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Since the publication of the first thematic issue on mechano-
chemistry in the Beilstein Journal of Organic Chemistry in
2017 [1], the global interest in the field of mechanochemistry
has continued exponentially growing. Thus, leading to the
implementation of mechanochemical techniques across differ-
ent areas of science. Such tremendous growth has established
mechanochemistry as a sustainable strategy for the future of
chemical synthesis. In fact, the potential of mechanochemistry
in various domains of research, industry and in commercial
entities has been recently recognized by the [IUPAC after the
inclusion of mechanochemistry among the ten chemical innova-
tions that will change our world [2]. Therefore, once again, the
Beilstein Journal of Organic Chemistry is contributing to the
dissemination of mechanochemistry in the field of organic
chemistry through a new thematic issue Mechanochemistry II.

In this new collection of works, the readership of the Beilstein
Journal of Organic Chemistry will find contributions from
renowned global experts in the field of mechanochemistry span-
ning areas from organic mechanochemistry, supramolecular
mechanochemistry to polymer mechanochemistry. Moreover,
findings reported in this current thematic issue also contribute
to the expansion of synthetic chemistry methodology by

mechanochemistry. Importantly, such rapid advancement in
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applied mechanochemistry is supported by investigations
focused on better understanding the fundamental aspects
governing mechanochemical transformations.

Therefore, I hope the joint efforts made by the authors of these
contributions (review articles, letters, and full research papers),
and the Beilstein Journal of Organic Chemistry could augment
the consolidation of mechanochemistry as an alternative to
continue with the development of chemical processes in a more
efficient manner.

José G. Hernandez

Aachen, June 2019
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In recent times, many biologically relevant building blocks such as amino acids, peptides, saccharides, nucleotides and nucleosides,

etc. have been prepared by mechanochemical synthesis. However, mechanosynthesis of lipids by ball milling techniques has

remained essentially unexplored. In this work, a multistep synthetic route to access mono- and diacylglycerol derivatives by

mechanochemistry has been realized, including the synthesis of diacylglycerol-coumarin conjugates.

Introduction

In addition to being guided by chemical signals, cells respond to
mechanical cues by sensing and transducing external mechani-
cal inputs into biochemical and electrical signals [1]. Conse-
quently, every time a cell is subjected to mechanical loads, the
biomolecules that constitute the cell do also experience the
effects of the mechanical forces. For example, from the moment
a nascent peptide begins growing in the ribosome, such peptide
experiences mechanical signals that regulate the speed of pro-

tein synthesis [2]. Not surprisingly, the natural ability of

peptides to endure mechanical stress in nature has allured scien-
tists to evaluate the mechanical stability of proteins by using
single-molecule nanomechanical techniques (e.g., magnetic and
optical tweezers or atomic force microscopy) [3,4]. Additional-
ly, the resilience of the peptide bond to mechanical loads has
led to mechanoenzymatic transformations [5-7], and to synthe-
size amino acid derivatives [8-10] and peptides [11-13] by ball
milling and extrusion techniques. Similarly, mechanochemical

derivatizations of sugars and sugar derivatives such as cyclo-
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dextrins (CDs) have proven compatible with the use of ball
mills. These reports showed advantages such as higher selec-
tivity by ball milling compared to classic solution methods and
the possibility to effectively react CDs and reactants of differ-
ent solubility profiles [14-17]. The compatibility of synthe-
sizing biologically relevant building blocks with mechanochem-
istry has further been shown by the recent mechanochemical
protocols to transform nucleoside and nucleotide substrates
(Figure 1) [18,19].

On the other hand, reports on mechanochemical protocols for
the synthesis or derivatization of lipids are scarce [20,21].
Among the variety of amphipathic or hydrophobic small mole-
cules that exhibit a lipid structure, diacylglycerols (DAGs) are
important due to their signaling functions in cells (DAG
signaling) [22-24]. Structurally, DAGs are glycerolipids con-
taining two fatty acids esterified to the alcohol glycerol
(Figure 2).

Biological routes that lead to the formation of DAGs include
enzymatic degradation of glycerophospholipids and lipolysis of
triacylglycerols (TAGs) [22,25]. However, due to the structural
diversity of fatty acids present in acylglycerols and to the small

Beilstein J. Org. Chem. 2019, 15, 811-817.

structural differences among these fatty acids (e.g., chain
length, degree of unsaturation, double bond position or
stereochemistry), the access to pure DAGs and TAGs from
natural sources by extraction is cumbersome. Alternatively, pro-
tected DAGs 5 can be chemically synthesized starting from
glycerol [26] or glycidol [27], but either synthetic alternative
involves multiple preparative steps in organic solvents (e.g.,
CH,Cl,, THF, Et;0). These considerations led us to explore a
mechano-chemical multistep route for the synthesis of pro-
tected DAGs 5 starting from glycidol (1) through the installa-
tion of a hydroxy protecting group, followed by epoxide
ring-opening and esterification reactions with fatty acids 3
(Scheme 1).

If successful, developing a multistep approach to prepare DAGs
would contribute to the expansion of synthetic mechanochem-
ical methodologies in ball mills [28-31], which are often limited
to single-step transformations. Additionally, synthesizing lipid
structures mechanochemically would complement the prepara-
tion of biologically relevant building blocks (amino acids,
peptides, saccharides, nucleosides, etc.) by mechanochemistry,
thereby highlighting the importance of mechanical forces in the
chemistry of life.
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Figure 1: Biologically relevant molecules made, used or derivatized by mechanochemistry.
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Scheme 1: Synthetic route to access protected DAGs; PG = protecting group.

Results and Discussion

To commence, we focused on the synthesis of fert-butyl-
dimethylsilyl glycidyl ether (2) by reacting glycidol (1;
0.67 mmol) and fert-butyldimethylsilyl chloride (TBDMSCI) in

the presence of imidazole in a mixer mill (MM, Scheme 2) [32].

TBDMSCI (1.1 equiv)
imidazole (2.0 equiv)

0
LA__oH

1

e}
LN /Si7<
2
yield in MM = 86%
yield in PBM = 88%

(MM) 25 Hz, 2 h or
(PBM) 600 rpm, 2 h

Scheme 2: Protection of glycidol (1) with TBDMSCI in the ball mill.
MM = mixer mill, PBM = planetary ball mill.

After 2 h of milling at 25 Hz full consumption of the starting
materials was observed by thin-layer chromatography (TLC),
with exclusive formation of the corresponding silyl ether 2.
However, the high volatility of 2 during posterior vacuum
drying processes prevented the isolation of the TBDMS-pro-
tected glycidol 2 in higher yields after separation by column

(a)

chromatography. A 5-fold scaled up version of the reaction
using 3.37 mmol of 1 was carried out in a planetary ball mill
(PBM) using 45 mL milling containers at 600 rpm, under other-
wise identical conditions to afford product 2 in a similar yield.

With TBDMS-protected glycidol 2 in our hands, a selective
epoxide ring-opening reaction with fatty acids 3 leading to the
formation of the corresponding sn-1,3-protected monoacylglyc-
erols (MAGs 4) was attempted (Scheme 3). Initially, common-
ly used solution-based protocols were tested in the ball mill
[33]. For example, 2 was reacted with stearic acid (3a) in the
presence of amines such as pyridine or tributylamine. However,
the analysis of the reaction mixture only showed unreacted
starting materials. In previous work, an acceleration of the
oxirane ring-opening reaction with carboxylic acids [34] or
alcohols [35] by using Lewis acid catalysts such as iron(III)
chloride or bismuth(III) triflate was reported. However, the
implementation of these protocols in the ball mill only led to
trace amounts (less than 5% yield) of the protected monoacyl-
glycerol 4a. Finally, one of the well-established Jacobsen cata-
lysts for the epoxide ring-opening reaction of 2 with stearic acid
(3a) was evaluated (Scheme 3a).

o (S,S)-cat (2.5 mol %) OH
. DIPEA (1.0 equiv) Rl _O OTBDMS
L\/OTBDMS + RICOOH dioxygen (balloon)
2 3a (25 Hz, 3 h) 4a
R = CH3(CHy)¢6; 18:0 (stearic acid, 3a) yied = 84%
(b) | ()
I
0, :
=N_ N= |
£ |
t-Bu o © t-Bu : gas outlet [liI B ogasinlett
I
! \
tBu  tBu ! o /\ milling jar
(S,S)-cat : milling ball
I

Scheme 3: Cobalt-catalyzed epoxide ring-opening in the ball mill.
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Specifically, we focused on the use of Jacobsen cobalt(Il)-salen
complex (S,5)-cat (Scheme 3b), since similar salen complexes
had originally been reported to facilitate epoxide ring-opening
reactions with carboxylic acids as nucleophiles [36]. Moreover,
salen complexes endure mechanochemical conditions, as
proven during their preparation in ball mills [37]. In addition,
various related Jacobsen salen complexes have shown catalytic
activity under solvent-free conditions [38]. Collectively, these
precedents made this synthetic route a promising one to
mechanochemically access MAGs by ball milling.

Experimentally, we attempted the cobalt-catalyzed epoxide
ring-opening reaction by milling 2 with stearic acid (3a) in the
presence of (S,S5)-cat (2.5 mol %) and N,N-diisopropylethyl-
amine (DIPEA; 1.0 equiv, Scheme 3a). Mechanistically, it is
known that Co(II) complex (S,S)-cat is catalytically inactive
and its oxidation is required to facilitate the reaction [39].
Aware of this, we began by relying on the atmospheric
dioxygen inside the milling container to oxidize complex (S,S5)-
cat. This approach has been applied before in the mechano-
chemical synthesis of Cu—carbene complexes from N,N-
diarylimidazolium salts, dioxygen and metallic copper [40],
which involved a mechanochemical reaction with gaseous
reagents [41]. Pleasingly, this time the reaction afforded prod-
uct 4a, although the yield remained low (59%), even after three
hours of milling. In order to improve the yield, we carried out
the activation of the Co(II) complex (S,S)-cat by milling under
a balloon pressure of dioxygen. Now, the yield of 4a was
boosted up to 84% yield (for a representation of the set up used
and experimental details, see Scheme 3¢ and Supporting Infor-
mation File 1). Analysis of the reaction mixture by 'H NMR
revealed that the epoxide ring-opening had occurred preferen-
tially to give sn-1,3-protected monoacylglycerol 4a over its
regioisomer counterpart sn-2,3-protected monoacylglycerol 4a’
(4a/4a’ 3.6:1; for details, see Supporting Information File 1).
However, purification of 4a by column chromatography on
Si0, favored acyl migration in 4a, thereby dropping the yield of

Beilstein J. Org. Chem. 2019, 15, 811-817.

4a by increasing the amount of the isomeric sn-2,3-protected
monoacylglycerol 4a’ (Figure 2) [42]. Typically, cobalt com-
plex (S,S)-cat has been used for kinetic resolution of racemic
epoxides, for which the maximum theoretical yield of the reac-
tion is 50%. Here, however, the yield of the sn-1,3-protected
monoacylglycerol was high, and consequently we expected the
enantiomeric excess of the product to be low. This, assumption
was confirmed by analysis of the sample by high-performance
liquid chromatography-chiral stationary phase (CSP-HPLC, for
more details, see Supporting Information File 1). Access to
enantiopure MAGs could be achieved under similar reaction
conditions by starting from optically active commercially avail-
able silyl-protected glycidol derivatives [27,43].

Next, we targeted the mechanosynthesis of the DAGs by
reacting MAG 4a and fatty acids 3 in the ball mill. Such esteri-
fications required the activation of 3 with N,N’-dicyclohexyl-
carbodiimide (DCC), thereby complementing other recently de-
veloped solvent-free carboxylic acid activations towards amida-
tion or esterification reactions by ball milling [44]. In practice,
we milled a mixture of MAG 4a, stearic acid (3a), DCC and
4-dimethylaminopyridine (DMAP) at 25 Hz for 2 h in a mixer
mill. Separation of the product by column chromatography gave
DAG 5a in 97% yield (Scheme 4).

Alternatively, Sa could be prepared following a one-pot two-
step approach in the ball mill by beginning with the cobalt-cata-
lyzed epoxide-ring opening of 2 with 3a, followed immediately
by the esterification of the corresponding MAG 4a with stearic
acid (3a), DCC and DMAP. Although successful, this strategy
led to DAG 5a in lower yield (50%). Then, in order to expand
the library of DAGs, other fatty acids containing various
degrees of unsaturation and chain length were tested. For
instance, esterification of MAG 4a with oleic acid (3b), linoleic
acid (3c¢), and arachidonic acid (3d) underwent smoothly in the
ball mill affording DAGs 5b—d in yields up to 91% (Scheme 4).
Particularly interesting was the formation of DAG (18:0/20:4)

o)
\)Oi/ DCC (1.2 equiv) DMAP R)]\O
o OTBDMS + (10 mol %)
/Qa( RCOOH /H\Wo\)\/OTBDMS
o 4a 3a-d (25 Hz, 2 h) 16

R = CH3(CH>)4¢; 18:0 (stearic acid, 3a)
R = CH3(CH,);CH=CH(CH,)7; 18:1 (oleic acid, 3b)

R = CH3(CH,)4CH=CHCH,CH=CH(CH,); 18:2 (linoleic acid, 3c)

O b5a-d

5a: yield = 97%
5b: yield = 90%
5c: yield =91%
5d: yield = 74%

R = CH3(CH,)4,CH=CHCH,CH=CHCH,CH=CHCH,CH=CH(CH,)s; 20:4 (arachidonic acid, 3d)

Scheme 4: Mechanosynthesis of DAGs 5.
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5d, an important lipidic backbone present in the biologically
relevant phosphatidylinositol 4,5-bisphosphate (PIP2) [22]. In
fact, diacylglycerols have proven to play vital roles in regula-
tion of lipid bilayer and in the catalytic action of various mem-
brane-related enzymes, such as protein kinase C (PKC)
isoforms [45]. Therefore, the development of strategies for visu-
alization of acylglycerols in cellular environments by their
fusion with fluorescent molecular labels is in high demand [46].
As a result, once the mechanosynthesis of DAGs 5 was estab-
lished, we turned our efforts towards the conjugation of DAG
5a with 7-hydroxycoumarin (9) (Scheme 5).

Initially, removal of the TBDMS protecting group of Sa was
attempted by milling. However, reacting DAG 5a with a mix-
ture of BF3-CH3CN and silica gel followed by an aqueous
work-up gave DAG 6a in only 31% yield, together with con-
comitant acyl migration of the corresponding sn-1,2-diacylglyc-
erol 6a into sn-1,3-diacylglycerol 6a’. Therefore, the desilyl-
ation reaction was carried out by stirring 5a and BF3-CH3CN
(Scheme 5a). Next, DAG 6a was reacted with 4-nitrophenyl
chloroformate (7) and triethylamine in the ball mill to form the
activated DAG anhydride derivative 8a (Scheme 5b). Analysis
by 'H NMR spectroscopy of the reaction mixture revealed the
presence of DAG 8a along with its isomeric DAG 8a’. Forma-
tion of the latter compound could have been facilitated through

0
%0

BF3-CH3CN (1.1 equiv)

Beilstein J. Org. Chem. 2019, 15, 811-817.

acyl migration of 6a under the basic milling conditions. Subse-
quently, the reaction mixture containing 8a and 8a’ was milled
with 7-hydroxycoumarin (9) and triethylamine to achieve the
conjugation of the DAGs 8 in 53% yield after two steps
(Scheme 5¢). A mixture of 10a and 10a’ (10a/10a’ 72:28) was
separated from the unreacted starting materials, and analyzed by
UV-vis spectroscopy (Figure 3). Comparison of the UV—vis
spectra of 6a and 10a/10a’ showed the successful conjugation
of the DAG with the coumarin moiety [47].

3.5

Absorbance

250 270 290 310 330 350 370 390
Wavelength (nm)

Figure 3: UV-vis spectra of DAG 6a (dotted line) and conjugated
DAGs 10a and 10a’ as a mixture (10a/10a’ 72:28) in toluene at a con-
centration of 0.5 uM.

0
%0

WO\)\/OTBDMS

16 stirring

O 5a

s
\HJKO
6a NEt; (1 5 equiv) /%(

(25 Hz, 1.5 h)

@Eﬁ Mo
NEts (1. 5 equiv O
8a+ 8a 3> eAuv) 3 ( quiv) W

(25 Hz, 3.0 h)

Scheme 5: Conjugation of DAG 5a with 7-hydroxycoumarin (9).
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yield = 53%
10a/10a’ 72:28
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Conclusion

The implementation of ball milling techniques has provided the
opportunity to extend the applicability of mechanochemistry to
the synthesis of architecturally complex targets, such as mono-
and diacylglycerols. Altogether, the mechanosynthesis of lipids
and lipid derivatives complements the current systematic work
towards the synthesis of other biologically relevant molecules
under environments of high mechanical stress. Specifically, the
synthesis of mono- and diacylglycerols required first, the appli-
cation of solventless functional group protection chemistry in
ball mills, second, the implementation of metal-catalyzed
epoxide-ring opening, and third, the development of solvent-
free ester formation between monoacylglycerols and fatty acids
to afford DAGs. Moreover, the synthesis of conjugated DAGs
10 represents a step forward towards the establishment of
mechanochemical conjugation reactions for linking fluorescent
materials to lipids at the proof-of-concept level.

Supporting Information

Supporting Information File 1

Experimental procedures, set-ups and characterization data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-78-S1.pdf]
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The urge to use alternative energy sources has gained significant attention in the eye of chemists in recent years. Solution-based

traditional syntheses are extremely useful, although they are often associated with certain disadvantages like generation of waste as

by-products, use of large quantities of solvents which causes environmental hazard, etc. Contrastingly, achieving syntheses through

mechanochemical methods are generally time-saving, environmentally friendly and more economical. This review is written to

shed some light on supramolecular chemistry and the synthesis of various supramolecules through mechanochemistry.

Introduction

In living systems an important aspect is to create complex func-
tional molecules from simpler units by following biomolecular
mechanisms [1]. The biological assemblies for living beings are
developed from processes of spontaneous self-assembly with a
high degree of compartmentalization [2]. In addition, the same
building units are often used across an enormous number of
structures in a reversible fashion through thermodynamic
control [3]. Conversely, small-molecule synthesis is generally
performed under kinetically controlled reaction conditions
through covalent approaches. By using common synthetic meth-
odologies chemists are able to proficiently synthesize a variety
of both natural and unnatural molecular scaffolds [4-6].

The era of supramolecular chemistry began with the introduc-
tion of coordination theory by Alfred Werner in 1893 [7] fol-

lowed by the lock-and-key concept of Emil Fischer in 1894 [8].
Weak or non-covalent interactions had been used systemati-
cally in the early 1960s by Lehn, Cram and Pederson to create
targeted supramolecular architectures [9]. Small molecules,
anions or cations could be assembled spontaneously to form
supramolecular structures through self-assembly processes by
exploiting the weak or non-covalent interactions [10]. Self-
assembly is a kinetically reversible process which is more effi-
cient than traditional stepwise synthesis concerning large mole-
cules. Some recent developments in supramolecular chemistry
are dynamic combinatorial chemistry [11], subcomponent self-
assembly approach [12-14], and systems chemistry [15-18], etc.

There also has been growing interest towards exploration of

nontraditional energy sources like visible light [19,20], micro-
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wave [21], mechanochemical mixing [22,23], ultrasound [24],
etc. as alternative energy sources to replace common laboratory
techniques [25]. Among them, especially mechanochemical
synthesis [26-29] has gained popularity due to its advantage
over conventional solution-based methods [30]. The process is
highly beneficial as the solvent-free condition may make tradi-
tional workup superfluous [31,32]. Also, mechanochemical
methods have high impact in ecology and economy as they save
time [33]. Mechanochemical syntheses benefit from high to
quantitative conversions, minimized steps for purification and
diminished liberation of undesired byproducts [34,35]. In litera-
ture, classical small organic molecules’ synthesis has been well
explored which includes multistep synthesis [36-39]. However,
the concept of supramolecular chemistry under mechano-
milling conditions only has limited number of examples [40-
42].

Review
Self-assembly

During a metal-directed self-assembly process, the coordina-
tion geometry and coordination number at the metal center
plays a central role in creating a self-assembled system. In
1962, Busch and coworker first demonstrated the concept of the
template effect by choosing a suitable metal ion to control a
self-assembly process [43,44]. The template enforces the
assembly of the smaller units around it in a distinct and orga-
nized way favoring the formation of a particular product from a

mixture with multiple possibilities [45]. Therefore, the concept

a) b)

h N
>
square plana coordination

O - rtnyorpraq)

Figure 1: A generalized overview of coordination-driven self-assembly.

tetrahedral coordination

O -

Beilstein J. Org. Chem. 2019, 15, 881-900.

of selection of appropriate metal ion(s) and ligand(s) has been
demonstrated in various reports [46-49]. In Figure 1, a compre-
hensive framework is shown in which nanoscale architectures
are built from various monodentate (pyridine; Figure 1a), biden-
tate (bipyridine, phenanthroline; Figure 1b) and tridentate
(terpyridines; Figure 1c) ligands [49]. The model systems
depicted in Figure 1 are constructed using metals like Pd(II) or
Pt(II) ions for square planar geometry, Cu(l) or Ag(l) ions for
tetrahedral geometry and Co(II)/Cu(Il)/Fe(1l)/Zn(1I)/Hg(1I) for
octahedral organization [50].

In Figure 2, Busch’s first example of a metal-directed self-
assembly is shown [44]. The mixing of diacetyl and 2-amino-
ethanethiol led to a dynamic mixture of products including 1.
The square-planar directing metal ion nickel(II) induces the for-
mation of cyclic product 2 through a process called self-sorting
[51-53]. Subsequently, compound 2 underwent substitution with
a,0’-dibromo-o-xylene to create the nickel(II) complex 3 [54].

In 2014, James and co-workers reported a one-pot two-step
mechanochemical synthesis of metal complexes 7 (Figure 3).
First, the salen-type ligand 6 was synthesized from o-hydroxy-
benzaldehyde (4) and ethylenediamine (5). Subsequently, to the
same pot appropriate metals were added to obtain the respec-
tive complexes 7 [55].

In 2002, Otera and co-workers reported the formation of some
supramolecular self-assembled structures which was found to

Y

octahedral coordination

O = Fe(ll)/Co(ll)/Pb(Il)

Cu(l) or Ag(l)
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Figure 3: Synthesis of salen-type ligand followed by metal-complex formation in the same pot [55].

be faster under solvent-free mechanochemical condition than in
aqueous media [56]. When a 1:1 mixture of the platinum salt
[(en)PtNOj3),] and 4,4'-bipyridine were grinded in a mortar and
pestle for 10 min, an NMR yield of 76% was found for the for-
mation of molecular square 8 (Figure 4a). Similar structures
were reported by Fujita’s group [57] in which the formation of a
Pt-based supramolecular square took more than four weeks at
100 °C. Using a similar approach, Otera’s group also demon-
strated for the formation of a bowl-shaped assembly 9 in 90%
yield upon grinding for 10 min 2,4,6-tri(pyridin-3-yl)-1,3,5-
triazine and palladium ((en)Pd(NOj3),, Figure 4b). Contrast-
ingly, in solution the same synthesis took 4 h at 70 °C to isolate
complex 9 in 56% yield.

Curi¢ and co-workers prepared cyclopalladated complexes such

as 10 by a grinding method and were the first to confirm a

mechanochemical C—H bond activation of an unsymmetrically
substituted azobenzene [58]. The cyclopalladation process was
proved to be a highly regioselective process and the observed
palladation rate was faster compared to the conventional solu-
tion-phase method. An equimolar amount of 4'-(N, N-dimethyl-
amino)-4-nitroazobenzene and Pd(OAc), in the presence of
25 uL of glacial acetic acid (for liquid-assisted grinding, LAG)
led to the regioselective C—H activation (Figure 5) [58].

In 2008, the mechanochemical synthesis of both [2]- and
[4]rotaxanes was reported by Chiu and co-workers. The reac-
tions led to high yields of the products 12 and 13 under solvent-
free conditions at a milling frequency of 22.5 Hz (Figure 6b)
[59]. The stoppers were constructed in situ with 1,8-diaminon-
aphthalene through the formation of an imine via dehydration of

the amine and aldehyde.
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Figure 4: Otera’s solvent-free approach by which the formation of self-assembled supramolecules could be accelerated [56]
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Figure 5: Synthesis of a Pd-based metalla-supramolecular assembly through mechanochemical activation for C-H-bond activation of unsymmetrical-

ly substituted azobenzene [58].

unit in a 21-crown-7-based [2]pseudorotaxane 14. The

Interestingly, a synthesis of the smallest [2]rotaxane also has
[2]rotaxane 15 was produced in 81% yield having pyridazine

been demonstrated by the same group [60]. They applied a

Diels—Alder reaction of 1,2,4,5-tetrazine with a terminal alkyne  groups as stoppers (Figure 7).
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Figure 6: a) Schematic representation for the construction of a [2]rotaxane. b) Chiu’s ball-milling approach for the synthesis of [2]rotaxanes.
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Figure 7: Mechanochemical synthesis of the smallest [2]rotaxane.

Very recently, Nierengarten and co-workers reported a solvent-
free mechanochemical synthesis of pillar[5]arene-containing
[2]rotaxanes (Figure 8). Mixing a 2:1 ratio of pillar[5]arene
(wheel) with dodecanedioyl dichloride (axle) in CHClj3 resulted
in the formation of pseudorotaxane 16 which was further treated
with different amines (stopper) in a stainless-steel jar with
4 steel balls under milling conditions (30 Hz for 1-2 h). When
for example, N-methyl-1,1,-diphenylmethanamine was used as
one of the stoppers, diamido [2]rotaxane 17 was obtained with
high yield (ca. 87%) [61] (Figure 8).

I/\oﬁ
) [O . o)
> (%H 1 7
_ 2 (0] I
MM (22.5 Hz) N & ) < _N
9h N 0O o N7
s 7 BF,

15, 81%

In 2017, Wang and co-workers reported an efficient method for
the synthesis of neutral donor—acceptor [2]rotaxanes such as 19
through liquid-assisted mechanochemical milling (Figure 9).
The donor—acceptor interaction between the electron-deficient
naphthalene diimide moiety and the electron-rich naphthalene
moieties embedded in the macrocyclic polyethers played the
vital role for the construction of the rotaxane system via
pseudorotaxane 18. A shorter reaction time, use of small
amounts of solvent and the high yield were the advantages over

the solvent-mediated synthesis [62].
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Figure 8: Solvent-free mechanochemical synthesis of pillar[5]arene-containing [2]rotaxanes [61].

Macrocycle synthesis

The mechanochemical synthesis of sphere-like nanostructures
was reported by Severin and co-workers (Figure 10). Under
ball-milling conditions (20 Hz), the condensation of 4-formyl-
phenylboronic acid, pentaerythritol and 1,3,5-tri(aminomethyl)-
2,4,6-tricthylbenzene afforded 94% of sphere-like compound 21
in 1 h[63].

In 2018, Wang and co-workers also demonstrated the synthesis
of boronic ester cages under high-speed vibration milling
(HSVM) conditions. The condensation of pentaerythritol and
triboronic acid at 58 Hz for 40 min led to the formation of cage
structure 22 (Figure 11) with nearly 96% yield [64]. The
authors also reported that the cage compounds such as 22 had
high thermal stabilities by exhibiting a decomposition tempera-
ture up to 320 °C.

stopper

In 2013, Severin and co-workers reported the mechanochem-
ical synthesis of large macrocycles with borasiloxane and imine
links using a ball mill (Figure 12). In a polycondensation reac-
tion using diamines, 4-formylbenzeneboronic acid and
t-Bu,Si(OH),, borasiloxane-based macrocycle 23 was obtained
in >90% yield after 2 X 45 min of grinding [65].

In 2017, Xu and his group developed the first method towards
the synthesis of 2-dimensional aromatic polyamides (2DAPAs)
under solvent-free ball-milling conditions [66]. Reacting 1,3,5-
benzenetricarbonyl chloride and 1,4-phenylenediamine in a ball
mill afforded 75% of the desired 2D polymer 24 within 15 min
(Figure 13). When using 4,4'-diaminobiphenyl in place of 1,4-
phenylenediamine the analogous 2D structure comprising
biphenylene units was obtained within the same time albeit with
a lower yield (=65%).
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Figure 9: Mechanochemical liquid-assisted one-pot two-step synthesis of [2]rotaxanes under high-speed vibration milling (HSVM) conditions [62].

Subcomponent self-assembly and

mechano-milling

Nature displays innumerable and beautiful creations [67,68]
which include highly complex self-assembled structures made
from smaller building blocks by using weak or non-covalent
interactions [69,70]. Therefore, the supramolecular approach
[71] and systems chemistry [1,72] are considered as the fastest
growing areas of chemical research during the last couple of

decades [73,74]. The concept of systems chemistry offers a

thorough understanding of the building-up principles for
creation of complex functional molecular systems from conven-
tional materials [75,76]. The systems chemistry approach may
give easy access to new structures or functional materials
simply by controlling the inputs of a multicomponent system.
The concept of self-sorting [77-79] and subcomponent self-
assembly approach [80] are well-developed methods being
practiced in supramolecular chemistry to produce complex mol-

ecules with topological diversity [81]. Therefore, organic trans-
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Figure 11: High-speed vibration milling (HSVM) synthesis of boronic ester cages of type 22 [64].

formations through subcomponent synthesis under mechano-
milling conditions might be considered as a useful tool for per-

forming a chemical reaction in a greener fashion.

The subcomponent self-assembly of a rigid aromatic linear
bisamine, pyridine-2-carboxaldehyde and Fe(I) resulting in the
tetrahedral [M4L6]47 cage 25 in water reported by Nitschke [82]
was a milestone of supramolecular tetrahedral complex chem-
istry (Figure 14). The authors have thoroughly explored the

host—guest chemistry of that self-assembled Fe(Il) cage
[4,12,83].

In 2015, Mal’s group successfully reproduced the synthesis of
Nitschke’s tetrahedral iron-cage molecule under solvent-free
mechano-milling conditions [84]. Subcomponent self-assembly
from components A, B, C, D and Fe(Il) in a solvent-free envi-
ronment through self-sorting led to three structurally different

metallosupramolecular Fe(II) complexes. Under mechano-
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Figure 12: Mechanochemical synthesis of borasiloxane-based macrocycles.

milling conditions the tetranuclear [Fe4(AD,)g]* 22-compo-
nent cage 26, dinuclear [Fe;(BD5)3]2~ 11-component self-
assembled helicate 27 and 5-component mononuclear
[Fe(CD3)]?" complex 28 could be prepared simultaneously in a

one-pot reaction starting from 38 components (Figure 15).

In 2015, Mal and co-workers described a multicomponent
Biginelli [85] reaction following a subcomponent synthesis
under mechanochemical conditions. They have developed a
method in which dihydropyrimidone synthesis was achieved
from benzyl alcohol using a Br' source as the catalyst
(Figure 16). In the reaction pot subcomponents such as
benzaldehydes and H" were formed which further participated

in a cascade transformation to give dihydropyrimidones 29.

Dynamic combinatorial chemistry and
mechano-milling

Dynamic combinatorial chemistry (DCC) is one of the most im-
portant topics which make us understand the relationship be-
tween complex molecules and living systems. With this ap-
proach, a library of chemical species called dynamic combina-
torial library (DCL) can be designed which are in thermo-
dynamic equilibrium with each other. Nitschke and co-workers
reported, that mixing of 2-formylpyridine (3.0 equiv), 6-methyl-
2-formylpyridine (3.0 equiv), tris(2-aminoethyl)amine

(1.0 equiv) and ethanolamine (3.0 equiv) in aqueous solution
afforded a dynamic library of imines which subsequently could
be self-sorted into two distinct complexes 30 and 31 upon the
addition of Cu() tetrafluoroborate (1.5 equiv) and Fe(II) sulfate
(1.0 equiv) as shown in Figure 17 [86].

DCL formation was also shown to be possible in the solid-state
by grinding or mechanochemical methods by Sanders and
co-workers in 2011. They have demonstrated the reversibility
and thermodynamic control in mechanochemical covalent syn-
thesis, towards base-catalyzed metathesis of aromatic disulfides
as a model reaction [87]. The outcome of solution-phase chem-
istry and mechanochemical synthesis were well distinguished
and they have described the phenomenon based on differences
in the crystal packing in the solid state. The products 32 were
obtained via thermodynamic control (Figure 18) from a
dynamic combinatorial library [53,88].

In 2010, Otto and co-workers observed unprecedented product
selectivity for the formation of disulfide macromolecules based
on mechanical shaking and stirring [89]. Peptide-chain contain-
ing distal thiol groups underwent an aerial oxidation process to
give different disulfide-containing macromolecules. They ob-
served that under mechanical shaking conditions preferentially

the cyclic hexamer 33 is formed, whereas stirring resulted in
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formation of heptamer 34 as the major isomer (Figure 19).
From this observation the authors concluded that not only the
thermodynamically controlled products but also the kinetically
controlled products could be obtained in DCL depending on
the non-covalent interactions present in the molecule. Non-
covalent interactions of alternating hydrophilic and hydro-
phobic units in the peptide chains played the vital role in the
system.

mechanochemical synthesis of hemicucurbiturils [90] through
the anion template effect of dynamic covalent chemistry

[47,91,92]. The mechanochemical milling of a 1:1 mixture of

paraformaldehyde and (R, R)-hexahydro-2-benzimidazolinone
along with a small amount of concentrated aqueous HCI for
30-60 min followed by aging at 45 °C for 6 days, resulted in
the formation of six-membered macrocycle cycHC[6] 35 with
98% conversion by NMR (Figure 20). When CIO4 has been
used as the anion template, the formation of the eight-mem-
bered macrocycle cycHC[8] 36 was observed in 98% conver-
sion by NMR after 30 min of LAG, followed by aging for one
day at 60 °C [90].

Template-assisted mechanochemistry

It was long believed that covalent-bond formation in supramo-

lecular chemistry which occurs in solution-phase synthesis is
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Figure 20: Anion templated mechanochemical synthesis of macrocycles cycHC[n] by validating the concept of dynamic covalent chemistry.

almost impossible in solid-state reactions. However,
MacGillivray’s group demonstrated several examples of
co-crystal formation or supramolecular synthesis in the solid
phase through mechano-milling or dry grinding. In 2008, they
have established a [2 + 2] photodimerization through solid-state
grinding either in neat or liquid-assisted conditions [93]. To
achieve 100% stereospecific products they considered resor-
cinol derivatives as hydrogen-bond donors for the photodimer-
ization of 1,2-di(pyridin-4-yl)ethylene (Figure 21a). However,
1,8-dipyridylnaphthalene was used as hydrogen-bond acceptor
for the [2 + 2] cycloaddition of fumaric acid derivatives
(Figure 21Db).

In 2017 Purse and co-workers reported the host—guest chem-
istry of pyrogallo[4]arene (39) hexamers under mechano-
milling conditions [94]. A hexameric capsule 40 formed
through hydrogen-bonding and the cavity was found to be able
to encapsulate different organic molecules such as alkanes,
acids, amines, etc. The encapsulation of a [2.2]paracyclophane
in the cage was achieved by ball milling at 30 Hz (Figure 22)
and the host—guest product 40 was verified by NMR as well as
other spectroscopic techniques.

Georghiou et al. demonstrated the mechanochemical formation

of a 1:1 supramolecular complex Cgo—tert-butylcalix[4]azulene

41 (Figure 23). The host—guest complexation was achieved by
simple grinding the individual compounds in a mortar and
pestle [95].

Supramolecular catalysis

The concept of supramolecular catalysis mainly is based on the
use of supramolecular chemistry, molecular recognition,
host—guest chemistry, etc. for catalysis [96]. The field origi-
nated with the understanding of enzymatic system which is
conceptually different from traditional organic chemistry reac-
tions, as it relies on soft force [97,98] or non-covalent interac-
tions [2] such as hydrogen bonding [99], cation—n [100-102],
anion—n [103], hydrophobic effect [104,105], halogen bonding
[106-109], etc. As enzymes are structurally complex entities
and are difficult to modify, supramolecular catalysis proposes a
much simpler model to understand the catalytic activity of en-
zymes.

In 2010, MacGillivray and co-workers have demonstrated the
concept of “supramolecular catalysis” in a hydrogen-bond-
assisted self-assembled formation of a [2 + 2]-cycloaddition
product. The reaction was found to be 100% stereospecific
under dry mortar and pestle grinding [110]. The hydrogen-bond
donor 4,6-dichlororesorcinol was used as the supramolecular

catalyst for the transformation in the solid-state. From single
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crystal X-ray analysis the authors have proved the formation of
the 2:2 complex 42 from 1,2-di(pyridin-4-yl)ethylene and 4,6-
dichlororesorcinol in the transition state (Figure 24). Finally the
cyclobutane derivative 43 was observed after the release of
catalyst for the next cycle.

In 2012, again the MacGillivray group reported an improved
version of the above mentioned [2 + 2]-cycloaddition methodol-
ogy. They used the vertex grinding technique where solid-state
grinding and UV irradiation was done simultaneously [111] and
verified co-crystal formation of a resorcinol derivative with
dipyridylethylene in the solid state. Also, the supramolecular

Cl OH

+N©\

)

Cl OH

hv, solid state

Cl OH--N >ﬁ S
OH"N%N__

transition state

kaf

Beilstein J. Org. Chem. 2019, 15, 881-900.

catalysis of [2 + 2] photodimerization has been shown to

proceed with excellent turnover numbers.

rative study on the halogen bonding between 1,3,5-trifluoro-
2,4,6-triiodobenzene and triphenylphosphine, -arsine, and
-stibine under neat mechanochemical conditions or through sol-
vent-assisted grinding using ethanol (Figure 25). The single
crystal X-ray structures of the obtained co-crystals 44-46 were
reported to match with the solution-phase co-crystals. They
have also studied energy levels, thermal properties and the
stability of these structures through DFT calculations [112]. In

NC D @)

-y

43

By
X

Figure 24: Formation of a 2:2 complex between the supramolecular catalyst and the reagent in the transition state of the [2 + 2]-cycloaddition reac-

tion of 1,2-di(pyridin-4-yl)ethylene and 4,6-dichlororesorcinol.

@3313A 2N

44

Figure 25: Halogen-bonded co-crystals via a) |-:-P, b) |-

ball milling

25Hz

‘As, and c) |-**Sb bonds [112].
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this work they have also demonstrated that metallic pnictogens
do form sufficiently strong halogen bonds to enable co-crystal

formation.

Mal and co-workers have shown that a contact explosive, i.e.,
the mixture of primary amines and phenyliodine diacetate led to
a high-yielding reaction at maximum contact (solvent-free ball
milling) of the reactants [113]. An acid salt, (sodium bisulfate)
was used to control the reactivity of the highly basic primary
amines to transform the exceedingly exothermic reactive sub-
strates in a high-yielding cross-dehydrogenative coupling
(CDC) reaction to obtain the amides 47 (Figure 26).

The development of sustainable methods for the activation of
less-reactive undirected C(sp>)~H bonds is challenging howev-
er, highly desired in organic synthesis. Mal and co-workers also
demonstrated that acidic C(sp®)-hydrogen bonds within a mole-

contact explosive

o H,N" R?
QAC

I
_ ©/ “OAc

reaction controller

Beilstein J. Org. Chem. 2019, 15, 881-900.

cule could be used to control exothermic reactions between
amines and iodine(IIl) [114]. By this process undirected
C(sp®)-H bonds were shown to be functionalized for dehydro-
genative imination reactions. Overall, at 1,5-distances (remote)
a dehydrogenative and intramolecular C(sp3)—H imination by
4H elimination was readily done via organocatalysis using Phl
(10 mol %)-mCPBA at ambient conditions as well as under
neat mixing [115]. The N!,N!-dibenzylbenzene-1,2-diamine
(Figure 27) which is an integrated system by the combination of
aniline and N, N-dibenzylaniline led to the successful formation
of 1-benzyl-2-phenyl-benzo[d]imidazole 48 under the
iodine(IIT) environment.

Conclusion

Over the last years, substantial progress has been made in the
area of mechanochemistry as environmentally benign method in
organic synthesis, materials science and supramolecular chem-

explosion-free CcDC

y

NaHSO4

baII milling
solvent-free

(at maximum contacts)

7 (72-94%)

Figure 26: Transformation of contact-explosive primary amines and iodine(lll) into a successful chemical reaction for amide synthesis.
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Figure 27: Undirected C—H functionalization by using the acidic hydrogen to control basicity of the amines [114]. a) Identified exothermic reactions.
b) Successful reaction by quenching the heat intramolecularly. c) The plausible mechanism of acidic C—H functionalization intramolecularly.
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istry. In this review the major focus has been to cover the
concept and application of mechanochemistry in the formation
of self-assembled supramolecules. In addition, we have
included mechanochemical approaches to areas such as
subcomponent self-assembly, dynamic combinatorial chemistry,
systems chemistry, and supramolecular catalysis. We anticipate
that the research area of supramolecular mechanochemistry is
still in its infancy and needs significant improvement towards

understanding and development of suitable methods [116-118].
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Abstract

Mechanochemical polymerization is a rapidly growing area and a number of polymeric materials can now be obtained through
green mechanochemical synthesis. In addition to the general merits of mechanochemistry, such as being solvent-free and resulting
in high conversions, we herein explore rate acceleration under ball-milling conditions while the conventional solution-state synthe-
sis suffer from low reactivity. The solvent-free mechanochemical polymerization of trimethylene carbonate using the organocata-
lysts 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) are examined herein. The polymer-
izations under ball-milling conditions exhibited significant rate enhancements compared to polymerizations in solution. A number
of milling parameters were evaluated for the ball-milling polymerization. Temperature increases due to ball collisions and exother-
mic energy output did not affect the polymerization rate significantly and the initial mixing speed was important for chain-length
control. Liquid-assisted grinding was applied for the synthesis of high molecular weight polymers, but it failed to protect the
polymer chain from mechanical degradation.

Introduction

Nowadays mechanochemical syntheses are widespread in
many areas of chemistry [1-4]. The efficient mixing and energy
input induced by mechanical motions have promoted many
chemical reactions with superior efficiencies [5]. Sometimes,
unexpected outcomes that cannot be achieved by solution
synthesis occur, which makes mechanochemistry a topic of

rigorous research [6].

In the area of polymer chemistry, the use of mechanical forces
has a long history. Strong mechanical forces can break covalent
bonds, including strong C—C bonds, thus their utilization has
generally focused on destructive approaches [7-9]. Recently,
along with rapid progress in mechanochemical small molecule
syntheses, the constructive polymeric material synthesis also
succeeded. In 2014, Swager and co-workers demonstrated that
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poly(phenylene vinylene) could be obtained without any sol-
vent after brief ball milling of monomer and base [10]. The
remarkable reactivity exemplified that the general concepts of
mechanochemical synthesis are applicable to polymerization
reactions. Other examples of polymer syntheses have followed.
The Borchardt research team reported the efficient mechano-
chemical synthesis of poly(azomethine) and poly(phenylene)
[11,12]. Our group also contributed to this area by developing a
ball-milling promoted high-molecular weight poly(lactic acid)
synthesis [13,14] and a solvent-free post-polymerization modi-
showed that poly(ethylene oxide) end group modification is
facile under ball-mill conditions [16]. Network polymeric mate-

rial fabrications were also realized using ball milling [17-19].

As mentioned, many mechanochemical reactions realized
exceptional efficiencies that solution synthesis cannot afford
[5,20]. Chemical transformations at maximum concentrations
benefit from no dilution, which results in fast conversions, as
long as efficient mixing is provided. We envisioned that poly-
merization systems with low propagation efficiencies under
solution conditions could be accelerated through mechanochem-
ical ball milling. The organocatalytic polymerization of trimeth-
ylene carbonate to form aliphatic polycarbonates was found to
be more efficient when using a mechanical ball-milling reac-
tion than a solution polymerization (Scheme 1). The detailed

findings are disclosed in this article.

Results and Discussion

Aliphatic polycarbonates are found in many biomedical applica-
tions since they have many desirable properties such as high
biocompatibility, easy degradation, good mechanical properties,
and low toxicity [21-23]. Many synthetic methods have been
developed, and the chain-growth ring-opening polymerization

o}
PN

)
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of cyclic carbonates, such as trimethylene carbonate (TMC) and
its derivatives have been used for the controlled synthesis of
high-molecular weight polymers. Among many catalysts,
organocatalysts have attracted considerable attention, since the
use of nontoxic catalysts warrants a safe use in biomedical ap-
plications [24].

The amidine base 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) is
one of the best studied and most popular organocatalysts for
ring-opening polymerizations of cyclic carbonates and lactones
[25-27]. In contrast to the high activity of lactone polymeriza-
tion, cyclic carbonate polymerization usually requires long reac-
tion times to achieve high conversions (Table 1) [27]. The
DBU-catalyzed polymerization of trimethylene carbonate in
chloroform, tetrahydrofuran, toluene, and methylene chloride
converted less than 5% monomer into poly(trimethylene
carbonate) (PTMC) within 1 h (Table 1, entries 1-8). It general-
ly took 24 hours to produce PTMCs with over 2,000 g/mol
number average molecular weights (M,,). Among the tested sol-
vents, the reaction in CH,Cl, was the fastest with 43% conver-
sion after 24 h (Table 1, entry 8).

The same reaction was conducted using ball milling without
any solvent added. All reagents were placed in a 10 mL stain-
less-steel milling jar with three 7 mm diameter stainless-steel
balls. The solid-state reaction mixture was placed into a high-
speed vibration ball mill. After 30 min of high-speed vibration
(30 Hz), 43% conversion was recorded, and PTMC with an M,
of 3930 g/mol was obtained (Table 1, entry 9), which is compa-
rable to that of PTMC obtained from a 24 h reaction with
CH,Cl, (Table 1, entry 8). Longer milling times pushed the
reaction to higher degrees of polymerization. A one-hour vibra-
tion resulted in 75% conversion with an M,, of 7380 g/mol, and
the polymerization reached over 90% conversion after 2 h

0" Mo .

N

@AOH

> Qﬂoﬁko/\/\okH

<[« (m][>] >

forward fast ball-milling

mechanochemical polymerization

- solvent-free

- fast reaction

-controlled molecular weight

Scheme 1: Fast trimethylene carbonate polymerization using a solvent-free ball-milling approach.
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Table 1: DBU-catalyzed polymerization of trimethylene carbonate: solution vs ball milling.2:°.

solvent 1 mL

)I\ or 0
0”0 . (j/\OH . CI\O ball milling ©AOHOMO£H
100 equiv 1 equiv 1 equiv
(100 mg)
entry solvent time (h) conv (%)° My, My My/My
(g/mol)d (g/mol)d
1 1 2 - - -
chloroform
2 24 24 2120 2270 1.07
3 THF ! < - - -
4 24 5 - - -
S toluene ! <1 - N B
6 24 23 2660 2950 1.10
7 1 3 - - -
CH,ClI
8 2v2 24 43 3990 4200 1.05
9 _ 0.5 43 3930 4350 1.11
10 ball mill 1 75 7380 8350 1.14
no solvent
11 2 93 9230 10600 1.15

aPolymerization conditions: TMC (100 mg, 100 equiv), BnOH (1.02 pL, 1 equiv), and DBU (1.46 pL, 1 equiv) in 1 mL of the selected solvent at rt for
the solution reactions, or in a 10 mL stainless-steel jar with three 7 mm diameter stainless-steel balls for the ball-milling reactions. PThe average of
two runs is reported for the ball-milling reactions. ®Determined by "H NMR spectroscopy. 9Determined by GPC calibrated with polystyrene standards

in tetrahydrofuran (THF) at 40 °C.

(Table 1, entries 10 and 11). While the reaction rate was higher
than that of the solution reactions, polydispersity under ball-
milling conditions remained low (M/M, = 1.15). To maintain
low polydispersity, fast initiation and slow propagation are re-
quired [28]. In the case of ball-milling polymerization, the time
required for the physical mixing of monomer, catalyst, and initi-
ator would result in a delayed initiation of the polymerization.
However, the relatively slow propagation rate of DBU-medi-
ated trimethyl carbonate polymerization allowed for well-con-
trolled chain lengths. The previous examples on mechanochem-
ical poly(lactic acid) synthesis resulted in broader molecular
weight distributions due to the fast propagation rate [13,14].

Variations of the ball-milling parameters were then scrutinized
(Table 2). Firstly, the vibration frequency was varied from
10 Hz to 30 Hz. Even with the low vibration experiment at
10 Hz for one hour, 60% of trimethylene carbonate were con-
verted into the corresponding polymer (Table 2, entry 1), which
is much faster than conversions observed in solution reactions
collected in Table 1. An increase in the vibration frequencies
exhibited only a marginal effect. At 20 Hz, only 3% increase in

conversion was observed (63%, Table 2, entry 2) and at 30 Hz,

75% conversion was recorded (Table 2, entry 3). The effect of
vibration frequency was found to be less pronounced as in the
case of lactide polymerizations [13]. The changes in ball
numbers and size were investigated as well, which will increase
overall mass of a vibration system. The use of five balls instead
of three improved the conversion to 84% and the vibration with
a 12 mm ball gave 88% conversion. The mass increase in the
vibration system resulted in the improvement of reaction effi-

ciency.

The high impact collision energy [28,29] and exothermic nature
of the given ring-opening polymerization [30] could increase
the temperature of a ball-mill system, which would speed up the
polymerization rate [31,32]. To gain insight into thermal
effects, we monitored the temperature of the reactor and the
reaction mixture (Figure 1). After two hours of high-speed ball
milling, the temperature of the reactor and mixture increased to
36 °C. To allow a direct comparison, the solution reactions were
also conducted at 40 °C. However, their efficiencies remained
far behind those of the ball-milling polymerizations (Table 3).
In chloroform (Table 3, entries 1 and 2) and toluene (Table 3,
entries 5 and 6) rate enhancements by thermal energy were ob-
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0} o}
ball millin
SEEN ARG SRE- o S AN
L e
N 1h
100 equiv 1 equiv 1 equiv
(100 mg)
entry frequency and ball diameter conv (%)° My My, MMy,
(g/mol)d (g/mol)d
1 10 Hz, 7 mm x 3 ea 60 5690 6320 1.1
2 20 Hz, 7mm x 3 ea 63 6000 6510 1.09
3 30Hz, 7mm x 3 ea 75 7380 8350 1.14
4 30Hz, 7mm x5 ea 84 6660 7500 1.13
5 30Hz, 12mm x 1 ea 88 6880 7810 1.14

aPolymerization conditions: TMC (100 mg, 100 equiv), BnOH (1.02 uL, 1 equiv), and DBU (1.46 uL, 1 equiv) in a 10 mL stainless-steel jar. ®The aver-
age of the two runs is reported. Determined by "H NMR spectroscopy. 9Determined by GPC calibrated with polystyrene standards in THF at 40 °C.

served, however, their efficiencies remained much lower than
that of the ball-milling PTMC synthesis (Table 3, entries 9 and
10). The observed high efficiency of the mechanochemical
transformation could originate from a large increase in concen-
tration as well as a temperature difference [5]. In the synthesis
of poly(trimethylene carbonate), the observations imply that
concentration is a more influential factor than temperature

increase for the rate enhancement under ball-milling conditions.

Figure 1: IR thermometer images showing reactor temperatures at the
end of the two individual ball-milling reactions (averaged results
collected in Table 1, entry 11; individual results, see Supporting Infor-
mation File 1, left: Table S1, entry 11-1, right: Table S1, entry 11-2).

As another highly reactive organic catalyst, 1,5,7-triazabi-
cyclo[4.4.0]dec-5-ene (TBD) was investigated next. The
bicyclic guanidine base TBD has shown better efficiencies than
DBU in many chemical transformations including the polymeri-
zation of lactides and cyclic carbonates [27,33]. As expected,
TBD effectively promoted the polymerization of trimethylene
carbonate both, in solution and under solvent-free ball-milling

conditions. Nearly quantitative conversions into polymer were

achieved within only 5 min (Table 4). Interestingly, TBD-based
ball-milling polymerization did not allow for controlling the
molecular weight distribution, resulting in a broad polydisper-
sity (My/M,) of 2.01 (Table 4, entry 5). As mentioned, fast ini-
tiation over chain propagation is one of the requirements in a
controlled polymerization. While TBD could chemically en-
hance both the initiation and propagation steps, the mixing of
catalyst, monomer, and initiator by heterogeneous ball milling
may physically limit the initiation rate. Thus, a relatively slow
initiation process resulted in poor molecular weight control.
Most solution polymerizations had no issues with mixing and
maintained good molecular weight control. The use of slower
polymerization systems is advised for controlled polymeriza-

tions under ball-milling conditions.

Next, a high degree of polymerization was pursued. Polymer-
izations were conducted under the same conditions but with a
higher monomer to initiator ratio ([TMC]:[1]:[DBU] = 200:1:2)
(Table 5). The reaction reached over 90% conversion after 3 h.
However, the molecular weight did not increase at all. The
competitive degradation of poly(trimethyl carbonate) became
significant after 100 degrees of polymerization. To validate me-
chanical degradation of PTMC under ball-milling conditions,
high molecular weight PTMC (M,, = 22900 g/mol) was synthe-
sized and grinded under the same mechanical conditions of
Table 5, entry 1, which led to degradation to lower molecular
weight (M, = 8220 g/mol). In our previous study on poly(lactic
acid) synthesis, liquid-assisted grinding (LAG), the addition of
a very small amount of a liquid, prevented chain-degradation
from high impact collisions, and afforded PLA with over
100,000 g/mol. Thus, LAG was also tested in the PTMC syn-
thesis [13,14] with toluene and THF as liquids. A catalytic
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Table 3: DBU-catalyzed polymerization of trimethylene carbonate at 40 °C.2

O (0]

)I\ solvent 1 mL H
0”0 N OH N ol o ~"or
L e

N 40 °C
100 equiv 1 equiv 1 equiv
(100 mg)
entry solvent time (h) conv (%)P My My M/ My
(g/mol)® (g/mol)®
1 1 3 - - -
chloroform
2 24 41 3500 3780 1.07
3 THF ! < - B -
4 24 6 - - -
° toluene ! <! - - -
6 24 70 7130 8380 1.13
7 1 4 - - -
CHoCI

8 22 41 41 3000 3210 1.07
9 ball milling 1 75 7380 8350 1.14
10 ball milling (36 °C) 2 93 9230 10600 1.15

aPolymerization conditions: TMC (100 mg, 100 equiv), BnOH (1.02 uL, 1 equiv), and DBU (1.46 uL, 1 equiv) in 1 mL of the selected solvent at 40 °C.
bDetermined by TH NMR spectroscopy. Determined by GPC calibrated with polystyrene standards in tetrahydrofuran (THF) at 40 °C.

Table 4: TBD-catalyzed polymerization of trimethylene carbonate: solution vs ball milling.2

solvent 1 mL

o or O
L N ball milling b H
0~ o . (jAOH . v go o or,
L Z NN
H
100 equiv 1 equiv 1 equiv
(100 mg)
entry solvent time (min) conv (%)° M, My M/ My,
(g/mol)® (g/mol)°
1 toluene 5 99 12300 20000 1.71
2 CHCI3 5 96 8650 9810 1.13
3 CHJCl, 5 86 9330 10500 1.12
4 THF 5 76 7720 8750 1.09
5d ball mill 5 99 12200 24400 2.01

aPolymerization conditions: (solution) TMC (100 mg, 100 equiv), BnOH (1.02 uL, 1 equiv), and TBD (1.4 mg, 1 equiv) in 1 mL selected solvent at rt;
(ball milling) in a 10 mL stainless-steel jar with three stainless-steel balls with 7 mm diameter. PDetermined by "H NMR spectroscopy. ®Determined by
GPC calibrated with polystyrene standards in tetrahydrofuran (THF) at 40 °C. 9Average of two runs is reported.

amount of liquid (10 or 20 uL to 100 mg TMC), however,

failed to protect the poly(trimethylene carbonate) chain from

tained, regardless of LAG. The LAG for mechanochemical po-
lymerization reactions has been studied only in limited cases so

mechanical degradation and similar molecular weights were ob-  far and the exact working mechanism is currently obscure. To
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(0] o}
ball millin
O)I\O . OH . N 9 OPJ\O/\/\O];H
L e
N
200 equiv 1 equiv 2 equiv
(100 mg)
entry liquid additives time conv (%)° M, My, My/My
(g/mol)© (g/mol)®
1 none 3h 97 10900 13600 1.24
2 toluene (10 pL) 3h 86 11900 13100 1.10
3 toluene (20 pL) 3h 91 11500 13700 1.19
4 THF (20 pL) 3h 96 11400 13900 1.22

aPolymerization conditions: TMC (100 mg, 200 equiv), BnOH (0.49 pL, 1 equiv), and DBU (1.46 pL, 2 equiv) in a 10 mL stainless-steel jar with three
7 mm diameter stainless-steel balls. PDetermined by "H NMR spectroscopy. ®Determined by GPC calibrated with polystyrene standards in tetrahydro-

furan (THF) at 40 °C.

have a better understanding of LAG on chain protection, exten-

sive studies are currently in progress.

Conclusion

A mechanochemical method, ball milling, was applied to the
synthesis of poly(trimethylene carbonate). The representative
organocatalyst, DBU, exhibited excellent polymerization effi-
ciency and good chain-length control under solvent-free condi-
tions. When compared to the very low rate obtained under solu-
tion conditions, this demonstrates that mechanochemical reac-
tions can improve reaction efficiency and greenness. The use of
TBD truly enhanced the efficiency, and all polymerizations
reached completion within 5 min, despite physical mixing limi-
tations. However, the mechanochemical polymerization was
accompanied by degradation processes, which limited the mo-
lecular weight to 10,000 g/mol. Liquid-assisted grinding did not
show any protective effect, and the search for other parameters
to mitigate polymer-chain breaking is currently in progress.

Experimental

General considerations. Chemical reagents obtained from
commercial sources were used without further purification. 1,8-
Diazabicyclo[5.4.0]Jundec-7-ene (DBU) was distilled over
CaH,. All solvents (THF, CH,Cl,, CHCl3, and toluene) were
dried over a mixture of pre-activated neutral alumina and 3 A
molecular sieves. A Retsch Mixer Mill MM 400 was used for
the ball-milling experiments with a 10 mL stainless-steel vessel
and 7 mm stainless balls. "H NMR spectra were recorded with a
400 MHz Bruker Avance III HD Fourier transform NMR spec-
trometer and all signals were referenced to residual protonated
solvent. Gel permeation chromatography (GPC) analyses with
refractive index (RI) detection were used to determine the num-

ber-averaged molecular weights (M,,), weight-averaged molecu-
lar weights (My,), and polydispersities (My/M,). The RI mea-
surements were carried out using an instrument set composed of
a Waters 1515 isocratic pump, a 2414 differential refractive
index detector, and a column-heating module with Shodex
KF-804, KF-803, and KF-802.5 columns in series. The columns
were eluted with tetrahydrofuran (preservative-free HPLC
grade, Fisher) at 40 °C at 1.0 mL/min and calibrated using
14 monodisperse polystyrene standards (Alfa Aesar). The tem-
perature was recorded using a Fluke VT04 Visual IR ther-
mometer.

Synthesis of trimethylene carbonate. 1,3-Propanediol
(4.72 mL, 0.657 mol) and ethyl chloroformate (12.5 mL,
0.131 mol) were dissolved in anhydrous THF (0.13 L). The
mixture was stirred in an ice bath for 1 h and a solution of tri-
ethylamine (19.2 mL, 0.138 mol) in THF (9 mL) was slowly
added. Then, the solution was transferred to ambient tempera-
ture and stirred for 2 h. The reaction mixture was filtered and
the volume of the solution was reduced to 40-50 mL. The mix-
ture was kept in a freezer for 12 h and the precipitate was recov-
ered by filtration. The recovered solid was recrystallized in
ethyl acetate and sublimed (2.9 g, 43%). 'H NMR (400 MHz,
CDClj) 6 4.47-4.44 (t, 4H), 2.18-2.12 (quintet, 2H).

Representative procedure for mechanochemical solvent-free
poly(trimethylene carbonate) synthesis (Table 1, entry 11).
Three 7 mm stainless-steel milling balls were placed in a 10 mL
stainless-steel milling container and trimethylene carbonate
(0.100 g), benzyl alcohol (1.02 pL), and DBU (1.46 pL) were
added. The milling vessel was placed in a vibrational ball mill
and vibrated at 30 Hz. After 2 hours, the vessel was opened and
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benzoic acid (10 mg) was added followed by an additional

5 minutes of milling to quench the polymerization. To avoid

data inconsistency due to inhomogeneity, all material was dis-

solved in methylene chloride and an aliquot was subjected to

analysis by 'H NMR spectroscopy and GPC measurements to

determine the conversion and molecular weight.

Supporting Information

Supporting Information File 1

Raw data for tables, GPC and NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-93-S1.pdf]
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The transformation of a base-catalyzed, mechano-assisted Knoevenagel condensation of mono-fluorinated benzaldehyde deriva-

tives (p-, m-, o-benzaldehyde) with malonodinitrile was investigated in situ and in real time. Upon milling, the para-substituted

product was found to crystallize initially into two different polymorphic forms, depending on the quantity of catalyst used. For low

catalyst concentrations, a mechanically metastable phase (monoclinic) was initially formed, converting to the mechanically stable

phase (triclinic) upon further grinding. Instead, higher catalyst concentrations crystallize directly as the triclinic product. Inclusion

of catalyst in the final product, as evidenced by mass spectrometric analysis, suggests this complex polymorphic pathway may be

due to seeding effects. Multivariate analysis for the in situ Raman spectra supports this complex formation pathway, and offers a

new approach to monitoring multi-phase reactions during ball milling.

Introduction

Mechanochemistry offers a wide array of applications. It is used
widely for synthesis of inorganic, metal-organic, and organic
molecules and materials [1]. Interest in these methods stems
largely from the fact that they are efficient and more environ-
mentally friendly as compared to traditional approaches [2,3].
Mechanochemistry is a well-established method for the synthe-
sis of coordination polymers, the formation of cocrystals, and in

C—C coupling reactions [4-7].

Despite the increasing use of mechanochemistry, there is still a
lack in understanding of the underlying processes involved
during mechanically-facilitated reactions. This is particularly
true of the potential role of transient polymorphic phases [8]
and seeding effects [9] in understanding reaction kinetics of
these processes. Early insight into formation pathways was pro-
vided ex situ, in which the mechanical treatment was stopped,

and powder removed for analysis [10,11]. More recently,
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further detail has been gained by monitoring mechanochemical
transformations in real time, using in situ techniques [12,13].
The first in situ and real time study was performed by X-ray
powder diffraction (XRPD) to monitor transformations during a
milling process [12]. In situ studies allow novel insight into the
mechanism of a mechanochemical process, without changing
the reaction environment. It was subsequently demonstrated
how a combination of different in situ methods can provide
more thorough investigation of mechanochemical reaction
mechanisms [14-16]. Of particular benefit to synthetic reac-
tions, such as C—C bond formation [17,18], the use of Raman
spectroscopy is of great interest. The characteristic bands are
usually well separated, and the course of the reaction can be fol-
lowed easily. The advantage of Raman spectroscopy was
recently demonstrated [19], where its combination with XRPD
allowed monitoring of the mechanochemically catalyzed
Knoevenagel condensation in detail.

Results and Discussion

The catalyzed Knoevenagel condensations of mono-fluorinated
benzaldehydes 1a—c¢ with malonodinitrile (2) are depicted in
Scheme 1. In contrast to previous work, which reported the un-
catalyzed reaction [19], piperidine was used as a basic catalyst.
This was done as the inclusion of the base led to crystallization
of the corresponding products 3a—c during the milling process.
In contrast, crystallization during the base-free reaction re-
quired an ex situ aging step. Figure 1 shows the XRPD pattern
of the substrate 2 and the product 3a. Due to the liquid state of
the fluorinated benzaldehydes 1a—c¢ no XRPD pattern could be
recorded.

For the reaction of 1a with 2, the amount of catalyst was varied

and the reaction monitored in each case. XRPD analysis con-
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Scheme 1: Catalyzed mechanochemical Knoevenagel condensation

of fluorobenzaldehydes and malonodinitrile. The milling process is
symbolized by the three balls, proposed by Hanusa et al. [20].
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Figure 1: Comparison of XRPD pattern of malonodinitrile (2) and
(p-fluorobenzylidene) malonodinitrile (3a). The patterns are baseline
corrected.

firmed that, independent of the amount of catalyst, the same
bulk product was formed. The intensity of the product powder
color decreased from a deep orange to white, with decreasing

quantity of catalyst (Figure 2b). Importantly, none of the
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Figure 2: a) XRPD pattern of (p-fluorobenzylidene)malonodinitrile (3a) direct after the synthesis with different amounts of catalyst. b) Color change of
the product 3a after the synthesis with different amounts of catalyst. The amount is reduced in the direction of the arrow.
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starting materials are colored, and the color of the product phase
was found to vary systematically with increasing catalyst con-
centration. This coloring was observed throughout the bulk,
which therefore suggested that the catalyst was incorporated
into the structure of the solid product. Such effects have been
previously reported, and have the potential to seed nucleation of
polymorphic phases [21]. For that reason, mass spectrometric
analyses of the powder phases were performed (Figure 3). The
relative intensity of the peak corresponding to piperidine
(Figure 3 red box) decreases systematically with respect to that
of 3a (Figure 3 blue box). Hence, this suggests that the catalyst
is indeed present in the solid product. Further analysis is re-
quired to understand the nature of catalyst incorporation, and

hence the origin of color.

The reactions containing between 40 pL and 5 pL catalyst show
conversion of the substrates directly into the mechanically
stable triclinic product phase, according to real-time in situ
XRPD analysis (Supporting Information File 1, Figure S1).
Consistent with previous reports [15], 2 melted at the begin-
ning of the reaction and remained liquid or molten for the first
few minutes of milling (Supporting Information File 1). This is
due to increased temperatures within the jar during milling
(Tmeit(2) = 32 °C). Shortly after melting of 2, Bragg reflections
of a crystalline product phase were found to form (Figure 4).
Comparison to literature crystallographic data suggests this to
be the triclinic phase (t3a). This phase remained stable upon

continued milling.
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In contrast, reactions conducted with 2 uL were found to be
more complex (Figure 4). Shortly after the melting of 2, Bragg
reflections were observed and remained visible for a period of
approximately two minutes (Figure 4, gray box). These reflec-
tions, however, were found to correspond to the monoclinic
phase of the product (m3a) [22,23]. Phase m3a remained stable
under mechanical treatment for a few minutes, before trans-
forming abruptly (over a period of 90 seconds) to the t3a phase.
Having observed the inclusion of catalyst into the final product
phase (see Figure 3), we suggest this change in polymorphic be-
havior to result from a templating phenomenon, which domi-
nates at higher concentrations of catalyst.

To better observe this transformation pathway, the reaction
(2 pL catalyst) was repeated at 30 Hz in order to extend the life-
time of m3a. The in situ XRPD pattern and Raman spectra are
shown in Figure 4b and d, respectively. Decreasing the milling
frequency has a number of notable effects. First, the lifetime of
the initial molten/liquid phase was nearly doubled, suggesting
that mechanical treatment has an important effect on this largely
solution-phase reaction. This may be a result of heating, me-
chanical activation of the fluid-phase molecules or differences
in energy for nucleation. While further work is required in this
area, it is clear that mechanical treatment can have notable in-
fluence on ‘solution-phase’ chemistry. Second, the lifetime of
the intermediate phase was extended. This allowed us to collect
higher resolution XRPD data by extracting a sample from the
milling vessel and confirming this intermediate to be the phase,
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Figure 3: Mass spectra of the different products of 3a. Red: peak off the molecular ion [M + H]* of piperidine (m/z = 86). Blue: peak of the molecular

ion [M + H]* of 3a (m/z=173).
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Figure 4: a) In situ XRPD pattern of the mechanochemical Knoevenagel condensation of 1a and 2 with 2 pL catalyst at 50 Hz. Gray box: intermedi-
ate phase. b) In situ XRPD pattern of the reaction with a milling frequency of 30 Hz. c) In situ Raman spectra of the mechanochemical Knoevenagel
condensation of 1a and 2 with 2 pL catalyst at 50 Hz. d) In situ Raman spectra of the reaction with a milling frequency of 30 Hz. Raman bands:

1576 cm~1 — C-C stretching vibration; 2234 cm~" — C=N stretching vibration of the product; 2266 cm™" — C=N stretching vibration of malonodinitrile.

m3a (Figure 5). Despite this extension, however, the subse-
quent transformation m3a — t3a again occurs abruptly
(ca. 120 seconds). This suggests that the transformation may
result from the accumulation of defects within m3a, or upon

comminution of the product phase [24].

While the XRPD patterns clearly show the occurrence of a tran-
sition phase within the first minutes of the reaction, the Raman
spectra represent a superposition of all spectral components.
These spectral features often remain unchanged for polymor-

phic series. For this reason, it is difficult to employ reliably
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Figure 5: Comparison of XRPD patterns of both polymorphs of the product 3a. Red: triclinic polymorph t3a. Blue: monoclinic polymorph m3a. The

light XRPD pattern were calculated from single crystal diffraction data.

Raman spectroscopy for in situ mechanochemical data. Hence,
despite its availability in many laboratories, in situ real-time
monitoring of mechanochemistry by Raman scattering has
remained underexplored. We therefore sought to identify a
means to resolve this issue, using multivariate methods to
analyze the reaction. Principal component analysis (PCA) is a
bilinear modelling method [25,26] that helps to extract the main
information from multi-dimensional data (here a time series of
Raman spectra). The information contained within the original
spectral variables is projected onto a small number of under-
lying (‘latent’) variables, called the principal components (PC).
Typically, the first PC covers the highest variance, the second
and following PCs cover less information. All PCs are orthogo-
nal to one-another. Although the PCs themselves do not repre-
sent quantitative data, they represent the underlying chemical or
physical processes. In order to understand the results of PCA,
both scores and loadings must be scrutinized in parallel. Where-
as the scores contain information regarding the samples, the
loadings provide information on the variables. High loading
values indicate spectral variables of high importance. The same
applies for large negative values.

PCA of the in situ Raman spectra in this work reveals two prin-
cipal components (PC) for both milling reactions (Supporting
Information File 1, Figure S2a—d). The score and loading plots
for the first (PC1) and second (PC2) principal component
depicted in Figure 6a,b refer to the reaction performed at 30 Hz.
PC1 and PC2 account for 96% and 3% of the spectral variance.
The scores of PC1 exhibit high values at the beginning of the
reaction. With increased milling time, the PC1 scores decline

and eventually become negative, indicating the conversion of

1a to 3a. Concerning PC1 in Figure 6b, the positive part corre-
sponds to spectral features of 1a and PMMA, and the negative
part indicates features of 3a. In contrast, the scores of PC2 are
initially negative, rise to a peak value, and subsequently fall to
zero (cf. Figure 6a). The spectral loadings of PC2 in Figure 6b
show a dominant positive structure, which resembles the nega-
tive profile of PC1, albeit shifted slightly towards larger
wavenumbers. We therefore conclude that PC2 represents an in-
dependent (orthogonality among principal components) tran-
sient species. A comparison with the Raman spectra summa-
rized in Figure S2 indicates that PC2 correlates well with the
formation of m3a. Identical results were found for the PCA of
in situ Raman spectra at 50 Hz milling frequency (cf. Support-
ing Information File 1, Figure S2). However, the reduction of
the milling frequency delays the onset of product formation.
The kinetic profile obtained by PCA correlates well with XRPD
data (cf. Figure 6a), in which the transformation is monitored by
the normalized intensities of Bragg reflections at 20 = 13.87°
and 14.78°. While the XRPD patterns indicate formation of two
clearly separated compounds, the Raman spectra suggest the
parallel presence of 1a, m3a and t3a.

Multivariate curve resolution (MCR) aims to extract informa-
tion on the pure compounds [27]. In our case, the time series of
Raman spectra may be considered as a superposition of all com-
pounds present at a certain time of the reaction. In contrast to
PCA, where only the variance of data is evaluated, in MCR
chemical knowledge on the number of involved compounds,
some constraints such as non-negativity are included. As a
result, relative component concentrations as a function of time

and the corresponding spectra can be evaluated. In this case,
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Figure 6: Results of multivariate data analysis of Raman spectra for 30 Hz milling experiments. Principal component analysis (PCA) of Raman data,
showing (a) scores, and (b) loadings for (black) PC1 and (blue) PC2. (a) PC1 scores show a decrease in spectral component of 1a in the first minutes
— cf. positive spectral signature of loadings of PC1 in (b). The negative scores of PC1 correspond to the negative part of PC1 loadings, i.e., t3c.
Scores of PC2 indicate the presence of a compound with spectral features resembling m3c. For comparison, intensity of PXRD Bragg peaks at
(green) 26 = 13.87° and (red) 206 = 14.78° are given in (a) for m3c and t3c, respectively. Multivariate curve resolution (MCR) of (c) composition
profiles, and (d) component spectra. Coloring of (c) and (d) are used to indicate corresponding data. (c) Relative phase composition of (black) 1a and
the (grey) PMMA-background decrease within the first minutes of the reaction. Simultaneous formation of (green) m3c, shows pronounced increase
followed immediately by a rapid decrease. The latter is accompanied by the formation of (red) t3c. In the final stage of the reaction, only contributions

from t3c and the PMMA background can be observed.

four spectral compounds were used in form of an initial guess
for MCR, namely fluorinated benzaldehyde, PMMA (back-
ground from the milling jar), monoclinic and triclinic fluo-
robenzylidene malonodinitrile.

MCR analysis without an initial guess resulted in models with
three and four components, each containing mixed information
from more than one chemical compound (not shown). However,
MCR using spectra from the pure materials for an “initial
guess” leads to component profiles for m3a and t3a (Figure 6¢)
that are in good agreement with XRPD results (Figure 6a and
¢). The component spectra obtained by MCR can be assigned to
the m3a, t3a, 1a, and the milling jar, PMMA (Figure 6d, Figure
S3, Supporting Information File 1). Negligible contributions of
spectral features relating to (2) were observed. It should be
noted that all component spectra, especially those of (1a)
contain spectral properties belonging to PMMA (shaded areas
in Figure S3, Supporting Information File 1).

The mechanochemical catalyzed reactions of 1b and 1¢ with 2
performed with 2 pL piperidine did not exhibit the same poly-
morphic transformations as with 1a. Instead, reactions using 1b
and 1c led directly to formation of m3b [23] and m3c¢ [28], re-
spectively, at both 30 Hz and 50 Hz milling frequency (Figures
S4 and S5 in Supporting Information File 1).

Conclusion

The mechano-assisted catalyzed Knoevenagel condensation of
mono-fluorinated benzaldehydes and malonodinitrile was
explored in situ and in real-time by tandem synchrotron powder
X-ray diffraction and Raman spectroscopy. For synthesis of
p-fluorobenzylidene malonodinitrile (3a) the reaction product
crystallizes according to two different pathways, depending on
the concentration of base catalyst. At high concentrations of
catalyst, the triclinic product phase is formed, and remains
stable under continued mechanical treatment. In contrast, at

lower concentrations of catalyst, the product crystallizes first as
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the monoclinic phase. Subsequent milling causes this phase to
transform abruptly to the triclinic phase. Due to the inclusion of
base catalyst in the final product, we suggest this difference to
be the result of a templating effect, which dominates at higher
concentrations. For the reaction of meta- and ortho-substituted
substrates, crystallization occurs directly into the monoclinic
phase, regardless of milling conditions or catalyst concentra-
tion.

Multivariate analysis of in situ Raman spectra by both PCA and
MCR suggests the formation of a transient product with almost
identical spectral properties as the final product, the triclinic
polymorph of 3a. These results are consistent with those of
XRPD analysis. Hence, we here identify a new approach to
monitoring mechanically-induced polymorphic transitions in

situ and in real-time.

Experimental
Materials: All chemicals used in this work were taken as
supplied (>97% purity), without further purification.

Syntheses: The following procedure is similar as described in
our previous work [29]. Milling experiments were performed
using a commercially available vibratory ball mill (Pulverisette
23, Fritsch, Germany). For each experiment, stoichiometric
quantities of reactants p-, m- and o- fluorobenzaldehyde
(500 mg, ca. 4.03 mmol) and malonodinitrile (266.1 mg,
ca. 4.03 mmol) were weighed into Perspex milling jars (10 mL).
To each jar, a quantity (defined in the main text) of piperidine
was added as catalyst. Two stainless steel milling balls (4 g,
10 mm diameter) were also included in each milling jar. The
reactions were conducted at 30 Hz or 50 Hz, as indicated in the

main text. The final products were characterized by XRPD.

X-ray powder diffraction (XRPD): All samples were charac-
terized by XRPD analysis using a Bruker D8 diffractometer
with Cu-Ka; radiation (A = 1.54106 A) in a range of 5.0°<2 0
< 40°. The data were obtained in transmission mode with a step

size of 0.009° and an acquisition time of 3 s per step.

In situ investigations: In situ and real-time monitoring of the
milling reactions was conducted at the mySpot Beamline
(BESSY II, Helmholtz Centre Berlin for Materials and Energy).
The same mechanochemical reactor was used for these investi-
gations, as was used for laboratory synthesis reactions; i.c., a
Pulverisette 23, Fritsch, Germany. Perspex milling jars were
used, which have been previously shown to permit collection of
good quality XRPD data during milling reactions [14]. Diffrac-
tion was collected using an incident beam of 12.4 keV. 2D scat-
tering images were recorded on a MarMosaic, CCD detector

(resolution 3072 x 3072 pixel). All scattering data were
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processed using FIT2D [30]. In situ real-time Raman data were
collected using a non-contact probe (beam diameter 1 mm) and
excitation wavelength of 785 nm. Raman scattering was
collected on a RXN1™ analyzer (Kaiser Optical systems,
France), equipped with a CCD detector (1024 x 1024 pixel).
Each Raman spectrum consists of 5 s accumulated scattering in-
tensity, with successive Raman spectra collected every 30 s.

Chemometrics: The Raman spectra were evaluated using prin-
ciple component analysis (PCA) and multivariate curve resolu-
tion (MCR) with the software The Unscrambler® X Vers. 10.5
(CAMO). Prior to multivariate analysis, Raman spectra were
baseline corrected followed by unit vector normalization in the
spectral range of 2002500 cm 1. PCA was conducted with
mean centered data using cross validation with 20 randomly
selected segments. MCR iterations were initialized with the
constraints of "non-negative spectra" and "non-negative concen-
trations", and sensitivity to pure compounds was set to 100. The
maximum number of iterations was set at 250.

Mass spectrometry: Mass spectra were recorded with electro-
spray ionization time of flight mass spectrometry. A Q-TOF
Ultima ESI-TOF mass spectrometer (Micromass, Germany)
running at 4 kV capillary voltage and a cone voltage of 35 V
was used. The collision energy was set to 5 eV. The source tem-
perature was 120 °C whereas the desolvation temperature was
adjusted to 150 °C. The mass spectrometer was operating in
positive ion mode. Around 0.1 mg of the samples were weigh-in
and solved in methanol (HPLC grade).

Supporting Information

Supporting Information File 1

XRPD data and multivariate data analysis.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-110-S1.pdf]
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Aldehydes with bulky substituents in the ortho-positions have been historically difficult in porphyrin synthesis, presumably owing

to steric hindrance around the reactive site. We have used mechanochemistry for the simple, room-temperature synthesis of tetra-

meso-substituted porphyrins. In the present study, mesitaldehyde undergoes acid-catalyzed mechanochemical condensation with

pyrrole to give meso-tetrakis[2,4,6-(trimethyl)phenyl]porphyrin (TMP) after oxidation in solution. Yields are similar to those ob-

tained using high-temperature porphyrin synthesis, although they remain significantly lower than some optimized room-tempera-

ture, solution-based methods. Yields of the mechanochemical synthesis were found to increase slightly upon longer exposure to an

organic oxidizing agent in solution. This indicates that the mechanochemical condensation step may be more successful than

initially realized. This work shows that mechanochemistry is a successful, simple, room-temperature method for producing tetra-

meso-substituted porphyrins with bulky substituents.

Introduction

Porphyrins and related macrocycles such as chlorins, corroles,
and bacteriochlorins carry out important functions in nature in-
cluding light harvesting (i.e., chlorophyll), oxygen transport
(i.e., heme), biocatalysis, and electron transfer. The ability to
synthesize porphyrins bearing a variety of chemical and steric
functionalities on the periphery is important in fields as diverse
as catalysis [1], photovoltaics [2], photodynamic therapy [3,4],
environmental remediation [5,6], biomimetic modelling [7] and

metal-organic self-assembly [8]. Porphyrins may be substituted

in the meso or B-positions (Figure 1A). Tetra-meso-substituted
porphyrins are usually synthesized from simple starting materi-
als, namely: pyrrole and an aldehyde (Scheme 1). Porphyrin
synthesis is interesting to study as a mechanochemical reaction
because it involves the combination of reactive molecules under
appropriate conditions to give a very stable, aromatic product.
Furthermore, depending on the nature of the substituents, the
porphyrin product can be labor-intensive to produce and purify

in good yield and large quantities using other methods. The
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process involves multiple condensations, together with oxida-
tion that may happen in one pot or as separate steps. Other
no-solvent-added methods of porphyrin synthesis have been re-
ported [9,10], while optimization of solvent, dilution and cataly-
sis conditions using solvent-based approaches have been inves-
tigated for the synthesis of many porphyrins [11-14].

A

4 o

-

meso

= methyl or other
substituent

Figure 1: A) Porphyrin structure and labelling system. B) Substituents
in the ortho-position of the group attached to the methane bridge
create steric hindrance around the meso-position, above and below
the plane of the porphyrin ring.

Tetraphenylporphyrin (TPP) synthesis, as first reported in 1935
by Rothemund [15-17], involved placing reactants in a sealed
tube at high temperatures (150 °C or higher) for 24 to 48 hours
in the absence of air or any oxidant. Not every substituted
benzaldehyde could survive this process and yield the porphy-
rin. Adler and Longo later introduced refluxing propionic acid
(141 °C) open to air as a reaction medium [18]. This widened
the variety of substituted aldehydes successfully converted to
porphyrins, but employment of a caustic solvent at high temper-
ature is a drawback. These conditions also proved inappropriate
for several substituted benzaldehydes, and the best yields have
been in the order of 20% with many porphyrins needing exten-
sive work-up to isolate from tar-like byproducts. Working from

Beilstein J. Org. Chem. 2019, 15, 1149-1153.

the premise that the cyclized condensation product (called a
porphyrinogen) should be thermodynamically favored over
linear alternatives (Scheme 1), Lindsey et al. sought to maxi-
mize yields under milder conditions by promoting the establish-
ment of an equilibrium for the cyclization step, then adding a
gentle oxidizer (p-chloranil or 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ)) in a second step to obtain irreversibly the
aromatized porphyrin [11]. The symmetrical tetra-meso-substi-
tuted porphyrins are synthesized through a four-fold acid-cata-
lyzed condensation to form a porphyrinogen which is then
oxidized (— 6H) to form the conjugated porphyrin product.
Lindsey’s reaction takes place at room temperature and utilizes
chlorinated solvents under optimized dilution conditions
(1072 M reactant concentration). The cyclization step necessi-
tates an oxygen-free environment, in order to allow the equilib-
rium to be fully established before any oxidation takes place.
Tar-like byproducts are avoided under these conditions, and
purification is achieved using only a short chromatography
column.

Our previous work on mechanochemical porphyrin synthesis
has demonstrated that it is possible to synthesize tetraphenyl-
porphyrin (TPP) by grinding benzaldehyde and pyrrole (two
liquids) in the presence of an acid catalyst, followed by oxida-
tion with DDQ in minimal amounts of solvent [19]. TPP was
produced in a yield similar to that obtained from the Lindsey
synthesis. Additionally, several monosubstituted benzalde-
hydes, as well as two isomers of naphthaldehyde, were shown
to undergo successful mechanochemical reaction in reasonable
yields.

Mesitaldehyde has been considered a representative “sterically-
hindered” reagent, serving as a touchstone for the wider appli-
cability of porphyrin reaction conditions [12]. Porphyrins with

H_ Ar Ar
4 I\ + 4 Q condensation Ar H oxidation
[N> I Sondensation Ar Ar
| Ar” TH H Ar \
H
Hcondensatlon A’ H Ar
linear products porphyrinogen porphyrin
polypyrromethanes (thermodynamically
dipyrromethanes favored)
-0
TPP TMP

Scheme 1: Steps leading to the formation of a porphyrin.

1150



bulky groups in the meso-positions, especially aromatics with
bulky substituents in the position ortho to the methine bridge,
have been used for biological modelling. The large groups
become oriented above and below the plane of the porphyrin
ring, forming a protective shroud around the reactive center,
much like some protein systems (Figure 1B) [12,20-22]. The
corresponding substituted benzaldehydes, however, have not
easily yielded results upon reaction with pyrrole under any
traditional synthetic method. High-temperature (>170 °C)
sealed-bomb reactions in the presence of metal salts will, after
2-3 days, yield 1-6% of meso-tetrakis[2,4,6-(trimethyl)phen-
yl]porphyrin (TMP) [20,21,23,24], and a gas-phase synthesis in
the presence of TFA yielded 7% TMP [9]. Under the first-re-
ported conditions of the Lindsey synthesis, mesitaldehyde
“failed to give good yields” of TMP [11]. Later studies of modi-
fied reaction conditions employing boron trifluoride as the acid
catalyst, and small amounts of ethanol as a co-catalyst, were
successful in producing TMP with yields around 30% at room
temperature [13,25,26]. Optimized conditions still required
reactant concentrations of 1072 M. Increasing or decreasing the
concentration lowered the yield, as did increasing the tempera-
ture. In the present study we set out to test whether our
mechanochemical porphyrin synthesis could accommodate a
sterically-hindered aldehyde, and produce TMP at room temper-
ature and in the absence of added solvent for the condensation
step, using relatively simple reaction conditions. The use of
mechanochemistry to bring about a no-solvent-added acid-cata-
lyzed condensation between aldehydes and pyrrole enables the
reduction of solvent and elimination of high temperatures from
the synthesis of these important compounds, representing a sig-
nificant reduction in environmental impact.

Results and Discussion
When mesitaldehyde and pyrrole, both colorless liquids, are
combined in the presence of an acid catalyst and ground using a

1)H+,(93

2) DDQ, CHCl;

Q
H

Scheme 2: Mechanochemical synthesis of tetramesitylporphyrin.

Beilstein J. Org. Chem. 2019, 15, 1149-1153.

mixer mill for 10 minutes (Scheme 2), a pink powder is formed.
As in the case of benzaldehyde, the powder is found to contain
no porphyrin, evidenced by the lack of a Soret band at
410-420 nm in the electronic spectrum. Our work with
benzaldehyde showed that even when grinding is carried out
manually and open to air using a mortar and pestle, no Soret
band is observed in the spectrum of the freshly-ground powder
[19]. Also in the case of benzaldehyde, it was found that
allowing the mechanochemically-generated powder to sit on a
benchtop open to air for several weeks brought about the ap-
pearance of TPP in small amounts. More immediate oxidation
of this power, by dissolving in chloroform and stirring with
DDQ for 2 hours, allowed isolation of TPP in 28% yield [19].
Appearance of TPP upon oxidation confirms that mechano-
chemistry successfully brought about the condensation step.
The freshly-ground “pink powder” must contain cyclized prod-
ucts, perhaps including porphyrinogen (colorless) and various
other reduced-porphyrin intermediates having one to five more
hydrogens than TPP. Many of these intermediates have absor-

bance in the visible region.

Other no-solvent-added routes to porphyrins, including high-
temperature sealed-bomb methods [15-17], gas-phase synthesis
[9], and microwave irradiation [10] do not employ a second oxi-
dation step. Presumably for the latter two methods open to air,
dioxygen serves as a rapid oxidizer under high-temperature
conditions, while the sealed-bomb reaction products are heavily
contaminated with chlorins [27-29], byproducts that contain two
more hydrogens than the porphyrin, and which easily undergo
chemical oxidation to yield porphyrin.

In contrast, since the no-solvent-added mechanochemical syn-
thesis takes place at room temperature, like the Lindsey synthe-
sis, it may be that the equilibrium is reached between starting
materials and cyclocondensation products before conditions are
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introduced to trigger the irreversible oxidation of porphyrinogen
to porphyrin. Optimization of conditions could maximize the
porphyrinogen yield by adjusting the equilibrium, even though
the absence of added solvent means the concentration of
reagents is at a maximum, and high concentrations are usually

thought to favour linear over cyclic products.

In the present work for the mesitaldehyde reaction, the pink
powder obtained upon grinding was immediately combined
with DDQ, dissolved in a small amount (ca. 50 mL) of chloro-
form, and left to stir for one week. This is the same oxidation
method as used by Lindsey et al. and is presumed in their case
to convert any porphyrinogen or partially-oxidized intermedi-
ate present into porphyrin instantaneously [11]. In the case of
the mechanochemical synthesis, the results show that a longer
oxidation time results reproducibly in a somewhat higher yield
(Table 1), although the isolated yield remains around 5%. Iden-
tity and purity of TMP was confirmed by UV—vis and "H NMR
spectroscopy (see Supporting Information File 1). Although we
are not certain of the identity of intermediates or side products
from the mechanochemical reaction, it may be possible that via
milling they are activated enough so that mechanical stirring
during the oxidation with DDQ in solution continues to promote
the formation of porphyrinogen. Throughout the oxidation
process, the porphyrinogen immediately gets irreversibly
oxidized to porphyrin. It is clear that further work is needed to
elucidate differences between the mechanochemical and the sol-
vent-based porphyrin syntheses.

Table 1: Tetramesitylporphyrin yields.

Milling time Oxidation time? Average isolated
(minutes) yield (%)P

10 1 week 1.82

10 1 month 5.10

astirring in chloroform with DDQ; PAverage based on isolated, purified
mass from three replicates.

Conclusion

Mechanochemical milling has successfully led to cycloconden-
sation of pyrrole with a sterically-hindered aldehyde. After oxi-
dation to give a porphyrin with bulky substituents, isolated
yields are comparable to those obtained from high-temperature
syntheses (though still lower than the 30% obtainable with
added solvent at room temperature). The mechanochemical syn-
thesis is carried out at room temperature with no added solvent
during the condensation step, simplifying and reducing the
environmental impact for the synthesis of this important class of
molecules. Notably, James et al. have reported the simple and

clean mechanochemical metalation of porphyrins, extending

Beilstein J. Org. Chem. 2019, 15, 1149-1153.

these advantages even further [30]. Further studies aimed at
understanding the mechanism of the mechanochemical porphy-
rin synthesis and its differences and similarities compared to the
solvent-based methods will be important advances for the field
of mechanochemistry.

Experimental

Materials and methods

All chemicals used were purchased from Sigma-Aldrich and
used without further purification. Mesitaldehyde (98%), p-tolu-
enesulfonic acid monohydrate (p-TSA, 98.5%), chloroform
(99.8%), alumina (99.9%), triethylamine (99.5%), silica gel
(technical grade, pore size 60 A, 200-425 mesh particle size),
ethyl acetate (anhydrous, 99.8%), hexane (mixture of isomers,
98.5%), deuterated chloroform (99.8 atom % D) were used. 2,3-
Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 97.0%) was
purchased from TCI America and used without further purifica-
tion. Pyrrole (98%) was purchased from Sigma-Aldrich and
purified by distillation once per week after discoloration
appeared. The electronic spectra were recorded on a Perkin
Elmer Lambda 850 UV—vis spectrophotometer, measured from
200-800 nm at 1 nm intervals. The samples were placed in
quartz cuvettes with a 1 cm path length. "H NMR spectra were
recorded on a Varian 300 MHz nuclear magnetic resonance
spectrometer.

Mechanochemical synthesis

meso-Tetrakis[2,4,6-(trimethyl)phenyl]porphyrin. Equimolar
amounts of pyrrole (0.259 g, 3.75 mmol) and 2,4,6-trimethyl-
benzaldehyde (0.556 g, 3.75 mmol) were placed in a 10 mL
stainless steel grinding jar along with acid catalyst p-toluene-
sulfonic acid (0.026 g, 0.151 mmol, 4%) and two stainless steel
balls of 5 mm diameter (0.52 g/ball; 0.81 mass-to-balls ratio).
The mixture was ground using the Retsch Mixer Mill MM200
for 10 minutes at a frequency of 25 Hz, resulting in formation
of a dark pink-colored powder. The powder was then dissolved
in 50 mL chloroform and 3 molar equivalents of DDQ (2.554 g,
11.20 mmol) were added. The mixture was stirred to undergo
oxidation for a period of one week. The mixture was then
passed through a 1 cm alumina plug and 3-5 drops of triethyl-
amine were added to the filtrate. The filtrate was passed through
a silica gel column using 1:3 ethyl acetate/hexanes as the
mobile phase. Fractions containing porphyrin, as determined by
thin-layer chromatography and UV—vis spectroscopy were
combined and the solvent was removed using a rotary evapo-
rator. meso-Tetrakis[2,4,6-(trimethyl)phenyl|porphyrin was iso-
lated as a purple-red crystalline powder in 1.8% average yield,
which could be increased to 5.1% if oxidation time was length-
ened to one month. 'H NMR (300 MHz, CDClj) & 8.62 (s, 8H),
6.91 (s, 8H), 2.62 (s, 12H), 1.85 (s, 24H), —2.52 (s, 2H);
13C NMR (300 MHz, CDCl3) & 138.4, 137.2, 136.6, 126.7,
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116.5, 37.1, 30.9; UV—-vis (CHCl3) A = 414 (Soret band), 513,
543, 590, 648 (Q-bands).

Supporting Information

Supporting Information File 1

Spectroscopic characterization of
meso-tetrakis[2,4,6-(trimethyl)phenyl]porphyrin (TMP).
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-111-S1.pdf]
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This study elucidates a mechanochemical polymerization reaction towards a hyper-crosslinked polymer as an alternative to conven-

tional solvent-based procedures. The swift and solvent-free Friedel-Crafts alkylation reaction yields a porous polymer with surface

areas of up to 1720 m2g™!

and pore volumes of up to 1.55 cm3g™!. The application of LAG (liquid-assisted grinding) revealed a

profound impact of the liquid’s boiling point on the textural properties of the obtained polymer materials. Finally, the materials are

characterized by vapour sorption experiments with benzene and cyclohexane.

Introduction

The widespread use of microporous materials in areas like gas
storage, gas separation, and catalysis has led to the develop-
ment of a wide variety of these materials [1]. While inorganic
materials such as activated carbons, porous metal oxides, and
zeolites have been investigated for decades, hybrid materials
such as metal-organic frameworks [2], purely organic frame-
works such as crystalline covalent-organic frameworks [3], and
amorphous POPs (porous organic polymers) [4] are currently in
the focus of research. The modular bottom-up building concept
of these organic materials allows for tailoring of materials prop-

erties towards desired applications. POPs synthesis can be

achieved by a huge variety of reactions ranging from Friedel-
Crafts alkylations [5], cross-coupling reactions [6] and
cyclotrimerizations [7], to amine-based chemistry with Schiff
base reactions [8], imidisation, and amidisation reactions [9]. In
the recent past, a strong focus was also set on the development
of HCPs (hyper-crosslinked polymers) [10]. Typically, they are
formed by a non-directed aromatic substitution (Friedel-Crafts
alkylation) either by intramolecular functional groups or using
external crosslinkers. These reactions yield very high cross-
linking degrees in amorphous framework structures and hence,

enable highest specific BET (Brunauer—Emmett—Teller) sur-
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face areas of up to 2000 m2g~! for fully amorphous materials
[10]. Typically, chloromethyl or methoxy groups are used to
crosslink aromatic building blocks by using stoichiometric or
even excess amounts of FeCls as catalyst. Recently, also a
metal-free Bronsted acid-catalyzed reaction using trifluoro-
methanesulfonic acid or sulfuric acid was developed yielding
basically the same polymer but avoiding residual traces of the
metal [11]. These synthetic pathways often afford a gel from the
dissolved monomers upon the crosslinking that is subsequently
washed and dried with a significant volume loss. Still, a high
amount of permanent micro- and mesoporosity is retained. This
gel formation is kinetically fast and thus, hard to control.
Hence, an initial intensive mixing is crucial to achieve a homo-
geneous material. Also, due to the shrinkage upon the drying
step, a high flexibility of the framework remains as an intrinsic
property. Thus, the pore volume and specific surface area that is
permanently accessible can be increased by a severe swelling
behaviour especially during the adsorption and combined with
absorption of organic vapors or liquids. The swelling is fully re-
versible, thus, rendering these materials interesting adsorbents

with a dynamic adsorption behaviour.

However, the low solubility of POPs is a main challenge in their
synthesis protocols. Solution-based procedures, for example,
suffer from almost instant precipitation and thus only produce
materials with a low degree of polymerization [10]. In the

recent past it has been shown that for reactions, where the solu-
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cl FeCl,
BCMBP
B
a—— -

Beilstein J. Org. Chem. 2019, 15, 1154-1161.

bility of the reactants or products is an issue, mechanochem-
istry — a field which is currently gaining momentum — can be a
promising workaround [12-20]. It has already been established
as a versatile tool for the synthesis of several porous materials
[21-29] and polymers [30-42].

In this contribution, we employed mechanochemistry for a
protocol for the solvent-free crosslinking of HCP (Figure 1).
This is supported by an investigation of chemical and milling
parameters on the yield and surface area of the resulting
polymer.

Results and Discussion

Polymer synthesis and characterization

In our standard procedure HCP was synthesised via a
mechanochemical reaction. This was accomplished by transfer-
ring BCMCP (4,4’-bis(chloromethyl)-1,1’-biphenyl) and six
equiv of anhydrous iron(III) chloride as mediator into a 45 mL
zirconium oxide milling vessel filled with 22 balls (10 mm,
3.19 £ 0.05 g) of the same material (Figure 1). Consequently,
the vessel was transferred into a (Pulverisette 7) premium line
(Fritsch GmbH) and milled at 500 rpm for 35 minutes. After the
synthesis, the resulting polymers were washed with 200 mL of
water and 100 mL of ethanol and dried at 80 °C for 12 hours to
yield a beige powder (denoted NG-HCP (neat grinding-HCP)).
For more details on the experimental procedure see Supporting

Information File 1.
SUSAGUN

<

HCP

Figure 1: A: Mechanochemical polymerization of BCMBP (4,4’-bis(chloromethyl)-1,1’-biphenyl) towards the porous polymer HCP. B: Picture of a vial

of BCMBP (left) and LAG-HCP (right).
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After validating the complete insolubility in common organic
solvents (like DCM, ethanol, DMF, chlorofrom, n-hexane), the
nature of the polymer was investigated via IR spectroscopy. In
the past the C—Cl vibration at 680 cm™! has commonly been
used to establish whether the desired crosslinking via the
chloromethylene groups has occurred [43]. While this vibration
is dominant in the monomer, it has completely vanished in the
IR (infrared) spectrum of the polymer (Figure 2A). Moreover,
several other changes in the spectrum are observed for the
polymer as well. Especially in the region of the C—Hgqp the
vibration is shifted to 885 cm™! hinting towards one isolated
hydrogen atom which further confirms the cross-linking be-
tween the monomers. The creation of these aliphatic connec-
tions is also evident based on the appearance of vibrations
around 1400 cm™! [43]. As reported in the literature for the sol-
vent-based protocol the polymer obtained through this
mechanochemical route is also amorphous as visualized by the
XRD (X-ray diffraction) patters recorded (Supporting Informa-
tion File 1, Figure S1) [43].

Furthermore, NG-HCP similarly shows a high thermal stability
with a decomposition onset in air (Supporting Information
File 1, Figure S2) at around 310 °C. The residual mass of only
1.9% confirms the absence of both, excessive abrasion and
oxidant inside the polymer. This is further supported by the
SEM-EDX (scattering electron microscope, energy-dispersive
X-ray spectroscopy) measurements showing both CI and Fe
contents below the limit of detection (Supporting Information
File 1, Figure S3). Scattering electron microscopy also revealed
an agglomerated morphology of the samples (Supporting Infor-
mation File 1, Figure S4).

After successfully establishing the occurrence of the cross-
linking reaction and investigating the physical and thermal
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properties of the polymer, the textural properties of the
NG-HCP were evaluated utilizing nitrogen physisorption.
While the first tries directly yielded a microporous polymer
(SSAgET = 850 m?g !, 1/, = 0.60 cm3g"!, Figure 2B in Sup-
porting Information File 1), the SSA (specific surface area)
achieved with the classical solvent-based approach (Sol-HCP,
SSAggr = 1450 m?g!, ¥, = 1.55 em3g ") [11] could not be
reached. In order to improve this property, we varied the
mechanochemical reaction parameters such as milling time and
amount of oxidant in a systematic (DOE) design of experi-
ments approach (see Supporting Information File 1 for details).
While changes in these parameters translated to variations in the
specific surface, it was not possible to achieve surface areas as
high as the solution-based method solely by adapting the afore-
mentioned parameters. The most influential parameter was de-
termined to be the rotational speed of the ball mill. At 200 rpm
this led to a low SSA (7-66 m2g™!) due to an incomplete poly-
merization, while 800 rpm resulted in a medium SSA
(600-820 m2g™1). This observation is hinting towards a partial
degradation of the porosity by the high energy input and the re-
sulting thermal and frictional stress of the material and rein-
forces our prior findings regarding the synthesis of porous poly-
mers inside a ball mill [30,35].

Development of vessel pressure during the

reaction

In an attempt to track and understand the kinetics of the
mechanochemical polymerisation further, we employed the
so-called GTM-system (gas pressure and temperature measure-
ment system), which allows us to measure the temperature and
pressure inside the milling vessel during the milling process.
While a release of gas was observed when opening the vessel,
the GTM measurement revealed that even small amounts of the
monomer (3.2 mmol) lead to a swift and rise in vessel pressure

H B 400

w

=]

<]
1

SSAger = 850 m?g”
V... = 0.60 cm®g”

pore

Volume @ STP /cm® g’
> S

o o

. N

0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

p/p0

Figure 2: A: IR spectra of the monomer BCMBP and NG-HCP showing a decrease of the C—Cl vibration after the reaction. B: Low pressure nitrogen

isotherm of NG-HCP demonstrating the textural properties.

1156



exceeding 12 bar (Figure 3A) caused by the released HCl in the
course of the reaction. This behaviour can be handled under lab-
oratory conditions but is hampering the potential scale up of the
process. In the recent past we have already observed this behav-
iour for other reactions including iron(III) chloride [42,44], and
thus we have proposed several countermeasures which greatly
reduce the vessel pressure during such reactions. For this poly-
merization reaction we decided to add small quantities of liquid
to dissolve the gas, as the method of choice. At first 1 mL of
ethanol was added to the reaction mixture prior to the milling.
This measure resulted in a decrease of vessel pressure of the
whole course of the reaction. With diethyl ether instead of
ethanol the pressure could be reduced even more limiting the

maximum pressure to 0.42 bar (Figure 3B).

Influence of the LAG additive

Interestingly, besides decreasing the vessel pressure, this 1 mL
of solvent also affected the textural properties of the polymer
positively. Consequently, we went on to investigate the influ-
ence of the LAG reagent by changing the nature of the latter.
The surface area of the polymer was increased up to
1720 m2g~! when utilizing diethyl ether (Table 1, entry 7),
therefore almost doubled, while the pore volume is also
growing. In the pore size distribution one can observe a shift
from 0.75 nm micropores for NG-HCP to a mixture of 0.67 and
0.97 nm micropores for LAG-HCP (Figures S5 and S6 in Sup-
porting Information File 1). In addition, the amount of meso-
pores in the sample is also slightly higher for the LAG sample.
The solubility of the released gas inside the liquid seems to play
a minor role since good results can be obtained with either
dichloromethane (poor HCI solvent) as well as diethyl ether
(good HCI solvent). On the other hand, the boiling point of the
added liquid seems to be an important parameter for the surface
area of the synthesised polymer, with lower boiling point sol-
vents resulting in higher surface areas than their high boiling
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point counterparts (Figure 4). This might indicate that the addi-
tive acts as a porogene in the synthesis of the polymer, with the
vapour being a more effective than the liquid. However, to test
this hypothesis a profound control over the vessel temperature
is necessary which cannot be achieved with our current experi-
mental setup but is generally possible [45]. Nevertheless, the
GTM systems showed that macroscopic temperatures exceeding
the boiling points of dichloromethane and diethyl ether have
been reached in the course of the experiments. Since the best
results were obtained for diethyl ether (Table 1, entry 7) this
sample has been denoted LAG-HCP and was investigated
further.

1800 Diethyl ether
[]
Dichloromethane
1600 ]
Chloroform
~ 1400 [ ]
o
o~
E Tetrahydrofuran
+— 1200 + [ ] Ethanol
w | |
53}
<
()
9 1000 A
J Ethyl acetate
800 Methanol ly
[] [ ]
Isopropanol
600 T T T T T
30 40 50 60 70 80 90

Boiling Point/ °C

Figure 4: The correlation between the liquids’ boiling point and the
SSA of the polymer. In general, a lower boiling point of the LAG addi-
tive leads to a higher SSA.

Vapor physisorption
Since HCP is highly hydrophobic (proven before by water
vapor physisorption [11]), the adsorption of non-polar adsorp-

B 600

: —=— LAG-HCP
: —=— NG-HCP
500 4
: o
: “E 400
: 2
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: ®
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Figure 3: A: Evolution of pressure in the course of the reaction measured by the GTM system. The addition of 1 mL of Et,0 is sufficient to drastically
reduce the released pressure. B: Comparison of the low pressure nitrogen isotherm of NG-HCP and LAG-HCP.
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Table 1: Influence of the LAG additive on the textural properties of HCP2.

Entry Liquid additive

1 - 850
2 ethanol 1160
3 methanol 720
4 chloroform 1400
5 dichloromethane 1550
6 isopropanol 720
7d diethyl ether 1720
8 ethyl acetate 760
9 tetrahydrofuran 1200
10¢ - 1450

SSAger® [m?g™"]

Beilstein J. Org. Chem. 2019, 15, 1154-1161.

Vpore® [Cm39_1]

0.60
0.98
0.61
0.91
1.12
0.52
1.06
0.51
1.00
1.55

aAll samples were synthesised under the following conditions: 35 min, 500 rpm, 6 equiv FeCls, 22 balls 4 10 mm, 1 mL of liquid additive; Paccording to
the Brunauer—Emmett—Teller theory, utilizing the Rouquerol method; determined at p/pg = 0.99; din the following denoted as LAG-HCP; solution-

based references, Sol-HCP.

tives in the gas and liquid phase is strongly favored. Recently,
the advantage of HCP over various commonly available adsor-
bents in the selective liquid phase adsorption of least polar com-
ponent in aqueous solution has been demonstrated [46,47].
Herein, the adsorption properties for the organic vapors benzene
and cyclohexane are reported and the differences between
LAG- HCP and the solvent-based reference material Sol-HCP
are demonstrated.

First of all, is has to be noted that Sol-HCP (reference accord-
ing to Schute et al. [11]) showed a specific BET surface area of
1450 m2g™!, hence, slightly below the LAG-HCP with a SSA of
1720 m2g~!. Still, it showed a higher total pore volume of
1.55 cm3g™! due to the higher ratio of mesopores and hence, a
lower share of micropore volume (0.24 cm3g™1). Also, the pore
size distribution proved to be rather broad (as reported before)
compared to the mechanochemically synthesised material. For

A

1200

—=—288 K
*— 298K

10001 —a— 308 K

®

o

S
L

600 el
4,./“/7 “

Volume @ STP /cm® g’
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both materials the overall uptake of benzene is higher than for
previously reported HCP materials [48], resulting from the large
BET surface areas (Figure 5A).

Compared to nitrogen physisorption, the benzene vaporsorption
isotherms show a much more pronounced hysteresis over the
whole relative pressure range. This effect can be explained by
the strong interactions of the benzene molecules with the aro-
matic surface of the polymer via n—n interactions. The rather
strong adsorption at the inner surface is overlapped by pore
filling due to a condensation-like effect. Thereby, swelling
results in a reversible structural change. Interestingly, this
swelling effect occurs only moderately up to a temperature of
298 K. With further increasing temperature the swelling is
much more pronounced with a significantly higher uptake at
high relative pressure by condensation and a very pronounced
hysteresis upon pressure-driven desorption (Figure 5SB). A very

B
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Figure 5: Physisorption isotherms of benzene vapour at different temperatures on HCP synthesised classically from solution (left, A) and
mechanochemically (right, B). Filled symbols denote adsorption and open symbols desorption, respectively.
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similar behaviour is observed for both HCP samples LAG-HCP
and Sol-HCP. However, the Sol-HCP shows a steeper slope of
the adsorption isotherm due to the broader pore size distribu-
tion. In contrast, the LAG-HCP with the narrow PSD shows a
more pronounced uptake at low relative pressures.

In addition, cyclohexane vapour was measured in the same tem-
perature range (Figure 6A). Over the whole relative pressure
region a lower uptake is observed compared to the benzene
vapour. In a similar fashion, but slightly weaker pronounced, an
adsorption-desorption-hysteresis is found at higher temperature
>298 K due to severe swelling. The difference in the uptake
towards a favoured adsorption of benzene already points
towards the potential for an adsorptive separation process of ar-
omatic and aliphatic molecules with very similar physical prop-
erties.

To quantify the strength of adsorptive interactions from iso-
therms at various temperatures the isostatic heat of adsorption is
calculated. Although in case of flexible materials with varying
textural properties during adsorption and hence, a varying sur-
face potential, this method should only be applied with great
care and only used for a relative comparison of similar materi-
als [49]. Absolute values calculated by this method are prone to
great errors and should not be over-interpreted. Still, in our case
the mechanochemically synthesised HCP shows an adsorption
enthalpy at low loading of benzene of 70-80 kJ mol™! that
steadily decreases until it approximates the condensation
enthalpy of pure benzene (Figure 6B). Interestingly, the heat of
adsorption of cyclohexane is much lower with a maximum at
low loading of approximately 50 kJ mol™! and also decreasing
until the condensation enthalpy is reached. Also, the condensa-
tion enthalpy of cyclohexane is reached at ca. 40% lower
loading compared to benzene. This data points out the signifi-
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cantly favoured adsorption of benzene due to aromatic =—n
interaction in comparison to the significantly weaker bonding of
aliphatic cyclohexane.

Conclusion

Summing up, we have demonstrated that mechanochemistry can
be a suitable alternative in the synthesis of hyper-crosslinked
polymers. By avoiding chlorinated solvents (typically 1,2-
dichloroethane), the synthesis of this promising material can be
undertaken in a greener, faster, and cheaper fashion. The ob-
tained materials show surface areas as high as 1720 m%g™! with
a narrower pore size distribution compared to solvent-based an-
alogues. It has been found that the addition of small amounts of
liquid (LAG) is not only reducing the vessel pressure during the
synthesis, but is also beneficial towards the textural properties
of the material. In organic vaporsorption experiments the
adsorption of benzene was favoured over cyclohexane by strong
n—7 interaction with the aromatic framework. This has been
proven by differences in uptake as well as by comparison of
isosteric heat of adsorptions as direct indicator of the adsorp-

tion interactions.

Experimental

In our standard procedure HCP was synthesised through a
mechanochemical reaction. This was accomplished by transfer-
ring 0.821 g 4,4’-bis(chloromethyl)-1,1’-biphenyl (Sigma-
Aldrich) and 3.179 g (six equiv) of anhydrous iron(III) chloride
(Sigma-Aldrich) as mediator into a 45 mL zirconium oxide
milling vessel filled with 22 balls (10 mm, 3.19 £ 0.05 g) of the
same material. Consequently, the vessel was transferred into a
P7 premium line (Fritsch GmbH) and milled at 500 rpm for
35 minutes. After the synthesis the resulting polymers were
washed with 200 mL of water and 100 mL of ethanol and dried
at 80 °C for 12 hours.
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Figure 6: Physisorption isotherms of cyclohexane on mechanochemically synthesised HCP at temperatures 288, 298 and 303 K (left) and isosteric
heat of adsorption of benzene and cyclohexane on HCP synthesised mechanochemically (LAG-HCP) (right).
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For the LAG experiments the same quantities were used and
1 mL of the given liquid was added prior to the milling. The
synthesis of the reference HCP from solution was carried out
according to the procedure of Schute et al. [11]. Nitrogen physi-
sorption measurements were performed at 77 K on an
Autosorb-1Q-C-XR and Quadrasorb (Quantachrome Instru-
ments). High purity gases were used for physisorption measure-
ments (N3: 99.999%). Specific surface areas (SSAggT) were
calculated using the equation from Brunauer, Emmet and Teller
(BET) in a relative pressure range that fits to the consistency
criteria proposed by Rouquerol and Llewellyn. Pore size distri-
butions were calculated using the quenched solid density func-
tional theory (QSDFT) method for carbon (slit pores, equilib-
rium kernel) on the adsorption branch. Total pore volumes were
determined from the adsorption branch at p/py = 0.95. Prior to
physisorption experiments, all samples were activated at 353 K
for 24 h under vacuum. Ball mill syntheses were carried out in a
Fritsch Pulverisette 7 premium line planetary ball mill. Infrared
spectroscopy (IR) was carried out on a Bruker Vertex 70 with a
Specac Golden Gate ATR unit. A resolution of 2 cm™! was
utilized and the resulting spectra were treated with ATR-correc-
tion by the OPUS 6.5 software. Powder X-ray diffraction
(PXRD) patterns were collected in transmission geometry
(MYTHEN 1K detector) with a STOE STADI P diffractometer
operated at 40 kV and 30 mA with a Ge monochromator using
Cu Ko radiation. Scanning electron microscopy (SEM/EDX)
images were obtained using a Hitachi SU8020 SEM equipped
with a secondary electron (SE) detector. Prior to the measure-
ment the samples were prepared on an adhesive carbon pad and
sputtered with gold to obtain the necessary electron conduc-
tivity. Thermogravimetric analysis (TGA) was performed on a
Netzsch STA 409 PC/PG system using alumina crucibles under
argon stream with the heating rate of 10 K min~!. The vapor
sorption experiments were carried out using a Autosorb iQ from
Quantachrome equipped with a vapor source and a heated mani-
fold. Before evaporation the adsorptive solvent was dried using
molecular sieves 4 A and degassed under vacuum.

Supporting Information

Supporting Information File 1

Additional information and figures.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-112-S1.pdf]
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Herein, we present a study of the impact of the jar and ball medium on the performance in the mechanochemical amorphization of

chitin. We measured the crystallinity index of chitin after milling it in a vibration mill in an apparatus made of copper, aluminum,

brass, tungsten carbide, zirconia, stainless steel, polytetrafluoroethylene (PTFE), or poly(methyl methacrylate) (PMMA). These ma-

terials offer a range of Vickers hardness values and the impact of these parameters is discussed. The role of the size and mass of the

balls is also studied in the case of stainless steel. This study also highlights one of the major challenges during milling, which is

contamination of the studied samples.

Introduction

The last decade has seen a tremendous development in the field
of mechanochemistry, which was notably covered in the New
York Times in 2016 [1]. Yet, mechanochemistry is hardly a
novel concept, since it is likely among the most ancient
methods for human beings to practice chemistry. Indeed the
ability to produce fire is considered a crucial landmark for
human development, and archeological evidences indicate that
anthropogenic fire production relied on wood-on-wood friction
or on percussion or friction of a siliceous rock against pyrite
[2,3]. Mechanochemistry comes with intrinsic advantages asso-
ciated with the lack of solvent use during reaction, thus largely

reducing the generation of waste [4] even in active pharmaceu-

tical ingredient synthesis [5]. Yet mechanochemistry also
allows the production of novel materials, which are distinct
from what is enabled via solvothermal methods [6-8]. Finally, it
also opens novel opportunities to react and functionalize sol-
vent recalcitrant materials [9-13], including biomass-based ma-
terials [14-25]. Although the technique has been demonstrated
to be useful, there are still many questions yet to be answered
on the effects of reaction conditions on performance in
mechanochemical systems. A number of groups have looked
into better understanding the role of temperature, mixing fre-
quency, pressure, reactor medium and atmosphere to relative

degrees depending on equipment [5,26-34]. In particular, the
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Mack group has used an elegant strategy to evaluate the energy
delivery for a Diels—Alder reaction performed under
mechanochemical conditions and was able to correlate reactivi-
ty, or lack thereof, with the specific reaction kinetic parameters
[33]. There is, however, an interest in investigating these
aspects further. In particular, it would be interesting to track the
role of parameters such as ball size and mass on the progress of
the reaction. In mechanochemistry, it is accepted that chemical
reactions are induced by the delivery of energy, by collision.
The impact force is thus of importance and depends on the
weight of the balls and [26] the surface of impact [28]. Also, in
the context of the milling of crystalline and/or fairly hard mate-
rials, the nature of the milling media composing the balls and
jars, and their hardness parameter, should have an impact [33],

an effect that needs better documentation.

Additionally, mechanochemical treatment may cause materials
to be contaminated by the apparatus material through wear from
friction and impact. This wear would incidentally leave residual
amounts of material from the jars and balls in the reagents and
products as a contamination. Milling media can have a catalytic
effect due to leaching or surface adsorption [7,35-37]. Contami-
nation has been noted in alloying [26,38] as well as amorphiza-
tion of hard materials [39], and could cause doping effects in
coordination polymers [40,41]. Yet a systematic study of quan-
titative contamination as a function of the medium has not been

reported.

Mechanochemistry is a promising strategy towards the activa-
tion, functionalization and deconstruction of biomass.
Mechanochemical activation can expedite polysaccharide
hydrolytic cleavage [20-23]. Milling can also facilitate chitin
depolymerization [24] and when used with base simultaneously
deacetylate and depolymerize chitin [42]. One of the key pro-
cesses in the context of biomass upgrading is amorphization.
Indeed, both chitin and cellulose are extracted as highly crys-
talline material and their mechanochemical amorphization has
been explored as a means to favor subsequent depolymeriza-
tion [16], or functionalization [18]. For functionalization of
these materials, it has been shown that amorphization as a
pretreatment can be utilized to expose more functional groups
to the surface, increasing the rate of reaction. Amorphization
can also be used for better materials packing increasing hard-

ness after sintering [17].

This study is important as the choice of milling media may be
conditioned by the need to select, for instance, transparent jars
to perform in situ measurements [6,43-47]. In these cases, better
understanding of milling ball choice would allow one to control
energy input in the system as well as minimize jar damage and

contamination. Creative setups have also been developed where

Beilstein J. Org. Chem. 2019, 15, 1217-1225.

the measurement window lies outside of the milling chamber
where sample can pass in and out for continuous monitoring
[48]. This allows for varying milling media with the benefit of

in situ measurements.

For some processes like reactive aging with enzymes [22], poly-
tetrafluoroethylene (PTFE) jars were preferred over stainless
steel ones, since the latter caused the reactive mixture to adhere
to the jars, which was not the case of the former. In another ex-
ample, for the metal-free transfer hydrogenation of carbonyl
compounds, PTFE was used instead of steel to eliminate the
possibility of catalysis from the milling media [9]. In these
cases, milling is used as a mixing method, whereby the reac-
tions did not require large activation energies to be driven
forward [33]. Soft and hard milling can be considered from a
multitude of parameters where ball to powder ratio (BPR) is
used as a way to “concentrate” or “dilute” kinetic energy from
the milling media by reducing or increasing the milled powder
ratio [26]. Furthermore, the size of the jar, the size, mass [28]
and number of balls [29,49,50], as well as jar filling [26,30] will
affect kinetic energy transfer. Although some comparisons on
milling media hardness have been considered and showed an
effect on the yield [29-31], to the best of our knowledge, there
are no larger studies comparing several materials, especially
with consideration to biomass amorphization and contamina-
tion.

Amorphization is a common process whereby the crystallinity
of a material is reduced by mechanical forces [17,24,50,51] or
otherwise [52] by deforming particles and breaking lattice
imperfections [50]. For biomass processing, amorphization has
been used in several studies [24,53,54], either as a pretreatment
[21] prior to deacetylation [18,55], enzymatic [22,56,57] or
acidic depolymerization [23,24] and simultaneously during pro-
cessing [42], yielding oligomers and monomers. Differentiating
these regions of impact would be of great value for biomass
processing. It is therefore important to understand precisely
how to master media selection: finding the right combination of
balls, size and apparatus materials can help to optimize the
energy input while allowing the desired loss of crystallinity for
hard milling or maintaining crystallinity for soft milling tech-
niques.

In order to better understand the role of the milling medium on
polymer reactivity, we launched a systematic study of the
effects of a number of medium parameters onto a model reac-
tion, namely the amorphization of chitin where interchain stabi-
lization is greater than 250 kJ/mol based on density functional
theory (DFT) calculation [58]. We explored the role of the ma-
terial of the jar and the ball, ball size and mass, while concentra-

tion on amorphization performance, measured by powder X-ray
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diffraction (PXRD). We selected for this study reaction jars
made of copper, aluminum, brass, tungsten carbide, zirconia,
stainless steel, PTFE, or poly(methyl methacrylate) (PMMA)
paired with one ball of the same composition with either a di-
ameter of 9.5 mm or mass of approximately 2 g. We could de-
termine that Vickers hardness is a key parameter determining
the ability to perform amorphization of biomass materials
especially when considering efficient kinetic energy transfer
[59]. Finally, the effect of materials contamination on mills
samples was tested by inductively coupled plasma optical emis-
sion spectrometry (ICP—OES) and X-ray photoelectron spec-
troscopy.

Results and Discussion
Study of chitin amorphization as a function of

medium hardness

In this study, we probed the effect of milling parameters on the
performance of chitin amorphization. As a first experiment, we
wanted to screen the effect of the milling media. In a typical ex-
periment, a jar was filled with 200 mg of shrimp PG chitin,
fitted with one ball of the same material as the jar and milled in
a vibrational mill for 30 min. Eight milling media were tested:
stainless steel (SS), zirconia (ZrO,), copper (Cu), aluminum
(Al), brass, tungsten carbide (WC), poly(methyl methacrylate)
(PMMA), and polytetrafluoroethylene (PTFE). These media
have distinct density; we needed to normalize the resulting ex-
periments. We expected two ball parameters to play a role in the
process: the contact surface area of the ball with the jar (impact
density), which depends on the ball size, and the mass of the
ball, which impacts the kinetic energy delivered during milling.

70
60
50
g 40
S 30
20

10

0

No PTFE PMMA
milling
M2 g balls
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We thus ran two series of tests with balls of different materials
(mentioned above), one where ball mass was chosen to be as
close as possible to 2 g (2.16 +/— 0.22 g, see Table S1, Support-
ing Information File 1 for exact values), while its diameter
varied based on density, and one with balls of 9.5 mm in diame-
ter which vary in mass also based on density. Both fixed param-
eters were chosen based on the availability of such milling balls
in our inventories or from suppliers, and based on physical
constraints. The lowest density material in our study, PMMA,
has a 2 g ball diameter of 16 mm, which just fits the inner diam-
eter of the jar, i.e. 19 mm. Amorphization progress was fol-
lowed by PXRD. Characterization of the crystallinity index
(Crl) of chitin can be determined by comparing the area of the
crystalline region to the global area in the PXRD spectrum
(Figure S2, Supporting Information File 1) [60]. Untreated
chitin powder Crl was measured to be 65.8%. Crl of samples
after the milling reaction were plotted as a function of the medi-
um for each of the two series (Figure 1). A clear trend was ob-
served with the effect of material hardness on amorphization.
PTFE afforded poor amorphization, whether we look at 2 g
balls or 9.5 mm ones. Al, Cu, brass, SS, WC and ZrO, were all
performing well to reduce crystallinity by at least a half and
give a range of values between 10 and 30%. PMMA gave an
intermediate result, whereby 9.5 mm (0.5349 g) gave poor
amorphization (61%) while the 2 g equivalent (2.4588 g)
afforded a good one (33.5%).

The different materials tested in this experiment feature very
distinct hardness values. We retrieved Vickers hardness values
from material specification sheets to correlate amorphization

Brass 2r02

B 9.5 mm diameter balls

Figure 1: Crl% for chitin samples, before and after milling in a jar with one ball made of SS, ZrOy, Cu, Al, brass, WC, PMMA, PTFE. One series has
ball mass = 2 g (blue) and one ball diameter = 9.5 mm (in orange). Experimental conditions: 200 mg of chitin, milling time: 30 min, milling frequency

29.5 Hz.
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performance with them (Figure 1). With the 2 g ball series, a
clear trend can be seen. A crossover point exists where all mate-
rials of Vickers hardness larger than the one of chitin itself,
which was estimated to be 25-80 kgf/mm? (245784 MPa)
from chitin insect cuticle [61], performed very well for the
amorphization, while materials of lower hardness hardly
affected the crystallinity of the substrate. Interestingly, when
comparing the balls by size, Cu and brass gave really low
values of crystallinity, despite a middle range hardness. This in-
dicates that the comparison by mass is more relevant. Cu and
brass are fairly dense materials, which explain their good per-
formance, particularly for the 9.5 mm series where their mass
would comparatively be more significant (Figure 2).

It was interesting to note that while the Vickers hardness of SS,
WC and ZrO, are vastly different, these three materials seem to
behave similarly as jar and ball mechanochemical media for the
studied reaction. We were curious to investigate if varying the
frequency of milling could reveal an effect of these materials
density. We thus selected SS and ZrO, media and varied the
frequency from 10, to 20 and finally 29.5 Hz (Figure 3). When
milling at 29.5 Hz, with a =2 g ball in ZrO, and SS (Table S1,
Supporting Information File 1 for exact mass values), little
difference was observed in the Crl of chitin after milling,
achieving values of 22.9 and 22.4, respectively. Decreasing the
frequency decreases the kinetic energy delivered from the ball
providing greater differentiation between ball mass and density
in terms of amorphization efficiency. Decreasing the frequency
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to 20 Hz maintained overall higher Crl of 30.4 and 30.2 for
ZrO, and SS, respectively. At 10 Hz, however, we clearly ob-
served a difference in the resulting Crl, reaching 62.3 and 51.4,
for ZrO, and S8, respectively. At this frequency, the lower den-
sity material, ZrO, (6.0 g/cm?3) afforded less amorphization than
the denser one, SS (7.7 g/cm?). At this frequency the impact
force seems to play a more important role in amorphization effi-

cacy.

In order to deepen hardness analysis, we decided to vary the
ball and jar composition to test materials with hardness below
and over the one of chitin cuticle (245 MPa). PTFE has a lower
hardness of 30 MPa, while SS and ZrO, have hardness values
of 2000 and 10,000 MPa, respectively. Figure 4 displays the
crystallinity index of chitin after being milled for 30 min in jars
of PTFE, SS or ZrO,, fitted with balls of PTFE, SS or ZrO,.
This study revealed clearly that materials featuring a Vickers
hardness higher than the one of the reactive mediums are
needed, for both the jar and the ball. If either the jar or the ball
is composed of PTFE, the crystallinity of chitin is hardly
affected. We thus demonstrated that the milling medium choice
is very important in the case of chitin amorphization, and con-
cluded that we have an on/off effect whereby as long as we
have a jar and ball of sufficiently hard material, the perfor-
mance towards amorphization will be essentially the same.
Based on this, we wanted to explore the effect of the kinetic
energy on the progress of amorphization and thus looked at the
effect of ball mass and size.

"PTFE
60 YPMMA
50
__ 40
=S OV
G30 ; SS WC Zr0O2
20 S
10
0
0 1 2 3 4 5 6 7 8 9 10

Vickers hardness (GPa)

—0—2 g balls

9.5 mm diameter balls

Figure 2: Value of Crl after milling as a function of the Vickers hardness values of the media (Jar and ball) used in this study. Two series are com-
pared: One where the balls are 2 g, and one where they are 9.5 mm in diameter. Experimental conditions: 200 mg of chitin, milling time: 30 min,

milling frequency 29.5 Hz.
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Figure 3: Crystallinity index (%) after milling as a function of frequency. ZrO; and SS jars are compared, both with 1 2 g ball of the same material. Ex-
perimental conditions: 200 mg of chitin, milling time: 30 min, milling frequencies varied from 10, to 20 and 29.5 Hz.

(9] 2] N
o o o

Crystallinity index (Crl)
5
)
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W ZrO; Ball
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Zr0, ss

Jar Material

Figure 4: Crystallinity index (%) of chitin milled with 9.5 mm balls of PTFE, ZrO, and SS each used in jars of PTFE, ZrO, or SS. Experimental condi-

tions: 200 mg of chitin, milling time: 30 min, milling frequency 29.5 Hz.

Study of chitin amorphization as a function of

SS ball size and mass

To explore the effect of the ball size and mass, we selected one
single medium, stainless steel (SS), based on the fact it has
sufficient hardness to afford good chitin amorphization. SS is
also a common medium used in mechanochemistry, meaning

we could easily purchase SS balls of various sizes and masses.

Specifically, chitin amorphization was performed with one SS

ball in a SS jar, with ball sizes of 7.8, 9.5, 10 and 15 mm.

The mass of these balls also differed accordingly. The
resulting crystal index (Crl) for chitin after 30 min of milling is
provided in Figure 5. This demonstrates that the ball mass
has a direct impact on amorphization. In the initial phase,
where ball mass is small (1-5 g), crystallinity was drastically
reduced from values of 65% to between 23 and 35%. Beyond
this point (ball masses of 5 to 12 g), further reduction takes
place but was more modest with final values of Crl between 17
and 22%.
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Figure 5: Correlation between the ball mass (orange line) or kinetic energy (blue line) with the crystallinity of chitin after milling in SS jar fitted with 1
SS ball. Experimental conditions: 200 mg of chitin, milling time: 30 min, frequency 29.5 Hz.

This suggested we should further correlate amorphization with
kinetic energy formally. To calculate the kinetic energy, we
assume a simplified linear motion of the ball in the jar, the time
to travel the linear path length based on the frequency of
milling, the diameter and mass of the ball. Although not all
kinetic energy is transferred from the ball to the powder, the
difference is considered negligible [59].

(M

where m is the mass of the ball, v is the average speed of the

ball in the jar and v is determined by

, 2

where d is the overall path length composed of the internal jar
path length (varied by jar) less the ball diameter plus the addi-
tional distance from movement of the arm swing in the mill
(26.4 mm) and ¢ is the time it takes to for the mill arm to swing
from left to right, considering the frequency used (29.5 Hz) is
equal to 1/59 seconds.

We varied the SS ball mass and recorded the performance in
terms of chitin amorphization. In Figure 5, we present these
results, overlaid with the plotting of the kinetic energy as a
function of chitin amorphization. Both the kinetic energy and
the mass of the ball are strongly positively correlated with the

obtained chitin amorphization. There is a deviation in kinetic

energy at higher masses since the ball size decrease the internal
milling path length.

Study of chitin contamination by ball milling

medium

Chitin is an off-white yellow powder. Milling in ZrO, with a
ZrO; ball did not affect its aspect, while milling in SS milling
media yielded a gray powder (Figure S4 and Figure S5, Sup-
porting Information File 1). This raises the question of contami-
nation in the milling process, which we explored further.
ICP-OES is the technique of choice to establish the metal
content in organic matrices. 50 mg of sample was digested in
5 mL aqua regia for 2 h at 90 °C, dissolving the organic
biomass and metal contaminants. Milling was conducted in the
same manner as amorphization above. The contamination Zr,
Fe, W, Al, Cu and Cu was then measured by ICP-OES after
milling in ZrO,, SS, WC, Al, Cu and brass media (jar and ball),
respectively (Figure 6). ZrO, afforded almost no biomass con-
tamination. All other metal containing systems did afford more
contamination. SS was actually the least polluting with a con-
tamination value of 1.6 ppm and the others were between 37
and 212 ppm. While Vickers hardness can give a good indica-
tion of impact energy transfer from ball to material, it did not
correlate as well with the contamination trend. It suggests also
that metal release during milling took place from scratching be-
tween the ball, the powder and the jar. Contamination by fluo-
rine containing species is harder to establish by ICP-OES, so in
order to measure potential release when milling in PTFE, we
turned to XPS (Figure S1, Supporting Information File 1).
When milling in a PTFE jar with ZrO,, fluorine was found in
the high concentration of 6.9%. This very high contamination

level results from the fact PTFE is very soft and easily
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Figure 6: Metal contamination of milled chitin determined by ICP-OES, as a function of the milling medium. The contaminating element is provided in

parenthesis.

scratched by chitin. Clear signs of wear were observed in PTFE
jars after several runs, confirming the mechanism.

Conclusion

Milling is an effective way to amorphize polysaccharides.
Amorphization is dependent on factors such as mass, impact
area, and material hardness. There is a crossover point for jar
and ball hardness, if the jar and ball hardness are below the
hardness of the milling mass there is little effect on amorphiza-
tion, and above this hardness there is a significant degree of
amorphization. There is a plateau as well where increased
hardness does not increase amorphization as max impact
energy transfer to the sample has been achieved. This can
give control over mixing or physical modification of the
polysaccharides for mechanochemistry experiments and allow
for better selection of milling media. Contamination has been
demonstrated as potential issue for milling. Milling is consid-
ered a neat method, yielding clean products but careful consid-
erations must be taken when selecting milling media for this

reason as well.

Experimental

Chemicals

Practical grade chitin was purchased from Sigma-Aldrich Co.
LLC (St-Louis, MO). Milling media was purchased from
McMaster-Carr Supply Co. (Elmhurst, IL) with the exception of
Zr0O; balls, which were purchased from Glen Mills Inc.
(Clifton, NJ). The aluminum and copper balls were carved out
of aluminum and copper rods purchased from Home Depot and

McMaster-Carr, respectively. The brass jar was carved out of a
brass hex rod from McMaster-Carr. The copper jar was made
out of copper pipe and copper end caps purchased from Cana-
dian tire. The end caps were domed to provide the standard
milling jar internal rounded ends. All other jars were purchased
from Retsch.

Mechanochemical amorphization of

polysaccharides

In a typical experiment, 200 mg of polysaccharide, chitin was
placed in a jar equipped with one ball and milled in a MM 400
mixer mill for 30 min at 29.5 Hz. The resulting powder was
used as is for analysis.

Powder X-ray diffraction (PXRD)

Sample diffractogram was recorded from 5° to 40° on a zero-
background plate using a Bruker D8 ADVANCE X-ray diffrac-
tometer equipped using Cu Ko, (A = 1.54 A) source. Chitin crys-
tallinity was determined by comparing the entire area of the
diffractogram (global area) and the area of the crystalline peaks
(reduced area). Where Crl (%) = 100%amorphous and %amor-
phous = [(global area — reduced area)/global area] x 100 [60].

X-ray photoelectron spectroscopy (XPS)

Samples were analyzed on a Fischer Scientific Ka spectrometer
using a spot size of 200 pm, running 5 survey scans at 200 mV
for 50 ms residence times, and 10 scans for specific elements,
also at residence times of 50 ms. Deconvolution and peak posi-

tion were determined using Avantage processing software.
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IR

ATR-IR spectra were recorded using a Perkin-Elmer Spectrum
400 for 16 scans from 4000 cm™! to 450 cm™! using approxi-
mately 2 mg of sample.

ICP

ICP analysis was conducted on a Thermo iCap 6500 Duo Series
spectrometer. The samples were digested in aqua regia (5 mL)
for 2 hours at 90 °C. The samples were then diluted to total
volume of 50 mL with DI water and run against standards of the

elements of interest.

Kinetic energy calculation

Kinetic energy of the ball determined by using the mass of the
ball and the maximum estimated velocity based on frequency
and internal jar milling length plus swing arm movement dis-

tance of mixer mill.

Supporting Information

Supporting Information File 1

Additional experimental data and spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-119-S1.pdf]
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We here explore how ball-mill-grinding frequency affects the kinetics of a disulfide exchange reaction. Our kinetic data show that

the reaction progress is similar at all the frequencies studied (15-30 Hz), including a significant induction time before the nucle-

ation and growth process starts. This indicates that to start the reaction an initial energy accumulation is necessary. Other than

mixing, the energy supplied by the mechanical treatment has two effects: (i) reducing the crystal size and (ii) creating defects in the

structure. The crystal-breaking process is likely to be dominant at first becoming less important later in the process when the energy

supplied is stored at the molecular level as local crystal defects. This accumulation is taken here to be the rate-determining step. We

suggest that the local defects accumulate preferentially at or near the crystal surface. Since the total area increases exponentially

when the crystal size is reduced by the crystal-breaking process, this can further explain the exponential dependence of the onset

time on the milling frequency.

Introduction

We describe here an unusual frequency-dependence in the
induction period of a covalent reaction carried out using ball-
mill grinding. We present a kinetic analysis indicating that this

is due to the successive fracture of crystals into smaller parti-

cles followed by the accumulation of energy in crystal defects.
In recent years, manual and ball-mill grinding have become
increasingly routine solid-state synthesis tools [1]. Generally re-

ferred to as mechanochemistry, these methods are more envi-
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ronmentally friendly and usually less expensive than traditional
solution-based methods, because they require little or no sol-
vent. Moreover, mechanochemical syntheses often give quanti-
tative yields of products [2-4]. Manual or mechanical grinding
can be performed “neat”, i.c., in the absence of solvent (neat
grinding, NG). Alternatively, very small quantities of liquid can
be added to the grinding mixture [5], a procedure known as
"kneading" or "liquid-assisted grinding" (LAG) [4]. The liquid
often accelerates reactions between solids or even enables new
reactions [5-7]. Mechanochemical methods have been success-
fully applied for a wide range of different syntheses and chemi-
cal reactions of inorganic [8,9] and organic [10,11] compounds.
Even supramolecular architectures such as co-crystals and
metal-organic frameworks [4,12-14], cages [15] and rotaxanes
[16] could be formed mechanochemically. Crucially, the
mechanisms and driving forces which underpin mechanochem-
ical transformations and supramolecular reactions remain
poorly understood and are subject to considerable debate
[2,4,7,8,14,17-25]. The future successful academic and indus-
trial application of these methods depends on developing a

fundamental understanding of these solid-state processes.

The validation of reaction kinetic models has been a powerful
approach for investigating fundamental processes in chemistry
and physics. This has led to significant advancement in the
understanding of molecular and submolecular phenomena. A
number of researchers have attempted to rationalize organic
mechanochemical transformation profiles in a similar way [26-
28], with far more developed with respect to inorganic reac-
tions [29-36]. However, despite many advances in developing
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mathematical models based on various kinetic treatments, an
understanding of mechanochemical reaction dynamics remains
largely elusive. While mechanochemical kinetics must obey the
general principles of reactivity (collision, energy gain and relax-
ation), there remains a poorly understood, complex interplay be-
tween physical and chemical phenomena [37], which are not
captured in traditional fluid-phase kinetics treatments. Further-
more, many physical parameters are intimately coupled (e.g.,
milling-ball size and mass), and carefully designed studies are
required to understand their independent effects on the reaction
rate [29,38-43]. Hence, before one can develop elementary
kinetic equations for these processes, it is crucial to understand
the types of processes that must be independently considered.

Recently, we have been investigating the final reaction equilib-
rium achieved under ball-mill LAG conditions [17,18,44]. It is
generally accepted that when the milling reaction reaches
completion in a sealed system, a steady state is eventually
achieved. The final phase composition does not change as long
as the milling conditions are maintained [1,17,18,45,46]. Such
equilibria depend on numerous factors, including ball-mill jar
size, shape and material, ball-bearing size, weight and material,
milling frequency, temperature, and the nature and concentra-
tion of the added liquid [17,18]. In this paper we investigate
how the ball-mill grinding frequency affects the kinetics of the
covalent reaction of bis(2-nitrophenyl) disulfide and bis(4-
chlorophenyl) disulfide in the presence of a small amount of the
base catalyst 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) to
produce 4-chlorophenyl 2-nitrophenyl disulfide (see Scheme 1).
Reliable experimental procedures have already been estab-

LAG
dynamic covalent chemistry

O
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S
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stable bulk crystal
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Scheme 1: Solid-state exchange reaction through ball-mill grinding under neat ball-mill-grinding conditions (left) and under ball-mill LAG conditions
(right). From the solid-state reaction of the homodimers (CCDC [48] codes ODNPDS02 and DCPHDS for 1-1 and 2-2, respectively) only the relevant
stable polymorph of the heterodimer, form A and form B respectively, crystallizes. The details of form A (CCDC code FUQLIMO1) and form B (CCDC

code FUQLIM) have been previously reported.
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lished for this system [47]. While the experimental operations
for the system are given below and in Supporting Information
File 1, we refer to our methodology paper for further and more
general details and considerations [47].

The results presented here show a significant induction time
before the reaction starts. We interpret this as a consequence of
a two-stage process: a first stage that is dominated by crystal
breaking, and a second stage in which the energy supplied by
the ball-bearing impact is stored as structural defects (within
crystalline or cohesive states [37] at the molecular level).
Indeed, it has been suggested that a number of mechanochem-
ical transformations depend greatly on the accumulation of
energy [29,49-51]. We therefore propose that this energy accu-
mulation is the rate-determining step: when a certain threshold
is overcome the reaction starts very suddenly and occurs
rapidly. The idealized model presented here serves as proof-of-

Beilstein J. Org. Chem. 2019, 15, 1226-1235.

concept for an often-overlooked aspect of the coupling between
physical and chemical phenomena, required to rationalize the
unconventional kinetics associated with mechanochemical
transformations.

Results and Discussion
Figure 1 show the experimental results for the progress of prod-
uct formation as a function of grinding time.

Purposely designed stability experiments of the ball mill NG
and LAG reactions were conducted by interrupting the milling
experiments of 1-1 + 2-2 + DBU at different times and storing
the grinding jars sealed. After several months and up to years,
these sample jars were opened and the materials reanalyzed by
HPLC in order to obtain their chemical composition. We ob-
served that the nanocrystals of 1-1 and 2-2 homodimers had
reacted during storage in the absence of further mechanochem-
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Figure 1: Solid-state studies reacting 1-1 and 2-2 in an equimolar ratio in the presence of DBU as catalyst to give the heterodimer 1-2. (a) And (c)
show the dependence of reaction progress (obtained by the Rietveld quantitative phase analysis) on milling frequency under ball-mill NG and LAG
conditions (with 50 pL of MeCN), respectively. No fitting was performed, and the kinetic curves are only a guide to the eye. Each time point in these

kinetic plots corresponds to a separate grinding experiment.
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ical activation, thereby resulting in an increased concentration
of 1-2. This increase in 1-2 was only observed with aged NG
and LAG samples that contained more than 2 mol % of 1-2
seeds. Higher concentrations of 1-2 seeds in the initial sample
led to a higher overall conversion with aging. Importantly, we
stress that the detectable increase in 1-2 with time required a
period of months, or even years. Hence, the kinetics that we
observe in the experiments reported in this work pertain only to

the mechanochemical phenomena themselves.

The rate (r) associated with any physical or chemical transfor-
mation can be described by generic Equation 1

roc f(a)x Axexp(—E/RT) )

where A X exp(—E/RT) is the Arrhenius-type rate constant, and
f(o) is the functional form of rate, dependent on the specific
mechanism of the transformation. Many of the traditional
kinetic equations for solid-state transformations (e.g., the
Avrami-Erofeyev and Prout-Tompkins models) are derived for
single phase solid-state transformations [52]. Their general ap-
plication to multiphase mechanochemical reactions is thus
limited.

A general mechanochemical reaction can (macroscopically) be
taken to consist of two stages: (1) mass transport (i.e., mixing)
and formation of heterogeneous, reactive contacts and (2) acti-
vation of these contacts by mechanical impact. This is analo-
gous to traditional chemical kinetics, limited by collision and
activation. Macroscopically, a general irreversible mechano-
chemical reaction reaching equilibrium can be thus considered
according to Scheme 2. A notable assumption is that all combi-
nations of the physical complex [AB] yield the same product
phase. While the latter is not strictly true in all cases [28], it
does hold for the general case. The equilibria between complex
[AB] and the pure components represent de-mixing, as well as

surface regeneration by expulsion of C.

A + By ——  [AnBnl

T~ [AnBn
L L / {Am'Bm} c
m * Bm ——  [AmBnl

Scheme 2: Schematic representation of a solid + solid mechanochem-
ical reaction. Subscript denote macroscopic (m) and comminuted (m’)
particles.

In such a scheme, it is irrelevant which intermediate state forms,

and thus the kinetic constant for reactive contact formation

Beilstein J. Org. Chem. 2019, 15, 1226-1235.

represents an average of all such states. Hence, Scheme 2 can
be drastically simplified to Scheme 3.

k1 k2
[AB]

A+B — C

k'

Scheme 3: Simplified reaction equation for the mechanochemical
transformation. Note that [AB] is a physical complex.

The kinetic profiles presented in Figure 1 (b and d) exhibit
striking non-linearity in their dependence on the milling fre-
quency. Furthermore, they each exhibit sizeable induction
periods, far greater than most reported kinetic profiles of multi-
phase mechanochemical non-covalent supramolecular chemical
reactions [28,45]. The notable exceptions are similar synthetic
reactions, which induce covalent bond formation, conducted by
mechanochemistry [46]. A large induction period can be ex-
plained by two mechanisms: (1) time required for mass trans-
port (mixing), or (2) time required for the accumulation of
energy. While mass transport surely plays some role in the ob-
served induction period, it requires that no reaction occurs for
several tens of minutes, followed by a sudden onset of covalent
chemistry. This does not appear likely. Furthermore, this induc-
tion period, with sudden and rapid onset of reaction, is not
typical of most solid-state kinetic models, but is instead typical
of temperature (energy)-dependent kinetics in which a reaction
does not occur until sufficient energy is present in the system
[53].

Instead, it has been suggested that the kinetics in covalent
mechanochemical transformations depend greatly on the accu-
mulation of energy, which can be stored as local defects, or
trapped within the energetic framework of the submolecular
system [29,54,55]. However, the latter is not expected to con-
tribute substantially to macroscopic mechanochemical phenom-
ena, assuming typical relaxation times in the order of microsec-
onds or less [29,56]. Macroscopically, energy can also accumu-
late as heat, which itself is known to have an effect on the rate
of the mechanochemical transformation [23]. This accumula-
tion is taken here to be the rate-limiting step. For the purpose of
this proof-of-concept study, we do not consider any particular
energy accumulation (or relaxation) pathway. Instead, only the
total of all phenomena is considered. In reality, this accumula-
tion and subsequent relaxation is highly complex, involving
submolecular (electronic and vibrational) effects, as well as
defect generation and temperature development [54,57].

A rate constant, k», is hence developed as a modification from

that originally proposed by Butyagin [29], in which the rate is
proportional to the frequency of collision (A), and the initial ac-
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tivation energy (E() for the chemical reaction. For systems in
which the reaction is limited by the distribution of mechanical
energy, it has been suggested that the temperature term of the
traditional Arrhenius equation can be (to a first approximation)
replaced by the rate of supply of mechanical energy, W [29],
(Equation 2)

ky = Axexp(—E ?2)

Hence, k, represents the ‘per impact’ probability of reaction.
We note that the individual terms of Equation 2 are indeed ex-
pected to be dependent on the equilibrium temperature of the
system, although this dependence is outside the scope of the
present manuscript. With the rate of energy relaxation, T,
normalized to 1 Hz, the energy accumulation can be approxi-
mated (see Supporting Information File 2 and Equation 3),

E,. ={W(V—’C);V/‘C21 3

Ov/t<l1

thus denoting the accumulation of energy at a rate proportional
to the difference in milling frequency v (Hz) and the relaxation
of energy 1 (Hz). We note that this is a somewhat simplified
form, not considering the differences between the mechanism
for energy accumulation. Furthermore, this simplification
assumes a linear increase in stored energy throughout the bulk
material. Note that all attempts at scaling energy accumulation
resulted only in shifting of the relative onset times (Supporting

Information File 2).

If it is assumed that &y, k' > kj, the rate equation for the trans-
formation can be expressed as in Equation 4:

S (o (1) = opp (1) exp(—k,1) ©

The energy of an ideal impact can be worked out from the clas-
sical equations of motion, assuming an ideal linear trajectory of
the milling ball along the entire length of the milling jar at the
acceleration of the mill. Note that we have made the assump-
tion that ‘double-impacts’ do not occur and that the two milling
balls simultaneously impact the powder directly. This has a sim-
ilar effect as simply modelling a milling ball with a larger sur-
face area [38]. Double impacts, and ball-ball collisions are
certainly important considerations for future development of
this simple model. The resulting impact energies, ¥, are given
in Table 1, and it is assumed that the milling ball is subse-
quently ejected at the same velocity after impact. Unfortunately,

Equation 2 cannot be solved without knowledge of £ and .

Beilstein J. Org. Chem. 2019, 15, 1226-1235.

However, the relative rate is proportional only to Ey:z (Support-
ing Information File 2), which we selected here to fit the experi-

mental curve for 15 Hz ball-mill neat grinding.

Table 1: Approximate kinetic energy of an ideal impact of a 1.43 g
milling ball at different milling frequencies. The relative frequency is
shown in each case. Note that the milling jar oscillation distance was
measured at 4 cm.

Frequency, v wWimd
15 Hz 0.489
20 Hz 0.870
25 Hz 1.359
30 Hz 1.958

If a model is built on Scheme 2, with &y, k' > kj, Figure 2A is
generated. Remarkably, despite the simplifying assumptions
used in this model, the general features of the experimental
curve are well reproduced. Based solely on the consideration of
the physical parameters /# and v, the significant non-linearity
observed in experiment is obtained, with the onset time ¢, de-
creasing as ¢y, (15 Hz) >>> t,, (20 Hz) >> t,, (25 Hz) > ty,
(30 Hz). The on-set time is taken as the point where the tangent
to the pre-accumulation plateau meets that of the accumulation
curve. Although the model explains the general features, it
cannot capture the resolution in onset frequencies for the three
fastest milling reactions. We believe this to be due to the crude
assumption of ideal impact trajectory; non-ideal trajectory
should decrease the energy accumulation and hence elongate

the induction period.

If the raw values are used, it is found that the relative rate of
conversion for the 15 Hz milling reaction is substantially over-
estimated with respect to the experiment. However, we note that
the present model assumes energy accumulation beginning
immediately, and does not allow for initial comminution or
mixing, as is required [58]. The discrepancy in the 15 Hz
milling onset time may represent an effect of the approximate
mixing and comminution rate. Indeed, specimens taken from
different areas of the milling jar showed significant composi-
tional differences even after 75 minutes (see Supporting Infor-
mation File 1). The re-normalized onset times predicted by the
model match very well the ones observed experimentally
(Figure 2b).

The generation of the observed kinetic profiles requires a
consideration of the energy accumulation. If energy is not
permitted to accumulate, each individual impact is too small to
induce a chemical transformation. If each impact is taken to be
sufficient for chemical reaction, then the entire induction period

must be taken to be the result of mass transport, in which case
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Figure 2: Reaction profiles for mechanochemical milling according to Equation 4. (a) Kinetic profiles for 30 Hz, 25 Hz, 20 Hz and 15 Hz NG milling.
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model data) correction approximated from experimental curves. (b) Comparison of relative conversion onset times from raw kinetic curves (black
rectangles), onset time corrected (brown triangles), and from experimental ball mill NG curves (blue circles) in Figure 1. Eq:T = 17.48.

slow, gradual kinetics would be expected. Unfortunately, the
need to account for energy accumulation does not permit the
assessment of E( for the present system.

In our attempts to model Scheme 2 using ky,k;' oc ky, no notice-
able effect could be observed on the onset time. Instead, it was
found that the relative mixing rate affects the slope of accumu-
lation (Figure 3). By comparison to the experimental curves in
Figure 1, this effect appears to dominate in the 20 Hz and 15 Hz
profiles. This suggests that on the macroscopic scale, lower fre-
quency milling is limited not only in the rate of energy input,
but also by its ability to facilitate mass transport.

Having ascertained that the model of Equation 4 well describes
the non-linear kinetics observed for neat grinding, it is worth
considering this model with respect to LAG kinetics. While the
non-linearity is not so evident under LAG conditions, the
consideration of the relative onset rate does suggest its pres-
ence, albeit shifted towards lower grinding times. This is
captured by reducing the E(:t ratio in the kinetic model
(Figure 4). The general structure of the experimental curves is
reproduced well, with the 15 Hz profile considerably higher in
onset time than the others. Unfortunately, it seems that again the
three fastest milling frequencies are clustered somewhat too

closely. One important aspect that our model does not take into
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account is the crystal size and the relative surface-to-volume
ratio. The latter could explain an exponential dependence of the
onset time on the frequency, as the specific area increases expo-
nentially with the reduction of crystal size. For the specific area
to affect the onset time, the local submolecular defects responsi-
ble for the energy accumulation should cluster preferentially at

or near the crystal surface [59]. Our relatively simple model

does not consider the non-ideal ball trajectory and this may play
a role. Further work is therefore required to account for these
important aspects.

While we are cautious about deriving mechanistic information

from this result, it suggests that LAG primarily lowers the rela-

tive activation energy of mechanochemical reactions or facili-
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tates the energy accumulation when compared to experiments
run under ball mill NG conditions. These two explanations are
not mutually exclusive. While the activation may be facilitated
by partial dissolution of components, it is possible that crystal-
lite aggregation plays a significant role under NG conditions:
the energy supplied by the impact would therefore be used to
break down aggregates as well as crystallites, the aggregation
itself being limited by the MeCN solvent under LAG condi-
tions. Indeed, aggregation seems to be a rather important phe-
nomenon in the reaction kinetics under mechanochemical
conditions [59].

Conclusion

The kinetic profiles observed for neat and LAG processes de-
scribed in this work are anomalous when compared to tradi-
tional solid-state processes. They are characterized by lengthy
induction periods and a sudden, rapid conversion to the product
phase. Traditional equilibrium kinetics demonstrates such be-
havior when insufficient energy is initially present in the
system. Unique to mechanochemical transformations, however,
is the periodic nature of the input energy. A simple model was
therefore employed to account for this periodicity. Remarkably,
the abnormal kinetic behavior of the system was captured
within such a model, requiring only two physical parameters
from the milling system: milling frequency and ideal impact
energy. While induction periods in mechanochemistry can be
the result also of mixing, these effects are considerably smaller.
For such an effect to dominate in the present case, one must
assume that no reaction takes place until ideal mixing is
achieved, which is unrealistic. Indeed, the inclusion of a mixing
term does not affect the onset time for reaction. However, it was
found that the inclusion of a mixing term does lead to ‘shaping’
of the accumulation profile. Such effects appear necessary to
capture the kinetic profile of the lower frequency kinetic curves.
This suggests that, while onset time is dependent on frequency
and input energy, the mixing (mass transport) can dominate
subsequent stages of the transformation, as the probability of
contact formation decreases. While further work is required to
capture detailed mechanistic insight, we can suggest that kinetic
modelling of covalent mechanochemical reactions likely
requires a model that accounts for both the accumulation of
energy and mixing effects. The induction time is significantly
shorter under LAG conditions. This can be explained by either a
lower activation energy under LAG conditions, or aggregation
playing a more important role under NG conditions. The crystal
breaking process is likely to be dominant at first, and it involves
breaking crystallites as well as crystallite aggregates. When the
particles are reduced in size, the energy supplied is stored at the
molecular level as local crystal defects. This accumulation is
taken here to be the rate-determining step. We suggest that the
local defects accumulate preferentially at or near the crystal sur-
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face. Since the total area increases exponentially when the
crystal size is reduced by the crystal breaking process, this can
further explain the exponential nature of the onset-time depen-
dence on the milling frequency.

Milling reaction kinetics is a relatively unexplored field, and we
have explored only one reaction, but it seems likely that similar

effects will operate for other reactions.

Experimental

The kinetic studies presented here were performed under ball-
mill neat grinding (NG) and under ball mill liquid-assisted
grinding (LAG) conditions with 50 pL of acetonitrile added to
200 mg of powder. The kinetic points prepared for this study
are all single point experiments. The reaction under study is a
base-catalyzed disulfide exchange reaction starting from
equimolar amounts of homodimers using DBU as the base cata-
lyst to result in the formation of the heterodimer. The homo-
dimers (0.34 mmol) bis(2-nitrophenyl) disulfide (1-1,
104.83 mg) and bis(4-chlorophenyl) disulfide (2-2, 97.66 mg)
were accurately weighed, resulting in a load of 200 mg. The
material was quantitatively transferred to a 14.5 mL snap
closure stainless steel grinding jar and two 7.0 mm in diameter
stainless steel balls were placed on top of the powder. Then,
2 uL (2 mol %) of the base catalyst 1,8-diazabicyclo[5.4.0]un-
dec-7-ene (DBU) were carefully added on top of the milling
balls. For NG experiments nothing else was added while for
LAG experiments, 50 uL of acetonitrile were added on top of
the powder. The grinding jars were snap-closed, the closure
secured with insulating tape milling was conducted at 15-30 Hz
using a MM400 Retsch automated grinder for the specified
period of time (see Figure 1 and Supporting Information File 1).
The grinding jars were opened immediately after completion of
the grinding period; the PXRD sample prepared on a slide and
then scanned ex situ by PXRD as soon as possible so as to get
the most reliable data. HPLC analysis to obtain the chemical
composition of the sample was performed as soon as possible
and always within the same day, reported as mol % and docu-
mented in Supporting Information File 1. The solid product was
dissolved in MeCN + 0.2% trifluoroacetic acid (TFA) at a con-
centration of 1 mg/mL and injected in the HPLC system. TFA
was added to the sample for HPLC analysis to neutralize the
base DBU and to quench the disulfide exchange reaction. The
results of the milling experiments were plotted as mol % con-
centration of phase composition versus grinding time (see
Figure 1, Figure 4 and Supporting Information File 1). The
phase composition is calculated from the Rietveld refinement of
the PXRD scans. The estimated accuracy of the phase composi-
tion by Rietveld refinement is +3 mol % of the absolute and
estimated sensitivity while the limit of detection (LOD) is

3 mol %. The estimated sensitivity of the HPLC analysis result-
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ing in the chemical composition of the samples is 0.1 mol %
relative to the main component. Therefore, while the PXRD
analysis is not as sensitive or accurate as the HPLC analysis, it
supplies the phase composition. There is an excellent agree-
ment between the phase composition obtained by PXRD and
the chemical composition obtained by HPLC (see Supporting
Information File 1). Additional details about the analytical
PXRD and HPLC methods can be found in Supporting Informa-
tion File 1.

A sufficient number of independent kinetic milling points were
performed so as to obtain a good resolution of the sigmoidal
segment of the kinetic curves and to demonstrate that the
milling reaction had finally reached a plateau. To achieve this
level of accurate and reproducible kinetic profiles, rigorous ex-
perimental procedures detailed in Supporting Information File 1
and in reference [47] were found necessary.

Supporting Information

Supporting Information File 1

Experimental methodology for ball mill grinding
experiments, analysis by HPLC and PXRD; quantitation by
Rietveld refinement and particle size analysis by Scherrer
equation.

[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-120-S1.pdf]

Supporting Information File 2

Kinetic model parameterization and additional model
features.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-120-S2.pdf]
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Friedel-Crafts (FC) acylation reactions were exploited in the preparation of ketone-functionalized aromatics. Environmentally more

friendly, solvent-free mechanochemical reaction conditions of this industrially important reaction were developed. Reaction param-

eters such as FC catalyst, time, ratio of reagents and milling support were studied to establish the optimal reaction conditions. The

scope of the reaction was explored by employment of different aromatic hydrocarbons in conjunction with anhydrides and acyl-

ation reagents. It was shown that certain FC-reactive aromatics could be effectively functionalized by FC acylations carried out

under ball-milling conditions without the presence of a solvent. The reaction mechanism was studied by in situ Raman and ex situ

IR spectroscopy.

Introduction

The Friedel-Crafts reaction (FCR) is a very powerful tool in
organic chemistry for the synthesis of aromatic ketones. It is of
great industrial importance and widely used in fine chemicals
production [1,2]. In recent years, public awareness of the nega-
tive impact of chemical processes on the environment insti-
gates chemists to improve processes by the reduction of waste
material, energy consumption and reagents (materials). In this
respect, carrying out FCR at room temperature without the use
of solvents, which are usually highly toxic (halogenated hydro-
carbons) will improve the eco-friendliness of the process. Until

now, FCRs have been rarely applied to organic functionaliza-

tions which are carried out in solid state by mortar and pestle
[3-5]. We are aware of only a few examples of FCRs employ-
ing manual grinding: reserpine acylation with AICI3 [6] and
acylation reaction of aromatics [7]. One of the reasons for this
scarcity is the hygroscopic nature of the aluminum trichloride
catalyst [8-12] when exposed to air humidity. This problem
could be easily avoided by conducting the reaction in a closed
vessel, by the aid of automated ball milling, which became a
very effective synthetic method in recent time [13-18]. The first
account on mechanochemical FC alkylation by Borchardt [19]

demonstrates the utility of the mechanochemical method in the
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synthesis of covalent triazine frameworks. Herein, we report
related results on solvent-free FC acylation reactions conducted
in a ball mill, which is the continuation of our program in

organic mechanosynthesis [20-24].

Results and Discussion

Mechanochemical FCR of pyrene (1) and phthalic anhydride (2)
producing 1-(o-carboxybenzoyl)pyrene (3) was selected for the
optimization of reaction conditions since all reagents and cata-
lyst are solids (Scheme 1, Table 1) [25]. In solution, this reac-
tion is facile and the product could be obtained in quantitative
yield (Table 1, entry 15). The results on optimization of reac-
tion conditions in the ball mill indicate that FC acylation could
be effectively carried out mechanochemically. The best
mechanochemical reaction conditions (Table 1, entry 4): 2 h,
equimolar amount of phthalic anhydride and 2.5 equivalents of
AlCl3, afforded product 3 in high yield (79%). Identical yields
were obtained by the change of reaction time to 1 h and alterna-
tive work-up procedures (Table 1, entries 1 and 4). When the
catalyst amount was decreased to one equivalent, a significant
decrease of yield was attained (Table 1, entry 2). Addition of
various grinding additives to improve mass transfer and prevent
pasting of the reaction mixture [26-28] (Table 1, entries 5-8)
was detrimental to reaction yields. The addition of a small
amount of solvents which was reported to facilitate several ball
milling reactions (liquid assisted grinding, LAG) [29-32], also
decreased yields (Table 1, entries 9 and 10). The reaction
carried out in a planetary mill (Table 1, entry 11) afforded
yields comparable to the MM400 vibrational mill. We have also
performed screening of efficacy of various Lewis acid catalysts
[33-38] (Table 1, entries 18-23), which did not lead to forma-

tion of products.

o)
2
g\ y
() —
‘ AIC;

1

COOH

O
3

Scheme 1: FCR of pyrene and phthalic anhydride.

Experiments collected in Table 1 demonstrate that a FC acyl-
ation reaction could be effectively carried out under ball-milling
conditions at room temperature without the use of solvent. This
reaction could be easily scaled up from 94 to 500 mg of pyrene
without the decrease in yield (Table 1, entry 24) [41,42]. To in-
vestigate the scope of the reaction, several acylation reagents

were employed in conjunction with pyrene (Scheme 2) and a

Beilstein J. Org. Chem. 2019, 15, 1313-1320.

Table 1: Reaction of pyrene with phthalic anhydride?@.

Entry  Conditions Work-up?  Yield (%)°
1 1h B 78
2 1 h, ratio 1:1:1 A 44
3 1h A 76
4 2h A 79
5 1 h, silicagel 1 g A n.r.
6 1 h, dry silicagel 0.5 g A 42
7 1h,dryNaCl0.5¢g A 37
8 1h,dry NaySO40.5g A 43
9 1 h, LAG dry DCM A 51
10 1 h, LAG dry THF A 16
11 1 h, planetary milld A 79
12 1 h, teflon jar A 71
13 3 h, reflux, dry DCM B 94 [39]
14 1 h, reflux, dry DCM B 98
15 1 h, reflux, dry DCM A 83
16 1 h, rt, dry DCM A 99
17 10 min, melt, 180 °C, C [40] n.r.e
dry NaCl
18 1 h, FeCl3 A n.r.
19 1 h, ZnCl, A n.r.
20 1h, Znly A n.r.
21 1 h, ZnBry A n.r.
22 1 h, CuBry A n.r.
23 1 h, CuCly A n.r.
24 3 h, scale-up A 73f

2Retsch MM400 ball mill, 16 mL stainless steel vial, 1 x 12 mm stain-
less steel ball, 30 Hz, substrate/anhydride/AICI5 ratio 1:1:2.5; ®Work-up
A: mixture suspended in H,O, pH adjusted with conc. HCI, chromatog-
raphy; work-up B: identical to work-up A, but recrystallisation from
AcOH instead of chromatography; work-up C: suspended in aq oxalic
acid, extracted with DCM, chromatography; Cisolated yields; dRetsch
planetary ball mill PM-200, 500 rpm, 25 mL stainless steel vial,

30 x 3 mm steel balls; ®melted in open flask; fscaled up to 500 mg of
pyrene.

variety of aromatic substrates was subjected to FC acylation
(Scheme 3).

Acylation reagents shown in Scheme 2 were less reactive in
comparison to phthalic anhydride. Benzoic anhydride was used
as a substitute for benzoyl chloride and the reaction proceeded
in better yield. The observed disparity in reactivity might be as-
sociated with the difference in the physical state of the reagents.
Furthermore, succinic anhydride poorly reacted with pyrene,
but the reaction proceeds well with the more reactive biphenyl
(69%, see Supporting Information File 1). Di-tert-butyl dicar-
bonate and 4-nitrobenzoyl chloride were unreactive under ball-
milling conditions. Similary unreactive was 4-nitrophthalic an-
hydride, which only in forced conditions (by melting at 200 °C)
reacted sluggishly with pyrene affording mixture of regioiso-

meric products 6 and 7. The advantage of the employment of
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O O Ph)j\O)J\Ph O
O,N 5
AICI3, 1h (42%)
4 (40%) o
4 h, dry DCM, rt (6%)°

Alcl; ©

COOH COOCH

g9

1 h, ball milling, traces
1 h, dry DCM, reflux®, traces
10 min, melt, 200 °C (21%)?

Scheme 2: Scope of acylation reagents in FCR under mechanochemical activation conditions and comparison with other reaction conditions (isolat-
ed yields); 2conversion from NMR analysis; Psolution reaction in flask, substrate/acylation reagent/AICI; ratio is 1:1:2.5; ball-milling details are given in
Table 1.

o} O COOH
. o + ACK ball milling
(2.5 equiv) (1ball,12mm), 1h
2 O stainless steel jar 8-17 (34-99%)?
(1 equiv)
o COOH O COOH CH3 0 COOH O COOH
O “ “ O ol 0O 0
8 (92%) CHs 9 (99%) CH3 10 (73%) OCHs 11 (34%)
OH o COOH 0 COOH O COOH
O ® $
=
Et 12 34% 13 (34%) 14 (93%)
HOOC HOOC
“\‘ : O COOH
15 (98%) 16 (62%) 7 (89%)

Scheme 3: Scope of aromatic substrates in FCR under mechanochemical activation conditions. 2lsolated yields.

1315



mechanochemical conditions is evidenced by solid state milling
of pyrene with succinic anhydride which showed remarkably
better performance than the reaction carried out in solution
(40% vs 6% yield).

The screening of substrates showed disparate reactivities,
ranging from quantitative to low (Scheme 3). Most rewarding
are reactions of toluene, o-xylene, naphthalene and tetralin.
Interestingly, ball milling of 4-ethylanisole provided phenol 12,
in which acylation was accompanied with the cleavage of the
methoxy group [43-45]. A striking advantage of the automated
ball milling over manual grinding [46] is evident in the reaction
of anthracene with phthalic anhydride which gave no product
by manual grinding and the yield of the toluene reaction is in-
creased from 68% to 92%.

When anthracene was subjected to a milling reaction with
succinic anhydride, 9-substituted product 22 was obtained in
low yield, and accompanied with a small amount of 2-acylated
product 23 (Scheme 4), with same regioselectivity to that re-
ported in the literature [47,48]. FC acylation at the 2-position of
anthracene was achieved by Levy by the employment of 9,10-
dihydroanthracene and subsequent oxidation to anthracene. To
direct the acylation towards the 2-position, we devised the use
of anthracene photodimer 19 [49] for the protection of 9,10-po-
sitions. The photodimer would act as 9,10-dihydroanthracene,
and 2-acylated product should be regioselectively formed,
which could be converted by thermal retrocyclization via flash
vacuum pyrolysis (FVP) [50,51] to 23. However, ball milling of
19 with 20 provided 95% conversion of 19 to anthracene, with a
small amount (<5%) of 22. This result indicates that rapid
[4m — 4x] cycloreversion of 19 takes place, even in solid state
ball-milling conditions at room temperature. Produced
anthracene then subsequently participates in FCR. In control

19 20

ball milling
ACl3, 1h |20

o

18 major 5-10%

ball milling
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reaction of milling of photodimer 19 itself for 1 h was con-
verted to anthracene in 95% yield. This [4x + 4x] cyclorever-
sion in mechanochemical conditions is analogous to previously
described dissociation of labile anthracene/Cgg cycloadduct
[52]. When the reaction of 19 with 20 was carried out in solu-
tion (DCM, overnight), 60% of dimer was converted to
anthracene, and traces of FC product 22 were observed. Further
attempts were made to lower the reaction temperature by
cryomilling [53] (reaction vessel was cooled down by dipping
into liquid nitrogen every 3—5 min, and ball milled for 30 min in
total). This procedure partially suppressed cycloreversion and
led to the mixture of 19 and 18 (3:2 ratio), accompanied with a
small amount of 22.

As a substitute for dianthracene 19, thermally more stable sub-
strate, anthracene-N-methyl maleimide adduct 25 [54] was pre-
pared by Diels—Alder reaction under high pressure conditions as
well as by microwave-assisted reaction and mechanochemi-
cally (Scheme 5). In this molecule, N-methylmaleimide could
be used as protection of the 9,10-positions of anthracene and
then removed by FVP. We thought that the maleimide moiety
will not be affected in the FC acylation, since the precedencies
exist in the literature on imide moiety withstanding the FC reac-
tion [55,56]. However, mechanochemical reaction of 25 with
succinic anhydride and 2.5 equiv of AICl3 showed no reaction
and the increase of the excess of catalyst to 5 equiv gave a very

complex mixture.

Phthaloyl chloride was applied in mechanochemical FCR with
the goal of obtaining a double reaction leading to the anthra-
quinone core in a single reaction pot in solid state [57,58].
Indeed, milling of p-xylene, AlCl3 and phthaloyl chloride led to
the formation of a mixture of 10 and intramolecular FC product
29 [59] in a 1:3 ratio (Scheme 6). The ratio of 1,4-dimethylan-

L2 7
5 Ny

A1 FVP

COOH

COOH o
N OH
20D GO T
=
22 ( ) 23

Scheme 4: Mechanochemical regiodirected FCR of anthracene dimer and succinic anhydride.
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Scheme 5: Regioselectivity direction by protection of 9,10-anthracene ring positions.

COCI
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CH3
© " ball miling milling
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Hs 30 Hz 2h CH3
27 /
AICI3 (5 equiv)
(0]
28 1 equiv

-

ball milling
AICI3 (2.5 equiv)
30Hz,2h

1.5:1 /

melt 140 °C, 10 min
AICI3 (5 equiv)

Scheme 6: Double FCR of phthaloyl chloride and aromatics.

thraquinone (29) did not increase in the presence of 5 equiva-
lents of AICI;. Formation and ratio of these two products could
be conveniently established by 'H NMR analysis, due to a
difference in the symmetry of products: there are two methyl
signals for 10 and a single methyl line at 6 2.81 ppm in the case
of 29. Pyrene and naphthalene were less reactive under the
same ball milling conditions and reactions stopped at the stage
of formation of product 3 and 15. One-step preparation of
quinone 30 [39], was achieved by melting reactants at 140 °C
for 10 min. Under these conditions, a mixture of adducts 3 and
30 (1.5:1 ratio) was obtained. The product ratio was established
by 'H NMR analysis of the characteristic H-10 proton signal of
product 3 (peak resonance doublet at & 9.2 ppm), which is
shifted towards lower magnetic field in quinone 30 (3 10.0

ppm), and concurrent appearance of singlet for H-3 at 8 9.1
ppm. These experiments demonstrate that quinones could be
prepared by simple one-pot FC protocols in the case of reactive
aromatics.

In situ Raman spectroscopy [60] was applied to study mecha-
nistic aspects of the solid state reaction of phthalic anhydride
with p-xylene. Raman spectra were simulated and positions of
signals for transient reactive intermediates were predicted by
density functional theory method B3LYP/6-31G* (Supporting
Information File 1) [61]. The stretching of the *C=0 bond of
the acylium ion was predicted to be at about 2300 cm™!. Raman
spectroscopy revealed that the complexation of phthalic an-
hydride with AlClj3 is rapid, and within 3 minutes of milling all
anhydride is consumed (Figure 1). After 3 minutes of milling,
high fluorescence prevents further following of the reaction
progress. These spectra indicate that rapid complexation of an-
hydride with AlCI; takes place, whereas the formation of the
acylium ion intermediate could not be unequivocally verified.

Similar conclusions could be drawn from ex situ IR spectrosco-
py [62] which indicates rapid complexation and disappearance
of phthalic anhydride (Supporting Information File 1, Figures
S43 and S44). A further study was carried on complexation of
phthalic anhydride with AICl3 (Supporting Information File 1,
Figure S45). Although there are weak signals at 2300 and
3050 cm™! which could be associated with the acylium ion and
the intermediate cation, the raise of intensities of these signals
over the time is quite unlikely to come from reactive species
(time needed to transfer sample from ball mill to IR spectropho-
tometer and acquire spectra are within several minutes, which
could be detrimental to reactive species to survive in the open
air). These signals are not visible after the standard acidic work-
up and further study would require the use of in situ IR spec-

troscopy in solution [63].
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Figure 1: In situ Raman monitoring of reaction of phthalic anhydride with p-xylene.

Conclusion

In conclusion, the experimental results demonstrate that
Friedel-Crafts acylations could be effectively carried out under
solid state ball-milling conditions. The reaction takes place by
the initial complexation of the carbonyl group of the acylation
reagent with aluminium trichloride.

Supporting Information

Supporting Information File 1

Details of experimental procedures, spectroscopic
characterization data of compounds and computational
procedures.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-130-S1.pdf]
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This work presents a proof of concept for a green cyclodextrin derivatisation method that uses low-boiling epoxide reagents in a

high-energy ball mill (HEBM). The simplified preparation and purification of low substitution-degree common (2-hydroxy)propy-

lated B- and y-cyclodextrins (B/y-CDs) has been realised. The intelligent use of propylene oxide has also facilitated the more effec-

tive synthesis of highly substituted y-CD. Epichlorohydrin-crosslinked CD-polymers (CDPs) have also been effectively prepared in

the ball mill. The unoptimised preparations of soluble and insoluble CDPs displayed very small particle size distributions, while the

prepared polymers currently have different complexation properties to those of their classically prepared analogues.

Introduction

The derivatisation of natural cyclodextrins (CDs, cyclic
a(1->4)-linked glucopyranosides) is always a difficult task, par-
ticularly when the attached moiety is prone to further derivatisa-
tion. In many cases, statistical (random) substitution results in
essential changes in the hydrogen bonding systems of the cyclo-
dextrin hydroxy rims, and is especially useful when the crys-
talline complex formation with the guest is undesirable. The
aggregation properties, by the ready-to-associate secondary rim,
are considerably affected by these substituents. One of the most
important reactions of CDs occurs with oxiranes (epoxides)

under basic conditions to provide (2-hydroxy)propyl-CDs

(HPCDs) that are commonly used in pharmaceutical formula-
tions and household products. Furthermore, a class of non-
hydrolysable, soluble and insoluble CD polymers (CDP) can be
prepared by crosslinking CDs with epichlorohydrin or 1,2:3,4-
diepoxybutane. These are the oldest and most commonly used
CDPs [1], more so than the so-called “nanosponges” [2], as
well as being more chemically stable in both aqueous and alco-
holic media.

Their industrial-scale preparation has been designed and uses

sodium hydroxide as the base in a very concentrated aqueous
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CD solution [3]. The low solubility of B-CD can be dramati-
cally increased using a base, which occurs via the ionisation of
the secondary hydroxy groups, near pH ~12 (secondary
hydroxy dissociation starts around ~11.5-11.8 in water) [4,5].
In basic aqueous medium, the high reactivity and low water-
miscibility of 1,2-propylene oxide make the formation of
(oligo)propylene glycol (oligo-PGs) unavoidable. Moreover, at
higher degree of substitution (DS, number of substituent/macro-
cycle) the HP moiety can be further substituted, giving oligo-
PG sidechains on the CDs [6]. At low DS values, occasional
residual unsubstituted CDs can be removed (by aluminium
oxide) and “recrystallisation” (from acetone) eliminates
(oligo)-PG to a pharmaceutically acceptable level [6,7]. Howev-
er, the low boiling point of the 1,2-propylene oxide generates
some safety concerns. The low reaction temperature favours the
secondary hydroxy group in CD substitution, which results in
products having some DS-dependent solubilisation properties
[8-11]. In solvent-free conditions, although the nature of the
reaction means that they are not absolutely water free, not only
the PG formation can be optimised but also the reagent use. As
previously demonstrated, mechanochemical reactions usually
give a more balanced substitution pattern for the randomly
substituted derivatives [12].

In CDP preparations almost the same reaction conditions are
used, but 1,2-propylene oxide is replaced with epichlorohydrin
[13-16]. The disadvantage of this reaction is that the first step
produces CD-propyl chlorohydrin, which is immediately trans-
formed into an epoxide that can either react with other CDs, to
form CDP, or with a hydroxy ion, to produce a (2,3-di-
hydroxy)propyl side chain. The hydrolytic reaction is unavoid-
able because of the aqueous solution and the higher reaction
temperature. As the epichlorohydrin is in a large molar excess
at the beginning of the reaction, its partial hydrolysis can result
in the presence of glycerol moieties. Although it is true that the
hydrolysis can be impeded somewhat by adding the reagents to
the reaction mixture in a controlled manner, this side reaction

cannot be completely eliminated.

The solubilisation/complexation potential of the polymers can
be increased by the application of a chemically inert guest,
using the so-called molecular imprinting strategy [17-19].

Despite the early patents and a promising beginning, CDPs are
poorly applied CD derivatives and a standardised quality prod-
uct is still missing. Detailed studies of the complexation proper-
ties of bead polymers have demonstrated their slow and struc-
ture-dependent complexation properties [13]. The preparation
of an insoluble CDP is always challenging. Achieving a
uniform insoluble CDP particle size is difficult and usually

requires special, poorly transferable techniques [13,14,16,20].
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The drawbacks of classical derivatisation methods include their
problematic scale-up, which explains the limited number of
sources of insoluble CDPs and also their high prices. Insoluble
CDPs have excellent separation power in both regio- and enan-
tiomer separations, as initially described by Zsadon et al., many
decades ago [21-24]. More widespread use of CDPs in analyti-
cal and preparative applications is not only restricted by the
aforementioned factors, but also by the lack of uniformity and
the site-by-site variability of prepared CDPs, which have
hampered the extensive CDP use.

Mechanochemistry has proven to be a useful green tool in the
hands of synthetic chemists [25-28]. The reaction of epoxides
with cyclodextrins under green and solventless conditions is
discussed in this report. The HEBM technique was performed
in a planetary ball mill for this purpose [12,29]. Proof of
concept and reagent use were investigated for the most common
HPCDs. Substitution patterns were not the target of our study as
the modification of current industrial methods cannot be ex-
pected to occur in the near future. In the case of CDPs, our main
aims were to find an effective, reproducible and green method
for the preparation of a uniform insoluble CDP and to study its
complexation properties in order to discover the right direction
for synthesis optimisation.

Results and Discussion

Reaction of epoxides with CDs

The reactions of oxiranes, particularly propylene oxide, with
CDs in solution have been extensively studied and the products
are synthesised on the ton-scale by various companies [6,30-
32]. The reaction is based on the activation of hydroxy groups
with a base, which also increases CD solubility in water. Al-
though the reaction proceeds in a completely random manner at
a moderate molar ratio of base and low reaction temperatures,
secondary hydroxy substitution is preferred. Primary OH and
HP moiety substitution is suppressed at low DS values [9,33-
36]. The aqueous solubility of propylene oxide is limited,
meaning that only the dissolved reagent can react with the CD
OH groups, which results in a permanent high excess of OH™.
While the formation of a complex between propylene oxide and
the CDs increases the solubility, OH™ can react with the reagent
and the PG that is formed contaminates the product. Further
reaction between propylene oxide, PG and the substituent(s) on
the CDs leads to (0ligo)PGs in the product and 2-(2-hydroxy-
propoxy)propyl moieties on the CDs. Although PG/oligo-PG is
a pharmaceutically accepted solvent, its amount is limited,
especially in parenteral applications [37]. Generally, 60-70%
propylene oxide is utilized in the CD substitution reaction,
which can result in 5-10% oligo-PG content in the crude prod-
uct [6]. The hazardous nature of the reagent makes full conver-

sion a necessity.
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The substitution of propylene oxide with other reagents that are
commonly used in CD derivatisation, such as 1,2:3,4-
diepoxybutane and epichlorohydrin, further complicates the
problems of reactions in solution. The hydrolysis of these
reagents, whether in the free form or bound to CDs, results in a
very complex structure that renders analyses and in-process
control even more difficult. Furthermore, complications in
reproducibility limit CDP use. Epichlorohydrin, which is used
for the preparation of soluble CDPs, can also be used in the syn-
thesis of insoluble CDPs. Although many kinds of insoluble
CDPs [38], not only those based on epichlorohydrin, have been
reported, their accessibility even on a kg-scale is very limited.
The spread of insoluble polymer use can be easily improved by
the existence of a readily transferable and engineered method,
which would eliminate the main limiting factors of solution

chemistry.

The restricted mobility of solid-state components further
reduces the aforementioned side-reactions and enhances the
utilization in the CD substitution. Although many side reac-
tions are suppressed in ball milling, they cannot be completely
eliminated when alkaline hydroxides are used to activate the
CD OH groups. The formation of CD alkali salts always results
in residual water when no metals or metal hydrides are used.
The safer use of the hydroxides, in comparison with alkali
metals or their hydrides, considerably outweighs the purifica-
tion costs. Scheme 1 shows a general reaction scheme for CD

substitution. This scheme is also valid for solution reactions.

(R/S)-1,2-Epoxypropane ((+)-propylene
oxide)

The solution method proceeded as a typical reaction run of
hydroxypropylation; after a short period of intense stirring, a
precipitate started to form (monoHP CDs), which slowly re-dis-
solved as the reaction mixture warmed and the reaction became
faster. In order to allow the complete conversion of propylene
oxide to occur, the reaction mixture was stirred for 4 days, after
the ice in the bath had completely melted. The relatively large
bath volume kept the reaction temperature practically constant

at around room temperature (rt) during stirring.

+ NaOH + j
R
R=H,Cl, or
OCH,CH,CH,Si(OCH3)s

Scheme 1: The reaction of CDs with oxiranes.
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Freshly dried CDs were generally used in ball-milling reactions
to minimise the hydrolysis of propylene oxide, but we also
tested CD-hydrates. Unlike in the solution method, HEBM ex-
periments provide for relatively poor opportunities to visually
inspect reaction progress. The low boiling point of propylene
oxide means that the reaction-mixture temperature inside the jar
cannot be monitored, but as our previous experiments have
shown that monitoring the jar temperature, between certain
limits, can give information about the energetics of the reaction
[39]. The well-sealed jar is able to keep all the epoxides inside
over the total milling time and, despite the necessity to have a
considerable amount of propylene oxide in the vapour phase,
the reagent also remains in the reaction vessel. In order to
minimise the destruction of the reagent, which can occur either
via hydrolysis by the residual water or escape via evaporation,
the jar was cooled with liquid N, below —30 °C after the sodi-
um salt formation of the CDs and before the epoxide was added
to the light, electrostatic powder. Liquid N, not only worked as
a cooling medium, but its evaporation completely excluded the
humidity of air. Salt formation was exothermic, although the
milling of CDs and NaOH also increased the internal tempera-
ture of the powder. Milling also increases the solid’s tempera-
ture, as was previously found to occur without a reagent.
Whereas the internal temperature increased to around 40-45 °C
when CDs were milled alone, the temperature of the powder
could reach 60-65 °C during salt formation when the NaOH
was added, while the external jar temperature stabilised at

around 40-45 °C until the end of the milling periods.

As the propylene oxide was added, milling rapidly increased the
jar temperature from less than —30 °C to between 40—45 °C. It
then remained almost constant over 2 h of milling, as seen in
Figure 1. The jar temperature reached rt in the first 5 minutes
and the jar temperature started to decrease slowly after around
2 hours. The jar fixer needed to be adjusted often over the first
minutes of milling due to its loosing as the system warmed.

As the jar temperature started to decrease after 2 hours, it was
assumed that the reaction was finished. However, some hissing

and powder blow-off upon jar opening indicated propylene-

H,C—R

\ X=H,or —CH2‘<

OH

R = H, CD, OCH,CH(OH)CH,X, or
OCH,CH,CH,Si(OCH3)s
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Figure 1: Jar-temperature changes during the reaction of 1,2-propylene oxide and cyclodextrins in the presence of NaOH.

oxide overpressure, which signified its incomplete conversion.
This effect was found in both §- and y-CD reactions after
2 hours. The complete conversion of the reagent was found
upon increasing the milling time to 4 hours. Finally, 3.5 h
milling was found to completely convert the propylene oxide in
cases with low DS values. The reaction mixtures were always in
a fine powder state over the entire course of the reactions, in-

cluding salt formation.

When using CD-hydrates, their natural state and as they are
available from the suppliers, a hard CD-salt solid stuck to the
jar wall in both B- and y-CD, unlike with dried CDs. This solid
should be removed from the wall to maximise reagent contact
before cooling and the addition of propylene oxide. As the reac-
tion proceeded, the solids became light and very electrostatic
powders, just like in the dried CD tests. Product isolation was
considerably easier than in the solution reactions because water
elimination was not necessary. Any residual unsubstituted CDs

were also removed and yields were quite acceptable, as seen in

Table 1: Summary of HPCD syntheses in HEBM.

Table 1. Because the use of propylene oxide was found to be
better here than in the solution reaction, higher DSs were ob-
tained than would have been expected based on the solution
reactions. Although the TLC of the powders after the reaction
showed very little unsubstituted CD content, the removal of the
very poorly soluble monoHPs also increased the average DS of
the products.

The easiest and cheapest product removal was dissolution in
MeOH as nearly all of the components, except unsubstituted
CDs and some monoHPs (these are somehow solubilized by the
higher-DS HPCDs), are soluble in MeOH. At the end of the
reaction, the MeOH contained some solids, but the filtration
failed because of the very small particles. While centrifugation
resulted in a clear solution, the clean removal of the super-
natant was practically impossible because of re-suspension.
Finally, due to the negligible amount of the fine powder, the
suspension was treated immediately with a cation-exchanger to

remove the sodium ion from the system. Some anion-exchanger

No. CD Milling time [h] B2M ratio? Product? [a] DS¢ Yieldd [%]
1 B 2 14.6 2.3 4.4 84
2 B 4 14.6 2.3 5.6 78
3 B 3.5 14.6 2.5 5.3 87
4 B-hydrate 3.5 13.0 2.4 3.7 89
5 \ 2 13.2 2.7 5.1 84
6 y-hydrate 3.5 12.2 2.4 55 73

aBall-to-mass (mass of balls/mass of reagents); Pisolated, purified; Ccalculated from the integration of the anomeric-proton and CHs signals of '"H NMR
spectra and corrected using the residual solvent content; 9on the base of DS.
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was added before further treatment in order to remove the occa-
sionally present fragments of the strong cation-exchanger. Ac-
cording to the supplier’s specifications, a few tenths of a per
cent of linear dextrins (having reducing ends) cause strong
colouration in the reaction mixture, in both the solid and solu-
tion methods. In order to reduce the colour intensity and remove
the few insolubles, such as unsubstituted CDs, etc., from the

solution, 5% charcoal was used.

The addition of acetone to the concentrated MeOH solution, to
around 50% product content, completely removed the formed
PGs. It was found that sometimes a small percentage of residual
solvent was observed, despite the long drying times at tempera-
tures above the solvent boiling points, as seen in the 'H NMR
spectra. The DS of the product was calculated from the
'H NMR spectra, according to the pharmacopoeia method,
using the integrals of the anomeric protons of the CDs and the
integration of the methyl signal of the HP moiety
(DS = Intye/3, the anomeric proton signal integral is set to 7.0
or 8.0, according to the CD used). Similar calculations using the
CD core-proton integral, which overlaps with the methine and
methylene protons of the HP, resulted in similar DS values
within the calculation limits. The lack of sharp signals in both
the core- and methyl signal regions allowed us to assume that
PGs were present in amounts that were below the detection
limits. The mother liquors of the MeOH—-acetone crystallisation
of the products were hygroscopic and slightly waxy, which
demonstrates their PG content.

A comparison of DS, by "H NMR, and the product distribution
of the ESIMS data showed a Gaussian-like distribution of
masses in the range of 1-11, which was independent of the
target DS. The ESIMS of the neutral HPCDs resulted in a com-
plex spectral composition and showed mass distributions that
were centred differently to the average DS that were calculated
using 'H NMR.

The recovery of CD derivatives from the adsorbents showed
minimal unsubstituted CDs and monoHP contents dominated,
which explains the shift of DS toward the higher substitution
range of the worked-up products. It is in agreement with
previous findings [7].

Table 2: (2-Hydroxy)propylation of y-CD of high DS.

Beilstein J. Org. Chem. 2019, 15, 1448—1459.

The synthesis of high DS HP-y-CD in solution is a multistep
process used to minimise reagent loss and the formation of
oligo-PGs during synthesis. The high DS and the oligo-PG side
chain do not permit acetone crystallisation to remove oligo-
PGs. Dialysis can completely remove PG contaminants but,
particularly when DS < 10, leads to considerable product losses.
High reagent utilisation in the reaction allowed the preparation
of highly substituted CDs to be simplified and reduced the num-
ber of reaction steps, which could also cut down on purification
as well as minimising residual PG impurities. In all cases, ball-
to-mass ratios were reasonable and the yield acceptable, as seen
in Table 2.

Although hydroxypropylation was found to be very effective,
unlike in the solution reactions, the HEBM method prefers
water-free components, otherwise CD-hydrates form a hard
solid, which sticks to the jar wall, during the salt preparation.
While this is currently a considerable drawback for the
mechanochemical method, the optimisation of the reagent ratios
and milling parameters can offer a truly fine-tunable HPCD

preparation method.

1-Chloro-2,3-epoxypropane ((+)-epichloro-
hydrin)

The potential of insoluble CDPs in various fields was recog-
nised at a very early stage of CD derivatisation, and earlier than
(2-hydroxy)propylation [15,16,22]. The use of epichlorohydrin
can result in variously crosslinked polymers, depending on the
molar ratio of the CD and epichlorohydrin [40-43]. As in the
HPCD preparations, the aqueous basic solution can crosslink
the macrocycles, while the relatively large OH™ excess can
hydrolyse both the reagent and the simultaneously formed
oxirane. In order to prepare bead CDPs, limited water miscibili-
ty solvents are added. Controlled addition to a homogeneous
reaction mixture gives an alternative reaction product; soluble
CD polymers. Unfortunately, the originally unfavourable
CD/guest mass ratio worsens further, despite the good aqueous
solubility of the CD polymers.

The molar ratio of CDs/epichlorohydrin was set to 1:10, which
was based on the preparation of a soluble polymer [44]. Surpris-
ingly, insoluble CDPs were almost exclusively formed at this

No. Molar fold of reagent Milling time [h] B2M ratio? Product? [g] DS¢ Yieldd [%]
7 10 8 8.5 2.0 8.8 56
8 20 8 10.9 2.9 17.6 63

aBall-to-mass (mass of balls/mass of reagents); Pisolated, purified; Ccalculated from the integration of anomeric-proton and CHg signals of TH NMR

spectra and corrected with the residual-solvent content; 9on the base of DS.
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molar ratio, unlike in the solution method. This result suggests
that, in accordance with the practice, the soluble polymer
contains a considerable amount of the glycidyl (2,3-dihydroxy-
propyl) sidechain in the solution reaction instead of the cross-
linking ether units. It is known that the reaction can be directed
to the glycidyl CD derivatives instead of polymerisation by
varying the conditions [45-47].

Centrifugation of the neutralised suspension completely re-
moved not only the inorganic salts but also all the soluble cont-
aminants. No unsubstituted CDs were found in the solution
phase and only a few charrable spots could be seen on the TLC
plate. The slightly TLC running CD-dimers were also found to
be soluble and were removed from the product with the
washing, and the almost complete conversion of both CDs and
epichlorohydrin could be deduced from the mass of dried prod-
ucts in all cases, as seen in Table 3. The supernatants were
always hazy suggesting the presence of submicron particles, but
their amounts were considered negligible.

Salt formation in the 10-fold scaled-up synthesis of the f-CD
polymer resulted in some materials that became stuck on the jar
wall. However, these were considerably easier to remove than
the salts of hydrated CDs. The scale-up experiment (20 mmol
scale) did not give a significantly lower yield. This lower yield
may be due to the larger particles of the larger-scale experi-

ments at the experiment start.

Attempts to prepare soluble CDPs provide a complex picture.
While the ~3 molar-fold crosslinker resulted in a clear solution,
the 5 molar-fold reactions gave a colloid solution and actually it
is not clear that it is a very fine, inseparable by centrifugation
suspension, or a highly associated soluble polymer. When

10 molar-fold epichlorohydrin was added portionwise, both

Table 3: Synthesis of CDPs.
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insoluble and soluble/solubilised polymers seemed to be
formed. The soluble part was similar to the 5 molar-fold experi-
ments; a very hazy solution was obtained, which was insepa-
rable by centrifugation, after dialysis. Filtration through a 0.22
um hydrophilic membrane showed poor resistance, meaning
that particle sizes were low and dominantly <0.2 um. Experi-
ments to clarify the situation and determine the composition of

the formed polymers are in progress.

Under an electron microscope, the bead polymer showed a
smooth surface and a non-Gaussian particle-size distribution
that was centred around 65-70 pm, while the ball-milled CDPs
were completely bumpy and considerably smaller than the bead
polymer, as seen in Figure 2 and Figure 3. Higher aggregation
of particles of f-CDP was found when it had been prepared on a
2 mmol scale as compared to either the y-CDP or 3-CDP on a
20 mmol scale.

The particle-size distribution, which was determined using the
quasi elastic light scattering (QELS) method, was relatively
tight and the 20 mmol scale reaction resulted in considerably
larger particles, as seen in the normalised size distributions in
Figure 4. However, it is necessary to mention that the cracking
of the dried polymers of different scales were conducted under
different conditions and that the larger particles can be assigned
to the larger balls of the scaled-up product. The 3-CDPs have a
Gaussian distribution, while the y-CDP does not. While it is
interesting to note that y-CDP gave smaller particles, although
not significantly, it may also be true that the small f-CDP parti-
cles are more aggregated, as seen in Figure 2 and Figure 3.

Although scaled-up B-CDP has somehow larger particles, com-
plexation studies with methyl orange (MO) only showed small

differences. Although complex formation with MO showed

No. Used CD Total milling time [h] B2M ratio? Product® [g] Soluble part® [g] Yieldd [%]
9 B 6 8.8 33 <0.1 96

10@ B 9 45 32.4 1.4 88

11 B-hydrate 6 8.2 3.19 <0.1 91

12 Y 6 8.3 3.4 0.1 92

13 y-hydrate 6 7.9 3.4 0.1 92

14f B 9 11.7->8.8 0.9 1.3 -

159 B 5 12.8 <0.1 2.2 75

16" B 5 11.2 0.1 2.4 76

17h Y 5 10.3 0.2 2.5 73

aBall-to-mass (mass of balls/mass of reagents); Pisolated, purified; Ccalculated from the freeze-dried washing-solution theoretical NaCl content;
dassuming that all epichlorohydrin was used for crosslinking; escale-up, used 125 mL jar; fepichloro_hydrin was added in 3 portions: at the beginning,
after 3 h milling and after 6 h milling; 93.3 molar-fold epichlorohydrin; "5 molar-fold epichlorohydrin; inot necessarily soluble but not sedimented and

cannot be centrifuged.
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EHT = 15.00 kV Signal A = SE1 Date :3 Dec 2018
WD = 85mm Mag= 5.00 KX Time :10:48:44

A: 3-CD bead polymer
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EHT = 15.00kV. Signal A = SE Date 3 Dec 2018
WD = 85mm Mag = 10.00KX Time :11:46:18

B: 3-CDP prepared in HEBM (20 mmol scale, item 10 of Table 3)

Figure 2: Comparative SEM pictures of a B-CD bead and B-CDP (20 mmol, Table 3, entry 10).

A: 3-CDP prepared in HEBM (2 mmol scale, item 9 of Table 3)

EHT = 15,00V Signs Date 3 Dec 2018
WD = 75mm Mag Time :11:08.03

B: y-CDP prepared in HEBM (2 mmol scale, item 12 of Table 3)

Figure 3: Comparison of B-CDP (Table 3, entry 9) and y-CDP (Table 3, entry 12) prepared in a ball mill on 2 mmol scale.
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Figure 4: Normalised particle-size distribution of insoluble CD polymers (entries 9, 10, and 12 of Table 3).

similar behaviour to previous reports [13], adsorption capacity
seems to be considerably lower than that of bead polymers in all
cases. The adsorption of MO shows apparent first order

kinetics, and the largest adsorption rates were accordingly

found at the beginning of adsorption. The adsorption isotherm
of insoluble B-CDP was recorded after 1 day and 2 weeks of
equilibration. The adsorption isotherm of B-CDP showed linear

concentration dependency, as seen in Figure 5.
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Figure 5: UV-vis spectra and adsorption isotherm of the insoluble B-CDP polymer in 10 ml 0.050 mM MO solution (entry 10 of Table 3) after 1 day of

stirring.

It is known that, although y-CD is able to form complexes with
MO (they are less stable than those of §-CD), the prepared
insoluble y-CDP has few affinity towards MO. It can be also
assumed that it is only the association rate that is lower than in
the monomer. Particularly interesting results were observed
when the same property of y-CDP was compared to the corre-
sponding (3-glycidyloxy)propylsilane y-CD composite (next
section). The complexation efficacy of the prepared CDPs is
summarised in Table 4. No significant differences were found
between the products that were prepared from the dried and
hydrated CDs.

(3-Glycidyloxypropyl)trimethoxysilane

(GPTS)

The hydrolysis of GPTS occurs at two sites; on the oxirane ring
and on the silyl ether moiety. The cleavage of trimethoxysilyl
ether is unavoidable in the aqueous phase under basic condi-
tions, while the oxirane ring seems to be more stable than in
propylene oxide or epichlorohydrin. This is partially the conse-
quence of its considerably lower aqueous solubility. It was
found that the substitution reaction does not proceed, or at least
does so very slow at temperatures below 60 °C. The GPTS

reagent in water was found to be present at around 60-70%,
like in case of propylene oxide. Although the neutralised reac-
tion mixture was homogeneous, the isolation and NMR analy-
sis of the isolated product showed poor methoxy content,
demonstrating the almost complete hydrolysis of the silyl
ethers. Unlike in the solution reaction, the HEBM isolated reac-
tion products of B-CD were almost completely insoluble in
water, while the y-CD derivative was somehow soluble or solu-
bilised, as seen in the UV—vis spectra. Both the §- and y-CD de-
rivatives showed high complexation affinity toward MO, as
seen in the UV spectra in Figure 6 and Figure 7. However,
unlike the epichlorohydrin polymers, their “concentration-
dependency” was not linear. The solution and solid state
reactions showed similar yields, as can be concluded from
Table 5.

A significant difference was found between GPTS-B-CD and
-y-CD that were prepared under HEBM conditions; a consider-
able part of the GPTS-y-CD composite was solubilised. Not
only were there no residual unsubstituted CDs seen on TLC of
the prepared GPTS-CDs, but no running charrable spots were
found either. GPTS, or its hydrolytic product(s), were run with

Table 4: Complexation efficacy of 20 mg insoluble CDPs in 0.050 mM MO solution after 1 day and 2 weeks (entry numbers are identical as those in

Table 3.)
No. CD used in CDP Milling time [h] Particle size? MO binding capacity [umol/mg] Relative MO binding
synthesis [um] capacity®
1 day 14 days
9 B 6 ~1.9 0.004 0.006 0.33
108 B 9 =2.9 0.005 0.009 0.51
11 B*H20 6 =17 0.007 0.010 0.61
12 Y 6 ~1.8 0.003 0.004 0.25
13 y*H20 6 =2.2 <0.001 0.002 0.10
14 bead polymer® N/A ~779 0.011 0.017 1.00

aBy QELS; Pbead polymer = 1, calculated with not rounded values; ¢Cyclolab’s CYL-2011; by electron microscope.
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Figure 6: UV-vis spectral changes of 0.050 mM MO solution by GPTS-3-CD (left) and GPTS-y-CD (right), as prepared in solution (entries 15 and 17

of Table 5).
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Figure 7: UV-vis spectral changes of 0.050 mM MO solution by GPTS-B-CD (left) and GPTS-y-CD (right), as prepared in ball mill (entries 16 and 18

of Table 5).

Table 5: Summary of GPTS-derivatisation of B- and y-CD.

No. Used CD Reaction time [h]
15 B 482

16 B 30

17 y 482

18 Y 30

B2M ratio Product® [g] Yieldd [%]
N/A 1.3 57
10 4.2 76
N/A 2.2 88
10 5.3 88

aSolution reaction, at 7075 °C; Pmilling time; isolated purified compounds; 9on the base of DS, as determined by "H NMR, in cases of solution reac-
tions and in HEBM reactions, assuming that all GPTS is attached to the CDs.

the front, and they were found to be very poorly charrable.
While it is not clear whether the product itself was dissolved or
whether the particle size was smaller than <0.22 pm, the
UV-vis spectra clearly show the hypsochromic shift that was
caused by complexation with increasing amounts of added
GPTS-y-CD. The adsorption isotherm can also be divided in

two parts; the simple adsorptive removal of MO can be seen at

the beginning, while the MO peak showed a noticeable blue-
shift as the amount of solubilised/dissolved y-CD-derivative in-

creased.

Conclusion
The use of the HEBM method to force the reaction between

epoxides and CDs was successful. It was also found that reagent
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utilization was higher than in solution reactions and that oxirane
hydrolysis in the presence of a strong base, NaOH, could be

hampered under ball-milling conditions.

Although the work-up and purification of the HEBM-reaction-
synthesised CD derivatives was simpler in the (2-hydroxy)prop-
ylated cases, it does not seem possible to alter the current indus-

trial method to make it more green.

Preparations of water-insoluble CD derivatives were more
effective than the solution reactions, but the particle size of the
solid state reaction products were very small, which also
affected the complexation properties. Further studies to
compare the physicochemical and complexation properties of
the insoluble CD polymers are necessary and may be able to
develop a feasible and reproducible alternative synthetic
process. This would lead to the wider dissemination of insol-
uble epichlorohydrin-crosslinked CD polymers. The post-
manipulation of fine CDP powder, such as granulation on a
hard support, can improve the physicochemical and complex-
ation properties of the polymers. Although the complexation
properties of the prepared insoluble CD polymers are far from
those of solution-method B-CD bead polymers, the fine-tuning
and optimisation of the reaction conditions can be improved to
offer a truly green synthesis that can exploit the combination of
CD complexation and the elimination of aqueous solubility.
Further optimisation of the synthesis conditions and structure
elucidation are both in progress and will aid the development of
an, at least, kilolab-scale procedure for standardised quality
products.

Experimental
The details of the reactions are described in Supporting Infor-

mation File 1.

All reagents and organic solvents were used without further
purification, except the ion-exchangers. The ion-exchangers
were freshly washed with water and methanol until the washing

solutions became colourless and UV inactive.

Reactions were carried out in a planetary ball mill (Retsch
PM100 High Speed Planetary Ball Mill), using a 50 mL stain-
less steel jar and mix of stainless-steel balls (m = 44.1 g, in
which ¢ = 5 mm, m = 28.1 g and 550 ¢ = 1-1.2 mm,
m = 16.0 g) at 650 rpm for various time periods. The rotation
direction was changed every 15 min (3 min during CD-Na salt
preparation) with 3 seconds of silent periods between the alter-
nating rotations. The scale-up of the insoluble CDP was done in
a 125 mL stainless steel jar with a mixture of larger balls
(m = 236.2 g, in which 7 ¢ = 12-13 mm, m = 97.1 g and
70 ¢ = 7 mm, m = 145.1 g) at 650 rpm. The same balls were

Beilstein J. Org. Chem. 2019, 15, 1448—1459.

used for 2 min at 450 rpm to crack the CDP solids after purifi-
cation.

In the HEBM experiments the CD-sodium salts were cooled
below —30 °C with liquid nitrogen before the addition of the
reagents.

Supporting Information

Supporting Information File 1

Experimental details, and the NMR and MS spectra of the
soluble products.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-145-S1.pdf]
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Aimed at eliminating or at least significantly reducing the use of solvents, sodium hypochlorite pentahydrate crystals
(NaOCl-5H,0) in the presence of a catalytic amount of a nitrosyl radical (TEMPO or AZADO) have been successfully used to in-

duce mechanochemical oxidative processes on several structurally different primary and secondary alcohols. The proposed redox

process is safe, inexpensive and performing effectively, especially on the macroscale. Herein, an Ertalyte® jar has been successful-

ly used, for the first time, in a mechanochemical process.

Introduction

The conversion of primary and secondary alcohols to the corre-
sponding carbonyl compounds (aldehydes and ketones, respec-
tively) is of such importance in organic chemistry that it finds
very few parallels in other synthetic organic processes [1,2].
These transformations can be achieved by using a wide range of
oxidizing reagents [3], but most of them are difficult-to-handle
and suffer from waste problems due to large amounts of by-

products, thus decreasing the atom efficiency [4,5]. The

discovery of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl, common-
ly known as TEMPO by Lebedev and Kazarnowskii in 1960
has been hailed as a significant breakthrough in the field of
redox reactions, allowing the fast and selective oxidation of
alcohols to the related carbonyl compounds under very mild
conditions [6,7]. Initially used in a stoichiometric amount [8],
over the last 20 years it has been exploited successfully in cata-

lytic quantities in combination with other oxidants [9]. A
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diverse range of co-oxidant agents (N-chlorosuccinimide,
NaOCl, Oxone®, PhIO, PhICl,, PhI(OAc),, I, CAN, etc.) has
been intensively investigated with varying results in terms of
yields, chemical selectivity, and environmental sustainability
[10-18]. All oxidation procedures have their advantages and
their flaws, so the search for efficient, selective, high-yielding,
environmentally benign methods and atom-economical pro-
cesses continues to be a pivotal challenge for chemists [19].
Stahl and many other researchers worked in this direction
achieving noteworthy results by using air/oxygen as an
oxidizing agent in the presence of a suitable metal complex [20-
25]. However, even these recent methods suffer from serious
drawbacks, such as the use of precious metals often combined
with sophisticated organic ligands, which makes them expen-
sive, especially if implemented on an industrial scale. In addi-
tion, increasingly restrictive legislation against residual metals
in manufactured goods and active ingredients stimulates the
ongoing search for new metal-free solutions to the problem
making this challenge even topical [26,27]. Based on the
considerations mentioned above, we focused on an alternative
strategy to activate the oxidation process. In particular, in this
study, we used sodium hypochlorite pentahydrate
(NaOCl-5H,0) in the presence of a catalytic amount of a
nitrosyl radical (TEMPO or AZADO) to induce mechanochem-
ical oxidation reactions on suitably selected primary and sec-
ondary alcohols. Performed in a high-energy ball mill and with
the unprecedented utilization of Ertalyte® jars, the mechanical
activation allows obtaining the oxidized products from a broad
spectrum of initial substrates. We show that the proposed
mechanochemical method is definitely safe, performing effec-
tively and inexpensive, thus providing an interesting synthetic

route that can be scaled up to pilot and industrial levels.

Results and Discussion

Since the most commonly employed oxidizing agents are solid
reagents, we decided to develop an efficient and eco-friendly
process for the selective oxidation of alcohols to the corre-

K,CO3 (4-8 mmol),
o TEMPO (5 mol %),

(j/\/\ KBr (3 mol %)
%N
Cl

(5%) 10 min
1a (1 mmol)

NCS (1.1 mmol) base

1) -

2) K,CO3 (2 mmol)
3) K2CO3 (4 mmol)
4) K,CO3 (6 mmol)  35%
5) KoCO3 (8 mmol)
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sponding aldehydes/ketones based on a mechanochemical acti-
vation [28]. In comparison to solution-based techniques, ball-
milling procedures provide an ideal solution for overcoming
many of the drawbacks described above, due to the simplicity
of use, shorter reaction times, large-scale production, low cost
and sustainability of this methodology [28-39]. In addition,
impact forces, that are generated by ball-milling media involve
a very minimal fraction of reactive material mimicking the ideal
behavior/trend of highly diluted reactive systems. This peculiar
aspect of mechanochemical reactions, especially in redox pro-
cesses conducted in no-metal reactors, could prevent excessive
heating of the jar, avoid the decomposition of starting materials
and therefore, limit the formation of byproducts [40]. Following
our interest in mechanochemistry and the design of new cost-
effective oxidation procedures, we have tried to combine both
topics to the best [41-49]. In particular, we were mainly inter-
ested in developing a general, selective and versatile alcohol-to-
aldehyde/ketone oxidative protocol applied to primary and sec-
ondary alcohols by using an oxidizing agent as cheap and eco-
friendly as possible.

In order to optimize all the experimental conditions, we fine-
tuned the reaction by using 3-phenyl-1-propanol as a model
reagent and N-chlorosuccinimide (NCS) as an oxidizing agent.
NCS is one of the most widely used co-oxidizing reagents in
homogeneous-phase TEMPO-assisted oxidation reactions and,
we have gained valuable experience in handling this reagent in

several mechanochemical applications [45,46].

N-Chlorosuccinimide (1.1 mmol) and 3-pheny-1-propanol
(1.0 mmol) were milled together in the presence of TEMPO
(5 mol %), K,CO3 (4.0 mmol) and KBr (3.0 mol %) for
10 minutes in a zirconia jar containing 5 balls (5 mm @) of the

same material (Scheme 1).

For all the experiments, we never observed a complete conver-
sion of the alcohol into the aldehyde. Moreover, the first experi-

- ©/\”H ©/\/\‘\OH + others

conv® main byproducts
3% 25%
24%, 17%
51% 7%
14%
27% 23%

Scheme 1: Oxidation of 3-pheny-1-propanol (1a) with N-chlorosuccinimide (NCS) in the presence of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)
under mechanical activation conditions [50]. 2Percentages of conversion were calculated by GC-MS using an internal reference standard.
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mental results showed the key role of the base in the conver-
sion of an alcohol into an aldehyde: it fails in the absence of
K,COj3, reaches a maximum of 51% with 4 equivalents and
decreases (27%) for higher amounts (Scheme 1). This is mainly
due to the fact that the concentration of the active oxidizing
agent, HOCI is strongly dependent on the amount and strength
of the base used in the grinding mixture [51].

Two different mechanisms have been postulated for similar
reactions in homogeneous phase: one occurs under acidic
conditions, while the other works better in a basic medium
through a cyclic dipolar mechanism (Scheme 2) [52,53]. On the
contrary, under ball-milling conditions, it is possible to hypoth-
esize that only the cyclic dipolar mechanism, which operates
mostly in basic conditions, allowed to gain access to the desired
aldehyde.

Interestingly, the formation of a significant amount of over-oxi-
dation [54] and elimination byproducts was observed for
3-pheny-1-propanol (1a) when increasing the reaction time (up
to 20 min, Scheme 1). In contrast, comparable results were ob-
tained when the milling time was reduced to 3 minutes, leading
to an alcohol/aldehyde ratio very similar to that one obtained

N NN

[ alkaline reaction condmonsj

. %DjT
+
R1J\R2 N

[ acidic reaction conditions |
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after ten minutes. Any attempt to improve this conversion by
varying other parameters such as the number (up to 15 balls,
5 mm @) and the diameter of balls (from 3 up to 10 mm @), or
using a different base (KHCOj3 or Na,CO3) turned out to be un-
successful.

The use of other solid oxidants such as trichloroisocyanuric acid
(TCCA) did not bring any advantage to the process (Scheme 3),
and the aldehyde was only detected in negligible amounts
(GC-MS analyses). The (diacethoxyiodo)benzene acid (PIDA)
allowed to further improve the alcohol-to-aldehyde conversion
by a few percentage points (57%), but the formation of 2 equiv-
alents of acetic acid makes it unsuitable for a mechanochemical
process [55]. Also, Oxone® and NH,CONH,-H,0, appeared to
fail in the oxidation of 3-phenyl-1-propanol (1a) to the corre-
sponding aldehyde.

Subsequently, we turned our attention to sodium hypochlorite
(NaOCl), an inexpensive and widely used oxidizing reagent
also applied as a disinfectant and household bleaching agent,
usually sold as a 3-6% solution in water. Commercially avail-
able NaOCl is highly basic (pH ~ 12.7) that dramatically slows
down the oxidation process, and NaHCO3 has to be added to

4} ! %\/jv
—— K Ty

{ /H@

H R?

e Rx

OH

OH
H<\ :base

Scheme 2: Hypothesized pathways for the TEMPO-assisted oxidation of alcohols in a) basic or b) acidic reaction conditions.

>(Nj< (TEMPO, 5 mol %)

Hy oxidizing agent

KBr (3 mol %)

S0 + byproducts

&} 10-60 min

1a (1.0 mmol) 1b conv.)?
TCCA (1.0 mmol), 60 min 3%
TCCA (2.0 mmol), 60 min 2%
TCCA (1.0 mmol)/Na,CO3 (3 mmol), 60 min 4%
PIDA (1.1 mmol), 10 min 57%

Scheme 3: TEMPO-assisted oxidation of 3-pheny-1-propanol (1a) under mechanical activation conditions. 2Percentages of conversion were calcu-

lated by GC—MS using an internal reference standard.
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both maximize the concentration of the active oxidizing agent
HOCI, and to absorb bleach [56]. The addition of a catalytic
amount of KBr promotes the in situ generation of HOBr, which
is a stronger oxidant than HOCI [57].

The results improved remarkably by using as oxidant a 6%
aqueous solution of NaOCl (1.14 mL, 1.1 mmol) adsorbed on
NaHCO3 (6.5 g) in the presence of a catalytic amount of
TEMPO (5.0 mol %) and KBr (3.0 mol %) (Table 1, entry 6).
Within 20 minutes, the alcohol was completely and selectively
oxidized into the corresponding aldehyde (as assessed by
GC-MS analyses). The use of NaCl, alone or in combination
with NaHCO3, as an adsorbent [58] (Table 1, entries 1-5, 7) or
bases (NayCOs, Table 1, entries 7 and 8) other than NaHCOj3

significantly reduces the alcohol-to-aldehyde conversions.

Based on these preliminary results, we decided to replace
aqueous NaOCl (bleach) with Ca(OCl), that has been reported
previously as a valid alternative to NaOCl aqueous solutions for
mechanochemical chlorination reactions of hydantoins [41,59].
However, also using this oxidant, we observed low conversions
(31%) and the formation of significant amounts of byproducts,
mainly halides and olefins (elimination byproducts). The use of
liquid-assisted grinding (LAG) procedures [60-62] by adding
small quantities of water (250 puL) improved the performance of
the reaction (alcohol-to-aldehyde conversion: 41%), but also
raised the percentage of elimination products (38%). Solid
NaOCIl-5H,0, which has been discovered over a century ago,
represented a turning point in our search for a suitable reagent,
avoiding some of the previously described shortcomings. As of
2013, this reagent is commercially available [63], inexpensive

Beilstein J. Org. Chem. 2019, 15, 1786—1794.

and sufficiently stable and safe for potential applications in
mechanochemistry (Figure S1a, Supporting Information File 1)
[64-67].

Once the most promising oxidant was identified, NaOCI-5H,0
(1.1 mmol), 3-phenyl-1-propanol (1.0 mmol), NaHCO3
(2.2 mmol), and KBr (3 mol %) were milled together in the
presence of TEMPO (5 mol %) for 20 minutes in a zirconia jar
containing 6 balls (5 mm @) of the same material. NaHCO3
plays the double role of base and adsorbent for liquid alcohols
(Table 2, entry 1). The first results were promising and showed
a good alcohol-to-aldehyde conversion (75%). We have also
used a Teflon jar, but we observed lower conversions (<50%).
In addition, the reproducibility of data was often poor. In our
ongoing efforts to develop mechanochemical reactions in jars
manufactured from thermoplastic materials as alternatives to
Teflon, having high mechanical resistance, rigidity, and hard-
ness, we were pleased to find that Ertalyte® displayed an excel-
lent performance in the mechanical process. All other parame-
ters being equal, the conversion efficiency improved signifi-
cantly by switching to an Ertalyte® jar (86%) [68] which could
be further enhanced (93%) by slightly increasing the amount of
the oxidant agent (1.5 equiv). Ertalyte® jars (Figure S1b, in
Supporting Information File 1) are composed of polyethylene
terephthalate (PET-P) and characterized by wear- and abrasion-,
chemical and moderate acid resistance, with a low coefficient of
friction and FDA approved [69].

In the absence of TEMPO, the oxidation reaction did not work
anymore, while in the absence of KBr, the conversion rate was
considerably reduced. The use of bases other than NaHCO3

Table 1: Oxidation of 3-phenyl-1-propanol (1a) with aqueous NaOCI (6%, bleach) under mechanical activation conditions [50].

TEMPO (5 mol %) KBr (3 mol %)

base, adsorbent

©/\/\OH +NaOCl,q (6%)

(1 mmol) (1.1 mmol)
Entry Base NaCl (g)2
1 NaHCOj3 (2.0 g) 35
2 NaHCOj3 (2.0 g) 3.0
3 NaHCO3 (1.0 g) 5.0
4 NaHCO3 (1.0 g) 5.0
5 NaHCOg3 (2.5 g) 25
6 NaHCO; (6.5 g) -
7 Nao>CO3 (2.0 g) 3
8 NapCOs (6.0 g) -

&

AN
WO + byproducts

conversion: 55-99%?2

Time (min) Aldehyde (%)P Byproducts (%)P
15 73 16
15 77 22
15 78 8
30 78 6
15 88 4
22 >99 -
22 61 37
22 55 41

aNaCl was used as an adsorbent [58] in combination with NaHCO3 or NapCOs. PPercentages of conversion were calculated by GC using an internal

reference standard.
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Table 2: Oxidation of 3-phenyl-1-propanol (1a) with NaOCI-5H,0 crystals under mechanical activation conditions using ZrO, or Ertalyte® jars. Optimi-

zation of the reaction conditions.

TEMPO (5 mol %) KBr (3 mol %)

NaHCOj3 (2.2 mmol)

©/\/\OH + NaOCI-5H,0

(1 mmol) (1.1-1.5 mmol)
Entry NaOCI-5H,0 (mmol) Jar
1 1.1 Zirconia
ob 1.1 Zirconia
3 1.1 Ertalyte®
4 1.5 Ertalyte®
5¢ 15 Ertalyte®

(6 balls, 5 mm), 20 min

SR

conversion: 69-93%?2

Aldehyde (%)2 Alcohol (%)2 Byproducts (%)
75 19 6
70 11 19
86 9 5
93 5 2
69 27 4

aPercentages of conversion were calculated by GC using an internal reference standard. PThe reaction time was extended to 40 min. °The amount of

TEMPO was decreased from 5 to 3 mol %.

(NayCOj3 or sodium citrate) resulted in low alcohol-to-aldehyde
conversions (<40%) and promoted, conversely, the formation of
significant amounts of olefins (>25%) resulting from halide
elimination. Any attempt to lower the amount of the nitrosyl
catalyst resulted in a poor conversion (69%, Table 2, entry 5).
Once the reaction conditions were fine-tuned, this procedure
was applied to a range of alcohols to assess the scope of the
reaction. The results are shown in Scheme 4.

Qe

Aliphatic alcohols 1a—5a with carbon chains of different length
were oxidized to give the corresponding aldehydes 1b—5b in
good yields and no carboxylic acid derivatives were observed in
any sample. Similar results were obtained for alcohols contain-
ing an aliphatic carbon ring in their backbone, such as cyclo-
hexylmethanol (5a). Interestingly, the oxidation reaction of
benzylic alcohols proceeded smoothly to completeness in about
10 minutes even without need for TEMPO.

N
TEMPO (5 mol %), KBr (3 mol %)

R™OH

NaHCOj3; (2.2 mmol)

+ NaOCI-5H,0

(93 (6 balls, 5 mm), 10-20 min

1a-5a (1 mmol) (1.5 mmol)

R X0

Ertalyte jar 1b-10b (24-93%)?

Ej/\/ /\/\/\/O /\/\/\/\70
1b (85%) b (82%) b (89%)
CHO
/\/\/\/\/\70 O/ )©/
4b (91%) 5b (77%) 6b (91%)°
O
UCHO
7b (93%)° (87%) 9b (89%) 10b (24%)

Scheme 4: Scope of primary alcohol oxidation under mechanical activation conditions. 2All yields refer to isolated pure products. °The compound was
prepared according to the general procedure A (see Supporting Information File 1) without adding TEMPO catalyst, and the reaction was completed

within ten minutes.
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The results changed significantly with benzylic alcohols deco-
rated with an electron-withdrawing group in the aromatic ring
such as 4-nitrobenzylalcohol (and 4-cyanobenzylalcohol),
which required 5 mol % of TEMPO to be oxidized.

Based on these experimental results, we hypothesize that the
reaction proceeded by a mechanism different from the classical
solution-based TEMPO-assisted oxidation of alcohols, as illus-
trated in Scheme 5 [65]. In the first step of the reaction, potas-
sium bromide, used as a co-catalyst, generates in situ sodium
hypobromite, a more favorable oxidizing reagent than sodium
hypochlorite. Ion metathesis due to the presence of KCl may
lead to KOBr (Scheme 5, reaction 1). Subsequently, the species
MOBr (M = Na, K) reacts with water to form HOBr, which is
the active oxidizing agent (Scheme 5, reaction 2). Once the
oxidizing agent formed, it reacts with the benzylic alcohols 6a
or 7a to afford the corresponding intermediate benzyl hypo-
bromites 6¢ or 7¢ (Scheme 5, reaction 3). In the final step, the
base deprotonates the acidic benzylic proton leading to the cor-
responding benzaldehyde 6b or 7b (Scheme 5, reaction 4).

The oxidation of furfuryl alcohol gave furfural (10b), but in low
and irreproducible yields together with significant amounts of
byproducts. As expected, the reaction with conjugated alcohols
(cinnamic alcohol, propargyl alcohol, etc.) was less successful
due to the competing chlorination of the multiple bonds.
Prompted by these findings, we further explored the efficacy of
the protocol with a variety of secondary alcohols. Unfortu-
nately, the oxidation reaction tested on 4-phenyl-2-butanol
proceeded with low conversion yields (45%). An increase in
both the amount of the oxidant (2 equiv) and the nitrosyl radical

(1) KOBr + NaCl

NaOCI + KBr

——

(2) MOBr + H,0

Beilstein J. Org. Chem. 2019, 15, 1786—1794.

(10 mol %), as well as longer reaction times (up to 1.5 h), did
not lead to any significant improvement. However, we were
pleased to find that the less hindered 2-aza-adamantane-N-oxyl
(AZADO) was more effective than TEMPO in terms of conver-
sion and yield with the model alcohol substrate, promoting an
almost quantitative conversion of 4-phenyl-2-butanol into
benzylacetone in only 30 min (Scheme 6, ketone 11b). This
protocol was successfully extended to other secondary alcohols
to afford the corresponding ketones 11b—19b in high conver-
sions and yields.

The oxidation of sterically hindered secondary alcohols such as
adamantan-2-ol (Scheme 4, alcohol 16a) required doubling of
the quantity of the nitrosyl catalyst (AZADO, 2 mol %) and
longer reaction times (from 30 to 60 min) to achieve comple-
tion. Another useful feature of this protocol can be seen in the
case of secondary benzyl alcohols, where the oxidation reac-
tion to the corresponding ketones proceeded smoothly even
without the necessity to use the nitrosyl catalyst (Scheme 6, ke-
tones 17b—19b). With all benzylic alcohols examined, the
GC-MS analyses showed that the reactions were nearly com-
plete in about 15 minutes, ketones 17b—19b being isolated in
high yields and purities. Finally, we investigated if this protocol
could be potentially implemented on a larger scale. Pleasingly,
we were able to scale-up the oxidation of 1a and 11a from a
1 mmol up to a 10 mmol scale without any significant drop in
terms of purity and yield, thus confirming the method’s poten-

tial adaptability to industrial settings.

The proposed mechanism for the TEMPO-based oxidative
conversion of primary and secondary alcohols to the corre-

NaOBr + KCI ——= KOBr + NaCl

MOH + HOBr

H Br
N - ~
O I T e
R Br~OH R

6a (R = Me),
7a (R = OMe)

4) X

6¢c, 7c

6¢c, 7c

A
H B
Y _Br B @ o
of —_— O +BH +Br
Pz R

6b, 7b

M: Na, K; B: NaOH, KOH, NaHCO3 or H,O

Scheme 5: Proposed mechanism for the oxidation of benzylic alcohols 6a and 7a under mechanochemical conditions and in the presence of KBr.
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@ AZADO (1 mol %)
N

.

1
R1 R
NaHCO; (2.2 1), KBr (3 mol ¢
R*OH + NaOCIsH,0 arHCOs (2.2 mmol) KBr (3 mol %) R/go
(6 balls, 5 mm), 15—60 min
11a-19a (1 mmol) (1.5 mmol) Ertalyte jar 11b-19b (71-93%)?
11b (92%) 12b (80%) 13b (71%) 14b (87%) 15b (85%) 16b (83%)°

o Lo o'

17b (91%)°

18b (89%)°

19b (93%)°

Scheme 6: Scope of secondary alcohols in the oxidation under mechanical activation conditions. 2All yields refer to isolated pure products. P2-Aza-
adamantane-N-oxyl (AZADO, 2 mol %), 60 min. “Oxidation carried out without AZADO catalyst, 15 min. The title compound was prepared according

to the general procedure B (see Supporting Information File 1).

sponding carbonyl compounds is described in Scheme 7 and
shares similarities with that postulated in other previous studies

in solution.

ocl oH

Lok
el N, -
O
9 © @
i 3
N H,N\

O’ TEMPO goH
HZO
®
H®
OBr
TEMPOH, c

Scheme 7: Possible mechanism for the TEMPO-mediated oxidation of
primary and secondary alcohols by using NaOCI-5H,0 and catalytic
KBr.

In general, NaOCl works as a co-oxidant agent, and in the cata-

lytic cycle reacts with KBr generating in situ “OBr, a stronger

oxidizing species. Subsequently, a catalytic amount of “OBr
oxidizes the TEMPO radical to the N-oxo-ammonium ion A.
The latter in turn rapidly oxidizes the alcohol to the correspond-
ing carbonyl compound and gives the reduced form of TEMPO,
the hydroxylamine C, TEMPOH. Then hydroxylamine C is
reoxidized by ~“OBr regenerating the starting TEMPO radical or
directly the N-oxo-ammonium species A, thus closing the cata-

lytic cycle (Scheme 7).

Conclusion

The conversion of primary and secondary alcohols to alde-
hydes and ketones, respectively, is one of the most important
reactions in the panorama of organic chemistry. Although the
literature describes a plethora of reagents and methodologies,
most of them use toxic/harmful reagents that often cause serious
environmental and public health concerns. Crystalline sodium
hypochlorite (NaOCI-5H,0) in the presence of a catalytic
amount of a nitrosyl radical allowed developing a redox process
without using any metal catalyst. With the aim to eliminate or at
least reduce the use of solvents, NaOCI-5H,0, among all the
oxidants tested, was the one that best fitted with a general
mechanochemical oxidative process of alcohols in Ertalyte®
jars. The latter material never has been explored before in any
of the mechanochemical transformations described in the litera-
ture and produced outperforming results compared to those ob-

tained in zirconium oxide jars.
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Supporting Information File 1

Experimental procedures, characterization of new
compounds and copies of 'H and 13C NMR spectra.
[https://www .beilstein-journals.org/bjoc/content/
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Abstract

As a synthesis technique, halide metathesis (n RM + M'X,, = R,M' + n MX) normally relies for its effectiveness on the favorable
formation of a metal halide byproduct (MX), often aided by solubility equilibria in solution. Owing to the lack of significant
thermodynamic driving forces, intra-alkali metal exchange is one of the most challenging metathetical exchanges to attempt, espe-
cially when conducted without solvent. Nevertheless, grinding together the bulky potassium allyl [KA'],, (A' = [1,3-
(SiMe3),C3H3]7) and Csl produces the heterometallic complex [CsKA'»],, in low yield, which was crystallographically character-
ized as a coordination polymer that displays site disorder of the K* and Cs* ions. The entropic benefits of mixed Cs/K metal
centers, but more importantly, the generation of multiple intermolecular K-*CH3 and Cs'-*CHj interactions in [CsKA';], enable an
otherwise unfavorable halide metathesis to proceed with mechanochemical assistance. From this result, we demonstrate that ball
milling and unexpected solid-state effects can permit seemingly unfavored reactions to occur.

Introduction

Halide (or ‘salt’) metathesis is a broadly useful synthetic tech-

nRM + MX,

R,M+nMX ()

nique in organometallic chemistry, applicable to elements

across the entire periodic table. A typical instance involves the ~ As the generation of MX normally provides a substantial
reaction of a metal halide (M'X,,) with an organoalkali metal portion of the energy for the exchange, M should be more elec-
compound (RM; M = Li, Na, K) (Equation 1) [1]. tropositive than M', in order to maximize hard—soft acid—base
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interactions [2]. The reaction will proceed without solvent, and
mechanochemical activation, which promotes reactions through
grinding or milling with no, or minimal, use of solvents, has
been used in conjunction with halide metathesis to form organo-
metallic compounds of the transition metals [3-7] and both s-
[8,9] and p-block [10,11] main group elements.

The extent to which the exchange represented in Equation 1 is
complete varies widely with the system. In general, the larger
the value of n, and the correspondingly increased amount of
MX that is formed, the greater the driving force. Consequently,
exchange will be assisted with higher valent M'X,, halides.
Furthermore, although in general a solvent is not required, in
solution environments the formation of products is assisted if
the solubility of MX or R,M' is limited, as their precipitation
helps shift the equilibrium toward the product side. If ethers are
used as solvents, for example, the low solubility of MX can be
reduced further by choosing M to be potassium rather than lithi-
um; as an added benefit, the resulting potassium halides are less

likely to contaminate the desired product.

Without a solvent present and if M and M' are both univalent
metals with similar electronegativity, complete exchange
becomes difficult, and the extent of even partial exchange is
hard to predict. For the alkali metals, all electronegativity scales
indicate that caesium is the most electropositive, but they also
indicate that there is comparatively little variation in this metric
[12]. What happens when the energy difference between M'X
and MX becomes particularly small? Here we describe the ap-
plication of mechanochemistry in an organometallic context to
examine alkali metal halide exchange unassisted by solvents.
The organic group used is the bulky 1,3-bis(trimethylsilyl)allyl
anion, [1,3-(SiMe3),C3H3]™ ([A']7) [13,14], for which alkali
metal complexes are known, including those of Li [15], Na
[16], K [17,18], and Cs [18]. These have been formed via tradi-
tional solvent-based routes, by deprotonation of the substituted
propene precursor with a metal alkyl or hydride (Equation 2) or
with the metal itself (Equation 3) [18]. Intra-alkali metal
exchange (although not specifically halide metathesis) has been
conducted with the [A']™ anion, but always in the presence of a
solvent to help drive the process (Equation 4) [19].

hexanes

Li(n-Bu) + HA' LA+ H(n-Bu)t @

Cs + HA' [thf)CSAT+ 12 Hpt @

hexanes
—_—

[LIAT + [KOt-Bu] [KAT}+ [LiOt-Bu] )

Beilstein J. Org. Chem. 2019, 15, 1856—1863.

Results and Discussion
Conditions for halide exchange

Apart from thermodynamic considerations, practical concerns
place limits on the combinations of halides and alkali metals
that could be feasibly studied in intra-alkali exchange experi-
ments. For example, the fluorides have the largest heats of for-
mation of the alkali halides, regardless of metal, but their high
lattice energies make them typically unreactive, even under
mechanochemical conditions [20]. The iodides, in contrast,
have the smallest lattice energies and thus should be the most
easily disrupted and liable to exchange. Although several metal
compounds of the allyl anion [A']” were potential candidates for
the present study, the need for a base-free, unsolvated complex
that preferably had been crystallographically characterized
limited the choice to the potassium complex [KA'],. In that
form [17], as well as when crystallized from THF [18], DME
[21], or as described below, arenes, [KA'],, retains the structure
of an undulating or helical coordination polymer. Within these
experimental parameters, the general reaction in Equation 5 was
examined. When n = 1, a reaction carried to completion would
result in full metal exchange, with partial exchange the outcome

for any larger values of n.

n [KAT+ M|

[MK,1A'p] + Kl (5)

The experimental protocol involved grinding various ratios of
[KA'] and alkali metal iodides, extracting the ground mixtures
with hydrocarbon solvents, and then attempting crystallization
of the extracts. This is necessarily an imperfect route to
sampling the product space, as definitive characterization of any
product(s) depended critically on the crystallizing process. In
particular, NMR spectra were not expected to be highly diag-
nostic, as in all its group 1 complexes the resonances from the
[A']” anion provide a characteristic spectrum of similar chemi-
cal shifts with singlet (-SiMe3), doublet (Cq 3-H), and triplet
(C»-H) patterns that result from a r-bound allyl with syn,syn-tri-
methylsilyl arrangements [21].

Grinding [KA'] in a mixer or planetary mill in a 1:1 or 2:1 ratio
with Lil, Nal, or RbI left the solids visibly unchanged. Only
unreacted [KA'] could be extracted with toluene from the
ground mixtures, and the allyl could be crystallized as its tolu-
ene solvate (see below). As a check on the consequences of
halide identity, a 1:1 grind of [KA'] with LiCl was also investi-
gated, but there was no evidence of reaction.

The grinds with Csl behaved differently from the others. A 1:1
grind for 5 min in a planetary mill left a pale orange solid that
could be extracted with hexanes. When filtered and dried, the

orange-brown residue displayed resonances in its 'H NMR
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spectrum corresponding to a single type of m-bonded allyl
ligand, all shifted slightly (by 0.09-0.4 ppm) from those for
[KA'] [21]. The material could not be purified, and repeating
the grind for 10 min did not help. After grinding a 3:1 mixture
of [KA']:Csl for 15 min, however, a pale yellow-orange solid
was generated that could be extracted with hexanes. After being
filtered, the yellow filtrate was evaporated to yield a yellow
solid in low yield. Recrystallization from hexanes produced
crystals that were yellow-orange; they were highly soluble in
CgDg, giving a bright red solution. Single crystal X-ray analy-
sis identified the crystals as the heterometallic complex
[KCsA';] (see below). The IH NMR spectrum of the products
from the 1:1 and 3:1 grinds were identical. It should be noted
that both [KA'] and CsI are insoluble in hexanes, and the
grinding clearly initiated a reaction that occurred before the first

hexanes extraction.

Structure of [CsKA's]

Small blocks grown from hexanes were identified from a single
crystal X-ray study as the coordination polymer [CsKA'»],.. A
depiction of a single chain is provided in Figure 1, and a partial
packing diagram is given in Figure 2. The asymmetric unit
contains three alkali metal cations and three substituted allyl
anions, all in general positions. Each of the three metal sites is
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modeled as a site disorder of atoms types K and Cs. Two
distinct peaks were found in the difference Fourier map for the
site containing atoms Cs1 and K1, and their positions were
refined freely, but their anisotropic displacement parameters
were constrained to be equivalent. For the other two site disor-
ders (atom pairs Cs2/K2 and Cs3/K3), the atoms were con-
strained to be isopositional and their anisotropic displacement
parameters were constrained to be equivalent. The ratios of Cs
to K in the three sites refined to 0.60:0.40, 0.29:0.71, and
0.61:0.39 for atom pairs Cs1/K1, Cs2/K2, and Cs3/K3, respec-
tively.

Although the metal-C(allyl) distances span a large range, they
do so in a way that reflects the proportion of Cs and K in the
metal to which they are bonded. For example, the average dis-
tance of Cs2 (0.29 Cs:0.71 K) to the allyl carbons C10-C12 is
3.04 A. The same allyl is also bonded to Cs3, with a higher per-
centage of Cs (0.61 Cs:0.39 K), and the average M—C distance
is correspondingly longer, at 3.22 A. It is possible to extract
consistent values from the M—C distances that can be assigned
to the proportion of K and Cs, namely 2.95 A and 3.40 A, re-
spectively (i.e., a hypothetical site that is 0.50 (K):0.50 (Cs)
would be expected to exhibit an average M—C(allyl) bond dis-
tance of roughly 3.17 A). These values do not recreate dis-

Figure 1: Portion of the polymeric chain of [CsKA'], with thermal ellipsoids drawn at the 50% level. Hydrogen atoms have been removed for clarity.
Atoms marked “Cs2” and “Cs3” are site disorders of Cs and K, with relative occupancies of 0.29:0.71 and 0.61:0.39, respectively. Selected distances
(A) and angles (deg): Cs2-C1, 3.099(4); Cs2-C2, 3.058(4); Cs2—C3, 3.198(4); Cs2—C10, 3.072(4); Cs2-C11, 2.990(4); Cs2-C12, 3.066(4); Cs1—C1,
3.242(4); Cs1-C2, 3.329(4); Cs1-C3, 3.562(4); K1—-C1, 3.135(5); K1-C2, 3.026(5); Cs1-C19, 3.149(5); Cs1-C20, 3.197(4); Cs1-C21, 3.364(4);
K1-C19, 3.127(6); K1-C20, 3.172(6); K1-C21, 3.184(5); Cs3—-C19, 3.282(4); Cs3—C20, 3.171(4); Cs3—-C21, 3.197(4); Cs3—-C10, 3.184(4); Cs3-C11,
3.158(4); Cs3—-C12, 3.349(4); C1-C2-C3, 130.5(4); C19-C20-C21, 129.7(4); C10-C11-C12, 131.2(4).

1858



Beilstein J. Org. Chem. 2019, 15, 1856—1863.

Figure 2: Partial packing diagram of [CsKA'], illustrating some of the interchain contacts, predominantly K1:--C8 at 3.20 A, and Cs3--C22 at 3.44 A,
that promote sheet formation. The metal centers are colored in a pie chart fashion according to the proportion of K* (purple) or Cs* (pink) of each;
translucent wedges (visible on K1 and Cs1) indicate the percentage of partial vacancy at the site. The C—C and C—Si bonds are rendered as sticks.

tances in the homometallic complexes exactly (i.e., the average
K-C distance in [KA'],, is 3.01 A) [17], but they reflect the
relative sizes of the K* and Cs* cations.

The structure is polymeric in two dimensions in the crystallo-
graphic bc plane; interchain K--*CHj3 and Cs-*CHj contacts are
responsible for generating the 2D arrangement (Figure 2); this
is discussed in more detail below.

Structure of [(CgHg)KA']o

From all the grinds of [KA'] with the alkali metal iodides
(excepting CsI), the potassium allyl was the only recoverable
material; extracted with toluene, it crystallized from solution as
the solvate. A single crystal X-ray study analysis reveals bent
polymeric chains of alternating K* cations and [A']” anions.
Each potassium is capped with a toluene molecule, bonded
through cation— interactions. The structure suffers from twin-
ning, disorder in the toluene, and weak diffraction, and there-
fore its structural details are degraded (a depiction of the coor-
dination polymer is available in Supporting Information File 1).
Fortunately, when [KA'] is dissolved in benzene and the solu-
tion evaporated, an analogous solvate is obtained, and the re-
sulting crystals are of higher quality than those from toluene.

Single crystal X-ray analysis reveals that it has a structure that

is qualitatively the same as the toluene solvate, and only the
benzene solvate is discussed here.

Like the unsolvated complex [KA'],, [17] and the related DME
and THF solvates [K(dme)A'],, [21] and [K(thf)3,A'],, [18], re-
spectively, [(C¢Hg)KA'],, is a coordination polymer with potas-
sium ions linked by bridging rr-allyl ligands. The polymer takes
the form of bent chains running parallel to the b axis (Figure 3).
There is only one crystallographically distinct potassium ion in
the chains, and a single K-'K''K bending angle of 134.0°. This
is different from the pattern found in [K(thf)3,A'],, for exam-
ple, (i.e., roughly linear K(1)---K(2)--K(1)" sections (170.2°)
alternating with strongly bent K(2)~K(1)-K(2)' angles
(103.3°)). The K—-CgHg ring centroid distance is 2.99 A, which
is typical for K**(arene) cation— interactions [22,23]. The
enthalpy of binding (AH°) of an isolated K'**(benzene or tolu-
ene) unit is almost 80 kJ mol~! (see calculated value in Table 1,
entry 5); the energy is reduced by about 40% when the ring is
bound to the neutral [KA'] fragment (entry 6).

In structurally characterized polymeric [L,KA'],, complexes,
the average K—C(allyl) distances span a comparatively narrow
range, regardless of coordinated ligands and the change in

formal coordination number of the K* cation: i.e., 3.01 A in
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Figure 3: Portion of the polymeric chain of [(CgHg)KA']., with thermal ellipsoids drawn at the 50% level. Hydrogen atoms have been removed for

clarity. Selected distances (A) and angles (deg): K1-C1, 3.005(3); K1-C2, 2.963(3); K3-C3, 3.128(3); K1-C1', 2.959(3); K1-C2', 2.983(2); K3-C3',
3.140(3); K1+ (CgHg centroid), 2.99(1); K1--K1', 5.39; C1-C2-C3, 130.8(3); K1-+K1"K1, 134.0.

Table 1: Energies of reaction (B3PW91-D3BJ, kJ mol™7).

Entry Reaction? Energy

(AH°, AG®)
1 K* + [C3H5]™ — [K(C3Hs)] -514.6, -481.5
2 Cs™ + [C3Hs]™ — [Cs(C3H5)] -484.9, -452.2
3 K* + [AT - [KAT] -458.4, -426.5
4 Cs* +[AT - [CsAT] -430.4, -398.1
5 K* + toluene — [(toluene)K]* -78.9, -48.6
6 [KA'] + toluene — [(toluene)KA] -48.1,-13.1

aFor entries 14, the def2-TZVPD basis set was used on all atoms. For
entries 5 and 6, the def2-TZVP basis set was used on all atoms.

[KA", 3.03 A in [KA'(thf)3/2]. and [(C¢H)KA'l, (3.04 A in
the poorer quality [(toluene)KA'],, structure), and 3.06 A in
[KA'(dme)],, [24]. This suggests that the K*'[A'] interaction is
a robust one, and its structure potentially capable of serving as a
kind of template for inclusion (see below).

Formation of the heterometallic allyl complex
The net reaction that produced the clearest evidence for
mechanochemically promoted alkali metal exchange is given by
Equation 5 with n = 2 (i.e., Equation 6). Several features of it
are noteworthy.

& ©)

2[KAT] + Csl [CSKA',] + KI

The ratio of [KA'] to CslI that yielded [CsKA';] was produced
both from a 1:1 and a 3:1 ratio of [KA'] to Csl, and the pre-
dicted result from Equation 5, assuming complete reaction,
would have been either pure [CsA'] or the heterometallic
[CsK,A's]. That neither of these outcomes was observed, and a
non-stoichiometric product was obtained is actually not
uncommon in mechanochemical synthesis, and can reflect the
fact that products often do not have time to equilibrate or go
from metastable to more stable products [9,11]. There can be
multiple reasons for this, starting with the high energy environ-
ment of grinding that may be far from equilibrium [25],
allowing the kinetic products to be the ones most likely to be
isolated. The high concentration of reagents in a solid-state
reaction may influence product formation as well. The possibili-
ty of partial exchange also needs to be considered. If the
caesium iodide were insufficiently reactive, a starting ratio of
3:1 for [KA']:CsI could give rise to products with higher ratios
of K to Cs than even [CsK,A'3], such as [CsK3A'4] or
[CsK4A's]. In this light, it is notable that Csl is the limiting
reagent in the reaction, and the resulting 1:1 ratio of the metals
in the allyl complex suggests that it is a favored composition.

Secondly, the relative free energies of formation of CsI and KI
(=341 and —325 kJ mol ™!, respectively; AAG = +16 kJ mol™!)
[26] means that the formation of the metal halide byproduct
(KI) is non-spontaneous, and does not contribute to the driving
force for the reaction. The relative free energies of the allyl
complexes then must provide the difference. There are no ex-

perimental values available for the thermodynamic quantities
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involving potassium and caesium allyls, however, although it
would be expected that the smaller K* ion would interact more
strongly with the allyl anion than would the larger, softer Cs*

10n.

To explore this and several related points more quantitatively,
various features of the K/Cs/[allyl]” system were modeled with
DFT calculations, using the B3PWO91 hybrid functional [27,28]
with Grimme’s -D3 dispersion corrections (GD3BJ) [29]. A
calculation on the simple model systems [K(C3Hs)] and
[Cs(C3H5)] indicates that, consistent with the above rationale,
AG*®¢ for the potassium complex is more negative than for the
caesium complex (by 29.3 kJ mol~!; Table 1, entries 1 and 2).
The slightly greater realism provided by comparing the [KA']
and [CsA'] complexes does not meaningfully affect the differ-
ence (28.4 kJ mol™!; Table 1, entries 3 and 4). Of course, these
are calculations on isolated monomers, and the energetics of
formation of the solid-state polymeric forms [30] would be ex-
pected to change these values, but not necessarily in a way that
would clearly favor the formation of [CsA'] over [KA']. If so,
there would consequently be no thermodynamic driving force

for the metathesis reaction.

There are several ways that this simple analysis underestimates
the energetics involved in the system. For example, full metal
exchange does not occur, and the resulting heterometallic allyl
complex has additional entropy provided by the two metal ions
and the site disorder in the solid. Using a standard formula for
the entropy of mixing two species (configurational entropy,
ASpix = —nR(Xa In Xp + Xg In Xp) [31], and with 3 atoms dis-
tributed randomly over the three crystallographically identified
metal sites, the value of AS = +17 J mol™! K™! is obtained. At
298 K, the —TAS value is —5.1 kJ mol~!. As imperfect as this
approximation is (e.g., the distribution of metal ions is not com-
pletely random, and the coordination environments are not
exactly the same), it does suggest one source of driving force
not present in the homometallic allyls.

A potentially much more important source of stability in
[CsKA';] is the existence of multiple intermolecular M -CHj
interactions, including Cs'-*CHj contacts, obviously energeti-

Beilstein J. Org. Chem. 2019, 15, 1856—1863.

cally significant enough that they support the formation of two-
dimensional sheets in the solid state. To appreciate the magni-
tude of this effect, the relative conformation of the known
[L,KA'] complexes are summarized by their (non-bonded)
K-K'"K angles (Table 2).

Although the K-'K" 'K angles are only markers (there are no
direct K-'K' interactions in any of the complexes), it is notable
that both [KA'],, and [CsKA',] display three such angles, two of
which are relatively similar at ca. 135-140°, and a third that is
substantially more bent (<120°) (see the Supporting Informa-
tion File 1, Figure S2, for a visualization of the similarity). The
significance of this is that [KA'] can be viewed as a template
into which Cs* are infused during the grinding. There are
adjustments in M—C(allyl) bond distances (see above), but
another consequence is the generation of multiple intermolecu-
lar M-CHj3 interactions. Both [KA'] and [CsKA';] possess
K-*CHj contacts at typical distances [32]; in [KA'], the two
closest are both at 3.23 A; the third is at 3.35 A. In [CsKA'],
the closest is at 3.20 A, with the second at 3.38 A.

The Cs'*CHj interactions in [CsKA',], however, are especially
noteworthy. The closest is at 3.44 A (Cs3--C22), followed by
four more at 3.56 A, and farther ones at 3.67 and 3.74 A. All
these distances are substantially shorter than the sum of the van
der Waal’s radii of Cs (3.43 A) and CHj; (2.00 A). Intermolecu-
lar Cs'"CHj distances of ca. 3.6 A and longer are not espe-
cially rare, and are strong enough to influence solid state struc-
tures. In the dme adduct of caesium [2,4,6-tri(tert-butyl)pheno-
late], for example, a Cs***CHj contact of 3.596(5) A contributes
to its form as a 1D coordination polymer [33]. In the caesium
salt of the gallium metallate [Cs(toluene), {CN(GaMes),}],
multiple Cs--CHj interactions in the range from 3.54-3.64 A
help generate its three-dimensional network structure [34].
Intermolecular Cs—-CHj distances below 3.5 A, however, do
not appear to have been previously reported [35]. The shortest
distance in [CsKA',], at 3.44 A, is 2.0 A less than the sum of
the appropriate van der Waal’s radii (although less precisely lo-
cated, the corresponding Cs''H distance (Cs3--H22B) is
3.05 A, a third less than the sum of the van der Waal’s radii
(4.63 A).

Table 2: Non-bonded intrachain K--K"--K angles in [L,KA'] complexes.
Complex K-K'--K (deg) Reference
[KA., 135.1;135.7; 118.2 [17]
[K(dme)A'].. 153.3, 141.9 [21]
[K(dme)A'l., 170.0, 103.3 [18]
[(CeHg)KA.. 134.0 this work
[KCsA).. 140.3 (K1-Cs2—Cs3); 141.0 (K1-Cs3-Cs2); 107.3 (Cs2-K1-Cs3) this work
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Calculations on the model systems [(CH4)(K,Cs)A'] and
[(HMe,SiMe)(K,Cs)A'] were used to place the energy of the
M:--'methyl interactions in context (views of the optimized pairs
are available in the Supporting Information File 1, Figure S3).
Despite the gas-phase environment of the calculations, the dis-
tance between K* and CH, is 3.22 A, a typical value for potas-
sium—methyl interactions in the solid state, as is the AH® of
almost 12 kJ mol~!, in the range of hydrogen bonds (Table 3,
entries 1 and 2) [32]. The distance of K* to Me3SiH, chosen to
represent somewhat more accurately the type of interactions
occurring in [KCsA's], is slightly shorter (3.14 A) and stronger
(30 kJ mol~1), probably a result of the lower electronegativity
of silicon compared to carbon and the correspondingly more
negative methyl groups. The analogous calculations with Cs*
(Table 3, entries 3 and 4) place the contact distance at 3.62 A
and 3.53 A for CH, and MesSiH, respectively, with correspond-
ing enthalpies of —3.9 and —23.6 kJ mol~!. These distances are
similar to those found in the solid state, and together with the
potassium interactions, evidently help to drive the hetero-

metallic complex formation.

Table 3: Energies of reaction (B3PW91-D3BJ, kJ mol~!

Entry Reaction? Energy

1 [KA' + [CH4] = [(CH4)] -11.9 (AH®)
2 [KAT + HSiMes — [(HSiMeg)KA]  -30.0 (AH®)
3 [CsAl + CHy — [(CH4)CsA'] -3.9 (AH®)
4 [CsA'] + HSiMe3 — [(HSiMe3)CsAl -23.6 (AH®)

aThe def2-TZVP basis set was used on all atoms.

Conclusion

Formally, halide metathesis as a synthetic technique depends
strongly on the relative thermodynamic stabilities of the starting
and final metal halide salts, M'X and MX. Practically, however,
the reaction solvent is also a critical assistant in the process, as
the insolubility of the MX product can strongly shift the posi-
tion of equilibrium and drive the reaction. Mechanochemical
techniques can be used to provide a driving force for a reaction
that would be energetically unfavorable and has no solvent
assistance. The formation of the heterometallic [CsKA';] from
the mixture of [KA'] and Csl, even though in low yield, owes its
realization to the entropic benefit of a mixed metal system, but
even more importantly to the formation of intermolecular
M- -CHj contacts, permitting the formation and stabilization of
a sheet structure that ties the coordination polymer chains of
M- A’ units together. Recognition of this additional source of
reaction energy has the potential to extend the usefulness of
halide metathesis to systems previously considered too

unpromising to explore.
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Supporting Information

Crystallographic data for the structures reported in this
paper have been deposited with the Cambridge
Crystallographic Data Centre as CCDC 1897690
([KCsA';]), 1897691 ([(CgHg)KA']), and 1897692
([(toluene)KA']). Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; email:

deposit@ccdc.cam.ac.uk).

Supporting Information File 1

Experimental and computational details; crystal data and
summary of X-ray data collection.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-181-S1.pdf]

Supporting Information File 2

Coordinates of DFT-optimized structures.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-181-S2.xyz]
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