (B) 49a according to Gutmann et al. [69],
and (C) oxymorphone 11a according to Gutmann et al. [13].

3.2. Iron-Catalyzed

In efforts to mimic the cytochrome P-450-catalyzed N-dealkylation transformation
and understand its mechanistic pathways in living organisms, various model reactions
have been presented for the oxidation of amines, investigating the application of iron salts
as catalysts such as FeCls [70], Fe(ClO4)s [71], [Fe(II)(MeCN)4](ClO4), [72], and iron por-
phyrins [73,74] using oxygen [70,71,75], hydrogen peroxide [72], tert-butyl-hydroperoxide
or iodosyl benzene [74], as oxidants. For example, Santa et al. [73] reported the N-
dealkylation of various tertiary amines 51-54 at the analytical scale using an iron porphyrin,
Fe(Il)TPPCI 55, as catalyst in the presence of O, as oxidant. The reaction proceeds at room
temperature in a protic solvent system of CH,Cl,-MeOH-H,0 (3:6:1) with a very low
catalyst loading of 1 mol%, yielding secondary amines (Figure 9A).

Recently, Do Pham et al. [76] used this strategy for the oxidative N-demethylation
of the natural tropane alkaloids atropine 56a and scopolamine 57a in preparative scales
with 70-80% yield. Noratropine 56¢ and norscopolamine 57c are key intermediates for the
semi-synthesis of the important bronchodilator medicines ipratropium bromide 58 and
oxitropium bromide 59, the former of which is registered on the essential medicine list
of WHO. They used Fe(IlI)-TAML 60 as iron catalyst and hydrogen peroxide as oxidant
in a one-pot N-demethylation strategy in which 50 equivalents of H,O, were added in
small portions to the reaction mixture. Excess hydrogen peroxide needed to be removed
by adding MnO, at the end of the reaction. The reaction works at room temperature
in non-hazardous solvents such as ethanol and only 1 mol% of catalyst. An important
result of this reaction was that the final reaction mixture is very clean and the synthesized
nortropane alkaloids can be isolated with high purity by convenient liquid-liquid extraction
without any need for chromatographic purification. Their effort to expand this catalytic
synthetic tool to opiate alkaloids was not successful. The Fe(IlI)-TAML-catalyzed oxidative



Molecules 2022, 27, 3293

12 0f 33

N-demethylation of thebaine 3a in the presence of H,O, did not lead to any northebaine
3b as product while the same reaction for oxycodone 10a only resulted in 17% yield of
noroxycodone 10b [77] (Figure 9A).
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Figure 9. Fe-catalyzed N-dealkylation of tertiary amines (A) without and (B) with N-oxide formation.

A modified version of the iron-oxidant catalytic system, known as the modified-
Polonovski reaction or non-classical-Polonovski reaction, was developed to study the
role of amine N-oxide formation during the N-dealkylation in cytochrome P450-catalyzed
transformations. Polonovski discovered that the treatment of a tertiary amine N-oxide
with acetyl chloride or acetic anhydride leads to the cleavage of one of the N-alkyl groups
producing the N-acetyl derivatives of the corresponding secondary amine and an alde-
hyde [78]. In the modified Polonovski reaction, the acetyl chloride or acetic anhydride
is replaced by an iron-containing reagent while a tertiary amine N-oxide is prepared by
direct oxidation of the tertiary amine with an oxidant such as hydrogen peroxide. Horning
et al. [79,80] first discovered that the treatment of N,N-dimethyltryptamine N-oxide 61b
in acidic aqueous solution at elevated temperature in the presence of Fe>* ions resulted
in N-methyltryptamine 61c as product. Three equivalents of Fe(NOj3)3 in the presence of
oxalic acid in water at a temperature of 100 °C led to about 50% N-demethylation of 61a to
61c. Importantly, they reported that the replacement of iron with other metal ions such as
cobalt(Il), nickel(II), zinc(I), magnesium(Il), manganese(Il), and copper(Il) did not lead to
any N-demethylation reaction, supporting the critical role of iron ions in this reaction. Horn-
ing et al. later successfully used iron(IIl) for the N-demethylation reaction on other tertiary
amine structures such as N,N-dimethylglycine N-oxide 62b [81], N,N-dimethyltyrosine
N-oxide 63b and N,N,dimethyltryptophan N-oxide 64b [82] (Figure 9B).

Monkovic et al. [83] later developed and used a modified-Polonovski reaction for the
synthetic application to produce different fine chemicals through N-dealkylation of various
tertiary amine N-oxides including important morphinan structures 65a-71a. The reported
one-pot, two-step N-dealkylation method consists of the addition of m-chloroperbenzoic
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acid (m-CPBA) to a tertiary amine in dichloromethane followed by the addition of aqueous
iron (II) chloride solution (40 mol% FeCl,) at a temperature of —10 °C-0 °C leading to
high yields of secondary amines. Mary et al. [84] used the same strategy for the selective
N-demethylation of galanthamine 72a to norgalanthamine 72c with 76% isolated yield. The
main difference in their method was the application of FeSOy as catalyst in methanol at a
temperature of 10 °C (Figure 9B).

Following these first reports, numerous studies applied the modified-Polonovski reac-
tion for the N-demethylation of opiate and tropane alkaloids. In an early study McCamley
et al. [85] reported the N-demethylation of various opiate alkaloids (2a, 3a, 22a, and 73a)
using HyO, or m-CPBA for the formation of the corresponding N-oxide (or using mag-
nesium bis(monoperoxyphthalate) hexahydrate [86]) and then using different iron salts
such as FeSOy, FeCls, Fe(NH4504); as catalyst to produce the corresponding secondary
amine, among which FeSO, was found to be the most effective. The synthesized N-oxide
intermediate can be used directly in the next step as free amine or isolated as HCl salt
upon treatment with HCl aqueous solution, the latter of which was found to afford a
higher yield. The major finding in their study was that the C14-hydroxyl group plays an
important role in the iron-mediated Polonovski reaction. None of the three opiate examples
having a -OH group adjacent to the N-methylamine group, 10a, 50a, and 74a, underwent
the N-demethylation reaction upon the treatment of the corresponding N-oxide with iron
(II), resulting in a negligible final yield. Moreover, the major limitation of this method
is the difficulty in separating the final nor-product from the iron salt which is used in
stoichiometric amounts. To solve this drawback, they used ethylenediaminetetraacetic acid
(EDTA) or TPPS 75 as iron chelating agent during the final work-up and purification. The
application of TPPS in the work-up procedure remarkably increased the final isolated yield
of noropiate alkaloids 76c-77¢ and nortropane alkaloids 25¢, 56¢, and 78¢, compared to the
EDTA work-up procedure [86] (Figure 10).

Inspired by TPPS as chelating agent, another form of the iron(II) ion in the form of
an iron porphyrin, Fe(II)TPPS 79, was also used as catalyst in the modified-Polonovski
reaction for the N-demethylation of opiate alkaloids [87]. With the same amount of added
iron catalyst, application of Fe(I[)TPPS considerably increased the final isolated yield of 22¢
compared to FeSOy from 52% to 91%. The major finding in this study was the recyclability
of the catalyst 79. Nordextrometorphan 27c was obtained in consistently high yields over
four cycles of catalyst recovery and reuse. However, Fe(Il) is prone to oxidation to Fe(III)
during the multi-step synthesis of Fe(II)TPPS from TPPS and caution should be taken to
minimize the exposure of 79 to air to prevent oxidation. In order to overcome this challenge,
an improved process for the N-demethylation of opiate alkaloids was reported using 79
as catalyst in sodium acetate buffer (1 M, pH = 4) [88]. In this method, Fe(I[)TPPS was
synthesized from its precursor TPPS in acetate buffer and was used directly without further
isolation in the N-demethylation of tertiary amine N-oxides. Furthermore, an important
result taken from this study was, that by increasing the reaction temperature to 50-100 °C,
the catalyst consumption decreased by one order of magnitude (20 mol% to 2 mol%) while
keeping the final isolated yield unchanged for nordextrometorphan 27¢ (Figure 10).

In the quest to find a better iron catalyst in the modified-Polonovski reaction,
Kok et al. [89] used ferrocene 80a for N-demethylation of a wide range of opiate and
tropane N-oxides. In contrast to previous methods, this method can be applied to opiates
with a C14-hydroxyl group such as 10-11, and 49-50. However, the final isolated yield
is low and the corresponding N-methyl structure was also recovered during purification.
Later, they investigated the effect of electron donor groups attached to ferrocene, catalysts
80a—e, on N-demethylation of opiate N-oxides [90]. It was found that the rate of the reaction
was enhanced by the increasing electron donor groups attached to the parent ferrocene
while keeping the final isolated yield high (for example, 27c was synthesized from 27a using
80a—e as catalyst). Kok et al. [91-93] subsequently studied the application of Fe(0) powder
and stainless steel as substituents for the iron-catalyst which gave similar overall results.
Their method using Fe(0) powder was also applicable to opiates with a hydroxyl group on
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carbon-14 yielding the desired noropiates structures in 40-60% yield [91]. Nakano et al. [94]
later used this strategy in continuous flow conditions for the synthesis of 27¢c. Application
of zero-valent iron nanoparticles and Fe3(CO);, as Fe(0) source in the modified-Polonovski
reaction were also reported for N-demethylation of some opiate and tropane alkaloids [95]
(Figure 11).
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Figure 10. Fe-catalyzed N-demethylation of opiate and tropane alkaloids via N-oxide formation.

An interesting iron-based modified-Polonovski reaction using liquid assisted grinding
(LAG) mechanochemistry was developed by Awalt et al. [96]. As organic solvents constitute
80-90% of nonaqueous waste produced in pharma industries, any attempt to reduce

87%, 94%, 97%, 85%
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the consumption of solvent usage can drastically reduce the environmental footprint of
chemical processes. LAG mechanochemistry allows us to perform chemical reactions in
the presence of very low amounts of solvent. The reaction was carried out in a ball-milling
closed vessel using Fe(0) dust as an iron catalyst in the presence of non-hazardous solvents
such as ethanol and isopropanol, in which the ratio of liquid to solid reactant () in pL/mg
is between 0 and 1. For regular chemical reactions, this ratio is more than 10. Besides
tropanes and opiates, this method was also used for the N-demethylation of noscapine 81a.
Although the solvent usage in the N-demethylation stage is remarkably reduced, the final
reaction mixture still requires chromatographic purification utilizing considerable amounts
of solvent to obtain nor-compounds, while the N-oxide formation requires m-CPBA in
chlorinated solvents [96] (Figure 11).

A one-pot N-demethylation and rearrangement of opiates 1-4 to noraporphines 82-85
(Figure 12), respectively, was also reported using iron-based N-demethylation of tertiary
amine N-oxides [97]. The re-alkylation of noraporphines can lead to potentially serotonin-
and/or dopamine-active compounds. In this method, opiate N-oxides were treated with
FeSO;, in anhydrous methanol followed by methanesulfonic acid addition under argon
atmosphere leading to methanesulfonic acid salts of the corresponding noraporphines via
N-demethylation and rearrangement of the morphinan structure (Figure 12A).

In contrast to the well-developed Pd-catalyzed N-demethylation of 14-hydroxy opiates,
only a limited number of studies have shown that the iron-catalyzed modified-Polonovski
reaction is capable of N-demethylation of 14-hydroxy opiates and only in low yields [89,91].
Smith et al. [98] patented a different procedure for iron-catalyzed N-demethylation of
14-hydroxy opiates via oxazolidine formation, the same structure which is obtained by
Pd-catalyzed N-demethylation strategies (see Section 3.1). However, in contrast to the
Pd-catalyzed method which starts with a tertiary amine, a tertiary amine N-oxide served
as a starting compound, similar to the Polonovski reaction. 14-hydroxy N-oxide opiates
11d, 49d, 50d were converted to oxazolidine intermediates 11c, 49b, 50b using FeSOy as
catalyst in the presence of formic acid. The oxazolidine intermediates can be hydrolyzed by
a strong acid such as hydrochloric or sulfuric acid (Figure 12B).

Werner et al. [99] also reported the formation of the same oxazolidine intermediates
from 14-hydroxy N-oxide opiates 11d, 86d, and 87d. However, they used Burgess reagent
88 instead of iron-based reagents. They reported higher yields for oxazolidine formation
compared to the procedure developed by Smith et al. [98]. Importantly, no N-demethylation
reaction was observed upon the treatment of hydrocodone N-oxide with Burgess reagent
confirming the importance of the C14 hydroxyl group for this reaction. The hydrolysis
step in either acetic acid or ammonium carbonate buffer (pH = 9) at a temperature of
50 °C resulted in the corresponding secondary amine structure in high yields (Figure 12C).
This strategy was later developed into a general method for the direct synthesis of opioid
medicines with direct functionalization of oxazolidine intermediates without the oxazo-
lidine hydrolysis step [100]. Besides the application of the iron-catalyzed reaction for
the synthesis of pharmaceutical intermediates, it has also been used for the synthesis of
drug metabolites [101,102]. For example, Singh et al. [101] used an FeSO4-mediated N-
demethylation strategy for the synthesis of the N-demethylated metabolite of cyamemazine
89a, a neuroleptic drug. A corresponding N-oxide 89d was obtained using m-CPBA by
Fe(Il)-catalyzed N-demethylation to obtain 89c¢ in 70% overall yield (Figure 12D).
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Figure 11. Fe-catalyzed N-demethylation of various alkaloids.
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N-oxides, and (D) N-demethylation of cyamemazine via N-oxide formation.

3.3. Gold- and Platinum-Catalyzed

Besides the application of the N-dealkylation reaction for the synthesis of pharmaceuti-
cals and fine chemicals, this reaction can also be applied for the synthesis of bulk chemicals
in megaton scale. Glyphosate 90 (N-phosphonomethyl glycine) is a major herbicide that is
heavily used worldwide with a global consumption volume of more than 800 kiloton in
2014 and 1 megaton in 2017 [103,104]. Different industrial large-scale processes have been
developed and usually patented for the synthesis of glyphosate since its commercializa-
tion in 1974 (Roundup, Monsanto Company, Manhattan, KS, USA), and those processes
have recently been reviewed in detail [105]. Among the different multi-step synthesis
procedures of glyphosate, an atom-efficient and eco-friendly procedure is the oxidative
N-dealkylation of N-alkyl-substituted derivatives of N-phosphonomethyl glycine 91 as the
final step (Figure 13).
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Figure 13. Glyphosate synthesis via Au- or Pt-catalyzed N-dealkylation.

Morgenstern et al. [106] reported a general strategy for the N-dealkylation of 91 using
various supported and unsupported platinum catalysts, among which platinum black was
the most efficient. The reaction proceeds with 30 wt% catalyst loading in water as solvent
and under oxygen atmosphere at 80 °C. All starting N-substituted glyphosates (except
for 91g) were transformed to 90 with high conversion and selectivity. In a recent study,
Yushchenko et al. [107] reported the application of carbon-supported gold nanoparticles
for the efficient and selective N-dealkylation of N-isopropyl glyphosate 91a. Compared to
30 wt% Pt catalyst, only 2 wt% of Au/C catalyst was enough for the complete conversion of
91a with high selectivity toward the formation of 90. Importantly, the reaction can proceed
in water as the only solvent using H,O, as oxidant and at moderate temperatures of
50-80 °C. In a follow-up study [104], they showed that different N-substituted glyphosates
91a—d can undergo N-dealkylation using an Au/C catalyst; 91a has the highest conversion
and selectivity compared to the other starting compounds. More importantly, the byproduct
of the N-dealkylation of 91a is acetone which can be easily separated and recycled [104,107]
(Figure 13).

It is noteworthy to mention in this section that besides the application of gold and platinum
catalysts, a few other strategies for the N-dealkylation of 91 were also reported [108-110]. For
example, Parry et al. [108] patented a procedure for the N-dealkylation of 91f by acid hydrolysis
using concentrated aqueous hydrobromic or hydroiodic acid (4648% w/w) to remove the
benzyl group preparing glyphosate with 41% yield. A similar approach was also patented [109]
using strong acids (48% HCI, HI or HBr) for the N-dealkylation of 91d with a yield of 95% of
glyphosate. The Pt- and Au-catalyzed N-dealkylation methods were developed to avoid the
application of concentrated acids in these processes.

3.4. Ruthenium-, Rhodium- and Copper-Catalyzed

Oxidative N-dealkylation of amines is one of the important reactions specific to cy-
tochrome P450 enzymes. Different studies have been performed for the simulation of
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this enzymatic activity, investigating different metal complexes of ruthenium, [111-113],
rhodium [114,115] and copper [116-119].

Murahashi et al. [111] reported the first application of ruthenium for the N-dealkylation
reaction and they recently reviewed the general applications of ruthenium-catalyzed oxida-
tive transformations of different functionalities including the C-N bond in amines [120].
In this study, a ruthenium complex (RuCl,(PPh3)s 92) was used as catalyst for the oxida-
tive N-demethylation of tertiary amines using -BuOOH 93 as oxidant. Although gener-
ally the oxidation of tertiary amines with hydroperoxides in the presence of a transition-
metal catalyst leads to N-oxide formation, they obtained the corresponding a-(tert-butyl-
dioxy)alkylamines (Figure 14, intermediate b) as the product in the presence of a Ru
catalyst and -BuOOH. Subsequently, acid hydrolysis (HCL, 2 N) of these intermediates
led to N-dealkylation and high yields of secondary amines 51c and 94c-97c. Following
their quest for the simulation of the enzymatic function of amine monooxygenases with
ruthenium-complex systems, Murahashi et al. [112] also reported another synthetic route
for the N-demethylation of methylamines, using hydrogen peroxide as oxidant and RuCls
as catalyst in methanol. Similar to their previous study, the N-demethylation is a two-step
reaction in which the products of the Ru-catalyzed oxidation of amines 97a and 98a are
their corresponding methoxymethylamine derivatives (Figure 14, compound b’) which
upon the hydrolysis with 2 N HCl are converted to N-demethylated products 97c and 98c.
The mechanistic studies suggested that the Ru(Il) complex reacts with oxidants (-BuOOH
or HyO») to give Ru(IV) = O. The oxidation of a tertiary amine by Ru(IV) = O leads to
an iminium ion intermediate which either reacts with a second molecule of t-BuOOH as
nucleophile and leads to intermediate b or reacts with MeOH to form intermediate b’
(Figure 14).
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Figure 14. Ru-catalyzed N-dealkylation of amines.

Fu et al. [114,115] reported the aerobic oxidative N-dealkylation of amines using a
rhodium porphyrin (Rh(II)TPPS or Rh(II) of 79) in aqueous solution at room temperature.
Although various tertiary amines were examined in this study, the yield of the produced
secondary amine was not reported. However, the turnover number of the reaction, TNO,
which is the molar ratio of the product to the catalyst, was reported. Importantly, only 0.05%
of this catalyst was used and a stochiometric amount of an acid such as HCI or CF3COOH
(0.5-1 equivalent) was needed to perform the reaction. In contrast to the ruthenium-
catalyzed system, rhodium-catalyzed N-dealkylation produces the N-dealkylated product
in one step as well as allowing the removal of different alkyl groups such as methyl, ethyl,
isopropyl, butyl and benzyl (compounds 40, and 99-102) (Figure 15A).
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Figure 15. (A) Rhodium-catalyzed and (B) copper-catalyzed N-dealkylation of amines.

Genovino et al. [118,119] reported a Cu-catalyzed oxidation of tertiary amines in
pharmaceuticals to obtain N-dealkylated metabolites. Interestingly, the product of Cul/O,-
catalyzed oxidation of a tertiary amine was a formamide structure which can be hydrolyzed
under acidic conditions to the corresponding secondary amine. Among different inves-
tigated copper salts, Cul was found to be the most efficient catalyst for the oxidation of
tertiary amines. A 20 mol% of catalyst at a temperature of 120 °C was enough for the syn-
thesis of the formamide intermediate while concentrated HCI (4 N) at 100 °C was required
for the hydrolysis step. A comparison between Cu(I)- and Cu(II)-catalyzed reactions in
the absence of oxygen (under nitrogen atmosphere) revealed that the reaction proceeds
in the presence of Cu(II) but not Cu(l). This observation supported the mechanistic hy-
pothesis including the in situ formation of Cu(II) from Cul/O; leading to a single electron
oxidation of amines and the reduction of Cu(II) to Cu(I). N-demethylated metabolites of
different pharmaceuticals such as clomipramine 32a, rivastigmine 103a, tamoxifen 104a,
and diltiazem 105a were obtained using this method. Recently, Liu et al. [121] also reported
the formation of formamide upon the oxidation of N,N-dimethylanilines using a Cul/O,
system (Figure 15B).

4. Electrochemical N-Dealkylation

Electroorganic synthesis uses electrons as an inexpensive, benign and renewable oxi-
dant or reductant instead of chemical reagents, providing a highly sustainable alternative
route for the synthesis of a broad range of chemicals based on green chemistry principles.
Besides the green aspects of organic electrochemistry, it drastically reduces the number of
chemical steps required by traditional reagents. Over the past two decades, organic elec-
trochemistry has experienced a renaissance and has received growing interest. Therefore,
the general application of organic electrochemistry including the transformation of the
C-N bond has recently been reviewed in detail in numerous reports [5,122-125]. Moreover,
electrochemical conversions provide an attractive approach for the in vitro simulation of
drug metabolism and predicting the formation of potential metabolites, especially when
electrochemical reactors are coupled with mass spectrometry systems [126,127].

Electrochemical oxidation of amines was studied as early as the 1960s by the anodic
oxidation of triethylamine [128] and by recording cyclic voltammograms of some aliphatic
amines [129,130] using platinum electrodes. Following these reports, Mann et al. [131-133]
reported the electrochemical N-dealkylation of various tertiary amines (40a, 106a-110a) in a
three-electrode system using platinum and Ag/AgNO; as working electrode and reference
electrode, respectively. This study showed the potential of electrochemical N-dealkylation
for the removal of methyl, ethyl, propyl, butyl, and benzyl groups. Shono et al. [134,135]
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later applied this method for the synthesis of N-dealkylated metabolites. A platinum
working electrode and a saturated calomel reference electrode were used for the electrolysis
while methanol was used as solvent in the presence of sodium hydroxide. N-dealkylated
metabolites of various pharmaceuticals including imipramine 111a, diazepam 112a, lisuride
113a and methysergide 114a were obtained. Interestingly, 113a and 114a each generated
two N-dealkylated metabolites upon the cleavage of R! or R? (Figure 16). It is hypothesized
that the electrochemical oxidation of amines is triggered by a one electron transfer followed
by a proton/electron transfer resulting in an iminium intermediate. Subsequent hydrolysis
of the iminium intermediate leads to the N-dealkylated amine. This method was later
applied to other nitrogen-containing chemical functionalities [125], and generally, the
electrochemical oxidation route to activate or functionalize C-H bonds adjacent to a nitrogen
atom through electron/proton/electron transfers is called Shono oxidation. Different
studies were reported for electroanalytical N-dealkylations or the simulation of drug
metabolism using the EC-MS (electrochemistry-mass spectrometry) approach [136-145].
These studies were carried out for analytical rather than synthetic purposes to obtain the
metabolite profile of specific pharmaceuticals. For example, lidocaine 115a, one of the most
studied drugs using EC-MS, is converted to its N-dealkylated metabolite in the human
body [138-141,146]. Gul et al. [141] showed that the electrochemical oxidation of 115a at pH
12 using a glassy carbon working electrode leads to 115b as the main product. Other studies
also reported the electrochemical generation and subsequent MS analysis of N-dealkylated
metabolites of other drugs such as verapamil 116a [137], fesoterodine 117a [142], alprenolol
118a [147], clozapine 119a [148], toremifene 120a [149], zotepine 121a [150], and metoprolol
122a [151] (Figure 16).
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Figure 16. Electrochemical N-dealkylation of various pharmaceuticals.



Molecules 2022, 27, 3293

22 of 33

Besides the reported drug metabolism studies, electrochemical N-dealkylation is also
applied for the synthesis of pharmaceutical intermediates. We reported that the electro-
chemical N-demethylation of tropane alkaloids is a selective, facile and scalable approach
for the synthesis of nortropane alkaloids (56c-57c, 123¢-125¢) [152] (Figure 16). As dis-
cussed in Section 3.2, noratropine 56¢ and noscopolamine 57¢ are valuable intermediates
for the semi-synthesis of 58 and 59. A detailed description of how a two-electrode electro-
chemical cell can be fabricated using a low-cost porous glassy carbon material (100 pores
per inch, PPI) was presented in this study. The reaction proceeds in one step, in 70% aq.
ethanol at room temperature and can be conveniently scaled up to gram-scale synthesis of
nortropane alkaloids. Due to the selectivity of the electrochemical reaction, the final reaction
mixture is clean enough to avoid the need for chromatographic purification for isolation
of the final product. A three-step liquid-liquid extraction was used to isolate 56¢ in gram
scale with 79% overall yield. Importantly, no N-demethylation was observed at neutral
pH when using HCl salts of the tropane alkaloids. Therefore, tropane alkaloids were used
in their free amine form to result in a high pH in the solution (pH = 10-12). As was also
reported by Shono et al. [134,135] and Gul [141], the high pH facilitates electron abstraction
from nitrogen during the electrochemical oxidation. Mechanistic studies supported the
formation of an iminium intermediate. The electrochemical N-demethylation of 56a in the
presence of cyanide ions (by adding KCN) led to the formation of N-nitrilo noratropine 56d
by trapping the iminium intermediate [152]. Glotz et al. [153] showed that the electrochem-
ical oxidation of opiates with a C14-hydroxyl group, such as 10a, leads to an oxazolidine
structure 10c which was also observed for iron and palladium catalytic systems. Moreover,
they showed that an electrochemical intramolecular acyl transfer for opiates with a C14-acyl
group such as O-acetyloxycodone 126a occurs similarly to palladium-catalyzed systems
(see Sections 3.1 and 3.2). Subsequent hydrolysis of 10c or 126¢ leads to noroxycodone 10b.
A two-electrode batch or flow electrochemical cell was used in this study as well as using
graphite as anode and stainless steel as cathode [153] (Figure 17A).
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Figure 17. (A) Electrochemical oxazolidination and acyl transfer and (B) TEMPO-mediated electro-
chemical N-demethylation of opiate alkaloids.

We recently showed that a TEMPO-mediated electrochemical strategy affords the
N-demethylation of opiate alkaloids in one step [12]. This reaction proceeds in 70% aq.
acetonitrile at room temperature using a two-electrode reactor in which both electrodes
were glassy carbon (100 PPI). Different noropiates with and without C14-hydroxyxl groups
(3b, 10b, 27¢, and 127c) were electrochemically synthesized using TEMPO as electron
mediator in both batch and flow conditions without the need for a supporting electrolyte
in high yields. A low-cost DC-to-DC electrical converter connected to a solar-powered
battery was used to replace the potentiostat by performing gram-scale synthesis of 27c
using this system. Divided-cell electrochemical experiments and subsequent LC-MS anal-
ysis of anodic and cathodic compartment solutions showed that the reaction only occurs
in the anodic cell, supporting the formation of an iminium intermediate as mentioned
earlier [12] (Figure 17B). Frazier et al. [154] patented an electrolytic process for glyphosate
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90 production. They reported a brief description of electrochemical N-dealkylation of N-
benzyl-N-phosphonomethyl glycine 91f in flow conditions using porous graphite as anode,
a carbon rod as cathode, and concentrated hydrochloric acid as solvent and supporting
electrolyte, without reporting the conversion efficiency or yield [154] (Figure 13).

5. Photochemical N-Dealkylation

Different photochemical N-dealkylation methods using various photocatalysts have
been developed for the synthesis of various N-dealkylated chemicals [155-163]. An early
report by Pandey et al. [160] showed that the photolysis of a tertiary N-methyl amine
using dicyanonaphtalene 128a as electron acceptor in the presence of sodium hydroxide
in methanol led to high yields of N-demethylated products (51c, 94c, 129¢c, and 130c)
(Figure 18). Santamaria et al. [161] showed that photochemical oxidation of different
alkaloids such as 24a, 27a 56a, 131a, and 132a under oxygen atmosphere in the presence
of N,N'-dimethyl-2,7-diazapyrenium difluoroborate 128b as electron acceptor resulted in
N-demethylated alkaloids with excellent yields. It was proposed in these early studies
that an iminium intermediate is formed upon the photochemical oxidation of a tertiary
amine, which is then hydrolyzed to a secondary amine (Figure 18). Ripper et al. [162] used
the previous strategy for the synthesis of noropiates and nortropanes, but instead of 128b
they used Rose Bengal 128¢c or TPP (meso-tetraphenylporphyrin) 128d as photocatalysts.
Although this procedure was successful for the N-demethylation of tropane alkaloids 24a,
25a, 56a, and 131a (Figure 18), photochemical N-demethylation of opiate alkaloids 27a
and 50a did not lead to any N-demethylated products but resulted in various byproducts.
Recently, Chen et al. [163] showed that photochemical oxidation of oxycodone resulted
in the same oxazolidine structure that can be obtained by metal-catalyzed (Section 3) or
electrochemical (Section 4) methods. In this method, 128c was used as photocatalyst while
bubbling oxygen through the reaction solution and using a LED source for irradiation.
A 2-g scale synthesis of 10b from 10a upon the photochemical oxidation and subsequent
hydrolysis by HCI (1 M, MeOH) in flow conditions led to 88% yield of noroxycodone 10b.
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Figure 18. Photochemical N-dealkylation of various tertiary amines.

Metal complexes such as the ruthenium or iridium complexes 128e and 128f have also
been applied as photocatalysts for the N-demethylation of N,N-dimethylaniline derivatives
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51a, 96a, and 97a. In this method the presence of 1,4-diazabicyclo [2.2.2]octane (DABCO)
as additive increased the yield of the final product while using only 1 mol% of 128e or
128f [164] (Figure 18). An innovative technique for recycling and reuse of photocatalyst
128¢ was developed recently by immobilizing 128c via an ionic bond onto cotton. Cotton
fibers are an abundant natural material carrying hydroxyl groups on their surface which
enables facile functionalization with 128c. The cotton-128c photocatalyst was then applied
for the N-demethylation of N,N-dimethylaniline derivatives such as 96a and 97a [165]
(Figure 18). The presence of DABCO and acetic acid was necessary to perform N-demethyla
tion reaction. This photocatalyst is recyclable and reusable by removing it from the reaction
solution [165]. Recently, Firoozi and Sarvari [166] designed and synthesized a heterogenous
and recyclable photocatalyst, cadmium sulfide (CdS) nanoparticles, for the photochemical
N-demethylation of tertiary amines. This reaction also requires DABCO (10 mol%) as
additive beside CdS (10 mol%). The reaction proceeds at room temperature under air
(atmospheric pressure) using sunlight or blue LED irradiation. Besides N-demethylation,
this method is capable of removing ethyl and butyl groups. Importantly, they showed the
reusability of the CdS photocatalyst by five times recycling and reusing it for the synthesis
of 51c with negligible difference in isolated yield [166] (Figure 18).

A two-step acetic acid promoted photochemical N-demethylation method using
Rose Bengal 128¢ or methylene blue 128g as photocatalysts was developed for the N-
demethylation of a wide range (up to 30 examples) of N,N-dimethylaminophenyl deriva-
tives 133a-138a. A hydroperoxide intermediate (Figure 19A, compound b) was formed
upon the photochemical oxidation of tertiary amines which in a second step was hydrolyzed
in acidic methanol (3 N H,SOy) to obtain the corresponding secondary amines. Beside
the presence of DABCO, the addition of up to 25 equivalents of acetic acid increased the
conversion of 133a from 12% to 98%. This method was used in the gram-scale synthesis of
the N-demethylated metabolite of mifepristone 139a in 60% yield [167] (Figure 19A).
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Figure 19. (A) Two-step photochemical N-demethylation of tertiary N-methylamines and (B) photo-
chemical N-demethylation of secondary amines.

In addition to the previously discussed photochemical approaches for the N-dealkylati
on of tertiary N-alkyl-anilines, Zhao and Leonori [168] recently showed that this approach
can also be applied for the N-dealkylation of secondary N-alkyl-anilines. Iridium complex
128f was applied as the photocatalyst while a blue LED was used as the light source for
irradiation. Importantly, an amine such as triethylamine or piperidine was added to the
reaction solution without which no N-dealkylation was observed for secondary amines. It
was hypothesized that the presence of triethylamine or piperidine led to the formation of
a hydrogen bond between the nitrogen of the additive and the -NH of aniline increasing
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the electron density on the nitrogen atom of the secondary aniline. Therefore, it was
expected that this phenomenon decreases the oxidation potential of the secondary aniline,
which indeed was observed by cyclic voltammetry experiments. A very broad range of
secondary amines (46 examples), such as 140a-145a, were successfully N-dealkylated to
obtain primary amines by removing various alkyl groups such as methyl, ethyl, butyl,
and benzyl [168]. An interesting application of photochemistry was also reported recently
for the photochemical N-demethylation of N®-methyl groups in N®-methyl adenines 146a—
148a (Figure 19B). Né—methyl adenosine 148 is the most abundant internal modification
in eukaryotic mRNA and some RNA demethylases such as the AIkHB5 proteins repair
this modification in vivo. In this study, riboflavin (vitamin B,) was used as a photocatalyst
under LED light irradiation [169].

6. Enzymatic N-Dealkylation

The identification and structural elucidation of various metabolites of a newly dis-
covered drug candidate is one of the most important steps during drug discovery and
development studies. Different in vivo and in vitro methods such as human and animal
microsomes, animal models, or isolated enzymes are used for the investigation of metabolic
pathways of a drug candidate [170]. Enzymes of the Cytochrome P450 (CYP) superfamily
are important enzymes for the metabolism of xenobiotics, as they are involved in more than
75% of all drug metabolism. These heme-containing enzymes catalyze various metabolic
transformations comprising the N-dealkylation reaction [127]. The application of CYP
enzymes for analytical drug metabolism studies have been reported a number of times and
have been reviewed in detail [171-176]. Besides the analytical study of drug metabolism,
the synthesis of drug metabolites in preparative scale is also important for metabolite
activity and toxicity studies. However, this is impractical due to the limited availability of
CYP enzymes in models such as liver microsomes. To overcome this problem, different
approaches for the expression of CYP enzymes in other living organisms, such as bacteria,
have been developed and were recently reviewed as well [177-180]. Therefore, recent re-
search reporting biocatalytic N-dealkylation for the analysis or synthesis of N-dealkylated
compounds will be briefly presented here.

Verapamil 116a, a calcium channel blocker which is mainly used for cardiovascular
disorders, is transformed to its N-demethylated metabolite in vivo. Human and rat liver
microsome studies showed that norverapamil 116c is the major product [181]. Besides its
importance as a metabolite, 116¢ also acts as a reversing agent of multi-drug resistance
in chemotherapy by inhibition of P-glycoproteins. Therefore, its synthesis in preparative
scale is of importance. A recent report by Shen et al. [182] has identified a new CYP
enzyme from a bacterium (Streptomyces griseus ATCC 13273) which efficiently carries out
N-demethylation of 116a to 116c. Moreover, 116¢ can be used as a precursor for the
synthesis of 1*C-verapamil 116d or '8F-verapamil 116e which are used as positron emission
tomography (PET) tracers for the investigation of P-glycoprotein function in the blood-
brain barrier [183,184]. N-dealkylated metabolites of other drugs such as metoclopramide
149a [185], diphenhydramine 150a [186], bupivacaine 151a [187], amitriptyline 152a [188],
and propafenone 153a [189] were also identified using human or animal liver microsomes,
or isolated CYP enzymes (Figure 20).
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Figure 20. Examples of substrates undergoing enzymatic N-dealkylation.

Besides analytical studies, some reports have used CYP enzymes for synthetic ap-
plications [190-193]. Ren et al. [190] developed a CYP mutant library based on P450gy3
(CYP102A1) from Bacillus megaterium which enables the N-dealkylation reaction. Using
some variants from this library, lidocaine 115a and amitriptyline 152a were converted to
115c and 152b with 82% and 96% yield, respectively. Richards et al. [192,193] also used
a mutant library of P450gy3 for the synthesis of N-demethylated noscapine 81c. Upon
the screening of different CYP mutants, a specific mutant showed 88% selectivity toward
the N-demethylation reaction. Subsequently, they incorporated the mutant enzyme into a
whole-cell biotransformation process by employing Bacillus megaterium to reach 27.5 mg/L
as the highest productivity for the synthesis of 81c.

Other biocatalytic approaches besides those using CYP enzymes have also been
recently applied for the N-dealkylation reaction [194-197]. For example, Gandomkar
et al. [194] reported an enantioselective oxidative aerobic N-dealkylation using berberine
bridge enzyme. When racemic mixtures of 154a—156a were used as starting reactants, only
(5)-154b—156b were obtained as products with an optical purity (ee) of more than 98%.
Augustin et al. [197] identified a microorganism capable of opiate N-demethylation trans-
formation (Thebainfresser, a Methylobacterium) by culturing the sludge waste obtained
from an opium poppy processing facility in Tasmania. Their thorough investigation led to
the discovery of MND (morphinan N-demethylase) which retained its activity in different
organic solvents while N-demethylating a broad scope of compounds such as opiate and
tropane alkaloids.

7. Conclusions

In this review, we have surveyed the literature to provide an overview of methods
for the N-dealkylation of amines. This reaction is of utmost importance for the synthesis
of different pharmaceuticals and agrochemicals on an industrial scale. Moreover, the N-
dealkylation reaction is important for identification and synthesis of drug metabolite as
those are required throughout all phases of drug development studies and their synthesis
is still a challenge. Besides the traditional chemical methods, various methods are reported
for this reaction, applying transition-metal catalysts, electrochemistry, photochemistry
and enzymes.

Author Contributions: Writing—original draft preparation, A.A.N.; writing—review and editing,
H.PP. and R.B.; funding acquisition, R.B. All authors have read and agreed to the published version
of the manuscript.



Molecules 2022, 27, 3293 27 of 33

Funding: This work is part of the Open Technology Programme of Toegepaste en Technische Weten-
schappen (TTW) with project number 15230 which is financed by the Netherlands Organisation for
Scientific Research (NWO).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Knaus, T.; Bchmer, W.; Mutti, EG. Amine dehydrogenases: Efficient biocatalysts for the reductive amination of carbonyl
compounds. Green Chem. 2017, 19, 453-463. [CrossRef] [PubMed]

2. Ouyang, K.; Hao, W.,; Zhang, W.X; Xi, Z. Transition-metal-catalyzed cleavage of C-N single bonds. Chem. Rev. 2015, 115,
12045-12090. [CrossRef] [PubMed]

3. McGrath, N.A ; Brichacek, M.; Njardarson, ].T. A graphical journey of innovative organic architectures that have improved our
lives. J. Chem. Educ. 2010, 87, 1348-1349. [CrossRef]

4. Walker, D.K,; Jones, RM.; Nedderman, A.N.R.; Wright, P.A. Primary, secondary and tertiary amines and their Isosteres. In
Metabolism, Pharmacokinetics and Toxicity of Functional Groups; Royal Society of Chemistry: London, UK, 2010; pp. 168-209.

5. Karkas, M.D. Electrochemical strategies for C-H functionalization and C-N bond formation. Chem. Soc. Rev. 2018, 47, 5786-5865.
[CrossRef]

6. Dutta, S; Li, B.; Rickertsen, D.R.L.; Valles, D.A ; Seidel, D. C-H Bond functionalization of amines: A graphical overview of diverse
methods. SynOpen 2021, 5, 173-228. [CrossRef]

7.  Rose,].; Castagnoli, N. The metabolism of tertiary amines. Med. Res. Rev. 1983, 3, 73-88. [CrossRef]

8.  Nay, S.L.; O’Connor, T.R. Direct repair in mammalian cells. In New Research Directions in DNA Repair; IntechOpen: London, UK,
2013. [CrossRef]

9.  Constable, D.J.C.; Dunn, PJ.; Hayler, ].D.; Humphrey, G.R.; Leazer, ].L.; Linderman, R.J.; Lorenz, K.; Manley, J.; Pearlman, B.A;
Wells, A.; et al. Key green chemistry research areas—A perspective from pharmaceutical manufacturers. Green Chem. 2007, 9,
411-420. [CrossRef]

10. Wang, Q.; Su, Y,; Li, L.; Huang, H. Transition-metal catalysed C-N bond activation. Chem. Soc. Rev. 2016, 45, 1257-1272. [CrossRef]

11.  Zeng, Z,; Lu, ].; Shu, C.; Chen, Y.; Guo, T.; Wu, Q.; Yao, S.; Yin, P. A comparision of nalbuphine with morphine for analgesic effects
and safety: Meta-analysis of randomized controlled trials. Sci. Rep. 2015, 5, 10927. [CrossRef]

12. Najmi, A.A; Bhat, F; Bischoff, R.; Poelarends, G.; Permentier, H. TEMPO-mediated electrochemical N-demethylation of opiate
alkaloids. ChemElectroChem 2021, 8, 2590-2596. [CrossRef]

13.  Gutmann, B.; Cantillo, D.; Weigl, U.; Cox, D.P,; Kappe, C.O. Design and development of Pd-catalyzed aerobic N-demethylation
strategies for the synthesis of noroxymorphone in continuous flow mode. Eur. J. Org. Chem. 2017, 2017, 914-927. [CrossRef]

14. Mata, A.; Cantillo, D.; Kappe, C.O. An integrated continuous-flow synthesis of a key oxazolidine intermediate to noroxymorphone
from naturally occurring opioids. Eur. J. Org. Chem. 2017, 2017, 6505-6510. [CrossRef]

15.  Braun, J.V. Die einwirkung von bromcyan auf tertidre amine. Ber. Dtsch. Chem. Ges. 1900, 33, 1438-1452. [CrossRef]

16. Braun, ].V. Die Aufspaltung cyclischer Basen durch Bromcyan. Ber. Dtsch. Chem. Ges. 1907, 40, 3914-3933. [CrossRef]

17.  Braun, J.V.; Nugroho, M.B. Die Aufspaltung cyclischer Basen durch Bromcyan. Ber. Dtsch. Chem. Ges. 1909, 42, 2035-2057.
[CrossRef]

18. Li, J.J. Von Braun Reaction. In Name Reactions: A Collection of Detailed Reaction Mechanisms; Springer: Berlin/Heidelberg, Germany,
2003; p. 421. ISBN 978-3-662-05336-2.

19. Hageman, H.A. The von Braun Cyanogen Bromide reaction. Org. React. 2004, 7, 198-262.

20. Thavaneswaran, S.; Mccamley, K.; Scammells, P.J. N-Demethylation of alkaloids. Nat. Prod. Commun. 2006, 1, 2006. [CrossRef]

21. Machara, A.; Hudlicky, T. Advances in N- and O-demethylation of opiates. Targets Heterocycl. Syst. 2016, 20, 113-138. [CrossRef]

22.  Braun, ].V. Untersuchungen iiber Morphium-Alkaloide. Ber. Dtsch. Chem. Ges. 1914, 47, 2312-2330. [CrossRef]

23.  Weijlard, J.; Erickson, A.E. N-Allylnormorphine. J. Am. Chem. Soc. 1942, 64, 869-870. [CrossRef]

24. Selfridge, B.R.; Wang, X.; Zhang, Y.; Yin, H.; Grace, PM.; Watkins, L.R.; Jacobson, A.E.; Rice, K.C. Structure-activity relationships
of (+)-naltrexone-inspired toll-like receptor 4 (TLR4) antagonists. J. Med. Chem. 2015, 58, 5038-5052. [CrossRef] [PubMed]

25.  Bentley, K.W.; Hardy, D.G. Novel analgesics and molecular rearrangements in the morphine-thebaine group. III. Alcohols of the
6, 14-endo-ethenotetrahydrooripavine series and derived analogs of N-allylnormorphine and -norcodeine. J. Am. Chem. Soc. 1967,
89, 3281-3292. [CrossRef] [PubMed]

26. Mohacsi, E. Synthesis of metabolites of 3-O-t-butylmorphine. J. Heterocycl. Chem. 1987, 24, 471-472. [CrossRef]

27. Rapoport, H,; Lovell, C.H.; Reist, H.R.; Warren, M.E. The synthesis of thebaine and northebaine from codeinone dimethyl ketal. J.
Am. Chem. Soc. 1967, 89, 1942-1947. [CrossRef] [PubMed]

28. Elderfield, R.C.; Hageman, H.A. The von Braun cyanogen bromide reaction I. Application to pyrrolidines and ethylenimines. J.

Org. Chem. 1949, 14, 605-637. [CrossRef]


http://doi.org/10.1039/C6GC01987K
http://www.ncbi.nlm.nih.gov/pubmed/28663713
http://doi.org/10.1021/acs.chemrev.5b00386
http://www.ncbi.nlm.nih.gov/pubmed/26423200
http://doi.org/10.1021/ed1003806
http://doi.org/10.1039/C7CS00619E
http://doi.org/10.1055/s-0040-1706051
http://doi.org/10.1002/med.2610030105
http://doi.org/10.5772/54449
http://doi.org/10.1039/B703488C
http://doi.org/10.1039/C5CS00534E
http://doi.org/10.1038/srep10927
http://doi.org/10.1002/celc.202100784
http://doi.org/10.1002/ejoc.201601453
http://doi.org/10.1002/ejoc.201700811
http://doi.org/10.1002/cber.19000330208
http://doi.org/10.1002/cber.190704003198
http://doi.org/10.1002/cber.19090420286
http://doi.org/10.1177/1934578X0600101008
http://doi.org/10.17374/targets.2017.20.113
http://doi.org/10.1002/cber.191404702149
http://doi.org/10.1021/ja01256a036
http://doi.org/10.1021/acs.jmedchem.5b00426
http://www.ncbi.nlm.nih.gov/pubmed/26010811
http://doi.org/10.1021/ja00989a032
http://www.ncbi.nlm.nih.gov/pubmed/6042764
http://doi.org/10.1002/jhet.5570240231
http://doi.org/10.1021/ja00984a032
http://www.ncbi.nlm.nih.gov/pubmed/6040525
http://doi.org/10.1021/jo01156a015

Molecules 2022, 27, 3293 28 of 33

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

lijima, I.; Minamikawa, J.; Jacobson, A.E.; Brossi, A.; Rice, K.C.; Klee, W.A. Studies in the (+)-morphinan series. 5. Synthesis and
biological properties of (+)-naloxone. ]. Med. Chem. 1978, 21, 398-400. [CrossRef]

Marton, J.; Szabd, Z.; Garadnay, S.; Mikl6s, S.; Makleit, S. Studies on the synthesis of 3-thevinone derivatives. Tetrahedron 1998, 54,
9143-9152. [CrossRef]

Saucier, M.; Daris, ]J.P.; Lambert, Y.; Monkovic, I.; Pircio, A.W. 5-Allyl-9-oxobenzomorphans. 3. Potent narcotic antagonists
and analgesics-antagonists in the series of substituted 2’ 9beta-dihydroxy-6,7-benzomorphans. J. Med. Chem. 1977, 20, 676—682.
[CrossRef]

Machara, A.; Endoma-Arias, M.A.A.; Cisafova, I.; Cox, D.P,; Hudlicky, T. Direct synthesis of noroxymorphone from thebaine:
Unusual CelV oxidation of a methoxydiene-iron complex to an enone-y-nitrate. Eur. J. Org. Chem. 2016, 2016, 1500-1503.
[CrossRef]

Saxena, N.S.; Saxena, K.; Sata, B. Industrial Process for the Preparation of Buprenorphine and Its Intermediates. U.S. Patent
B2,8,981,097, 17 March 2015.

Lee, S.-S.; Liu, Y.-C.; Chang, S.-H.; Chen, C.-H. N-Demethylation studies of pavine alkaloids. Heterocycles 1993, 36, 1971-1974.
[CrossRef]

Molloy, B.B.; Schmiegel, K.K. Arloxyphenylpropylamines. U.S. Patent 4,314,081, 2 February 1982.

Lawrence, A. Substitution on the Amine Nitrogen. In Category 5, Compounds with One Saturated Carbon Heteroatom Bond,;
Schaumann, E., Ed.; Science of Synthesis; Georg Thieme Verlag: Stuttgart, Germany, 2009; Volume 40a, ISBN 9783131839510.
Cooley, J.H.; Evain, E.J. Amine dealkylations with acyl chlorides. Synthesis 1989, 1, 1-7. [CrossRef]

Abdel-Monem, M.M.; Portoghese, P.S. N-Demethylation of morphine and structurally related compounds with chloroformate
esters. J. Med. Chem. 1972, 15, 208-210. [CrossRef] [PubMed]

Rice, C.K. An improved procedure for the N-Demethylation of 6,7-benzomorphans, morphine, and codeine. J. Org. Chem. 1975,
40, 1850-1851. [CrossRef] [PubMed]

Rice, K.C.; May, E.L. Procedural refinements in the N-demethylation of morphine and codeine using phenyl chloroformate and
hydrazine. J. Heterocycl. Chem. 1977, 14, 665-666. [CrossRef]

Brine, G.A.; Boldt, K.G.; Hart, C.K,; Carroll, F.I. The N-demethylation of morphine and codeine using methyl chloroformate. Org.
Prep. Proced. Int. 1976, 8, 103-106. [CrossRef]

Dhar, N.C.; Maehr, R.B.; Masterson, L.A.; Midgley, ].M.; Stenlake, ].B.; Wastila, W.B. Approaches to short-acting neuromuscular
blocking agents: Nonsymmetrical bis-tetrahydroisoquinolinium mono- and diesters. |. Med. Chem. 1996, 39, 556-561. [CrossRef]
[PubMed]

Csutoras, C.; Zhang, A.; Bidlack, ]. M.; Neumeyer, J.L. An investigation of the N-demethylation of 3-deoxymorphine and the
affinity of the alkylation products to u, , and k receptors. Bioorgan. Med. Chem. 2004, 12, 2687-2690. [CrossRef]

Montzka, T.A.; Matiskella, J.D.; Partyka, R.A. 2,2,2-trichloroethyl chloroformate: A general reagent for demethylation of tertiary
methylamines. Tetrahedron Lett. 1974, 15, 1325-1327. [CrossRef]

Jozwiak, K.; Targowska-Duda, K.M.; Kaczor, A.A.; Kozak, J.; Ligeza, A.; Szacon, E.; Wrobel, TM.; Budzynska, B.; Biala, G.;
Fornal, E; et al. Synthesis, in vitro and in vivo studies, and molecular modeling of N-alkylated dextromethorphan derivatives as
non-competitive inhibitors of «334 nicotinic acetylcholine receptor. Bioorg. Med. Chem. 2014, 22, 6846—6856. [CrossRef]

Peet, N.P. N-demethylation of dextromethorphan. J. Pharm. Sci. 1980, 69, 1447-1448. [CrossRef]

Olofson, R.A.; Schnur, R.C.; Bunes, L.; Pepe, ].P. Selective N-dealkylation of tertiary amines with vinyl chloroformate: An
improved synthesis of naloxone. Tetrahedron Lett. 1977, 18, 1567-1570. [CrossRef]

Sandor, H.; Simon, C.; Sandor, M. Synthesis of N-demethyl-N-substituted-14-hydroxycodeine and morphine derivatives. Synth.
Commun. 1992, 22, 2527-2541. [CrossRef]

Kobylecki, R.J.; Carling, R.W.; Lord, ].A.H.; Smith, C.E.C.; Lane, A.C. Common anionic receptor site hypothesis: Its relevance to
the antagonist action of naloxone. J. Med. Chem. 1982, 25, 116-120. [CrossRef] [PubMed]

Olofson, A.R.; Martz, T.J.; Senet, ].-P.; Piteau, M.; Malfroot, T. A New reagent for the selective, high-yield N-dealkylation of
tertiary amines: Improved syntheses of naltrexone and nalbuphine. J. Org. Chem. 1984, 49, 2081-2082. [CrossRef]

Jin, C,; Boldt, K.G.; Rehder, K.S.; Brine, G.A. Improved syntheses of N-desmethylcitalopram and N,N-didesmethylcitalopram.
Synth. Commun. 2007, 37, 901-908. [CrossRef]

Pelander, A.; Ojanperd, I.; Hase, T.A. Preparation of N-demethylated drug metabolites for analytical purposes using 1-chloroethyl
chloroformate. Forensic Sci. Int. 1997, 85, 193-198. [CrossRef]

Hengeveld, ].E.; Gupta, A.K.; Kemp, A.H.; Thomas, A.V. Facile N-demethylation of erythromycins. Tetrahedron Lett. 1999, 40,
2497-2500. [CrossRef]

Flynn, E.H.; Murphy, HW.; McMahon, R.E. Erythromycin. II. Des-N-methylerythromycin and N-methyl-C14-erythromycin. J.
Am. Chem. Soc. 1955, 77, 3104-3106. [CrossRef]

Kim, J.C. A high yield conversion of N-norapomorphine from apomorphine. Arch. Pharm. Res. 1983, 6, 137-140. [CrossRef]
Michael Crider, A.; Grubb, R.; Bachmann, K.A.; Rawat, A K. Convenient synthesis of 6-nor-9,10-dihydrolysergic acid methyl ester.
J. Pharm. Sci. 1981, 70, 1319-1321. [CrossRef]

Casar, Z.; Mesar, T. A DMAP-catalyzed approach to the industrial-scale preparation of N-6-demethylated 9,10-dihydrolysergic
acid methyl ester: A key cabergoline and pergolide precursor. Org. Process Res. Dev. 2015, 19, 378-385. [CrossRef]


http://doi.org/10.1021/jm00202a018
http://doi.org/10.1016/S0040-4020(98)00551-1
http://doi.org/10.1021/jm00215a012
http://doi.org/10.1002/ejoc.201600153
http://doi.org/10.3987/COM-93-6441
http://doi.org/10.1055/s-1989-27129
http://doi.org/10.1021/jm00272a025
http://www.ncbi.nlm.nih.gov/pubmed/5008247
http://doi.org/10.1021/jo00900a044
http://www.ncbi.nlm.nih.gov/pubmed/1133605
http://doi.org/10.1002/jhet.5570140424
http://doi.org/10.1080/00304947609355601
http://doi.org/10.1021/jm950477z
http://www.ncbi.nlm.nih.gov/pubmed/8558527
http://doi.org/10.1016/j.bmc.2004.03.011
http://doi.org/10.1016/S0040-4039(01)82479-5
http://doi.org/10.1016/j.bmc.2014.10.036
http://doi.org/10.1002/jps.2600691229
http://doi.org/10.1016/S0040-4039(01)93104-1
http://doi.org/10.1080/00397919208021649
http://doi.org/10.1021/jm00344a005
http://www.ncbi.nlm.nih.gov/pubmed/6276546
http://doi.org/10.1021/jo00185a072
http://doi.org/10.1080/00397910601163745
http://doi.org/10.1016/S0379-0738(96)02088-9
http://doi.org/10.1016/S0040-4039(99)00244-0
http://doi.org/10.1021/ja01616a051
http://doi.org/10.1007/BF02857192
http://doi.org/10.1002/jps.2600701207
http://doi.org/10.1021/op500394f

Molecules 2022, 27, 3293 29 of 33

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

Suzuki, Y.; Iwata, M.; Yazaki, R.; Kumagai, N.; Shibasaki, M. Concise enantioselective synthesis of duloxetine via direct catalytic
asymmetric aldol reaction of thioamide. J. Org. Chem. 2012, 77, 4496-4500. [CrossRef] [PubMed]

Deeter, J.; Frazier, J.; Staten, G.; Staszak, M.; Weigel, L. Asymmetric synthesis and absolute stereochemistry of LY248686.
Tetrahedron Lett. 1990, 31, 7101-7104. [CrossRef]

Reiter, J.; Budai, Z.; Simig, G.; Balkso, G.; Imre, J.; Nagy, K.; Tompe, P. Process for the Preparation of Fluoxetine, World Intellectual
Property Organization. CH Patent Application WO 98/11054, 19 March 1998.

International Narcotics Control Board. Narcotics Drugs 2019: Estimated World Requirements for 2020-Statistics for 2018; United
Nations: Washington, DC, USA, 2020; ISBN 9789211483345.

International Narcotics Control Board. Psychotropic Substances 2020: Statistics for 2019-Assessments of Annual Medical and Scientific
Requirements for 2021; United Nations: Washington, DC, USA, 2020; ISBN 9789210481342.

Office of the Federal Register. National Archives and Records Administration Federal Register; Office of the Federal Register:
Washington, DC, USA, 2020; Volume 85, pp. 76604-76613.

Murahashi, S.I.; Watanabe, T. Palladium catalyzed hydrolysis of tertiary amines with water. J. Am. Chem. Soc. 1979, 101, 7429-7430.
[CrossRef]

Carroll, R.J.; Leisch, H.; Scocchera, E.; Hudlicky, T.; Cox, D.P. Palladium-Catalyzed N-Demethylation/N-acylation of some
morphine and tropane alkaloids. Adv. Synth. Catal. 2008, 350, 2984-2992. [CrossRef]

Machara, A.; Werner, L.; Endoma-Arias, M.A.; Cox, D.P,; Hudlicky, T. Improved synthesis of buprenorphine from thebaine
and/or oripavine via palladium-catalyzed N-demethylation/acylation and/or concomitant O-demethylation. Adv. Synth. Catal.
2012, 354, 613-626. [CrossRef]

Machara, A.; Cox, D.P; Hudlicky, T. Direct synthesis of naltrexone by palladium-catalyzed N-demethylation/ acylation of
oxymorphone: The benefit of C-H activation and the intramolecular acyl transfer from C-14 hydroxy. Adv. Synth. Catal. 2012, 354,
2713-2718. [CrossRef]

Gutmann, B.; Elsner, P; Cox, D.P.; Weigl, U.; Roberge, D.M.; Kappe, C.O. Toward the synthesis of noroxymorphone via aerobic
palladium-catalyzed continuous flow N-demethylation strategies. ACS Sustain. Chem. Eng. 2016, 4, 6048-6061. [CrossRef]
Gutmann, B.; Weigl, U.; Cox, D.P; Kappe, C.O. Batch- and continuous-flow aerobic oxidation of 14-hydroxy opioids to 1,3-
oxazolidines—A concise synthesis of noroxymorphone. Chem. Eur. ]. 2016, 22, 10393-10398. [CrossRef]

Murata, S.; Miura, M.; Nomura, M. Oxidation of 3- or 4-substituted N,N-dimethylanilines with molecular oxygen in the presence
of either ferric chloride or [Fe(salen)]OAc. J. Org. Chem. 1989, 54, 4700-4702. [CrossRef]

Murata, S.; Miura, M.; Nomura, M. Iron-catalysed oxidation of N,N-dimethylaniline with molecular oxygen. . Chem. Soc. Chem.
Commun. 1989, 24, 116-118. [CrossRef]

Sawyer, D.T.; Spencer, L.; Sugimoto, H. [Fel'(MeCN),]*+(ClO* "), and [Fe'Cls3] as Mimics for the catalytic centers of peroxidase,
catalase and cvtochrome P-450. Isr. . Chem. 1987, 28, 3—12. [CrossRef]

Santa, T.; Miyata, N.; Hirobe, M. Oxidation of tertiary amines and sulfides by an iron(IIl) porphyrin-O,-NaS,04 system as a
model of cytochrome P-450. Chem. Pharm. Bull. 1984, 32, 1252-1255. [CrossRef]

Smith, J.R.L.; Mortimer, D.N. Oxidative N-dealkylation of N,N-dimethylbenzylamines by metalloporphyrin-catalysed model
systems for cytochrome P450 mono-oxygenases. J. Chem. Soc. Chem. Commun. 1985, 2, 64-65. [CrossRef]

Nardg, D.; Lechowicz, U.; Pietryga, T.; Sobkowiak, A. Iron(I, III)-catalyzed oxidative N-dealkylation of amines with dioxygen. J.
Mol. Catal. A Chem. 2004, 212, 25-33. [CrossRef]

Do Pham, D.D.; Kelso, G.E; Yang, Y.; Hearn, M.T.W.W. One-pot oxidative N-demethylation of tropane alkaloids with hydrogen
peroxide and a Fe"TAML catalyst. Green Chem. 2012, 14, 1189-1195. [CrossRef]

Do Pham, D.D,; Kelso, G.F; Yang, Y.; Hearn, M.T.W.W. Studies on the oxidative N-demethylation of atropine, thebaine and
oxycodone using a Fel'-TAML catalyst. Green Chem. 2014, 16, 1399-1409. [CrossRef]

Grierson, D. The Polonovski reaction. Org. React. 2004, 39, 85-295.

Fish, M.S.; Johnson, N.M.; Lawrence, E.P.; Horning, E.C. Oxidative N-dealkylation. Biochim. Biophys. Acta 1955, 18, 564-565.
[CrossRef]

Fish, M.S.; Johnson, N.M.; Horning, E.C. t-Amine oxide rearrangements. N,N-Dimethyltryptamine oxide. J. Am. Chem. Soc. 1956,
78, 3668-3671. [CrossRef]

Sweeley, C.C.; Horning, E.C. Rearrangement and decarboxylation reactions of N,N-dimethylglycine oxide. J. Am. Chem. Soc. 1957,
79, 2620-2625. [CrossRef]

Fish, M.S.; Sweeley, C.C.; Johnson, N.M.; Lawrence, E.P.; Horning, E.C. Chemical and enzymic rearrangements of N,N-dimethyl
amino acid oxides. Biochim. Biophys. Acta 1956, 21, 196-197. [CrossRef]

Monkovi¢, I.; Wong, H.; Bachand, C. Secondary amines from the iron(II) ion-catalyzed reaction of amine oxides: A general
method for the dealkylation of tertiary amines. Synthesis 1985, 1985, 770-773. [CrossRef]

Mary, A.; Renko, D.Z.; Guillou, C.; Thal, C. Selective N-demethylation of galanthamine to norgalanthamine via a non classical
Polonovski reaction. Tetrahedron Lett. 1997, 38, 5151-5152. [CrossRef]

McCamley, K.; Ripper, J.A.; Singer, R.D.; Scammells, PJ. Efficient N-demethylation of opiate alkaloids using a modified nonclassical
Polonovski reaction. J. Org. Chem. 2003, 68, 9847-9850. [CrossRef]

Thavaneswaran, S.; Scammells, PJ. Further investigation of the N-demethylation of tertiary amine alkaloids using the non-classical
Polonovski reaction. Bioorg. Med. Chem. Lett. 2006, 16, 2868-2871. [CrossRef]


http://doi.org/10.1021/jo300566p
http://www.ncbi.nlm.nih.gov/pubmed/22494391
http://doi.org/10.1016/S0040-4039(00)97251-4
http://doi.org/10.1021/ja00518a062
http://doi.org/10.1002/adsc.200800667
http://doi.org/10.1002/adsc.201100807
http://doi.org/10.1002/adsc.201200677
http://doi.org/10.1021/acssuschemeng.6b01371
http://doi.org/10.1002/chem.201601902
http://doi.org/10.1021/jo00280a049
http://doi.org/10.1039/c39890000116
http://doi.org/10.1002/ijch.198800003
http://doi.org/10.1248/cpb.32.1252
http://doi.org/10.1039/c39850000064
http://doi.org/10.1016/j.molcata.2003.11.018
http://doi.org/10.1039/c2gc16207e
http://doi.org/10.1039/C3GC41972J
http://doi.org/10.1016/0006-3002(55)90150-5
http://doi.org/10.1021/ja01596a030
http://doi.org/10.1021/ja01567a071
http://doi.org/10.1016/0006-3002(56)90126-3
http://doi.org/10.1055/s-1985-31342
http://doi.org/10.1016/S0040-4039(97)01097-6
http://doi.org/10.1021/jo035243z
http://doi.org/10.1016/j.bmcl.2006.03.017

Molecules 2022, 27, 3293 30 of 33

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Dong, Z.; Scammells, P.J. New methodology for the N-demethylation of opiate alkaloids. J. Org. Chem. 2007, 72, 9881-9885.
[CrossRef]

Kok, G.; Ashton, T.D.; Scammells, PJ. An improved process for the N-demethylation of opiate alkaloids using an iron(II) catalyst
in acetate buffer. Adv. Synth. Catal. 2009, 351, 283-286. [CrossRef]

Kok, G.B.; Scammells, PJ. N-Demethylation of N-methyl alkaloids with ferrocene. Bioorg. Med. Chem. Lett. 2010, 20, 4499-4502.
[CrossRef]

Kok, G.B.; Scammells, P.J. Polonovski-type N-demethylation of N-methyl alkaloids using substituted ferrocene redox catalysts.
Synthesis 2012, 44, 2587-2594. [CrossRef]

Kok, G.B.; Pye, C.C.; Singer, R.D.; Scammells, P.J. Two-step iron(0)-mediated N-demethylation of N-methyl alkaloids. J. Org.
Chem. 2010, 75, 4806—4811. [CrossRef] [PubMed]

Kok, G.B.; Scammells, PJ. Efficient iron-catalyzed N-demethylation of tertiary amine-N-oxides under oxidative conditions. Aust.
J. Chem. 2011, 64, 1515-1521. [CrossRef]

Kok, G.B.; Scammells, PJ. Further investigations into the N-demethylation of oripavine using iron and stainless steel. Org. Biormol.
Chem. 2011, 9, 1008-1011. [CrossRef] [PubMed]

Nakano, Y.; Savage, G.P; Saubern, S.; Scammells, PJ.; Polyzos, A. A multi-step continuous flow process for the N-demethylation
of alkaloids. Aust. . Chem. 2013, 66, 178-182. [CrossRef]

Awalt, ] K.; Lam, R.; Kellam, B.; Graham, B.; Scammells, PJ.; Singer, R.D. Utility of iron nanoparticles and a solution-phase iron
species for the N-demethylation of alkaloids. Green Chem. 2017, 19, 2587-2594. [CrossRef]

Awalt, ].K; Scammells, PJ.; Singer, R.D. liquid assisted grinding (LAG) for the N-demethylation of alkaloids. ACS Sustain. Chem.
Eng. 2018, 6, 10052-10057. [CrossRef]

Berényi, S.; Gyulai, Z.; Udvardy, A.; Sipos, A. One-pot N-dealkylation and acid-catalyzed rearrangement of morphinans into
aporphines. Tetrahedron Lett. 2010, 51, 1196-1198. [CrossRef]

Smith, C.; Purcell, S.; Waddell, L.; Hayes, N.; Ritchie, ]. World Intellectual Property Organization. CH Patent Application WO
2005/028483A1, 20 January 2005.

Werner, L.; Wernerova, M.; MacHara, A.; Endoma-Arias, M.A.; Duchek, J.; Adams, D.R.; Cox, D.P.; Hudlicky, T. Unexpected
N-demethylation of oxymorphone and oxycodone N-oxides mediated by the burgess reagent: Direct synthesis of naltrexone,
naloxone, and other antagonists from oxymorphone. Adv. Synth. Catal. 2012, 354, 2706-2712. [CrossRef]

Endoma-Arias, M.A.A.; Cox, D.P; Hudlicky, T. General method of synthesis for naloxone, naltrexone, nalbuphone, and nalbuphine
by the reaction of Grignard reagents with an oxazolidine derived from oxymorphone. Adv. Synth. Catal. 2013, 355, 1869-1873.
[CrossRef]

Singh, G.; Koerner, T.B.; Godefroy, S.B.; Armand, C. N-demethylation of cyamemazine via non-classical Polonovski reaction and
its conjugation to bovine serum albumin. Bioorg. Med. Chem. Lett. 2012, 22, 2160-2162. [CrossRef]

Fodi, T.; Ignacz, G.; Decsi, B.; Béni, Z.; Tards, G.1; Kupai, J.; Weiser, D.B.; Greiner, I.; Huszthy, P.; Balogh, G.T. Biomimetic synthesis
of drug metabolites in batch and continuous-flow reactors. Chem. Eur. J. 2018, 24, 9385-9392. [CrossRef] [PubMed]

Antier, C.; Kudsk, P; Reboud, X.; Ulber, L.; Baret, P.V.; Messéan, A. Glyphosate use in the European agricultural sector and a
framework for its further monitoring. Sustainability 2020, 12, 5682. [CrossRef]

Pyrjaev, P.A.; Yushchenko, D.Y.; Moroz, B.L.; Pai, Z.P; Bukhtiyarov, VI. Aqueous-phase oxidation of N-substituted N-
phosphonomethyl glycines into glyphosate with hydrogen peroxide in the presence of carbon-supported gold catalysts. Chem.
Select 2019, 4, 10756-10764. [CrossRef]

Yushchenko, D.Y.; Khlebnikova, T.B.; Pai, Z.P,; Bukhtiyarov, V.I. Glyphosate: Methods of synthesis. Kinet. Catal. 2021, 62, 331-341.
[CrossRef]

Morgenstern, D. Process for the Preparation of N-(Phosphonomethyl)glycine by Oxidizing N-Substituted N-(Phosphonomethyl)gl
ycine. U.S. Patent 7,297,657 B2, 20 November 2007.

Yushchenko, D.Y.; Simonov, P.A.; Khlebnikova, T.B.; Pai, Z.P.; Bukhtiyarov, V.I. Oxidation of N-isopropyl phosphonomethyl
glycine with hydrogen peroxide catalyzed by carbon-supported gold nanoparticles. Catal. Commun. 2019, 121, 57-61. [CrossRef]
Parry, D.R; Tomlin, C.D.S. Preparation of N-Phosphonomethylglycine. U.S. Patent 3,956,370, 11 May 1976.

Gaertner, R.V. Process for Producing N-Phosphonomethyl Glycine. U.S. Patent 3,927,080, 16 December 1975.

Miller, H.W.; Balthazor, M.T. Thermal Dealkylation of N-Alkyl N-Phosphonomethylglycine. U.S. Patent 5,068,404, 26 November
1991.

Murahashi, S.S.; Naota, T.; Yonemura, K. Ruthenium-catalyzed cytochrome P-450 type oxidation of tertiary amines with alkyl
hydroperoxides. J. Am. Chem. Soc. 1988, 110, 8256-8258. [CrossRef]

Murahashi, S.I; Naota, T.; Miyaguchi, N.; Nakato, T. Ruthenium-catalyzed oxidation of tertiary amines with hydrogen peroxide
in the presence of methanol. Tetrahedron Lett. 1992, 33, 6991-6994. [CrossRef]

Hollmann, D.; Bahn, S.; Tillack, A.; Beller, M. N-Dealkylation of aliphatic amines and selective synthesis of monoalkylated aryl
amines. Chem. Commun. 2008, 27, 3199-3201. [CrossRef]

Ling, Z.; Yun, L.; Liu, L.; Wu, B.; Fu, X. Aerobic oxidative N-dealkylation of tertiary amines in aqueous solution catalyzed by
rhodium porphyrins. Chem. Commun. 2013, 49, 4214-4216. [CrossRef]

Yun, L.; Zhen, L.; Wang, Z.; Fu, X. Aerobic oxidative N-dealkylation of secondary amines in aqueous solution catalyzed by
rhodium porphyrins. J. Porphyr. Phthalocyanines 2014, 18, 937-943. [CrossRef]


http://doi.org/10.1021/jo071171q
http://doi.org/10.1002/adsc.200800632
http://doi.org/10.1016/j.bmcl.2010.06.031
http://doi.org/10.1055/s-0032-1316590
http://doi.org/10.1021/jo1008492
http://www.ncbi.nlm.nih.gov/pubmed/20565062
http://doi.org/10.1071/CH11320
http://doi.org/10.1039/C0OB01021A
http://www.ncbi.nlm.nih.gov/pubmed/21186398
http://doi.org/10.1071/CH12463
http://doi.org/10.1039/C7GC00436B
http://doi.org/10.1021/acssuschemeng.8b01393
http://doi.org/10.1016/j.tetlet.2009.12.103
http://doi.org/10.1002/adsc.201200676
http://doi.org/10.1002/adsc.201300284
http://doi.org/10.1016/j.bmcl.2012.01.131
http://doi.org/10.1002/chem.201800892
http://www.ncbi.nlm.nih.gov/pubmed/29736963
http://doi.org/10.3390/su12145682
http://doi.org/10.1002/slct.201902625
http://doi.org/10.1134/S0023158421030113
http://doi.org/10.1016/j.catcom.2018.12.012
http://doi.org/10.1021/ja00232a060
http://doi.org/10.1016/S0040-4039(00)60914-0
http://doi.org/10.1039/b803114b
http://doi.org/10.1039/C2CC37263K
http://doi.org/10.1142/S108842461450076X

Molecules 2022, 27, 3293 31 of 33

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.
126.

127.
128.
129.
130.
131.
132.
133.
134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Maiti, D.; Narducci Sarjeant, A.A.; Karlin, K.D. Copper(II)-hydroperoxo complex induced oxidative N-dealkylation chemistry. J.
Am. Chem. Soc. 2007, 129, 6720-6721. [CrossRef] [PubMed]

Kim, S.; Ginsbach, J.W,; Lee, ].Y,; Peterson, R.L.; Liu, ].].; Siegler, M.A.; Sarjeant, A.A.; Solomon, E.I; Karlin, K.D. Amine oxidative
N-dealkylation via cupric hydroperoxide Cu-OOH homolytic cleavage followed by site-specific fenton chemistry. J. Am. Chem.
Soc. 2015, 137, 2867-2874. [CrossRef] [PubMed]

Genovino, J.; Liitz, S.; Sames, D.; Touré, B.B. Complementation of biotransformations with chemical C-H oxidation: Copper-
catalyzed oxidation of tertiary amines in complex pharmaceuticals. J. Am. Chem. Soc. 2013, 135, 12346-12352. [CrossRef]
[PubMed]

Genovino, J.; Sames, D.; Touré, B.B. Access to drug metabolites via C-H functionalization: Copper-catalyzed aerobic oxidation of
N,N-dimethylalkylamines in complex pharmaceuticals. Tetrahedron Lett. 2015, 56, 3066-3069. [CrossRef]

Murahashi, S.I; Zhang, D. Ruthenium catalyzed biomimetic oxidation in organic synthesis inspired by cytochrome P-450. Cherm.
Soc. Rev. 2008, 37, 1490-1501. [CrossRef]

Liu, Y,; Yan, Y,; Xue, D.; Wang, Z.; Xiao, ].; Wang, C. Highly efficient binuclear copper-catalyzed oxidation of N,N-dimethylanilines
with O,. ChemCatChem 2020, 12, 2221-2225. [CrossRef]

Shatskiy, A.; Lundberg, H.; Karkés, M.D. Organic electrosynthesis: Applications in complex molecule synthesis. ChemElectroChem
2019, 6, 4067-4092. [CrossRef]

Wiebe, A.; Gieshoff, T.; Mohle, S.; Rodrigo, E.; Zirbes, M.; Waldvogel, S.R. Electrifying organic synthesis. Angew. Chem. Int. Ed.
2018, 57, 5594-5619. [CrossRef]

Yan, M.; Kawamata, Y.; Baran, P.S. Synthetic organic electrochemical methods since 2000: On the verge of a renaissance. Chem.
Rev. 2017, 117, 13230-13319. [CrossRef]

Shono, T. Electroorganic chemistry in organic synthesis. Tetrahedron 1984, 40, 811-850. [CrossRef]

Bussy, U.; Boujtita, M. Advances in the electrochemical simulation of oxidation reactions mediated by cytochrome P450. Chem.
Res. Toxicol. 2014, 27, 1652-1668. [CrossRef] [PubMed]

Nouri-Nigjeh, E.; Bischoff, R.; Bruins, P.A.; Permentier, P.H. Electrochemistry in the mimicry of oxidative drug metabolism by
cytochrome P450s. Curr. Drug Metab. 2011, 12, 359-371. [CrossRef] [PubMed]

Dapo, R.F; Mann, C.K. Anodic oxidation of triethylamine. Anal. Chem. 1963, 35, 677-680. [CrossRef]

Mann, C.K. Cyclic stationary electrode voltammetry of some aliphatic amines. Anal. Chem. 1964, 36, 2424-2426. [CrossRef]
Masui, M.; Sayo, H.; Tsuda, Y. Anodic oxidation of amines. Part I. Cyclic voltammetry of aliphatic amines at a stationary
glassy-carbon electrode. J. Chem. Soc. B Phys. Org. 1968, 973-976. [CrossRef]

Barnes, K.K.; Mann, C.K. Electrochemical oxidation of primary aliphatic amines. J. Org. Chem. 1967, 32, 1474-1479. [CrossRef]
Smith, PJ.; Mann, C.K. Electrochemical dealkylation of aliphatic amines. . Org. Chem. 1969, 34, 1821-1826. [CrossRef]

Portis, L.C.; Bhat, V.V,; Mann, C.K. Electrochemical dealkylation of aliphatic tertiary and secondary amines. J. Org. Chem. 1970,
35,2175-2178. [CrossRef]

Shono, T.; Toda, T.; Oshino, N. Preparation of N-dealkylated drug metabolites by electrochemical simulation of biotransformation.
Drug Metab. Dispos. 1981, 9, 481-482.

Shono, T.; Toda, T.; Oshino, N. Electron transfer from nitrogen in microsomal oxidation of amine and amide. Simulation of
microsomal oxidation by anodic oxidation. J. Am. Chem. Soc. 1982, 104, 2639-2641. [CrossRef]

Pedersen, A.J.; Ambach, L.; Kénig, S.; Weinmann, W. Electrochemical simulation of phase I metabolism for 21 drugs using four
different working electrodes in an automated screening setup with MS detection. Bioanalysis 2014, 6, 2607-2621. [CrossRef]
[PubMed]

Jahn, S.; Baumann, A.; Roscher, J.; Hense, K.; Zazzeroni, R.; Karst, U. Investigation of the biotransformation pathway of
verapamil using electrochemistry /liquid chromatography/mass spectrometry—A comparative study with liver cell microsomes.
J. Chromatogr. A 2011, 1218, 9210-9220. [CrossRef] [PubMed]

Nouri-Nigjeh, E.; Permentier, H.P,; Bischoff, R.; Bruins, A.P. Lidocaine oxidation by electrogenerated reactive oxygen species in
the light of oxidative drug metabolism. Anal. Chem. 2010, 82, 7625-7633. [CrossRef] [PubMed]

Nouri-Nigjeh, E.; Bischoff, R.; Bruins, A.P.; Permentier, H.P. Electrochemical oxidation by square-wave potential pulses in the
imitation of phenacetin to acetaminophen biotransformation. Analyst 2011, 136, 5064-5067. [CrossRef] [PubMed]
Nouri-Nigjeh, E.; Bruins, A.P,; Bischoff, R.; Permentier, H.P. Electrocatalytic oxidation of hydrogen peroxide on a platinum
electrode in the imitation of oxidative drug metabolism of lidocaine. Analyst 2012, 137, 4698. [CrossRef] [PubMed]

Gul, T.; Bischoff, R.; Permentier, H.P. Optimization of reaction parameters for the electrochemical oxidation of lidocaine with a
design of experiments approach. Electrochim. Acta 2015, 171, 23-28. [CrossRef]

Torres, S.; Brown, R.; Szucs, R.; Hawkins, ]. M.; Scrivens, G.; Pettman, A.; Kraus, D.; Taylor, M.R. Rapid synthesis of pharmaceutical
oxidation products using electrochemistry: A systematic study of N-dealkylation reactions of fesoterodine using a commercially
available synthesis cell. Org. Process Res. Dev. 2015, 19, 1596-1603. [CrossRef]

Roth, H.G.; Romero, N.A ; Nicewicz, D.A. Experimental and calculated electrochemical potentials of common organic molecules
for applications to single-electron redox chemistry. Synlett 2016, 27, 714-723. [CrossRef]

Torriero, A.A.J.; Shiddiky, M.J.A.; Burgar, I.; Bond, A.M. Homogeneous electron-transfer reaction between electrochemically
generated ferrocenium ions and amine-containing compounds. Organometallics 2013, 32, 5731-5739. [CrossRef]


http://doi.org/10.1021/ja0719024
http://www.ncbi.nlm.nih.gov/pubmed/17474748
http://doi.org/10.1021/ja508371q
http://www.ncbi.nlm.nih.gov/pubmed/25706825
http://doi.org/10.1021/ja405471h
http://www.ncbi.nlm.nih.gov/pubmed/23875728
http://doi.org/10.1016/j.tetlet.2014.11.037
http://doi.org/10.1039/b706709g
http://doi.org/10.1002/cctc.201901962
http://doi.org/10.1002/celc.201900435
http://doi.org/10.1002/anie.201711060
http://doi.org/10.1021/acs.chemrev.7b00397
http://doi.org/10.1016/S0040-4020(01)91472-3
http://doi.org/10.1021/tx5001943
http://www.ncbi.nlm.nih.gov/pubmed/25285807
http://doi.org/10.2174/138920011795202929
http://www.ncbi.nlm.nih.gov/pubmed/21395527
http://doi.org/10.1021/ac60199a054
http://doi.org/10.1021/ac60219a014
http://doi.org/10.1039/j29680000973
http://doi.org/10.1021/jo01280a037
http://doi.org/10.1021/jo01258a063
http://doi.org/10.1021/jo00832a014
http://doi.org/10.1021/ja00373a053
http://doi.org/10.4155/bio.14.166
http://www.ncbi.nlm.nih.gov/pubmed/25411704
http://doi.org/10.1016/j.chroma.2011.10.052
http://www.ncbi.nlm.nih.gov/pubmed/22098935
http://doi.org/10.1021/ac101364s
http://www.ncbi.nlm.nih.gov/pubmed/20735006
http://doi.org/10.1039/c1an15643h
http://www.ncbi.nlm.nih.gov/pubmed/21984979
http://doi.org/10.1039/c2an35388a
http://www.ncbi.nlm.nih.gov/pubmed/22929863
http://doi.org/10.1016/j.electacta.2015.04.160
http://doi.org/10.1021/op500312e
http://doi.org/10.1055/s-0035-1561297
http://doi.org/10.1021/om4002318

Molecules 2022, 27, 3293 32 of 33

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Torriero, A.A.].].; Morda, J.; Saw, ]. Electrocatalytic dealkylation of amines mediated by ferrocene. Organometallics 2019, 38,
4280-4287. [CrossRef]

Sasano, Y.; Sato, F; Iwabuchi, Y.; Ono, T.; Kashiwagi, Y.; Dairaku, T.; Yoshida, K.; Kumano, M.; Sato, K. Electrochemical oxidation
of amines using a nitroxyl radical catalyst and the electroanalysis of lidocaine. Catalysts 2018, 8, 649. [CrossRef]

Bussy, U.; Delaforge, M.; El-Bekkali, C.; Ferchaud-Roucher, V.; Krempf, M.; Tea, I.; Galland, N.; Jacquemin, D.; Boujtita, M.
Acebutolol and alprenolol metabolism predictions: Comparative study of electrochemical and cytochrome P450-catalyzed
reactions using liquid chromatography coupled to high-resolution mass spectrometry. Anal. Bioanal. Chem. 2013, 405, 6077-6085.
[CrossRef] [PubMed]

Van Leeuwen, S.M.; Blankert, B.; Kauffmann, ].M.; Karst, U. Prediction of clozapine metabolism by on-line electrochemistry/liquid
chromatography/mass spectrometry. Anal. Bioanal. Chem. 2005, 382, 742-750. [CrossRef] [PubMed]

Lohmann, W.; Karst, U. Electrochemistry meets enzymes: Instrumental on-line simulation of oxidative and conjugative
metabolism reactions of toremifene. Anal. Bioanal. Chem. 2009, 394, 1341-1348. [CrossRef]

Nozaki, K.; Osaka, I.; Kawasaki, H.; Arakawa, R. Application of on-line electrochemistry/electrospray/tandem mass spectrometry
to a quantification method for the antipsychotic drug zotepine in human serum. Anal. Sci. 2009, 25, 1197-1201. [CrossRef]
[PubMed]

Johansson, T.; Weidolf, L.; Jurva, U. Mimicry of phase I drug metabolism-novel methods for metabolite characterization and
synthesis. Rapid Commun. Mass Spectrom. 2007, 21, 2323-2331. [CrossRef]

Alipour Najmi, A.; Xiao, Z.; Bischoff, R.; Dekker, EJ.; Permentier, H.P. Electrochemical N-demethylation of tropane alkaloids.
Green Chem. 2020, 22, 6455-6463. [CrossRef]

Glotz, G.; Kappe, C.O.; Cantillo, D. Electrochemical N-demethylation of 14-hydroxy morphinans: Sustainable access to opioid
antagonists. Org. Lett. 2020, 22, 6891-6896. [CrossRef]

Frazier, W.H.; Coeur, C.; Smith, R.L.; Wagenknecht, H.J. Electrolytic Process for Producing N-Phosphonomethyl Glycine. U.S.
Patent 3,835,000, 10 September 1974.

Xiang, J.; Peng, M.; Pan, Y.; Luo, L.-J.; Cheng, S.-C.; Jin, X.-X,; Yiu, 5.-M.; Man, W.-L.; Ko, C.-C.; Lau, K.-C; et al. Visible
light-induced oxidative N-dealkylation of alkylamines by a luminescent osmium(VI) nitrido complex. Chem. Sci. 2021, 12,
14494-14498. [CrossRef]

Gorner, H.; Dopp, D. Photoinduced demethylation of 4-nitro-N,N-dimethylaniline. Photochem. Photobiol. Sci. 2002, 1, 270-277.
[CrossRef]

Fawi, M.; Latif, A. El Solar and ultraviolet N-dealkylation of N,N-dimethylaminobenzylidene malonic acid derivatives via
photoexcited polycyclic nitroaromatic compounds. J. Photochem. Photobiol. A Chem. 2001, 141, 241-245. [CrossRef]

Zhou, J.; Wang, S.; Duan, W.; Lian, Q.; Wei, W. Catalyst-free photoinduced selective oxidative C(sp3)-C(sp3) bond cleavage in
arylamines. Green Chem. 2021, 23, 3261-3267. [CrossRef]

Tesema, T.E.; Annesley, C.; Habteyes, T.G. Plasmon-enhanced autocatalytic N-demethylation. J. Phys. Chem. C 2018, 122,
19831-19841. [CrossRef]

Pandey, G.; Rani, K.S.; Bhalerao, U.T.; Pandey, C.; Rani, K.S. Photooxidative set initiated N-demethylation of NN’ -dimethylanlines:
Mimicking the cytochrome P-450 type oxygenations. Tetrahedron Lett. 1990, 31, 1199-1202. [CrossRef]

Santamaria, J.; Ouchabane, R.; Rigaudy, J. Electron-transfer activation. Photochemical N-demethylation of tertiary amines.
Tetrahedron Lett. 1989, 30, 2927-2928. [CrossRef]

Ripper, ].A,; Tiekink, R.T.; Scammells, PJ. Photochemical N-Demethylation of alkaloids. Bioorg. Med. Chem. Lett. 2001, 11, 443-445.
[CrossRef]

Chen, Y,; Glotz, G.; Cantillo, D.; Kappe, C.O. Organophotocatalytic N-demethylation of oxycodone using molecular oxygen.
Chem. Eur. ]. 2020, 26, 2973-2979. [CrossRef]

Rueping, M.; Vila, C.; Szadkowska, A.; Koenigs, R.M.; Fronert, J. Photoredox catalysis as an efficient tool for the aerobic oxidation
of amines and alcohols: Bioinspired demethylations and condensations. ACS Catal. 2012, 2, 2810-2815. [CrossRef]

Xiao, L.; Huang, Y.; Luo, Y.; Yang, B.; Liu, Y.; Zhou, X.; Zhang, J. Organic cotton photocatalysis. ACS Sustain. Chem. Eng. 2018, 6,
14759-14766. [CrossRef]

Firoozi, S.; Hosseini-Sarvari, M. Nanosized CdS as a reusable photocatalyst: The study of different reaction pathways between
tertiary amines and aryl sulfonyl chlorides through visible-light-induced N-dealkylation and C-H activation processes. J. Org.
Chem. 2021, 86, 2117-2134. [CrossRef]

Wu, G;; Li, Y;; Yu, X,; Gao, Y.; Chen, H. Acetic acid accelerated visible-light photoredox catalyzed N-demethylation of N,N-
dimethylaminophenyl derivatives. Adv. Synth. Catal. 2017, 359, 687-692. [CrossRef]

Zhao, H.; Leonori, D. Minimization of back-electron transfer enables the elusive sp3 C-H functionalization of secondary anilines.
Angew. Chem. Int. Ed. 2021, 60, 7669-7674. [CrossRef] [PubMed]

Xie, L.J.; Wang, R.L.; Wang, D.; Liu, L.; Cheng, L. Visible-light-mediated oxidative demethylation of: N6—methyl adenines. Chem.
Commun. 2017, 53, 10734-10737. [CrossRef]

Gul, T.; Bischoff, R.; Permentier, H.P. Electrosynthesis methods and approaches for the preparative production of metabolites
from parent drugs. TrAC-Trends Anal. Chem. 2015, 70, 58-66. [CrossRef]

Caswell, JM.; O'Neill, M.; Taylor, S.J.C.; Moody, T.S. Engineering and application of P450 monooxygenases in pharmaceutical
and metabolite synthesis. Curr. Opin. Chem. Biol. 2013, 17, 271-275. [CrossRef] [PubMed]


http://doi.org/10.1021/acs.organomet.9b00557
http://doi.org/10.3390/catal8120649
http://doi.org/10.1007/s00216-013-7050-7
http://www.ncbi.nlm.nih.gov/pubmed/23700103
http://doi.org/10.1007/s00216-005-3053-3
http://www.ncbi.nlm.nih.gov/pubmed/15864499
http://doi.org/10.1007/s00216-008-2586-7
http://doi.org/10.2116/analsci.25.1197
http://www.ncbi.nlm.nih.gov/pubmed/19822962
http://doi.org/10.1002/rcm.3077
http://doi.org/10.1039/D0GC00851F
http://doi.org/10.1021/acs.orglett.0c02424
http://doi.org/10.1039/D1SC04369B
http://doi.org/10.1039/b200352j
http://doi.org/10.1016/S1010-6030(01)00395-1
http://doi.org/10.1039/D1GC00743B
http://doi.org/10.1021/acs.jpcc.8b07078
http://doi.org/10.1016/S0040-4039(00)88765-1
http://doi.org/10.1016/S0040-4039(00)99160-3
http://doi.org/10.1016/S0960-894X(00)00690-9
http://doi.org/10.1002/chem.201905505
http://doi.org/10.1021/cs300604k
http://doi.org/10.1021/acssuschemeng.8b03308
http://doi.org/10.1021/acs.joc.0c02263
http://doi.org/10.1002/adsc.201601108
http://doi.org/10.1002/anie.202100051
http://www.ncbi.nlm.nih.gov/pubmed/33459469
http://doi.org/10.1039/C7CC05544G
http://doi.org/10.1016/j.trac.2015.01.016
http://doi.org/10.1016/j.cbpa.2013.01.028
http://www.ncbi.nlm.nih.gov/pubmed/23453938

Molecules 2022, 27, 3293 33 of 33

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Hrynchak, I.; Sousa, E.; Pinto, M.; Costa, V.M. The importance of drug metabolites synthesis: The case-study of cardiotoxic
anticancer drugs. Drug Metab. Rev. 2017, 49, 158-196. [CrossRef]

Cusack, K.P,; Koolman, H.E; Lange, U.E.W,; Peltier, H.M.; Piel, I; Vasudevan, A. Emerging technologies for metabolite generation
and structural diversification. Bioorg. Med. Chem. Lett. 2013, 23, 5471-5483. [CrossRef]

Genovino, J.; Sames, D.; Hamann, L.G.; Touré, B.B. Accessing drug metabolites via transition-metal catalyzed C—H oxidation:
The liver as synthetic inspiration. Angew. Chem. Int. Ed. 2016, 55, 14218-14238. [CrossRef]

Bonn, B.; Masimirembwa, C.M.; Aristei, Y.; Zamora, I. The molecular basis of CYP2D6-mediated N-dealkylation: Balance between
metabolic clearance routes and enzyme inhibition. Drug Metab. Dispos. 2008, 36, 2199-2210. [CrossRef]

Coutts, R.T.; Su, P; Baker, G.B. Involvement of CYP2D6, CYP3A4, and other cytochrome P-450 isozymes in N-dealkylation
reactions. J. Pharmacol. Toxicol. Methods 1994, 31, 177-186. [CrossRef]

Lundemo, M.T.; Woodley, ]. M. Guidelines for development and implementation of biocatalytic P450 processes. Appl. Microbiol.
Biotechnol. 2015, 99, 2465-2483. [CrossRef] [PubMed]

Zelasko, S.; Palaria, A.; Das, A. Optimizations to achieve high-level expression of cytochrome P450 proteins using Escherichia coli
expression systems. Protein Expr. Purif. 2013, 92, 77-87. [CrossRef] [PubMed]

Schroer, K.; Kittelmann, M.; Liitz, S. Recombinant human cytochrome P450 monooxygenases for drug metabolite synthesis.
Biotechnol. Bioeng. 2010, 106, 699-706. [CrossRef] [PubMed]

Urlacher, V.B.; Girhard, M. Cytochrome P450 monooxygenases in biotechnology and synthetic biology. Trends Biotechnol. 2019, 37,
882-897. [CrossRef] [PubMed]

Olsen, D.; Nelson, L.; Ludwidshafen, A.G.; Ger, W.; Nelson, W.L.; Olsen, L.D. Regiochemistry and enantioselectivity in the
oxidative N-dealkylation of verapamil. Drug Metab. Dispos. 1988, 16, LP834-LP841.

Shen, C.; Liu, H.; Dai, W.; Liu, X.; Liu, J.; Yu, B. Specific N-demethylation of verapamil by cytochrome P450 from Streptomyces
griseus ATCC 13273. Eng. Life Sci. 2019, 19, 292-301. [CrossRef] [PubMed]

Luurtsema, G.; Windhorst, A.D.; Mooijer, M.PJ.; Herscheid, ].D.M.; Lammertsma, A.A.; Franssen, E.J.F. Fully automated high
yield synthesis of (R)- and (S)-['!C]verapamil for measuring P-glycoprotein function with positron emission tomography. J. Label.
Compd. Radiopharm. 2002, 45, 1199-1207. [CrossRef]

Elsinga, PH.; Windhorst, A.D.; Lammertsma, A.A.; Luurtsema, G.; Schuit, R.C.; Kooijman, E.J.M.; Raaphorst, R.M. Synthesis and
evaluation of new fluorine-18 labeled verapamil analogs to investigate the function of P-glycoprotein in the blood-brain barrier.
ACS Chem. Neurosci. 2017, 8, 1925-1936. [CrossRef]

Livezey, M.R,; Briggs, E.D.; Bolles, A.K.; Nagy, L.D.; Fujiwara, R.; Furge, L.L. Metoclopramide is metabolized by CYP2D6 and is a
reversible inhibitor, but not inactivator, of CYP2D6. Xenobiotica 2014, 44, 309-319. [CrossRef]

Akutsu, T.; Kobayashi, K.; Sakurada, K.; Ikegaya, H.; Furihata, T.; Chiba, K. Identification of human cytochrome P450 isozymes
involved in diphenhydramine N-demethylation. Drug Metab. Dispos. 2007, 35, 72-78. [CrossRef]

Gantenbein, M.; Attolini, L.; Bruguerolle, B.; Villard, P.H.; Puyoou, F; Durand, A.; Lacarelle, B.; Hardwigsen, ].; Le-Treut, Y.P.
Oxidative metabolism of bupivacaine into pipecolylxylidine in humans is mainly catalyzed by CYP3A. Drug Metab. Dispos. 2000,
28,383-385. [PubMed]

Ghahramani, P; Ellis, SW.; Lennard, M.S.; Ramsay, L.E.; Tucker, G.T. Cytochromes P450 mediating the N-demethylation of
amitriptyline. Br. J. Clin. Pharmacol. 1997, 43, 137-144. [CrossRef] [PubMed]

Botsch, S.; Gautier, J.C.; Beaune, P,; Eichelbaum, M.; Kroemer, H. K. Identification and characterization of the cytochrome P450
enzymes involved in N-dealkylation of propafenone: Molecular base for interaction potential and variable disposition of active
metabolites. Mol. Pharmacol. 1993, 43, 120-126. [PubMed]

Ren, X; Yorke, J.A ; Taylor, E.; Zhang, T.; Zhou, W.; Wong, L.L. Drug oxidation by cytochrome P450BM3: Metabolite synthesis
and discovering new P450 reaction types. Chem. Eur. J. 2015, 21, 15039-15047. [CrossRef] [PubMed]

Stenmark, H.G.; Brazzale, A.; Ma, Z. Biomimetic synthesis of macrolide/ketolide metabolites through a selective N-demethylation
reaction. J. Org. Chem. 2000, 65, 3875-3876. [CrossRef]

Richards, L.; Lutz, A.; Chalmers, D.K.; Jarrold, A.; Bowser, T.; Stevens, G.W.; Gras, S.L. Production of metabolites of the anti-cancer
drug noscapine using a P450BM3 mutant library. Biotechnol. Rep. 2019, 24, e00372. [CrossRef]

Richards, L.; Jarrold, A.; Bowser, T.; Stevens, G.W.; Gras, S.L. Cytochrome P450-mediated N-demethylation of noscapine by
whole-cell biotransformation: Process limitations and strategies for optimisation. . Ind. Microbiol. Biotechnol. 2020, 47, 449—-464.
[CrossRef]

Gandombkar, S.; Fischereder, E.-M.; Schrittwieser, ].H.; Wallner, S.; Habibi, Z.; Macheroux, P.; Kroutil, W. Enantioselective oxidative
aerobic dealkylation of N-ethyl benzylisoquinolines by employing the berberine bridge enzyme. Angew. Chem. Int. Ed. 2015, 54,
15051-15054. [CrossRef]

O'Reilly, E.; Iglesias, C.; Turner, N.J. Monoamine oxidase-w-transaminase cascade for the deracemisation and dealkylation of
amines. ChemCatChem 2014, 6, 992-995. [CrossRef]

Xin, Y,; Hao, M,; Fan, G.; Zhang, Y.; Zhang, L. Soluble expression of Thermomicrobium roseum sarcosine oxidase and characterization
of N-demethylation activity. Mol. Catal. 2019, 464, 48-56. [CrossRef]

Augustin, M.M.; Augustin, ].M.; Brock, J.R.; Kutchan, T.M. Enzyme morphinan N-demethylase for more sustainable opiate
processing. Nat. Sustain. 2019, 2, 465-474. [CrossRef]


http://doi.org/10.1080/03602532.2017.1316285
http://doi.org/10.1016/j.bmcl.2013.08.003
http://doi.org/10.1002/anie.201602644
http://doi.org/10.1124/dmd.108.022376
http://doi.org/10.1016/1056-8719(94)90001-9
http://doi.org/10.1007/s00253-015-6403-x
http://www.ncbi.nlm.nih.gov/pubmed/25652652
http://doi.org/10.1016/j.pep.2013.07.017
http://www.ncbi.nlm.nih.gov/pubmed/23973802
http://doi.org/10.1002/bit.22775
http://www.ncbi.nlm.nih.gov/pubmed/20506361
http://doi.org/10.1016/j.tibtech.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30739814
http://doi.org/10.1002/elsc.201800116
http://www.ncbi.nlm.nih.gov/pubmed/32625009
http://doi.org/10.1002/jlcr.632
http://doi.org/10.1021/acschemneuro.7b00086
http://doi.org/10.3109/00498254.2013.835885
http://doi.org/10.1124/dmd.106.012088
http://www.ncbi.nlm.nih.gov/pubmed/10725304
http://doi.org/10.1046/j.1365-2125.1997.05382.x
http://www.ncbi.nlm.nih.gov/pubmed/9131945
http://www.ncbi.nlm.nih.gov/pubmed/8423765
http://doi.org/10.1002/chem.201502020
http://www.ncbi.nlm.nih.gov/pubmed/26311271
http://doi.org/10.1021/jo000055j
http://doi.org/10.1016/j.btre.2019.e00372
http://doi.org/10.1007/s10295-020-02283-7
http://doi.org/10.1002/anie.201507970
http://doi.org/10.1002/cctc.201300990
http://doi.org/10.1016/j.mcat.2018.12.021
http://doi.org/10.1038/s41893-019-0302-6

	Introduction 
	General Chemical Methods for N-Dealkylation of Amines 
	N-Dealkylation of Amines by the von Braun Reaction 
	N-Dealkylation of Amines by Chloroformates 

	Transition-Metal Catalyzed N-Dealkylation 
	Palladium-Catalyzed 
	Iron-Catalyzed 
	Gold- and Platinum-Catalyzed 
	Ruthenium-, Rhodium- and Copper-Catalyzed 

	Electrochemical N-Dealkylation 
	Photochemical N-Dealkylation 
	Enzymatic N-Dealkylation 
	Conclusions 
	References

