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The Role of Crystalline Intermediates in Mechanochemical
Cyclorhodation Reactions Elucidated by in-Situ X-ray
Powder Diffraction and Computation

José G. Hernandez,*™ Karen J. Ardila-Fierro,” Sara Gémez,™ Tomislav Stolar,” Mirta Rubgic¢,™
Edi Topi¢,” Cacier Z. Hadad,” and Albeiro Restrepo™

The occurrence of crystalline intermediates in mechanochemical
reactions might be more widespread than previously assumed.
For example, a recent study involving the acetate-assisted C—H
activation of N—Heterocycles with [Cp*RhCl,], by ball milling
revealed the formation of transient cocrystals between the
reagents prior to the C—H activation step. However, such
crystalline intermediates were only observed through stepwise
intervallic ex-situ analysis, and their exact role in the C—H
activation process remained unclear. In this study, we moni-
tored the formation of discrete, stoichiometric cocrystals
between benzo[h]quinoline and [Cp*RhCl,], by ball milling
using in-situ synchrotron X-ray powder diffraction. This contin-
uous analysis revealed an initial cocrystal that transformed into

Introduction

The use of mechanochemical techniques (e.g. ball milling,
twin-screw extrusion, acoustic magnetic resonance, etc.) for
chemical synthesis has enabled the development of known and
new transformations more sustainably."? Particularly interest-
ing are the examples in which mechanochemistry has shown
the ability to alter reaction mechanisms or to change product
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a second crystalline form. Computational studies showed that
differences in noncovalent interactions made the [Cp*RhCl,],
unit in the later-appearing cocrystal more reactive towards
NaOAc. This demonstrated the advantage of cocrystal formation
before the acetate-assisted metalation-deprotonation step, and
how the net cooperative action of weak interactions between
the reagents in mechanochemical experiments can lead to
stable supramolecular assemblies, which can enhance substrate
activation under ball-milling conditions. This could explain the
superiority of some mechanochemical reactions, such as
acetate-assisted C—H activation, compared to their solution-
based counterparts.

composition of well-established reactions.®™ There are various
explanations as to why a reaction may proceed more effectively
through mechanochemistry compared to in solution, as well as
reasons for the eventual switch in reactivity by
mechanochemistry.5

For instance, mechanochemical reactions by ball milling are
almost always carried out under neat conditions or using only
small amounts of solvents.®”! In the absence of bulk solvents
highly concentrated reaction conditions are created that affect
the mobility of the reactants and influence reaction kinetics,
thus sometimes facilitating the formation or isolation of
metastable products.®® Complementarily, in the cases when a
small amount of a liquid phase is used during the milling
experiment, the chosen solvent is typically not sufficient or
compatible to dissolve the reactants or products, therefore
minimizing the solvation effects. In both cases, mechanochem-
ical conditions can foster the advent of noncovalent interac-
tions among the reactants,"” which in solution would be
weaker or absent. Such conditions can lead to the isolation of
labile products that would remain otherwise elusive.'""

In this context, a recent study by Koby et al. reported the
successful mechanosynthesis and characterization of a
tetrakis(trimethylsilylally)tin(IlV) complex in solid state." Re-
markably, the isolation of this product from solution proved
difficult as the presence of solvents disrupts the noncovalent
forces responsible for the stabilization of the molecular
structure in the metal complex."” Consequently, providing the
conditions for noncovalent interactions to arise and guide
chemical transformations could be another advantageous
aspect of mechanochemical methods. Often, this feature is only

© 2023 Wiley-VCH GmbH
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speculated based on the outcome of a mechanochemical
reaction, but in 2018 Lukin etal. clearly demonstrated the
existence of a cocrystal intermediate between the organic
reactants in a mechanochemical Knoevenagel reaction.* Even
though the formation of crystalline intermediates is common in
mechanochemical synthesis of metal-organic materials"®'”!
(e.g., MOFs, ZIFs, etc.), processes of covalent bond formation
governed or templated by noncovalent forces are scarce,*™™
with examples including topochemical reactions using cocrys-
tallization to induce photodimerization under mechanochem-
ical and photochemical conditions.""®

In the Knoevenagel reaction, the transient cocrystal was
detected by in-situ Raman spectroscopy monitoring and its
structural characterization revealed weak intermolecular
N—H--O hydrogen bonding, which oriented the reactive centers
for the condensation reaction to occur."™ Recently, we reported
another example of cocrystal intermediates in mechanochem-
ical reactions, this time during the formation of a metal-carbon
bond."? Specifically, while ex-situ monitoring the mechano-
chemical acetate-assisted C—H activation of pyridine and
quinoline derivatives with [Cp*MCl,], (M=Rh, Ir), we observed
the presence of crystalline intermediates between the hetero-
cyclic substrates and the metal complexes prior to the C—H
activation step (Scheme 1a)."™ Structural analysis of the cocrys-
tals revealed that noncovalent interactions, favored under the
solventless mechanochemical reaction conditions, played an
important role in the stabilization of the crystalline phases.
Interestingly, the formation of cocrystal intermediates in the
mechanochemical protocol seems to correspond to an alter-
ation to the generally accepted mechanism for the acetate-
assisted C—H activation,”*** which in solution begins with the
rupture of the chloride-bridged rhodium dimer 1 by acetate
ions before the involvement of the substrate in the C—H
activation step (Scheme 1b).

Intrigued by the apparent mechanistic differences in
acetate-assisted cyclorhodations by ball milling,™ and the
reported superiority of mechanochemistry to synthesize rhoda-
cyclic complexes,? in the present work we study the formation
of crystalline intermediates in the reaction of benzo[h]quinoline
(BHQ; 2) with [Cp*RhCl,], (1, Cp* =%°-CsMes), this time by in-situ

a) Mechanochemically acetate-assisted C—H activation
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Scheme 1. Acetate-assisted C—H activation by mechanochemistry and in
solution.
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monitoring using synchrotron X-ray powder diffraction. Such a
real-time and continuous examination of the reaction enabled
us to unequivocally demonstrate the formation of two
cocrystals, 4o and 4, during the milling process and not as an
artifact of the ex-situ analysis. Additionally, experimental and
computational investigations enabled us to pinpoint the origin
of the stability in 4o and 4 (Scheme 1a) as well as revealing
their structural and electronic differences. For example, dispar-
ities in the crystal packing between both cocrystals and
differences in their intermolecular interactions make the
[Cp*RhCl,], units in 4 more activated towards the reaction
with NaOAc than in cocrystal 4a. Thus, proving the beneficial
intermediacy of 4f in the mechanochemical C—H bond
cleavage of BHQ with [Cp*RhCl,], and NaOAc.

Results and Discussion
In-situ synchrotron X-ray powder diffraction monitoring

The presence of cocrystals during the mechanochemical
acetate-assisted cyclometallations was originally observed by
ex-situ analysis wherein the milling is repeatedly stopped and
the milling jar is opened to sample the reaction mixture."”
Although informative, step-by-step ex-situ analysis can strongly
affect the reaction course due to the multiple interruptions,
which expose the reaction mixture to air, humidity and allow it
to thermally and mechanically relax while sampling.”**® Aware
of this, we decided to monitor the milling process of [Cp*RhCl,],
(1) with benzo[h]quinoline (2) in situ by synchrotron powder X-
ray diffraction (Figure 1). Since its introduction,?” this approach
has been used to follow in real-time mechanochemical milling
reactions permitting the observation of multistep transforma-
tions, reaction kinetics, and the discovery of new materials.?*>%
However, in-situ monitoring of mechanochemical reactions
such as metal-mediated C—H activations has only been
developed by Raman spectroscopy,”'* while real-time mon-
itoring by synchrotron powder X-ray diffraction remains unex-
plored. Thus, to deepen our understanding in this area we
began this study.

In an initial experiment [Cp*RhCl,], (1; 0.24 mmol), BHQ (2)
(0.48 mmol; 2.0 equiv.), and one ZrO, ball (weighing 3.4 g) were
charged inside a poly(methyl)methacrylate (PMMA) milling jar
under an atmosphere of air. Subsequently, this solid mixture
was milled at 30 Hz in a mixer mill. PXRD monitoring of the
reaction was performed by synchrotron X-ray diffraction (A=
0.20741 A (for details, see the Supporting Information). After
only 3 min of milling a new set of diffraction signals belonging
to cocrystal 4a were observed (Figure 1), Importantly, just as in
our previous report' another crystalline phase with a major
peak at 1.7° was observed early during the milling process but
its structure could not be identified. Upon further milling, the
intensity of the diffraction patterns for 4« increased and after
18 min the presence of a second cocrystal, namely 4f was
detected (Figure 1).

Both cocrystals 4o and 4 coexisted for about 20 min but
after 40 min of milling only the latter persisted, and it remained
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Figure 1. Time-resolved diffractograms for the reaction of [Cp*RhCl,], (1;
0.24 mmol), BHQ (2.0 equiv.) at 30 Hz (=0.20741 A). PXRD patterns of 4a,
4, 1, and 2 are given on the top and at the bottom of the 2D plot.

Crystallographic data used in the PXRD analysis: 1 (CLCPRH), 4o (XAWPUK),

and 4 (XAWPUKO1).

unchanged up to 1 h of milling. During the in-situ monitoring
other transient crystalline phases (e.g. see peaks at 3.3° and
4.5°) were observable but their identification was not possible,
only cocrystals 4a and 4 were characterized by single-crystal
X-ray diffraction. Structurally, 4@ and 4f are 1:2 cocrystals in
which C—H--Cl and C—H--x interactions stabilize the correspond-
ing supramolecular assemblies, the latter being more predom-
inant in 4a. The major difference between the two [Cp*RhCl,],
fragments in 4o and 4f is the relative orientation of the Cp*
rings (Figure 2). Stacking interactions such as the ones identi-
fied in 4a and 4 have been found in cyclopentadienyl (Cp)
complexes due to oppositely charged regions of electrostatic
potential.®® Moreover, similar noncovalent interactions were
recognized as dominant and responsible for the arrangement in
the crystal structures of solid-state complexes of sex hormones
with arenes made by mechanochemistry.®%*”

Differential scanning calorimetry and in-situ variable-
temperature powder X-ray diffraction analysis

To evaluate the thermal stability of the cocrystals and to
investigate the polymorphic transformation of 4a into 48 we
used differential scanning calorimetry (DSC) and in-situ varia-
ble-temperature powder X-ray diffraction (VT-PXRD; Figure 3).
DSC measurements of 4o and 4 carried out from room
temperature (25°C) to 300°C evidenced similar energetic
profiles for both cocrystals with an initial endothermic event at
48°C (Figure 3a), which is close to the melting point (48-50°C)
of BHQ (2; see Figures S4 and S9 in the Supporting Information).
The presence of BHQ (2) in the final mixture was expected since
we milled 1 and 2 in a 1:2 stoichiometric ratio and cocrystals
40 and 4f contain 1 and 2 in a 1:1 ratio in their asymmetric
units. The reason to use 2 equivalents of BHQ (2) was justified
as the eventual cyclorhodation reaction requires a 1:2 stoichio-
metric ratio between 1 and 2. But formation of the cocrystals
can also be achieved by milling 1 and 2 in a 1:1 stoichiometric

Figure 2. Crystal packing in a) 4 and b) 4. C—H--Cl interactions are highlighted as black dashed lines; C—H--m interactions are highlighted in yellow. In (a),
Ct1 and Ct2 refers to the centroids of the outer aromatic rings of BHQ molecules, while in (b) Ct1 refers to the centroid of the inner aromatic ring of BHQ.
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Figure 3. a) DSC traces of 4 and 4. The inset shows a detail at 120°C.

b) In-situ variable temperature powder X-ray diffraction (VT-PXRD) patterns
for cocrystal 4p (1=1.54 A) and ¢) VT-PXRD patterns for a mixture initially
containing 40, and 4 (A=1.54 A).

ratio. In this case, the DSC analysis showed no residual BHQ (2)
(Figure S12).

Importantly, in the case of 4a the DSC analysis showed a
change around 120°C, which could be assigned to the
polymorphic transition of 4a to 4, even though the observed
heat flow change is small (Figure 3a, inset), while a second
endothermic peak for 4a and 4§ was observed at 262 °C, which
can be assigned to the evaporation of BHQ as the decom-
position of 1 occurs at >300°C (Figure S8). In between these
events, a broad exothermic peak could be tentatively related to
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dissolution of 4 in liquid BHQ, and/or strain relief in the solid
4 particles (Figure 3a and S7).

Based on the information from the DSC experiment,
samples of 4o and 4f were analyzed by VT-PXRD from 30 to
300°C with 10°C steps. In the case of 4f its PXRD pattern
remained unchanged until 240°C when a new set of diffraction
peaks began appearing (Figure 3b), which belong to [Cp*RhCl,],
(1). The new diffraction pattern became predominant at 260 °C
and persisted up to 300°C. This process evidenced the loss of
BHQ due to evaporation and the disassembling of 4f. In a
second experiment a sample containing 4a and 4f was also
analyzed by VT-PXRD (Figure 3c). In this case, at 50°C the
diffraction peaks corresponding to 4@ became attenuated
whereas the characteristic diffraction features of 4f gained
intensity evidencing a thermally promoted phase transition.

Knowing that under ball milling conditions the temperature
of the milling assembly does not exceed 30°C, as confirmed in
a previous study,®® the polymorphic transformation of 4a. to
4B by ball milling can be regarded as mostly mechanically
driven (Figure 1). This is confirmed by the harsher conditions
required by heating (ca. 100°C) to reach full conversion of
cocrystal 4o into 4 (Figure 3c). These observations are in line
with a recent study on the polymorphism in stoichiometric
organic cocrystals in which solid-state transformations by ball
milling were promoted at temperatures lower than those
required by heating alone.®™ Finally, as showed in Figure 3c,
once 4f was formed from 4a its behavior in the VT-PXRD
experiment was identical to the pristine cocrystal 4f (Fig-
ure 3b—c).

Computational studies

To investigate the origin of the relative stabilities in 4a and 4
we employed two computational strategies. On the one hand
we calculated interaction energies, bonding descriptors, and
reactivity indices in the solid using periodic boundary con-
ditions on a replicating unit cell and repeated the same
calculations on clusters of growing size within the unit cell.
Interaction  energies were calculated as  Ejeraction=
Ecomptex—Etragments fOr the clusters. In the extended solids we used
periodic energy decomposition analysis (PEDA), and interaction
energies were calculated with respect to the fragments,
defining two regions, one containing the BHQ (2) fragments
and the other containing the bare rhodium complex (Rc; 1).1%
On the other, the clusters were grown vertically by sequentially
adding BHQ units to the Rc in the following stoichiometries: Rc
+BHQ, Rc+2BHQ, 2Rc + 2BHQ, 2Rc+ 3BHQ (Figure 4a).
Experimental geometries derived from crystallographic data
have some degree of uncertainty so that they must undergo
further optimization to reproduce cell parameters and other
properties, accordingly, in order to account for the effect of
polarization in the basis set and for dispersion in our
calculations, we estimated differences in binding energies
between the a and f forms following this rigorous progression
in the extended solids (see Table S1 for the corresponding
results): First, we calculated single point energies on the solid
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Figure 4. a) Geometries of layers of 4 & (top) and 4 (bottom) with indication
of the binding energy (Rc=[Cp*RhCl,],; BHQ =benzo[h]quinoline) at the
PBE—D3/DZP level of theory. b) Noncovalent interaction surfaces for the
cocrystals 4o and 4.

geometries using the PBE/DZ, PBE-D3/DZ and PBE-D3/DZP
model chemistries™'* and obtained a 9.3 kcal-mol~" in favor of
o with the latter. Second, we optimized the crystal geometries
and cell parameters with periodic boundary conditions under
DFTB at the (GFN1-xTB)“*' |evel with D3-BJ dispersion correc-
tions and repeated the PBE-D3/DZP single point energy
calculations on those geometries, this yielded 9.4 kcal-mol™ in
favor of a. Third, we optimized both crystals at the PBE-D3/DZP
level and obtained 6.4 kcal-mol™" in favor of a. For the model
clusters, only PBE/DZ, PBE-D3/DZ and PBE-D3/DZP single point
energy calculations on the experimental geometries were
carried out; the corresponding results are listed in Table S2.

Variation of the cell parameters during the optimization and
the differences between the experimental and optimized geo-
metries are provided in Table S3 and Figures $14-S17. In what
follows, we base our discussion in the results obtained with the
best method, namely, PBE-D3/DZP. We used the following
programs: AMS,“? AMS-BAND,*** AMS-QTAIM,* NCI,¥¢? and
NCIPLOT." "
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On the basis of purely electronic energies (not normalized
by the number of units), Figure 4a shows that 4« is favored
over 4f in every single cluster stoichiometry by 5.2, 4.9, 15.0,
7.1 kcal-mol™". The 7.1 kcal-mol™" difference for the cluster that
more closely resembles the solid (2Rc+3BHQ) is consistent
with the extended solid calculations which afford a difference
of 6.4 kcal-mol™" in favor of 4. Accounting for the basis set
superposition error (BSSE) using the Counterpoise correction of
Boys and Bernardi’? slightly reduces the energy difference
between the clusters to 3.0, 2.9, 10.9, 3.2 kcal-mol™' respec-
tively, always in favor of the a form. Notice that in purely
organic crystals, difference in energies among polymorphs do
not exceed 4.8 kcal-mol™'*® nonetheless, as discussed
elsewhere,”“¥ up to 10 kcal-mol™" energy differences among
clusters leading to crystals with Ni, Pd, Pt, Rh and Ir are found.
In particular, for their Rh containing clusters the differences are
as large as 7.4 kcal-mol™'. These numbers provide strong
justification for our calculations. The fact that 4« is more tightly
bonded than 4p helps explaining that the ball milling initially
led to the formation of 4a, which upon mechanical activation
transforms into 4. Under equilibrium conditions the Ostwald’s
rule of stages states that crystallization follows a path from
metastable to gradually more stable products. However,
recently Frisc¢i¢ and coworkers reported an exception to this
rule in a mechanochemical system.“®

As shown in Figure 4b, the noncovalent interactions (NCI)
descriptor using promolecular densities indicates that the
stabilization in both 4a and 4 BHQ-[Cp*RhCl,], clusters is a
consequence of an attractive fluxional wall of charge transferred
from the molecular fragments to the interstitial region in both
cases (the same fluxional walls are also observed in all the
larger clusters (Figure S18-519). The relative strength of the
attractive wall is directly tied to the size of the surface,**”
which is larger for the clusters leading to 4a. Quantitative
evidence in favor of stronger interactions leading to a more
stabilized 4 a cocrystal is obtained from the collective action of
a larger number of intermolecular C—H--Cl and C—H-- contacts
within each 4a cluster as shown in Figure 2, as well as in the
QTAIM plots (Figure 5a). Specifically, the 2Rc+ 3BHQ 4 a cluster
shows 6 C—H-Cl and 16 C—H-- contacts while the 4f shows
4 C—H--Cl and 8 C—H--xt (Figure 5). Gratifyingly, the intermolecu-
lar interactions found in the vertically grown clusters are also
obtained in the extended solid QTAIM calculations, thus, our
approach seems to rest on solid grounds. The lateral inter-
actions in the extended solid are shown in the bonding paths
coming out of the unit cell (Figure S20-521).

Additionally, we obtained insight into the reactivity of both
crystalline phases using the condensed dual Fukui indices,****
for nucleophilicity and electrophilicity (see Figure 5b) calculated
at all atomic positions as fZ=f*—f" in the clusters. It is clear
that in the 2Rc+3BHQ clusters of 4a one of the rhodium
centers is an electrophile (f¥= 40.026) and the other one is a
nucleophile (¥ =-0.289), it is also seen that two of the terminal
chloride centers are nucleophiles (f? =-0.468, —0.033) while one
more is an electrophile (2= 40.005) and the remaining
terminal chloride is not activated. Comparing the Fukui indices
for 4a to the ones for the isolated [Cp*RhCl,], (Figure S22), it is
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Figure 5. a) QTAIM plots for 4« and 4. b) Molecular structures of 4 and
4 showing the condensed electrophilic and nucleophilic powers; nucleo-
philic parts are marked in red and electrophilic parts in blue.

evident that cocrystal 4a is not well suited to undergo chemical
reactions in which the rhodium centers act as electrophiles and
the chloride centers act as nucleophiles. Conversely, in the 4
cluster, there are two active electrophile rhodium centers (f? =
40.077 and +0.080) and four active nucleophile terminal
chloride centers (f?=-0.162, —0.158, —0.075, —0.071). These
numbers in conjunction with the above exposed fact that 4« is
more strongly bonded, help explaining why the [Cp*RhCl,],
units within 4 are the more reactive species by far.

In-situ monitoring of the mechanochemical C—H bond
activation

Experimentally, the cyclorhodation of the BHQ (2) requires that
the [Cp*RhCl,], units within the cocrystal react with NaOAc to
generate species such as [Cp*Rh(k*-OAc)CI].2>**% Therefore,
being 4B more activated than 4a to undergo a double
displacement reaction (metathesis reaction)® with the base
[Eq. (1)], 4P should be more reactive to undertake the steps
needed for the C—H activation of 2.

Chem. Eur. J. 2023, 29, €202301290 (6 of 10)

In fact, our previous study found that the metalation of
N—Heterocycles (e.g., BHQ (2), phenylpyridine, and 2- phenyl-
quinoline) with [Cp*MCl,], (M=Rh, Ir), and NaOAc would only
start from 4 or from isostructural or similar cocrystals."” In the
present work, the difference in reactivity between 4o and 4f in
the presence of NaOAc was experimentally confirmed after
carrying out the in-situ monitoring by synchrotron powder X-
ray diffraction of the cyclorhodation of BHQ (2) with [Cp*RhCl,],
(1) and NaOAc (Figure S23). Such an experiment initially
generated 40, which transformed into 4f before diffraction
features belonging to the corresponding rhodacycle 3 and NaCl
could be detected. Compared to our previous study," the
mechanochemical cyclorhodation of BHQ (2) at the synchrotron
facilities proceeded at a slower pace producing small amounts
of rhodacycle 3 after 2 h of milling at 30 Hz (Figure S23). This
could have been due to the lower temperature inside the
synchrotron experimental hutch (ca. 22°C) in contrast to the
warmer ambient temperature in the research laboratory.

Then, to facilitate the mechanochemical reaction of cocrys-
tal 4p with NaOAc, the experiment at the synchrotron was
repeated this time by thermal ball milling®****% (Figure 6) in a
newly developed setup, which enabled XRD data collection
while ball milling at high temperature (6d-f).*" Under these
new reaction conditions (i.e., 40°C), the diffraction signals of
[Cp*Rh-(BHQ)CI] 3 began appearing after only 7 min of milling
and by the end of the 90-minute experiment rhodacycle 3 was
the main product in the reaction mixture (Figure 6a-b), thus
proving the involvement of 4@ as an intermediate in the
reaction. Similarly, the progress of the C—H activation of BHQ
could be monitored following the formation of NaCl (Figure 6c),
which is generated after a chloride-to-acetate ligand
exchange® The data therefore suggests that after the
formation of the more activated cocrystal 4§, the mechano-
chemical C—H cleavage involves chloride to acetate ligand
substitution at the Rh" center with the carboxylate acting as a
ligand and as an intramolecular base. Probably NaOAc reacted
with the rhodium atoms found close to the surface of the
cocrystal 4p particles, while further grinding could have
exposed new unreacted surface of cocrystal 4. Importantly,
under the in-situ monitoring conditions no other intermediates
(e.g., [Cp*Rh(K>-OAC)Cl]) were detected, which does not pre-
clude their existence. This could be just a consequence of some
intermediates being short-lived or perhaps non-crystalline,
which would render them undetectable by the X-ray powder
diffraction approach used in this study. However, this work
clearly demonstrates the value of in-situ synchrotron X-ray
powder diffraction monitoring to gain a better understanding
of mechanochemical reactions such as C—H activations, which
certainly complements the findings obtained with other
monitoring techniques such as Raman spectroscopy.®'*
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Figure 6. In-situ synchrotron X-ray powder diffraction monitoring of the mechanochemical reaction of cocrystal 4 with NaOAc (1=0.20741 A). a) Full time-
resolved diffractograms for the reaction of 4 (0.24 mmol) and NaOAc (6.0 equiv.) at 30 Hz and 40 °C. PXRD patterns of 4, NaOAc, and 3 are given on the
bottom and at the top of the 2D plot. Crystallographic data used in the PXRD analysis: 3 (CCDC code: ROJCUP). b) Expansion of time-resolved diffractograms
evidencing the formation of rhodacycle 3. c¢) Expansion of time-resolved diffractograms showing the concomitant formation of NaCl during the cyclorhodation
of BHQ (2). d)-e) Photographs (top and front view) of the milling jar and set up used for in-situ monitoring of the reaction by synchrotron X-ray powder
diffraction. f) Photograph of the temperature recording during the thermal milling.

Conclusions

In this study, we implemented for the first time in-situ
synchrotron X-ray powder diffraction to monitor a mechano-
chemical cyclorhodation reaction in a ball mill. Specifically, we
investigated the reaction of benzo[hlquinoline with [Cp*RhCl,],
and found that two crystalline reaction intermediates appeared
between the reagents during the ball milling process before the
C—H activation step. Additionally, in-situ analysis of the reaction
enabled us to observe the mechanochemical polymorphic
transformation of the early-appearing cocrystal 4a into its
polymorph 4. Importantly, analysis by in-situ variable-temper-
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ature powder X-ray diffraction demonstrated that the mecha-
nochemical solid-state polymorphic transformation is promoted
at temperatures lower than those required by heating alone.
Moreover, experimental and computational analysis enabled us
to identify the origin of the stability in 4o and 4§ as well as
revealing their structural and electronic differences. Computa-
tionally we found that differences in the crystal packing
between both cocrystals and disparities in their intermolecular
interactions make the [Cp*RhCl,], units in 4B more activated
towards the reaction with NaOAc than in cocrystal 4 a. This was
corroborated experimentally during in-situ monitoring of the
mechanochemical C—H bond cleavage of BHQ with [Cp*RhCl,],
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and NaOAc and from the reaction of 43 with NaOAc, which led
to the formation of the rhodacycle [Cp*Rh-(BHQ)CI] 3.

Until now, the beneficial role of crystalline intermediates in
mechanochemical reactions had mainly been related to the
regular arrangement of the reagents gained within the
cocrystals, which can position the reaction partners in proximity
for the reactions to proceed. However, this study demonstrates
that mechanochemistry can also provide the conditions for
noncovalent interactions to arise, and guide chemical trans-
formations through the formation of crystalline supramolecular
assemblies that can affect the electrophilicity and nucleophilic-
ity of the reactive centers. And as the formation and persistence
of such weak interactions might be absent in solution, this
could help explain why some substrates that failed or only gave
traces of the corresponding rhodacycles in solution,?**¢¥ have
been reported to undergo cyclorhodation by
mechanochemistry.'9?¥

Experimental Section

Chemicals: Benzo[h]quinoline (>99% purity, TCl) and NaOAc (>
99% purity, Kemika) were used as received from the commercial
supplier. [Cp*RhCl,], was synthesized according to the
literature.’®>%®!

Milling equipment: Mechanochemical reactions were carried out
using an IST-636 mixer mill (InSolido Technologies, Zagreb, Croatia)
at 30 Hz using milling jars made of poly(methyl)methacrylate
(PMMA; 15 mL in internal volume) and one milling ball made of
ZrO, weighing 3.4 g.

Powder X-ray diffraction: PXRD patterns were collected on a
PanAlytical Aeris diffractometer (Cuy, radiation and Ni filter) in
Bragg-Brentano geometry using a zero-background sample holder.

Deposition Numbers CLCPRH (for 1), XAWPUK (for 4a), and
XAWPUKO1 (for 4f) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service.

In-situ variable-temperature powder X-ray diffraction: VT-PXRD
data were collected using a Malvern Panalytical Empyrean powder
diffractometer (Malvern Panalytical B.V., Almelo, The Netherlands)
in the Debye-Scherrer geometry with a PIXcel1D detector equipped
with dCore automatic diffracted beam optics, using Cuy, radiation
(A=1.5406 A) and focusing W/Si elliptic mirror and transmission
anti-scatter device on the incident beam side. Samples were
contained in a transmission cell (0.2 mm sample thickness) as a part
of Anton Paar TTK 600 variable temperature sample environment.
Diffraction intensities were collected isothermally (30 min collection
time) in temperature range of 30-300°C every 10°C and in range of
5-40° 26, in continuous mode with step size of 0.0131° 26 and
collection time of 39.6 s per point.

In-situ monitoring of the mechanochemical reactions by synchro-
tron X-ray diffraction: Synchrotron X-ray diffraction monitoring
was performed at P02.1 beamline at PETRA |Ill, Deutsches
Elektronen-Synchrotron (DESY) using X-rays of 1=0.20741 A and a
Perkin Elmer XRD 1621 flat panel detector consisting of an
amorphous Si sensor equipped with a Csl scintillator (pixel number
2048 x 2048, pixel size 200x 200 um?). Data processing was accom-
plished following protocols reported before.”” Patterns were
collected with time resolution of 5s. 2D time-resolved plots of in-
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situ monitoring data were created in MATLAB and the background
of each diffraction pattern was subtracted prior to plotting using
the Sonneveld-Visser algorithm.®”!

Thermogravimetric analysis: TGA was carried out with a Mettler-
Toledo TGA/DSC 3+ thermobalance (Mettler Toledo, Columbus,
OH, USA) using alumina crucibles (70 uL). Between 5.0 mg and
7.0 mg of sample were used. All experiments were recorded in a
dynamic nitrogen atmosphere with a flow rate of 50 cm*®-min~" and
with heating rate of 10 K-min™".

Differential scanning calorimetry analysis: The analysis was
performed with a TA DSC 25 calorimeter using standard aluminum
pans. Between 1.0 and 2.0 mg of sample were used. All experiments

were conducted in a dynamic nitrogen atmosphere with a flow rate

of 50 cm® min~" and with heating rate of 10 K-min~".

Mechanochemical cocrystal formation: A mixture of [Cp*RhCl,], (1,
150 mg, 0.242 mmol) and BHQ (0.484 mmol) was milled in a 15 mL
PMMA milling vessel with one ZrO, milling ball weighing 3.4gin a
mixer mill at 30 Hz.

Mechanochemical cyclorhodation without external heating: A
mixture of [Cp*RhCl,], (1, 150 mg, 0.242 mmol), BHQ (0.484 mmol)
and sodium acetate (120 mg, 1.463 mmol) was milled in a 15 mL
PMMA milling vessel with one ZrO, milling ball weighing 3.4gin a
mixer mill at 30 Hz.

Mechanochemical cyclorhodation at high temperature: Monitor-
ing of the mechanochemical cyclorhodation reaction at 40°C by
synchrotron X-ray diffraction was carried out as described above
using a newly developed setup, which enabled XRD data collection
while ball milling at high temperature (Figure 6). For this, 4f
(237 mg) and sodium acetate (120 mg, 1.463 mmol) were milled in
a 15 mL PMMA milling vessel with one ZrO, milling ball weighing
3.4 g. in a mixer mill at 30 Hz.

Supporting Information

Detailed experimental, analytical, and computational data are
contained in the Supporting Information.
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