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Abstract: Recent progress in the field of mechanochemistry
has expanded the discovery of mechanically induced chemical
transformations to several areas of science. However, a general
fundamental understanding of how mechanochemical reac-
tions by ball milling occur has remained unreached. For this,
we have now implemented in situ monitoring of a mechano-
chemically induced molecular rearrangement by synchrotron
X-ray powder diffraction, Raman spectroscopy, and real-time
temperature sensing. The results of this study demonstrate that
molecular rearrangements can be accomplished in the solid
state by ball milling and how in situ monitoring techniques
enable the visualization of changes occurring at the exact
instant of a molecular migration. The mechanochemical
benzil-benzilic acid rearrangement is the focal point of the
study.

, n mechanochemical reactions by ball milling, collisions of
accelerated balls inside a milling container maintain a con-
stant mixing of the reactants while simultaneously trans-
ducing the energy required to induce specific physicochemical
changes into the milled system. The simplicity of this
approach has resulted in a growing popularity of ball-milling
techniques and their rapid implementation across several
areas of chemistry."! Such an increase in studies has led to the
development of numerous solvent-free variants of known
chemical transformations, the discovery of unprecedented
chemical reactivity, and the isolation of intermediates not
observable from other synthetic approaches™ However,
a general understanding of how the exertion of mechanical
force triggers molecular events in reactants is still to be
improved.)  For addressing these issues, the recent
implementation of insitu monitoring techniques to study
mechanochemical reactions in standard ball-milling setups™
has enabled a better comprehension of the pathways leading
to the rupture and formation of covalent bonds in a handful of
organic transformations (for example, condensations™ and
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(thio)acylations”"). In this context, we became curious as to
whether a combination of insitu real-time monitoring by
synchrotron powder X-ray diffraction (PXRD), Raman
spectroscopy, and temperature sensing could be applied for
the investigation of a fundamentally different type of organic
reaction; namely, a molecular rearrangement. As the first
example, we considered the emblematic benzil-benzilic acid
rearrangement in the presence of hydroxide ions (Sche-
me 1a).
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Scheme 1. a) Benzil-benzilic acid rearrangement in the presence of
potassium hydroxide. b) The classically accepted mechanism for the
benzil-benzilic acid rearrangement in the presence of hydroxide ions
in solution. ) Mechanochemical base-induced benzilic rearrangement
and base-induced carbonyl—carbonyl fission to generate products 2—4.

Since its discovery by Liebig in 1838,/ the benzil-benzilic
acid rearrangement has been in the focus of exhaustive
experimental”’ and theoretical studies.®! It is generally
assumed that in solution this rearrangement occurs through
the initial reversible addition of a hydroxide ion to benzil,
followed by an irreversible [1,2]-phenyl migration and a sub-
sequent proton exchange (Scheme 1b). With these prece-
dents in mind, we first wondered if a molecular rearrange-
ment of this type could be promoted mechanochemically in
the absence of solvent. Secondly, if achievable we surmised
that the application of in situ monitoring techniques to the
mechanochemical version of the benzil-benzilic acid rear-
rangement could permit the observation of some of the
aforementioned mechanistic steps. And more importantly, we
were interested in determining whether the molecular events
during the ball milling of benzil and hydroxide ions could be
any different from the mechanism and intermediate stages
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typically proposed for this rearrangement in solution. Herein,
we present results that provide an unprecedented insight into
the solvent-free mechanochemical benzil-benzilic acid rear-
rangement by ball milling.

At the outset of this study, benzil (1) (0.95 mmol), KOH
(1.0 equiv; found to contain KOH-H,O, as detailed in the
proceeding text), and two tungsten carbide balls (each
weighing 2.6 g) were charged inside a poly(methyl)-
methacrylate (PMMA) milling jar under an atmosphere of
argon. Subsequently, this solid mixture was milled at 30 Hz in
a mixer mill. Monitoring of the thermal evolution of the
milling process was accomplished by using a temperature
sensor embedded in the milling jar,'” and PXRD monitoring
of the reaction was performed by synchrotron X-ray diffrac-
tion (A=0.20720 A; for details, see the Supporting Informa-
tion).

In the first minutes of the milling, the temperature of the
reaction mixture rose less than 1.0 °C because of dissipation of
the kinetic energy of the milling assembly, until it reached
a steady state in which the temperature did not change by
more than 0.5°C over time (Figure 1a). Insitu PXRD
monitoring of the milled mixture for 45 minutes revealed
only a slight loss in intensity of diffraction signals of
reactants—indicating minor amorphization—but without
detectable emergence of new Bragg reflections (Figure 1a).

Challenged by this result and knowing that the kinetics of
the reaction in solution is first-order both in benzil and
hydroxide ion," we repeated the reaction using two equiv-
alents of KOH. Under these conditions, the first minutes of
the milling process showed a similar thermal profile
compared to the original reaction, as well as an unchanged
PXRD pattern of the reactants. However, after 22 minutes of
milling, an abrupt change in the PXRD pattern of the reaction
mixture was recorded (Figure 1b)."”! Such a dramatic change
in diffraction signals was accompanied by a swift increase in
the temperature of the reaction mixture, by approximately
2.0°C. Further milling after this event did not induce new
major changes in the product composition of the mixture, and
the temperature of the reaction mixture was observed to drop
and reach the same steady state as before the reaction onset in
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the subsequent 20 minutes of milling. Rietveld analysis of the
new set of Bragg reflections (Figure 1b) unequivocally
proved the presence of potassium benzilate (2) as the major
product, and minor amounts of potassium benzoate (3)
(Supporting Information, Figures S4-S11). The former is the
expected product of the benzil-benzilic acid rearrangement
(Scheme 1c, right), whereas the latter is known to form as
a result of a competitive carbonyl carbon—carbonyl carbon
bond fission in benzil (1), which leads to potassium benzoate
(3) and benzaldehyde (4) (Scheme 1c, left).’¥) Under the
experimental reaction conditions (excess of KOH), benzal-
dehyde (4) was expected to simultaneously undergo a base-
induced disproportionation through a Cannizzaro reaction,
leading to the formation of additional potassium benzoate (3)
and benzyl alcohol (5). Indeed, after neutralization and
extraction of the reaction mixture, solution-state nuclear
magnetic resonance (NMR) spectroscopy confirmed the
presence of benzilic acid, benzoic acid, and trace amounts
of benzyl alcohol (Supporting Information, Figures S18 and
S19).

We have also observed a short-lived crystalline phase (at
0.65° in 20), forming concomitantly with 2 and 3 immediately
after the reaction onset, which could not be identified on the
basis of a literature search, and was impossible to isolate
(Supporting Information, Figures S1 and S5). Importantly,
according to solution-state NMR analyses of experiments
stopped before and immediately after sudden changes
detected in the temperature or PXRD monitoring, the
molecular rearrangement of benzil (1) coincided with the
manifestation of these events. This observation was further
confirmed by the analysis of the reaction mixture composition
derived from the time-resolved PXRD patterns (Figure 2).
Such analysis revealed how most of the benzil (1) reacted at
the reaction onset while the remainder of 1 was slowly
consumed toward the end of the milling experiment. KOH
was fully consumed at the reaction onset when most of the
potassium benzilate (2) and potassium benzoate (3) were
formed. An increase in weight fraction of KOH-H,O
(Figure 2, top) is an artifact of preferential amorphization of
KOH and, to a lesser extent, of 1, as evidenced from a stable
scale factor of KOH-H,0 during milling (Figure 2,
bottom). Finally, the increase in temperature at the
reaction onset (Figure 1b) was ascribed to the exothermic
enthalpy of formation and crystallization of 2 and 3;
particularly since the temperature of the reaction mixture

1 O%H-HOM

returned to the previous steady state.[*!

In situ monitoring of the mechanochemical benzil-
benzilic acid rearrangement enabled us to visualize the
moment of molecular structural change of 1 upon milling
with KOH. However, the induction time required before
the rapid consumption of benzil, and the lack of observ-
able variations in the time-resolved diffractograms, were
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Figure 1. Time-resolved diffractograms with their temperature profiles for
reactions of a) benzil (1) and KOH (1.0 equiv), and b) benzil (1) and KOH
(2.0 equiv) at 30 Hz. PXRD patterns of benzil (1), potassium benzilate (2),

and potassium benzoate (3) KOH and KOH-H,O are given on the right side

of the 2D plots (crystallographic data used in the PXRD analysis: 1 (BEN-

ZIL02),% 2 (KBZILTO1),”™ 3 (VOBDUN),®? KOH, ¥ and KOH-H,0").
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still puzzling (Figure 1b). On the one hand, the absence of
observable new Bragg reflections before the sudden
molecular rearrangement of 1 could suggest the presence
of very short-lived intermediates or the formation of
phases lacking crystallinity, such as product nuclei that
have not yet arranged into a crystalline material with
phases undetectable by PXRD. On the other hand, the
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Figure 2. Top) Weight fractions. Bottom) scale factors of crystalline
phases in the milling experiment using KOH (2.0 equiv). Scale factors
are plotted on two different scales: left) analysis before the reaction
onset; right) after the reaction occurred.

need for an induction time could indicate that the initial
reduction of crystal size in the reactants by milling may be
a prerequisite for the reaction to begin.'"! Thus, 1 and KOH
were separately milled for 30 minutes, and the ground
samples were reacted. However, similar induction times
compared to the standard reaction were observed,
suggesting that, in this case, reaching a certain
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times compared to the standard uninterrupted reaction.
These results indicate that the induction time might be
related to a period required to enable proper surface contact
between the reactants.

Subsequently, we evaluated whether an increase in
temperature would influence the induction time for the
mechanochemical benzilic rearrangement.['%!] For this, the
reaction between 1 and KOH (2.0 equiv) was repeated, but
with an ambient laboratory temperature of approximately
27.5°C (compared to a previous temperature of 24.5°C). The
mechanochemical rearrangement of 1 was monitored in situ
by Raman spectroscopy with the intention to identify the
development of amorphous reactive phases or molecular-
level transformations that may have gone unnoticed during
in situ X-ray diffraction monitoring (for experimental details,
see the Supporting Information). Pleasingly, differences in the
Raman spectra of reactants and products also enabled us to
observe, in real time, the exact moment of the mechano-
chemical rearrangement by in situ Raman spectroscopy (Fig-
ure 3a). Moreover, under these new reaction conditions (a
starting temperature of ca. 27.5°C) the rearrangement of
benzil occurred more quickly (9.5 min vs. 22 min; Figures 1b
and 3a), evidencing the influence of thermal effects on the
reaction by milling.'**"*) However, the in-situ-collected
Raman spectra did not provide evidence for the presence of
new molecular species before the abrupt spectral changes
related to the [1,2]-intramolecular phenyl migration (Fig-
ure 3a).

As previously mentioned, solution-based experiments and
computational work on the benzil-benzilic acid rearrange-
ment have suggested an initial reversible addition of hydrox-
ide ion to benzil that would give rise to an intermediate such
as A (Scheme 1b). This step has been suggested to precede
the rate-determining step involving a phenyl migration
(Scheme 1b).¥1 Nonetheless, alternative mechanisms for
the rearrangement of benzil (1) with hydroxide ions in
solution have been proposed, in which, for example, the
migration of the phenyl group and the proton transfer are
concurrent rather than sequential.'® Similarly, the involve-
ment of single-electron-transfer (SET) processes in the
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particle size of the reactants might not be the & 5
critical requirement for the rearrangement to be g -
triggered. This is in accordance with the extracted £
average particle size from X-ray diffraction mon- g 2
itoring experiments, which do not exhibit signifi- +
cant differences in particle size evolution in - 1600
experiments with 1.0 and 2.0 equivalents of KOH §
(Supporting Information, Figure S12). Addition- %1400
ally, a series of experiments were repeated and  §,,
interrupted before their reaction onsets, followed §
by a resting period of 5 minutes to 16 hours. Once 1000

the milling was restarted (considering this moment
as new time 0), these reactions took place faster
than uninterrupted milling experiments. Similarly,
cyclic milling experiments of benzil and KOH
(1 min milling, 5 min pause) also promoted the
benzilic rearrangement after similar total milling
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Figure 3. In situ Raman monitoring with their temperature profiles for the mechano-
chemical reaction of a) benzil (1) and KOH (2.0 equiv), and b) benzil (1) and KOH
(1.0 equiv) at 30 Hz. Raman spectra of benzil (1), potassium benzilate (2), and
potassium benzoate (3) are given on the right side of the 2D plot.
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benzilic rearrangement,'” or the contribution of concerted
pathways, have also been considered."® Along these lines, the
results of the in situ monitoring presented here do not provide
any direct experimental evidence of the existence of inter-
mediates such as A or B during the mechanochemical benzilic
rearrangement of 1 with KOH.'" However, the identification
of minor amounts of potassium benzoate (3), benzaldehyde
(4), and benzyl alcohol (5) in the final reaction mixtures
suggests that a short-lived common intermediate, such as A,
could have been present. We were unable to detect A during
ball milling of 1 and KOH; nonetheless, this could be an
intermediate from which potassium benzilate (2), potassium
benzoate (3), and benzaldehyde (4) could have formed
(Scheme 1¢)."!

Subsequently, we investigated the apparent need for two
equivalents of KOH to trigger the benzilic rearrangement of
1 mechanochemically (Figures 1a,b). Thus, a series of experi-
ments using lesser amounts of KOH (that is, 1.8-1.0 equiv)
was carried out. For all these cases, tandem in situ temper-
ature and Raman monitoring of the reaction clearly showed
the instant of the molecular rearrangement. Worth mention-
ing here was the rearrangement of 1 using an equimolar
amount of KOH, for which PXRD monitoring had not shown
changes after 45 minutes of milling (Figure 1a). However,
monitoring of the reaction for two hours revealed that the
rearrangement of 1 using one equivalent of KOH was equally
feasible, only requiring longer milling times (Figure 3b).?"
Analysis of the reaction mixture of this experiment by
solution NMR spectroscopy confirmed the presence of
potassium benzilate (2), together with traces of potassium
benzoate (3). As a consequence of the smaller amounts of
KOH used for this experiment, trace quantities of benzalde-
hyde (4) were also detected.

Finally, monitoring of the reaction between 1 and KOH
(2.0 equiv) by temperature control and slow-motion video
provided direct observation of the reaction mixture changes
during ball milling (Figure 4; Supporting Information,
Movie S1). In addition to the already described rise in
temperature, this visual monitoring enabled us to visually
identify the impressive changes happening at the exact
moment of the mechanochemical transformation. These
included a dramatic rheological variation in the ground
reaction mixture, which became sticky, and which was
accompanied by a transitory change in color.”!! The initial
pale yellow color of the mixture (1 + KOH) became deep
pink at the precise moment when the mechanochemical base-
induced molecular rearrangement and the C—C bond fission
of 1 took place. Subsequently, the shade of the solid reaction
mixture changed over a few minutes until reaching a cream
color, while the reaction mixture returned to being a free-
flowing powder (Figure 4).

In summary, we have demonstrated that the iconic benzil—
benzilic acid rearrangement in the presence of hydroxide ions
can be accomplished in the solid state by mechanochemistry.
Experimentally, a combination of real-time in situ synchro-
tron PXRD, Raman spectroscopy, and temperature monitor-
ing during the ball-milling process enabled the visualization of
the exact instant of the [1,2]-intramolecular phenyl migration
in benzil (1). Furthermore, while the continuous monitoring
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(i) 1 and KOH (2 equiv) before ball milling (ii) Reaction mixture after 3 min of ball milling

(iii) Reaction mixture at the exact moment of

the chemical changes

Figure 4. Photographs of i) the PMMA milling jar showing 1, KOH,
and the milling balls before the ball milling; ii) the milling jar during
the first part of the ball-milling process; iii) the reaction mixture during
the moment of the chemical changes; iv) the milling vessel before the
ball milling was halted.

of the reaction did not evidence the emergence of intermedi-
ates before the rapid structural changes underwent by 1, the
background base-induced C—C bond fission of 1 without
migration of a phenyl group could have occurred from
a commonly shared tetrahedral adduct intermediate, such as
A. Finally, from a general perspective, the results of this study
inform us of the feasibility of molecular rearrangements to
proceed mechanochemically in the absence of solvent. More-
over, this study reinforces the utility of implementing in situ
monitoring techniques to gain a deeper understanding of the
mechanistic details occurring upon activation of organic
systems under the exertion of mechanical forces.
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