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ABSTRACT: A mechanochemical approach has been dem-
onstrated for the selective cleavage of nitrogen−carbon bonds
in the N-demethylation of various alkaloids relevant in the
pharmaceutical industry. This methodology employs a range
of so-called “liquid additives” used in microliter quantities in
liquid assisted grinding rather than “solvents” used in solution
phase reactions. Green liquid additives such as alcohols, water,
PEG and ionic liquids as well as a nonchemical, mechanical
approach for the generation of nanoscale Fe0 dust significantly improve the green attributes of the N-demethylation process.
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■ INTRODUCTION
A key step in the synthesis of semisynthetic opioid
pharmaceuticals is the removal of the N-methyl group found
in naturally occurring opiates such as morphine, 1, and
codeine, 2, allowing for new functionality to be installed at the
nitrogen atom. This strategy is evident in drugs such as
naltrexone, 3, and naloxone, 4, which contain N-cyclo-
propylmethyl and N-allyl groups, respectively (Figure 1).

Inclusion of a nonmethyl N-alkyl group is rationalized by the
“message-address” concept, where varying this “message”
group typically allows control of agonist or antagonist activity.1

Traditional methods for the N-demethylation of alkaloids
include the von Braun reaction2 and the use of chloroformate
reagents,3 both of which have significant drawbacks. The von
Braun reaction utilizes cyanogen bromide while other reactions

rely on the use of acid anhydrides or chlorides, both of which
can be toxic and expensive.
Furthermore, in both cases the resulting intermediate must

be further processed in order to yield the N-nor product.
These shortcomings resulted in the need for a new method of
N-demethylation and the development of the nonclassical
Polonovski reaction.4 This reaction utilizes an iron catalyst to
afford the N-nor product with no further modification
necessary, thereby reducing the number of synthetic steps.
Several iron catalysts have been investigated including FeSO4,

4

and Fe0 sources,5 with nanoscale zerovalent iron (nZVI) and
Fe3(CO)12 being the most efficient catalysts reported to date.6

When these catalysts were employed in the green reaction
solvent, i-PrOH, isolated yields of greater than 85% of the N-
nor product were achieved in under 1 h for the N-
demethylation of the pseudo-opioid dextromethorphan
(DXM), 5a (Figure 2). This represents a significant improve-
ment when compared to a 21 h reaction time when using Fe0

dust and over 30 h when using FeSO4.
6 Use of green solvents

also represents a dramatic improvement compared to
chlorinated solvents utilized previously.
Though the choice of solvent to be used in a reaction is an

important consideration, so too is the total volume of solvent
used. In the pharmaceutical industry, 80−90% of the
nonaqueous waste generated is due to solvents.7 Hence, a
reduction in solvent usage can substantially lower the
environmental impact of a given chemical process. The use
of mechanochemistry addresses these issues.8 The process of
grinding solid components to induce chemical transformations
can be traced back centuries but it has only been in the last 25
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Figure 1. Naturally occurring opiate alkaloids and semisynthetic
opioid pharmaceuticals used for treatment of opioid overdose.
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years that a period of rediscovery in mechanochemistry has
begun to take place.9 Mechanochemistry is broadly defined as
“chemical synthesis enabled or sustained by mechanical force”
and can be achieved in a number of practical ways.10

Commonly, an agate mortar-and-pestle is used to manually
grind solid materials together. This technique is generally
referred to as grinding and though it is simple and effective in
some circumstances it does not allow for a reproducible set of
parameters to be applied and thus can lead to inconsistent
results.11 A more sophisticated approach, referred to as milling,
utilizes a shaker or planetary ball-mill. The use of a ball-mill
allows for an experiment to be conducted in a closed vessel, a
milling jar, often made of either stainless steel, zirconia,
tungsten carbide, polytetrafluoroethylene (Teflon) or poly-
(methyl)methacrylate (PMMA).10

Automation of the grinding process through ball-milling
ensures controllable and reproducible experimental conditions;
milling speed (measured in Hz), composition of milling jars
and milling balls, and medium-to-sample weight ratio are all
easily tunable. Additionally, there is no practical limit on the
length of milling time as with manual grinding.
Liquid assisted grinding (LAG), also known as solvent-drop

grinding,12,13 is an extension of traditional solvent-free
mechanochemical techniques in which a small amount of
liquid is used as an additive to enhance or control reactivity.10

An important parameter of LAG experiments is the ratio of
solid sample to liquid additive (μL/mg), denoted η. A value of
η = 0 represents neat, or dry grinding whereas η ≥ 10
represents a typical reaction in solution. To be considered an
example of LAG, η is usually between 0 and 1.10 Studies have
shown its effectiveness in synthesizing crystalline supra-
molecular structures such as cocrystals, making it an important
technique for the screening of solid-state drugs.12,14,15 Patents
filed since the year 2000 show a dramatic increase in the use of
mechanochemistry in areas such as the development of
batteries, medical and personal care and catalysis.9 Several
organic transformations have been shown to proceed via LAG
including fluorination of 1,3-diketones,16 Suzuki cross-
couplings,17 so-called click reactions17 and many others.8,17,18

As well, it has been shown that organic reactions performed in
planetary ball mills are amenable to scale-up to industry-scale
mills.10

Though LAG has been shown to enhance and expose new
reactivity, it also plays a significant role in the field of
sustainable chemistry. Organic syntheses using ball mills have
been shown to use less energy than common alternatives such
as traditional heating, microwaves and ultrasound.19 Further-
more, a typical LAG reaction typically requires only microliters
of liquid additive compared to a solvent-phase reaction, which
requires several milliliters of solvent. Solvent selectivity is
another important consideration in green and sustainable
chemistry where LAG offers an advantage. It has been shown
that in certain circumstances, unlike in slurry (1 ≤ η ≤ 10) or
solvent-phase reactions (η > 10), solubility of reactants is
decoupled from reactivity when performing LAG.10 This
enables the experimenter a wider range of applicable solvents
and potentially greener, more sustainable, options. For
example, the effects of solubility on the formation of cocrystals
by LAG has been studied extensively and it has been shown
that cocrystallization was insensitive to all but the largest
variations in component solubilities.20 As pharmaceutical
companies attempt to move away from toxic solvents such as
tetrahydrofuran (THF), toluene and dichloromethane
(DCM), toward those considered more sustainable, such as
2-propanol, ethanol and ethyl acetate, this feature of LAG can
be highly advantageous.21,22

Though our previous work demonstrated that nZVI and
Fe3(CO)12 out-perform Fe0 dust, there remain some short-
comings with each of these iron sources. Iron nanoparticles
were prepared using a chemical reduction, “bottom-up”
approach, using sodium borohydride, adding extra steps to
the methodology, whereas Fe3(CO)12 is inherently toxic.
Conversely, Fe0 dust is available for purchase directly from
chemical suppliers, is inexpensive, and is comparatively
nontoxic. By utilizing Fe0 dust in a mechanochemical reaction,
it may be possible to eliminate or drastically reduce solvent use
as well as to achieve the additional reactivity provided by nZVI
by means of a nonchemical, “top-down” approach, to
nanoparticle synthesis; namely, Fe0 nanoparticles may be
generated from Fe0 dust in a ball mill. Hence, we anticipated
that the nonclassical, iron-mediated Polonovski reaction would
be amenable to neat grinding or liquid assisted grinding.
Herein, we report the use of liquid assisted grinding (LAG)

to facilitate nonclassical Polonovski reactions using Fe0 dust as
an iron source for the N-demethylation of alkaloids. Experi-
ments were carried out in a shaker-type ball mill with reaction
times between three and 6 h. Multiple “green” liquid additives
were examined including various alcohols, water, polyethylene
glycol, and the ionic liquids 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([BMPyr][NTf2]) and 1-
butyl-1-methylpyrrolidinium tetrafluoroborate ([BMPyr]-
[BF4]. The extension of the methodology to a selected array
of N-methylalkaloids is also reported (Figure 2).

■ RESULTS AND DISCUSSION
Dextromethorphan, 5a, and other alkaloids, 6a−9a, were first
converted into their N-oxide hydrochloride derivatives, 5b−9b,
and isolated as previously described.5 Generally, alkaloids were
oxidized to their N-oxides using comparatively toxic mCPBA in
CHCl3 because this procedure afforded short reaction times
(ca. 1 h). N-Oxide hydrochloride salts could then be obtained
by treatment with aqueous HCl and could be stored as
powders under ambient conditions where they are stable for
more than 3 months. Alternatively, a more sustainable
approach utilizes H2O2 in MeOH for this transformation.4,23,24

Figure 2. N-Methyl alkaloids used in this study.
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We previously reported that use of titrated H2O2 showed that
10 equiv could efficiently oxidize 5a overnight.6 Increasing the
amount of H2O2 to 20 or 30 equiv showed no improvement in
reaction times. Any excess H2O2 could be easily degraded by
the addition of a small amount of MnO2 in each case. Filtration
followed by removal of solvent, in vacuo, then reaction with
aqueous HCl afforded the N-oxide hydrochloride 5b after
freeze-drying. Hence, use of MeOH and water afforded
comparable yield of N-oxide allowing the elimination of toxic
CHCl3. The use of HCl is significant, as departure from the
chloride anion results in a reduction in yield during the
formation of the N-nor product.23 Yields will also be reduced if
the N-nor product is formed from the free N-oxide.25

At the onset of this study, the N-oxide hydrochloride salts,
5b−9b, were converted to their N-nor derivatives by either
neat dry-grinding or liquid assisted grinding (LAG) using an
agate mortar and pestle. DXM N-oxide hydrochloride, 5b, and
1 mol equiv of Fe0 dust were transferred to a mortar and
manually dry-ground for 45 min with a pestle. During the
grinding process a red-brown oil formed in the mortar. The
crude reaction mixture containing unreacted starting material
and desired product was dissolved in MeOH and analyzed by
HPLC-DAD. Analysis indicated 15% conversion of 5b into a
mixture of the desired free N-nor derivative, 5c, and the
original free tertiary amine, 5a, in a 5:1 ratio (Scheme 1).

Although an encouraging result, this manual grinding
technique did not allow for consistent and reproducible
results. This outcome was improved using a vortex grinding26

technique that afforded a 100% conversion to products with a
9:1 ratio of 5c:5a. However, reproducible results were also
difficult to obtain using this technique.
The final and most reproducible technique employed

involved the use of a shaker-type ball mill. This allowed for
the reaction vessel/milling jar to be shaken at a consistent,
rapid rate, making sure that the mixing balls contacted the
entire reaction vessel evenly and were never immobilized. Both
LAG and dry grinding experiments were conducted in the ball
mill using PMMA reaction vessels, or milling jars, and two
stainless steel milling balls. In a typical experiment the milling
balls, 0.5 mmol of the alkaloid N-oxide hydrochloride, 5b−9b,
1 mol equiv of Fe0 dust and either 0, 50 or 100 μL of an
appropriate liquid additive were transferred to the milling jar.

The milling jar was then sealed and locked into place in the
ball mill which was set to run for either 3 or 6 h at 25 Hz. The
first set of experiments conducted compared the effectiveness
of LAG, using a number of different liquid additives, relative to
a neat, dry-grinding reaction (Table 1). Each experiment was

performed using DXM N-oxide hydrochloride, 5b, as the
model substrate. When no liquid additive is used and the ball
mill is run for 6 h, 5b undergoes a 75% conversion to products
in an 8:1 ratio of 5c:5a (Table 1, Entry 1). Comparatively,
when 50 μL of i-PrOH is added to the milling jar, giving η =
0.26, 5b undergoes 100% conversion to products with a similar
ratio of 5c:5a (Table 1, Entry 2). i-PrOH was chosen as a
liquid additive based on its effectiveness as a green solvent in
previous work.6 When the volume of liquid additive was
increased to 100 μL, giving η = 0.52, milling time could be
reduced to only 3 h to achieve 100% conversion to products
with an improved ratio of 13.6:1 for 5c:5a (Table 1, Entry 3).
Encouraged by these results, alternative, green and

sustainable liquid additives were trialed. Methanol and ethanol
both afforded 100% conversion of the starting N-oxide
hydrochloride, 5b, but with less selectivity for the nor-DXM
product, 5c (Table 1, Entries 4 and 5). Interestingly, the three
simple alcohols tested, MeOH, EtOH and i-PrOH produced
product ratios of 2.8:1, 7.2:1 and 13.6:1 respectively,
apparently increasing with the lipophilicity of the alcohol
additive used. The use of water as the additive also resulted in
a complete conversion but gave the poorest product ratio of
any liquid additive tested at 1.8:1 (Table 1, Entry 6). To
expand the scope of sustainable liquid additives further,
polyethylene glycol (PEG-400) and two ionic liquids were
employed (Table 1, Entries 7, 8 and 9). The hydrophobic ionic
liquid [BMPyr][NTf2] and the water-soluble ionic liquid
[BMPyr][BF4] were chosen for their different properties
including relatively low viscosity, making them easier to work
with than other, more viscous, ionic liquids. Of these less
conventional liquid additives, PEG-400 was the most effective,
converting 100% of 5b to products with a ratio of 16.2:1 for
5c:5a, the best product ratio obtained. [BMPyr][NTf2]
afforded a 13.1:1 ratio of 5c:5a with only an 84% conversion
while [BMPyr][BF4] afforded a 100% conversion with a
poorer product ratio of 9.8:1.
Following the successful N-demethylation of DXM using

LAG, we sought to expand the scope of the methodology to

Scheme 1. Conversion of DXM, 5a, to Its N-Oxide
Hydrochloride Derivative, 5b, and Subsequently to its N-
nor Derivative, 5c, via LAG

Table 1. N-Demethylation of DXM N-Oxide
Hydrochloridea, 5b, Using LAG

Entry Liquid Additive η Time (h) %Conv. Ratio 5c:5a

1 N/A 0 6 75 8.0:1
2 i-PrOH 0.26 6 100 8.8:1
3 i-PrOH 0.52 3 100 13.6:1
4 MeOH 0.52 3 100 2.8:1
5 EtOH 0.52 3 100 7.2:1
6 H2O 0.52 3 100 1.8:1
7 PEG-400b 0.52 3 100 16.2:1
8 [BMPyr][NTf2]

c 0.52 3 84 13.3:1
9 [BMPyr][BF4]

d 0.52 3 100 9.8:1
aAll reactions conducted using 0.500 mmol (162 mg) DXM N-oxide
hydrochloride with 0.50 mmol (28 mg) Fe0 dust. bPolyethylene
glycol, 380−420 g/mol. cN-butyl-N-methylpyrrolidinium bis-
{(trifluoromethyl)sulfonyl}amide. dN-butyl-N-methylpyrrolidinium
tetrafluoroborate.
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additional biologically and synthetically interesting N-methyl-
alkaloids. Atropine 6a, noscapine, 7a, tropine, 8a, and
benzoyltropine, 9a, were selected based upon their ease of
availability and relevance in medicinal synthesis and
applications. Compound 6a is found in various plant sources,
particularly Atropa belladonna, and has been a historically
important drug. N-Noratropine, 6c, is an intermediate in the
synthesis of ipratropium bromide, a bronchodilator.27 Com-
pound 7a is relevant as a potential starting material for
anticancer agents as well as other pharmaceuticals due to its
complex arrangement of carbocycles and heterocycles.28,29

Varying the functional group in noscapine derivatives has
proven pharmacologically relevant, thus establishing the
significance of an efficient N-demethylation methodology.28

Compounds 8a and 9a are “drug-like” molecules and 8a could
serve as a starting material for drugs such as Granisetron,
Hyoscyamine and Tropisetron. Each of these additional
substrates were first isolated as their N-oxide hydrochloride
salts, 6b−9b, and subsequently N-demethylated using LAG
(Scheme 1).
In each case, LAG products were purified via column

chromatography affording isolated yields where possible
(Table 2). Compound 5b was also isolated in this manner to

obtain an 88% isolated yield of 5c (Table 2, Entry 1)
comparable to previous reports employing solution based
reactions.5,6 For comparison, the isolated yield of 5c was also
obtained when PEG-400 was used as the liquid additive (Table
2, Entry 2). Chromatographic separation of 5c, 5a and PEG-
400 proved challenging, requiring successive aqueous washes
to remove residual PEG-400 from products. This resulted in an
overall lower isolated yield of 76% for 5c. Thus, i-PrOH
afforded higher isolated yield when used as a liquid additive;
hence, all additional substrates were trialed using i-PrOH as
the liquid additive. Compound 6b was successfully N-
demethylated and isolated in 79% yield, comparable to
previous work (Table 2, Entry 3).6 Despite the relatively low
isolated yield of 35% obtained for compound 7c (Table 2,
Entry 5), we were encouraged by this result due to the fact that
this compound had been previously difficult to synthesize and
isolate.6 Attempts at isolating compound 8c were unsuccessful,
consistent with previous work.6 Finally, compound 9c was
isolated in 48% yield, slightly lower than previous reports using
other methodologies (Table 2, Entry 10).6 Optimization of

parameters such as the nature of the liquid additive, the value
of η, shaking frequency, and LAG time are the subject of
ongoing experiments.
Based on earlier reports for the modified Polonovski

reaction being promoted by stainless steel,30 the possibility
that the stainless steel milling balls were promoting N-
demethylation of the N-oxide hydrochloride starting materials
was considered. Indeed, a number of examples of metal
catalyzed reactions promoted by stainless steel31−33 or
copper34 milling balls have been reported in the literature.
Hence, a number of control experiments were conducted. The
use of identical conditions employed for Table 1, Entry 3, with
the exception of zirconia in place of stainless steel milling balls
resulted in 100% conversion to products with an 8.9:1 ratio of
5c:5a. This product ratio represented a significantly lower
proportion of the desired N-nor product produced compared
to when stainless steel balls were used (Table 1, Entry 3). This
result indicated that the stainless steel milling balls influenced
the outcome of the LAG methodology, likely resulting from
the iron content of the stainless steel. Next, the conditions of
Table 1, Entry 3 were again employed, this time with the
omission of Fe0 dust. This created conditions in which the only
source of iron was the stainless steel milling balls themselves.
Hence, after 3 h of milling, 25% of 5b was converted to
products with a ratio of 13.1:1. This indicated that the stainless
steel was promoting the reaction, albeit at a much slower rate,
presumably due to a decrease in available surface area at Fe0.
Interestingly, the product ratio was similar to Table 1, Entry 3.
Earlier studies conducted in our laboratories demonstrated

the catalytic nature of the iron source, either Fe2+ or Fe0, used
in these reactions.4−6 Hence, when a substoichiometric
amount (i.e., 10 mol %) of Fe0 dust was employed for the
N-demethylation of 5b, an isolated yield of 80% was obtained
for the nor-DXM product, 5c (Table 2, Entry 3). When the
same substoichiometric amount of Fe0 dust was used for the
N-demethylations of 6b, 7b and 9b, isolated yields of 50, 40
and 20% were obtained for N-nor products 6c, 7c and 9c,
respectively (Table 2, Entries 5, 9 and 11). These yields are
similar or lower than what were obtained for corresponding
reactions in which a stoichiometric amount of Fe0 dust was
utilized. This indicates that the iron source is somehow
becoming deactivated during the reaction, perhaps due to
buildup of impurities and other reaction byproducts. Hence, a
stoichiometric amount of Fe0 dust is optimal for these
reactions. This is not regarded as a serious issue given the
inexpensive nature of Fe0 dust relative to other transition metal
catalysts.
We next sought to determine whether ball milling of Fe0

dust resulted in the formation of nanoscale iron dust, hence
providing a much more sustainable, nonchemical, “top-down”
approach to Fe0 nanoparticle formation. When commercially
available Fe0 dust was observed using SEM, particles exceeding
10 μm in each dimension were observed (Figure 3). After 3 h
of milling the Fe0 dust under similar conditions as used for all
other experiments, submicrometer particles were prevalent as
observed by SEM (Figure 3).
The methodology reported herein describes the improve-

ment in the sustainability for one step of a multistep process
for the conversion of alkaloids to their N-demethylated
analogues. Features such up to a 103-fold decrease in solvent
use, use of greener liquid additives, and mechanochemical
generation of iron nanoparticles all represent increases in
sustainability. Noteworthy is the fact that a number of other

Table 2. N-Demethylation of Various Alkaloid N-Oxide
Hydrochlorides Using LAG

Entry
Substrate (N-oxide

HCl)
Liquid
Additive η

Cat.
(equiv)

%
Yielda,b

1 DXM, 5b i-PrOH 0.52 1 88, 5c
2 DXM, 5b PEG-400 0.52 1 76, 5c
3 DXM, 5b i-PrOH 0.61 0.1 80, 5c
4 Atropine, 6b i-PrOH 0.50 1 79, 6c
5 Atropine, 6b i-PrOH 0.58 0.1 50, 6c
6 Noscapine, 7b i-PrOH 0.38 1 35, 7c
7 Noscapine, 7b i-PrOH 0.42 0.1 40, 7c
8 Tropine, 8b i-PrOH 0.80 1 −
9 Tropine, 8b i-PrOH 1.00 0.1 −
10 Benzoyltropine, 9b i-PrOH 0.57 1 48, 9c
11 Benzoyltropine, 9b i-PrOH 0.66 0.1 20, 9c

aIsolated yield following column chromatography. bAll reactions
conducted for 3 h.
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steps in this methodology remain comparatively poor in terms
of sustainability and warrant further development along these
lines.35 Those steps utilizing chlorinated solvents, especially for
purification, must be more adequately addressed. We are
currently investigating LAG synthesis for the mCPBA
oxidation of N-methyl alkaloids in addition to more sustainable
purification protocols for these systems.

■ CONCLUSIONS
The use of liquid assisted grinding (LAG) for the nonclassical
Polonovski reaction for the N-demethylation of various
alkaloids has facilitated a significant decrease in the amount
of solvent/liquid additive used. The use of stoichiometric
amounts of Fe0 dust lead to optimal results comparable to
those systems in which reactions were performed in solution.
Conversions from N-oxide hydrochlorides, 5b−9b, to nor-
alkaloid products, 5c−9c, occurred within the same time span
with comparable isolated yields using LAG. However, use of
substoichiometric amounts of Fe0 dust resulted in lower
isolated yields of nor-alkaloid products. Furthermore, the
sustainability of the nonclassical Polonovski reaction for the N-
demethylation of various alkaloids have been enhanced
through the use of liquid assisted grinding (LAG) employing
a range of green and sustainable liquid additives. Additional
enhancement of sustainable attributes for this system have
been realized through the generation of nanoscale Fe0 particles
via a nonchemical, “top-down” approach from inexpensive,
commercially available iron dust.
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