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ABSTRACT: Mechanosynthesis is a powerful alternative to traditional solvent-based synthesis as it is environmentally
benign, allows for higher yields in shorter reaction times, while minimizing the use of solvents. Although mechanochemical
routes are becoming increasingly mainstream in synthetic laboratories, up-scaled examples for main group complexes are
still rare. Here, motivated by the practical implementation of mechanosynthesis, we demonstrated the synthesis of salen and
salophen complexes. The herein reported synthesis displays low E-factor and process mass intensity compared to
conventional solution methods. In addition, analyses evaluating environmental parameters, energy consumption and
production cost have been performed, showing the multiple advantages mechanochemistry has over conventional solution-

based synthesis.

Introduction

Mechanosynthesis is an attractive alternative to
conventional solution-based synthesis, since it not only
addresses several environmental concerns associated with
the use of large volume of solvents but also often offers
shorter reaction times and higher yields.!? Uniquely,
mechanochemistry also offers opportunities to prepare
chemical compounds that are otherwise difficult or
impossible to prepare by solution methods owing to limited
solubility of the starting material and the limited stability of
the product in solution3* In recent years,
mechanochemistry has increasingly been applied as a
benign synthetic route in a wide range of fields.>!! (e.g,
organometallic complexes,'>14 organo-catalysts,'> co-
crystals!®-18,  metal-organic frameworks,!%-21  alloys,??
composites,?3 etc.)

Among organometallic species, salen and salophen
complexes have received considerable attention in
stereoselective synthesis?5, photoredox catalysis?¢, polymer
synthesis,?730  chemical sensors3132 and OLEDs.3334
However, their typical synthetic procedures generally
require the use of hazardous organic solvents at elevated
temperatures3539, For instance, Fulton and co-workers*?
reported the synthesis of a saturated “salen type”
monometallic and bimetallic aluminium complexes of
piperazine-based ligands (Figure 1a). In their synthesis, ca.
32 g of ligand required 200 mL of methanol under reflux
conditions, with an additional 500 mL of diethyl ether for
workup. This methodology results in high E-factors#1-4549
(i.e., total weight of all the solvents used in this synthesis
divided by the weight of isolated product). This severely
impacts the practical industrial implementation of such
complexes, since large scale synthesis leaves a large
environmental footprint

In this context, mechanochemical processes coupling 1,2-
diamine and salicylaldehyde is a promising approach for the
synthesis of salen or salophen ligands and their
corresponding complexes in an environmentally benign

manner. In
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Figure 1. Top: Previous studies on (a) large-scale solution-
based synthesis of group 13 salen type species,
mechanochemical synthesis of (b) salen and (c) salophen
species.

fact, the mechanosynthesis of these species have been
performed at laboratory-scale and has been recently
reported. However, no large-scale synthesis has been
previously reported.
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Figure 2. (a) Reaction conditions for both mechanochemical and conventional-solution synthetic routes (top); images of ball milling
equipment used throughout this work - vibratory ball-mill (VBM), a one station planetary ball mill (PBM), and a four station PBM
(from left to right respectively). (b) Proposed molecular structure for the reported salen and salophen complexes.

Recently, the James group?!> has shown mechanosynthesis
of salen complexes with transition metals (Figure 1b, top)
under liquid assisted grinding (LAG) conditions (ie., a
minimal amount of solvent is used). In addition, the one-pot
up-scaled synthesis of a zinc salen complex (ca. 4 g) was also
demonstrated. While the described method opened
opportunities for the mechanochemical synthesis of these
species, the reported synthesis still depends on the use of
solvent additives to accelerate the reaction. However, at
industrial scales, the amount of solvent required would be
vastly increased. In fact, 80% of the energy used in the
separation processes globally is associated with distillation
and evaporation methods.*¢ Therefore, the need for solvent
removal - which generally is an energy-intensive process -
remained inevitable. Later, Cort and co-workers*’ reported
the LAG mechanosynthesis of a series of salophen transition
metals complexes (i.e.,, M= Zn, Ni, Pd) - See Figure 1c. This
method proceeded with yields ranging from 60 to 68% for
the complexes reported. Moreover, complexation with
chloride salts also remained unsuccessful throughout all
their syntheses. More recently, the Lamaty group also
reported mechanosynthesis of manganese salen complexes
based on 1,2-bicyclo[2.2.2]octane bridge (M= Pd, Co, Co, Ni
and Mn(Cl)). These species, synthesized in the presence of
sodium chloride as a salt additive, were produced in
moderate to good yields (ie., 62 to 98%) in the milligram
scale (ie.,, 9.8 to 129 mg).48

Even though mechanosynthesis has demonstrated to have
the potential to be a disruptive technology in industry, there
are several aspects, however, that hinder its broader
adoption. These issues include (i) the lack of comparable
performance data  between  different  synthetic
methodologies, (ii) the impact of large scale production on
environmental factors (e.g., E-factors), and (iii) the lack the
need for new experimental designs at industrially relevant
scale, among others. Furthermore, harmful and hazardous
by-products generated during reaction no longer have a
solvent system to capture or dilute them. This could
potentially pose a serious handling and safety issues for
solvent less techniques at industrial scales, versus their
solvent-based counterparts. Hence, the cross examination
of large scale protocols across different reaction media (i.e.,,
mechanochemical vs solution-based) is necessary to
produce environmental footprint data required for effective
industrial implementation of mechanochemical synthesis.

Since a practical implementation of the large-scale
mechanochemical synthesis of metal complexes would
largely depend on its environmental footprint (ie., green
metrics), we have investigated a series of Kkey
environmental parameters - namely, (i) E-factor, (ii)
process mass intensity (PMI), (iii) reaction mass efficiency
(RME), (iv) atom economy (AE), and (v) energy efficiency -
and compared the values obtained with conventional
solution-based synthesis. The main goal of this report is not
only to enhance the knowledge (from a practical
perspective) necessary to assess the scalability processes in
mechanosynthesis but also to help provide quantifiable
metrics to compare with solution-based methodologies.

Herein we report the solvent-free mechanochemical
synthesis of bromo-salen and bromo-salophen ligands and
their group 13 complexes. In addition, as a model, we have
determined the E-factors for a multi-gram synthesis of
compound 1 and compared it with conventional solution-
based methods at different scales, up to three orders of
magnitude (see Fig. 2a). Overall, mechanosynthesis
exhibited very low E-factors, low energy consumption and
shorter reaction times at room temperature.

Results and Discussion

Schiff base complexes containing bromine atoms have
shown to possess promising anti-cancer and -proliferative
bioactivity. Moreover, they can be used as parent compound
for synthesis of a wide range of species via Suzuki and
Sonogashira coupling reactions. Hence, these chemically
versatile species were used as a model system throughout
our study.

Previously reported synthesis of salen and salophen
ligands and complexes either used LAG during the ligand
synthesis or metal complexation steps (in the case of
transition metals), or at least one of the reactants is liquid
(i.e, reactant acting as LAG). To the best of our knowledge,
there are no reports on the neat mechanochemical
synthesis of salen and salophen ligands and their group 13
complexes (LAG was required for full conversion) or a
comprehensive scaling-up studies (Fig.2b). Inspired by
concepts put forth by Ito et al.,*>5° we decided to expand our
model to cover both solid-liquid and solid-solid type
synthesis.



We started our studies with the synthesis of salen (solid-
liquid) and salophen (solid-solid) ligands. These species are
traditionally obtained from the condensation of
salicylaldehydes and diamines 5! under reflux in protic
solvents (e.g., methanol, ethanol, etc.).52 Alternatively, these
species can be produced mechanochemically via neat or
LAG conditions.1547,53

In a typical reaction, 5-bromosalicylaldehyde and a
diamine (ethylenediamine, and 1, 2-phenylenediamine for
salen and salophen ligands, respectively) were ground
together in a 15 ml milling jar with a 8 mm diameter ball
(both stainless steel) - see Fig. 3a). Samples were taken
every 30 minutes and analysed by ex situ 'H NMR
spectroscopy  to  monitor the reaction. The
mechanochemical synthesis of the ligands proceeded
smoothly and achieved full conversion after 2 hours. Since
the reaction produced water as by-product, the solids
obtained were oven-dried to afford free flowing yellow
powders. The 'H NMR spectra displays broad singlet peaks
at 13.12 and 12.92 ppm, and 8.28 and 8.928.15 ppm for
phenolic and iminic protons respectively, which is in line
with the previous reports for analogous Br-salen and Br-
salophen ligands, respectively (See Supporting
Information, SI). 15 Both ligands, Br-salen and Br-salophen,
were obtained in high yields (ie, 92% and 98%,
respectively) - see Fig. 3b.

After the successful synthesis of the targeted salen and
salophen ligands, they were then treated with AlClz or InCls
mechanochemically to afford a total of four complexes: Br-
salophen-Al (Cl) (1); Br-salophen-In (Cl) (2); Br-salen-Al
(C (3) and Br-salen-In (Cl) (4). The complexation reaction
was confirmed by 'H NMR spectroscopy by the absence of
phenolic protons and the downfield shift for both iminic
protons as compared to signals in free salen or salophen
ligand (recorded in CDCI3 and DMSO, respectively)- see SL

Aluminium complexes with both salen and salophen
ligands were obtained in higher yields than their indium
counterparts. For instance, the Br-salophen aluminium
complex (compound 1) achieved full conversion (97%
yield) after 4 hours of reaction time, whereas Br-salophen-
In (compound 2) was obtained in a lower yield (70% yields)
under the same conditions. We attribute this to the
difference in coordination environment between salen and
salophen ligands, as the salophen ligand displays a more
rigid planar structure which will better accommodate the
smaller aluminium atom.

Notably, the aluminium complexes exhibited higher
stability to air and moisture over a period of three months,
in contrast with their indium counterparts, which were
hydrolysed into the aldehyde/diamine over the same
period. Hence, to prevent hydrolysis, magnesium sulfate
was used as dehydrating agent during the synthesis of
complex 2, 3 and 4 - which achieved full conversion after 5
hours of milling.

Assessment of environmental impact.

Despite being regarded as environmentally benign and
sustainable, modern examples of scaled-up
mechanochemical synthesis as well as detailed assessments

2R VRN
=
=N N=
\-:/" MCl3 M p
OH HO o' Br
30 Hz, 2 h 30 Hz, 4 h
MCl; = AlCI; or InCly
Br. CHO
@OH
S 2 MCly :(
OH HO o Br
30 Hz, 2 h 30Hz 4 h

(a)

(b)

Entry Compound Frequency Time (h) Conversion (%) Yield (%)
(Hz)
1 Br-Salen 30 2 100 92
2 Br-Salophen 30 2 100 98
3 Br-Salen-Al (1) 30 4 100 77
4 Br-Salophen-Al (2) 30 4 100 97
5 Br-Salen-In (3) 30 4 100 70
6 Br-Salophen-in (4) 30 4 100 70

Figure 3. (a) Synthesis route for group 13 salen and salophen
complexes under mechanochemical conditions (b) Reaction
conditions and results of mechanosynthesis of salen and
salophen complexes.

and comparison of its environmental impacts with respect
we contrasted the synthesis of complex 1 in both
mechanochemical and solution-based methods. to
conventional syntheses in the scientific literature remains
rare. Using conventional solution-based synthesis as a case
study, we contrasted the synthesis of complex 1 in both
mechanochemical and solution-based methods.

Specifically, we performed a detailed assessment of the
environmental impact of large scale mechanosynthesis of
Br-Salophen-Al(Cl) (ie., complex 1) and compared it with
the corresponding conventional solution-based synthetic
route. Specifically, different scale batches viz.,, 0.1 g, 1 g, 30
g, 60 g, 120 g were prepared using both methods and their
green metrics were assessed. The synthesis of small-scale
reactions (i.e, 0.1 gand 1 g) were performed in a VBM using
one 8 mm steel ball. For larger scales (i.e., 60 gand 120 g) a
PBM was used, with 500 g of steel balls per 60 g of reagents
to maintain the ball to reagent ratio to ~ 9:1 for all
syntheses.

Planetary mills are ideal for scale-up and they work based
on the principle of planetary motion as the jar rotates
around a central axis to create centrifugal forces, thus
emulating the effect of gravity in industrial scale roller
mills.5+56 Theoretically, although each jar has a total
capacity of 125 g, each jar was loaded up to 60 g of reagents
in this study (two jars were used for the 120 g scale
reaction). Even at this large scale, we achieved full
conversion with 95% yield as analysed by 'H NMR
spectroscopy (Fig. 3b). For comparative purposes, the
synthesis of 1 by conventional solution-based methods in
ethanol and toluene were performed, which produced
comparable overall yields (94%).

When the reactions were scaled up, the large amount of
HCI gas resulted in two technical issues. Firstly, the gases
released resulted in jar corrosion with continuous usage.



Table 1. Comparison of mechanosynthesis and conventional synthesis of Br-salophen-Al (Cl) (Compound 1).

Entry Method Yield (%) E-factor> PMIP RME (%)
Mechanosynthesis
1 01g 88 0.49 0.48 67
2 lg 97 0.30 1.30 76
3 30g 69 0.70 (3.16) 1.70 (21.51) 58
4 60g 82 0.49 (2.54) 1.49 (17.76) 67
5 120 g 95 0.65 (2.99) 1.65 (20.98) 60
Solution synthesis
6 0.1lg 56 493 41 49
7 lg 85 2.60 2091 61
8 30g 66 4.17 (6.67) 31.52 (51.41) 45
9 60g 86 2.27 (4.09) 20.00 (34.34) 70
10 120 g 94 2.81 (4.96) 23.44 (40.46) 61

aValues in parenthesis correspond when a base is used to mop out the HCl formed and water is used to wash the final product (calculations include 90% solvent recovery).
bValues in parenthesis correspond to the use of base and water during the synthesis and purification, respectively.

Secondly, there is a build-up of dangerous amounts of
pressurised HCl gas. Hence, to bypass both issues,
triethylamine (TEA) was added to the reaction mixture to
act as HCl scavenger. In this case, the final product was
washed with water to remove triethylammonium chloride.

All the quantitative data collected throughout our
syntheses at different scales, for both mechanosynthesis
and traditional solution-based methods was tabulated and
used to estimate the environmental impact of the different
synthetic routes used. To estimate the environmental
impact, a green chemistry metrics (GCM)57 approach was
used, and E-factor,58 atom economy (AE), process mass
intensity (PMI) and reaction mass efficiency (RME) for both
the synthetic routes were calculated. Table 1 summarises
these metrics for both mechanosynthesis and the solution-
based synthesis. Detailed calculations can be found in the SI
(section D). Under mechanochemical conditions, low E-
factors were observed, which remained low throughout all
the reaction scales, ranging from 0.30 to 0.70 (Table 1 and
Figure 4a). In contrast, under conventional solution-based
synthetic routes, the E-factors were between ca. 5- and 10-
fold greater (ranging between 2.60 to 4.17). These reactions
were performed in the absence of a base, which results in
the previously highlighted issues related to HCl gas being
evolved during the reaction.

In the presence of a base (i.e, TEA), the amount of waste
produced increased since triethylammonium chloride was
formed as by-product - which needed to be removed during
the final purification stage. The calculated E-factor values,
however, remained low compared to traditional solution-
based methods (ie, 2.54 to 3.16 vs. 4.09 to 6.67 for
mechanochemical and solution routes, respectively).
Several factors, however, should be considered when
interpreting E-factors in the presence of a base. For
instance, the use of a base to trap HCl gas could be bypassed
when specialized milling apparatus designed to vent (or
collected for further use) the HCl gas produced is used.
Hence, the additional step for removal of this salt by-
product and the use of required solvent (water in this case)
could easily be avoided, which drastically reduce the overall

waste generation. RME and AE values for both processes
were similar with RME values at ~60% for 120 g scale
(Figure 4b), and the AE remained at 78% throughout our
studies.

Next, we determined the PMI to see how well it aligns with
the E-factor assessment (see Eq. 1). PMI is a green
chemistry metric recently developed by the ACS GCI
Pharmaceutical Roundtable.>%® This parameter helps
determine the sustainability of a process by defining the
ratio between the quantity of raw materials involved in the
process and the amount of product obtained. This metric,
which focuses on the process input rather than output, is an
ideal metric to compare between mechanosynthesis and
conventional solution method. For this study, we have used
PMI calculation equation recently given by Anadraos (Eq.
1).5* Whereas PMIi-n refers to overall PMI from step 1 to
step N of linear synthesis. x1, X2, ..., Xn refers to mass input of
raw materials in step 1, 2, .., nt, respectively (see Eq. 2).

Total quantity of starting materials (kg)

PMI = Eq.1
Quantity of product (kg) (Eq-1)
x1+ x2+..+xN — (mpl + mp2+..+mpN — 1
PMI = (mp1 + mp PN=D g2
1-N mpN

The terms mp1, mp2, ..., mpn refers to mass of product of
step 1,2, ..., (n-1)™, respectively, whereas mpN refers to mass
of product of final step. The PMI values for different scales
were calculated using these equations (i.e, Eq. 1 and Eq. 2)
and the data is available in the SI (section D-2).

The mechanochemical synthesis at all the studied scales
show lower PMI values (0.48 - 1.70) than their solution-
based counterparts (20 - 41) (Figure 4c). Moreover,
aligned to what was observed for E-factors, the use of a base
(i.e, TEA) increased the PMI values as a result of the extra
purification step required (ie, washing with water).
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However, despite using a base and incorporating an
additional washing step, the mechanochemical route still
displays lower PMI values (i.e., ranging from 17.76 to 21.51
vs. 34.34 to 51.41), which further emphasizes the reduced
environmental footprint of mechanosynthesis vs tradition
solution-based methods. (Figure 4d).

As previously highlighted, the wuse of a suitable
mechanochemical setup capable of bypassing the use of
bases will allow for a low PMI throughout the synthetic
process since a major contributor to the increased PMI is
due to the use of water during the purification step.
However, it should be noted that water has a negligible
carbon footprint, and the increased PMI from the aqueous
wash does not accurately represent the actual
environmental impact as a result.

Finally, we analysed the reaction composition to
understand the role of each component in the context of the
sustainability of the two synthetic routes studied (Figures
4e and 4f). For the largest scale studied (120 g scale)
involving the use of a base (TEA) and water, 87% of the
materials used is water in the mechanochemical route (13%
substrates and reagents). Whereas, for solution synthesis,
more than 57% of the materials used are organic solvents
(5% substrates and reagents). These results further
indicate that mechanosynthesis has a lower environmental
footprint than conventional solution-based synthesis.

Next, we examined some technical and safety factors
during the mechanosynthesis of salen- and salophen
complexes, which are associated with the production of HCI
gas throughout the reaction. We have calculated the amount

of HCI produced for the different reaction scales (Figure 5)
which will have to be taken into consideration since it
influences: (i) the milling media used (corrosion resistant vs
not resistant), (ii) the type of jars used (vented vs
pressurised), (iii) the reaction composition (presence vs
absence of base), and (iv) the appropriate personal
protection measures, PPEs and safety protocols to be
implemented through a given synthesis. For instance, the use
of vented milling jars designed to vent the HCI produced will
not only result in a lower environmental footprint (especially if
it can be re-utilised) but also minimise jar corrosion.

Mechanosynthesis of Salen & Salophen complexes

Figure 5 Amount of HCl produced (in grams) throughout the
different mechanochemical scales

Energy efficiency cost and safety considerations.

While the environmental footprint of the process is an
important parameter, other aspects such as cost, energy
efficiency and safety should also be taken into consideration
to determine the most suitable synthetic route. Therefore,
we have also compared the energy usage, energy efficiency
and cost difference between the two approaches studied.



Table 2. Energy consumption and cost comparison.

Scale Energy consumption Energy saved (%) Approx. electricity cost
(g) kW-h-kg*(MJ-kg) (USD-kg1)
Mechanochemistry Solution
Mechanochemistry Solution Low High  Average Low High Average

01g 32,400 (116,640) 128,000 (460,800) 75 1,3576  5171.04 2099.52 5,363.20 20,428.80 8294.40

10g 900 (3240) 12,800 (46,080) 93 37.71 143.64 58.32 536.32 2,042.88 829.44
30.0g 250 (900) 462.67 (1,536) 41 10.47 39.90 16.20 19.39 73.84 29.98
60.0g 125 (450) 213.34 (768) 41 5.24 19.95 8.10 8.94 34.05 13.82
120.0g 80 (288) 106 (384) 25 3.35 12.77 5.18 444 16.92 6.87

To perform the energy consumption assessment, as a
rough measure, we approximated maximum power
consumption (as the stated in the PBM technical
specifications) during the milling process and negligible
power consumption when idle. As for the solution-based
methodology, we presumed the hot plate to be at maximum
power while heating and negligible power when only
stirring - which is in line with previous energy consumption
reports.®2 Taking this as our baseline, we calculated the
energy usage for both the processes based on the following
equation:

Energy usage (KW - h) = Power (kW) X Duration (h) (Eq.3)

Our calculations show that the mechanochemical route
required less energy on the large-scale synthesis. For
synthesis of 120 g of 1, the PBM consumed ~9.6 kW-h over
4 hours, which translated to 288 M]-kg! (80 kW-h-kg1) of
product. Whereas the energy consumption for solution-
based route required ~12.8 kW-h over 16 h, which is
equivalent to 384 M]j-kg! (107 kW-h-kg'). The energy
consumption at different scale batches is presented in
Table 2. Moreover, the energy saving comparison between
both methods was assessed using the following equation:®°

EsolA - Emech.

x 100%
Esol.

% Energy saved = (Eq.4)

Our calculations indicate that large scale solution
synthesis consumed 33% (i.e., 25% energy savings with
respect to solution-based method using Eq. 4) more energy
than the mechanochemical route. In addition, while we only
utilized two stations of the PBM throughout our
experiments, the PBM used can hold up to 4 jars at once.
Hence, based on the energy consumption assumptions used
throughout our studies (vide supra), 500 g of product could
be produced under the same energy cost (i.e, 1600 kW-h'1)
provided identical reactions times are used.

Finally, to conclude our studies, we examined how energy
consumption translates into industrial production cost. For
this purpose, a cost range using the highest and lower
average price of electricity to industrial end-user
throughout the USA (excluding Pacific Noncontiguous
regions - Alaska and Hawaii - owing to its hight cost), as

well as the average cost in the USA was calculated (ie,
0.0419 - 0.1596 and 0.0648 USD(KW-h)1, respectively) -
see Table 2 and SL% As expected, the cost per kg
dramatically decreases as the scale increases in all cases. In
terms of the average cost per kg at higher scale ranges
(which is most representative of industrial scales),
mechanosynthetic routes are more cost-effective in all
cases. It is also noted that the differences in production cost
between the two methods decreases as the scale increases.
However, as our calculations are solely based on energy
consumption, costs associated with the use of solvents (i.e.,
cost, transportation, and recycling or disposal) have not
been taken into consideration. Therefore, we predict that
the advantage of mechanochemistry will remain even at
larger scales.

Conclusion

In summary, we have demonstrated the solid-state
synthesis of bromo-substituted salen and salophen ligands
as well as their respective aluminium and indium
complexes. Notably, the synthetic methodology explored in
this study did not require the use of LAG to achieve
moderate to high yields, which further highlights the
environmentally benign nature of mechanosynthesis.

Using the Br-Salophen-Al complex as a model reaction, we
have studied the environmental impact of both
mechanochemical and solution-based synthesis by a green
chemistry metrics approach. Relative to solution-based
synthesis, mechanosynthesis has achieved a very low E-
factor and PMI while maintaining high RME and reaction
yields.

Although the HCI released from these reactions can go
mostly unnoticed in small-scale synthesis, at larger scales,
the HCl produced can be dangerous to handle and may lead
to equipment damage. The use of triethylamine as a HCI
scavenger can mitigate these risks, albeit at the cost of an
increased E-factor and PMI. To circumvent the use of
chemical bases thus maintaining the excellent green metrics
and sustainability of these processes, specialised milling
apparatus capable of venting excess pressure is necessary.
This warrants more research on the design and engineering
of improved mechanochemical milling machines for its
practical implementation in the industry.
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