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Computational study on the mechanism for the
synthesis of active pharmaceutical ingredients
nitrofurantoin and dantrolene in both solution
and mechanochemical conditionsy
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A combination of density functional theory (DFT) calculations and microkinetic simulations is applied
to the study of condensation between N-acyl-hydrazides and aldehydes in acidic media to produce the
active pharmaceutical ingredients (API) nitrofurantoin and dantrolene. Previous experimental reports
have shown that the use of ball milling conditions leads to a reduction in the reaction time, which is
associated with a significant reduction of waste. This result is reproduced by the current calculations,
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Introduction

Mechanochemistry is a sustainable approach to chemical
synthesis, which complies with the 12 principles of green
chemistry, providing a valuable alternative to traditional man-
ufacturing methods in solution® where the solvent accounts for
85% of the waste generated.’ In recent years, mechanochemical
processes have also found applications in the synthesis of
marketed active pharmaceutical ingredients (APIs).*® In the
case of the antibacterial agent nitrofurantoin (a World Health
Organisation essential medicine) and the myorelaxant dantro-
lene, the mechanochemical syntheses in batch (in ball-mills)®
and continuous (by twin screw extrusion)' modes have been
reported, the reaction kinetics have been examined via real-
time in situ monitoring by Raman spectroscopy,” the crystal
forms have been determined,® and the sustainability metrics
have been calculated.”™" Without any doubt, when compared
to solution-based methods (Scheme 1), solvent-less mechan-
ochemical syntheses resulted in a much better ecological foot-
print, lower energy consumption and faster kinetics.

Indeed, the conventional solvent-based synthesis of nitro-
furantoin consists of a condensation reaction between an
excess (up to 10 equiv.) of N-acyl hydrazide and a substituted
furyl aldehyde in aqueous acetic acid, yielding the product
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which additionally provide a detailed mechanistic explanation for this behavior.

(95%) in 30 min."” In contrast, the stoichiometric, solvent-
less reaction in the ball milling resulted in a reaction time of
15 min in a similar yield. In the case of dantrolene, the
condensation reaction resulted in similar reaction kinetics for
both solution-based and ball-milling processes (2 hours).

a) H
o) HN< o ~ Amror — o
In solution N—N
A or ’ )‘ NH - %NH

H
© (0]

NF : AcOH , H,0, 30 min, 95 %

Conditions and yields : DT : HCl aq , DMF, 16 %

cl H
o) HaNiN/\/éo &) Aryr, DT_<\N o
ArNF, DT_< + ) —N
H NH ZrO, media %NH
o 18.3 Hz 4
NF : 15 min, 95 % H,0 (cryst) + HCI
DT:2h, 90 %
O,N
ON_
ArNg pT = U% fo) %
for NF 7
for DT

Scheme 1 Previously reported data for (a) the preparation of nitrofur-
antoin (NF) and dantrolene (DT) in solution and (b) the ball-milling
preparation of nitrofurantoin and dantrolene.
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However, the solvent-less synthesis in the ball mill outper-
formed (90% yield) the corresponding solution-based process,
requiring an excess starting N-acyl hydrazide but leading to
lower yields (16%)"* (Scheme 1). For both APIs, the condensa-
tion reaction in the ball mill in the absence of solvent involved
N-acyl hydrazides as the solvate with hydrogen chloride.

In view of the implementation of this technology in manu-
facturing processes at the industrial scale, a better understand-
ing of the underlying mechanochemical processes and the way
they can be altered, the detailed mapping of the reaction
mechanisms and kinetics is needed."*™'° In this regard, the
mechanism underlying the condensation reaction occurring in
the ball-mill is not fully explained. To date, the identification
of the transition states and the reaction intermediates have
not been investigated. Generally, this limited comprehension
can be viewed as an illustration of a larger problem concerning
the suboptimal understanding of the detailed mechanisms
by which ball milling affects the reaction times. Some of us
recently made a proposal based on calculations to address this
problem by postulating that the main role of ball milling is to
allow the efficient mixing of the solid reactants in ‘highly
concentrated solid solutions’, which can follow, depending on
the cases, mechanisms very similar to those in solution."”” We
are aware that this view may be controversial,'® but we consider
it worthy of evaluation.

The current work aims to evaluate the efficiency of this
computational hypothesis to reproduce experimental reaction
times for the synthesis of nitrofurantoin and dantrolene under
mechanochemical conditions, with the special caveat that
mechanochemical reaction is faster for nitrofurantoin. With
this goal accomplished, it will be possible to have a deeper
understanding of this process and continue to expand the
mapping of mechanochemical processes.

Computational methods

Density functional theory (DFT) calculations were performed
using the Gaussian 16 package.'® The reported energies were
computed with the B3LYP-D3BJ functional***' including D3
dispersion corrections with Becke-Johnson damping.*” The
basis set was cc-pVTZ, which includes polarization functions
in its definition.>® This functional was shown to provide better
agreement with the experiment than B3LYP and ®B97X-D, as
shown in the electronic ESL{ The effect of the dielectric
environment was introduced through implicit solvation via
the PCM approach in the default IEFPCM implementation
supplied in Gaussian 16.* Frequency calculations were per-
formed to confirm the nature of stationary points as minima or
transition states. All reported energies correspond to free
energies in a continuum medium. We included the reference
state corrections for 1 M in the free energy profiles.

The computed reactions often involve bimolecular pro-
cesses, where two fragments get together to form a single
adduct. This means that the calculation of the entropic con-
tributions to the Gibbs energy is relevant. We have computed
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these contributions using the rigid rotor harmonic oscillator
(RRHO) approach, without any specific treatment for transla-
tional and rotational degrees of freedom. This has become the
generally accepted treatment in recent years in homogeneous
catalysis,”® and we do not see any reason why it should not be
applied to the current systems.

The dielectric constant of the medium deserves some com-
ment. For calculations in the solution, we used the value for
water (dielectric constant of 78.355) in the Gaussian16 package.
For the dielectric constant in the ball-milling conditions, we
used the values of 2.350 and 2.453 for nitrofurantoin and
dantrolene, respectively, calculated from the refractive indices
of the involved solids, as in our previous study.'” The details of
the dielectric constant calculation are given in the ESL¥

Kinetic modeling®® was performed using Copasi*’ to convert
our computed free energy profiles into reaction times. The idea
of the microkinetic model is quite simple. We formulated all
kinetic differential equations considering all the processes
leading to the formation or consumption of every single species
in the systems. This defines a system of differential equations
that is then numerically solved by introducing the initial
concentrations of each species as the limit conditions. The rate
constants for all the reactions were calculated from the DFT-
free energy barriers by applying the Eyring-Polanyi equation.
We assumed a transmission coefficient of 1, and we did not
introduce any scaling in the frequencies. We are aware that
better results could be obtained with more refined approaches,
but we intended to fully exploit the simplified version of our
approach. For the starting concentrations, we used the experi-
mental data. For the reaction in solution, we used concentra-
tions of 0.2 M for 1-amino-hydantoin hydrochloride and furyl
aldehyde and 0.35 M for HCL.'® For the synthesis of nitrofur-
antoin in mechanochemical conditions, we used the value of
5.074 M for both the reactants. The starting concentration of
both reactants in the ball-milling synthesis of dantrolene was
3.816 M. Details of the calculation of the starting concentra-
tions are reported in the ESL{ The temperature for the simula-
tions was also taken from the experiments, i.e., 298.15 K (room
temperature). A collection of all the computed structures was
uploaded in the ioChem-BD repository, and can be accessed via
https://doi.org/10.19061/iochem-bd-1-343.%¢

Results and discussion

The computational treatment is based on the use of the DFT
barriers for the estimation of rate constants. Thus, the first step
is the building of the free energy profile. The formation of
the N-acyl-hydrazone in nitrofurantoin and dantrolene from the
same N-acyl-hydrazide hydrochloride and the corresponding
furyl-aldehyde reactants is formally similar to the condensation
reaction in acidic medium occurring between an amine and an
aldehyde, leading to an imine.

This condensation has been known for many years*® and
was previously investigated through experiments®*>?*' and
calculations.?”?* There is a general agreement on the overall
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mechanism proceeding through a hemiaminal intermediate.
However, questions remain regarding the detailed role of acidic
catalysts, which will be examined below.

We want to mention here that the comparison with experi-
mental reaction times will be based on the published experi-
mental data reported in Scheme 1. We understand that they are
not exact in the sense that a reaction reported to take 30 min

could take 30 s, but we still think they are indicative of relative
reaction rates.

Synthesis of nitrofurantoin

In water, the reaction is catalyzed by acetic acid, which is a weak
acid. The computed free energy profile is summarized in Fig. 1.
We used the reactants R as the origin of energies, where the three
fragments, hydrazide, aldehyde and acetic acid, are separate. The
process comprises two main steps: formation of hemiaminal and
conversion into the product. The three reactants can access the
adduct RA with a low energy cost (4.5 kcal mol *). The N-C bond
is formed through TS1 (14.3 kcal mol ') and results in
the hemiaminal intermediate INT (2.5 kcal mol*). The second
step of the process is the cleavage of the C-O bond through
TS2 (18.3 kecal mol™"), which results in the dehydration of the
intermediate and the formation of the product adduct PA
(—3.5 kecal mol ™). The reaction product P corresponds to sepa-
rated nitrofurantoin, acetic acid, and water (—5.3 kcal mol ™).

A key feature of the free energy profile is the highest energy
point, which rules the rate-determining step, which will be used
in the definition of the barrier for the reaction. This is transi-
tion state TS2 (18.3 kcal mol ™) in this case. It is worth noticing
the role of acetic acid in this transition state, which acts as a
proton shuttle and with the participation of both of its oxygen
atoms. Sometimes overlooked, the aspect of the calculation of
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Fig. 1 Free energy profile in kcal mol™? for the formation of nitrofurantoin
in water. The highlighted species are: acetic acid:1-amino-hydantoin
complex (Comp), reactants (R), reactant adduct (RA), transition states
(TS), intermediate (INT), product adduct (PA), and products (P). The same
abbreviations will be used in the figures below. The structures of TS are
highlighted in 3D. Color scheme: O (red), N (blue), C (grey), and H (white).
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the energy barrier is its origin, which has to be the lowest
energy point before the rate-determining transition state.**
Remarkably, for the free energy profile in Fig. 1, it is not the
separate reactants but a pre-reaction complex that we have
labeled as Comp.

This adduct Comp will be the major species in the mixture
before the reaction starts. Let us remember that in the experi-
ment, 1-amino-hydantoin is first dissolved in water containing
acetic acid, and only afterwards the aldehyde is added.'” The
structure of Comp is presented in Fig. 2a. Its free energy is
3.1 kcal mol ™" below the separated species. Comp features two
hydrogen bonds: a 1.81 A bond between the carbonyl oxygen of
acetic acid and an NH group of 1-amino-hydantoin, and
another one (1.65 A) between the carbonyl oxygen of 1-amino-
hydantoin and the hydroxyl group of acetic acid (Fig. 2a). This
Comp adduct is the point from where the barrier for the overall
process must be measured. Thus, the barrier for the reaction
leading to nitrofurantoin in water will be 21.4 kcal mol .

The DFT barrier reported above was used to compute the
rate constants and introduce them in a microkinetic model to
compute the evolution of the concentrations of the species as a
function of reaction time. The results are presented in Fig. 3a.
For the sake of clarity, only the evolution of concentrations of
reacting aldehyde (B) and resulting nitrofurantoin (C) are
presented. The agreement between calculation and experiment
is excellent, with a predicted yield of 92% after 30 min, very
close to the reported experimental yield of 95%. This agreement
is likely to be in part fortuitous but is nevertheless remarkable.

The ball-milling process was investigated next. The free
energy profile differs from the one discussed above because
the acid catalysis comes from the hydrogen chloride salt
formed with the N-acyl-hydrazide in the solid reactant. Even if
the appropriateness of the acidity/basicity labels is question-
able in the absence of solvent, it is clear that acetate has a much
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Fig. 2 Computed structures of (a) acetic acid:1-amino-hydantoin adduct
for the reaction in water and for the reaction in ball-milling conditions:
(b) hydrogen chloride:1-amino-hydantoin adduct, (c) transition state TS1,
and (d) transition state TS2. For structures (b)—(d), the distances are
written for reactions in the format "nitrofurantoin/dantrolene”. The atom
in purple represents the NO, or the phenyl-NO, tail in nitrofurantoin
and dantrolene, respectively. The phenyl ring is always in plane with furan
in dantrolene. All distances are in A. Color scheme: Cl (green), O (red), N
(blue), C (grey), and H (white).
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Fig. 3 Concentration vs. time plots for nitrofurantoin in (a) DMF solvent
and (b) mechanochemical conditions, and (c) dantrolene in mechano-
chemical conditions. Only the curves for the reacting aldehyde (B) and
resulting nitrofurantoin (C) are shown for the sake of simplicity.

stronger affinity for protons than chloride. The differences are
apparent from the role of the acid in the structures of the key
transition states (Fig. 2¢ and d). The origin of energies is again
the energy of the separated reactants R. 1-Amino-hydantoin and
hydrogen chloride form an adduct RA1 (2.0 kcal mol "), which
binds with the aldehyde, thus producing the adduct RA2 with
low energy cost (2.2 kcal mol ™). The first step is the formation
of the N-C bond through TS1 (9.0 kcal mol™?), leading to
the low-energy hemiaminal structure INT (1.5 kcal mol ).
The second step of the process is the cleavage of the C-O bond
through TS2 (16.5 kecal mol '), which results in the dehydration
of the intermediate and the formation of the product P
(—5.3 keal mol ™).

In this free energy profile, the highest point is represented
by TS2 (16.5 kcal mol ). The origin of the barrier is again
below the separate reactants. In this case, the pre-reaction
complex Comp (Fig. 2b) has an energy of —4.4 kcal mol . This
complex comprises two 1-amino-hydantoins and two hydrogen
chloride fragments, forming a stable adduct in which the
protons of hydrogen chloride are shifted to the neighboring
hydrazides. The resulting barrier for the overall process under
mechanochemical conditions is 20.9 keal mol .

We put the results for the mechanochemical conditions into
the microkinetic model, together with our estimated experi-
mental concentrations in the solid mixture, and the results
are presented in Fig. 3b. The results are again very accurate.
The experimental yield is 95% after 15 min,® whereas the
computed value is 93% after 15 min. The reaction time for
nitrofurantoin synthesis under ball milling conditions is thus
rather accurately reproduced by the computational model and
shown to be faster than that in solution. The reaction is faster
under ball-milling conditions because of the presence of stron-
ger proton-donors in the medium.

According to our model, the main differences between
ball-milling and solution conditions are usually in the starting
concentrations and the dielectric environment. However, this is
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an unusual example where there is a change in the mechanism
associated with the different proton-donors being used; therefore,
the disentangling of the different effects is not straightforward.

Synthesis of dantrolene

The free energy profile for the ball-milling-assisted synthesis of
dantrolene is presented in Fig. 5. It follows the same steps as
those of the above-discussed reaction yielding nitrofurantoin. The
separate reactants R may form an adduct RA2 (1.6 kcal mol ™).
The barrier for the formation of the N-C bond is represented
by TS1 (10.5 keal mol 1), yielding the hemiaminal intermediate
INT (4.6 kcal mol™"). The breaking of the C-O bond
(152,16.7 kcal mol ') leads to the product adduct PA
(—3.6 kcal mol™"). The transition state TS2 constitutes the
highest point. Thus, considering the pre-reaction complex
Comp (Fig. 2b) has an energy of —4.7 kcal mol ", the barrier
for the overall process under mechanochemical conditions is
21.4 keal mol .

The results of our microkinetic modeling of the process are
presented in Fig. 3c and Fig. S1 (ESIt). The results are again very
satisfactory. The experimental yield for the mechanochemical
process is 90% after 2 h,® whereas the computed value is 97%.

Note that the structures of nitrofurantoin and dantrolene
differ only by the presence of a phenyl ring connecting furan
and NO, in dantrolene. Despite this seemingly minor differ-
ence, the reaction times in the ball-milling conditions change
quite substantially: 15 min for nitrofurantoin (95%) vs. 2 h for
dantrolene (90%). It is encouraging that the present computa-
tional study reproduces this difference. The different rate can
be traced back to the difference in the rate-determining bar-
riers, which are 20.9 and 21.4 kcal mol ™" for nitrofurantoin and
dantrolene, respectively. We analyze in what follows the origin
of these differences.

The inspection of the free energy profiles in Fig. 4 and 5
shows that the different relative energies of transition states
TS2 (16.5 and 16.7 keal mol ™, respectively) can be connected to
the larger differences in the energies of the previous intermedi-
ates INT (1.5 and 4.6 kcal mol ™" for nitrofurantoin and dan-
trolene, respectively). The different stabilities of INT can be
explained by examining the natural population analysis (NPA)
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Fig. 4 Free energy profile in kcal mol™ for the formation of nitrofurantoin
under ball milling conditions. Labels and color criteria are the same as
those in Fig. 2. Color scheme: Cl (green), O (red), N (blue), C (grey), and H
(white).
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Fig. 6 NPA charges (a.u.) for key atoms in the CHO fragment 5-nitro-2-
furaldehyde (left) and 5-(4-nitrophenyl)-2-furaldehyde (right).

of the corresponding furyl-aldehyde reactants, i.e., 5-nitro-2-
furaldehyde in case of nitrofurantoin and 5-(4-nitrophenyl)-2-
furaldehyde for dantrolene. The computed NPA atomic charges
for the aldehyde CHO group of both systems are presented in
Fig. 6.

The charge for the three atoms in the CHO group of the
aldehyde leading to NF is —0.004 a.u., and the corresponding
value for the aldehyde leading to DT is —0.059 a.u. This group
undergoes nucleophilic attack from a lone pair in the hydrazide
in the initial steps of the reaction, and this attack will be
discouraged by the more negative charge in the aldehyde,
leading to dantrolene. Thus, this explains why the synthesis of
dantrolene is slower. The difference in the atomic charges is
small, consistent with the relatively small difference in reactivity.

The theoretical calculations performed herein indicate the
presence of an intermediate (INT), confirming the previously
reported experimental data. The data were obtained by real-time
in situ monitoring using the Raman spectra of the mechano-
chemical transformation (that leads to the formation of dantro-
lene) and indicates the formation of a low-energy intermediate.”
The DFT calculations are in agreement with this observation
considering that it was possible to detect (and confirm) the
formation of a stable intermediate INT (4.6 kcal mol %), which
was separated from the products by the energy barrier TS2
(16.7 kecal mol ™).

Conclusions

Our computational model based on DFT calculations and
microkinetic modeling is able to accurately reproduce the
reaction time for the synthesis of nitrofurantoin both in the
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conventional synthesis conditions in solution as well as in the
ball-milling mechanochemical conditions. The reaction is a
condensation between hydrazide and aldehyde fragments in
acidic conditions, and the multistep mechanism, through a
hemiaminal-like intermediate, is found to be qualitatively simi-
lar in different media. The barrier in the solution is slightly
higher because of the weaker proton donors involved. The
barrier for dantrolene is slightly higher because of the subtleties
that can be explained by the analysis of the electronic structures.
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