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Mechanochemistry encompasses physico-chemical changes 
facilitated by the use of mechanical energy. 
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Effects of milling on the reactants

-Permanent defects
-Transient defects
-Dislocations
-Amorphization 
-Metastable regions
-Polymorphic transformations
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Mechanochemistry enabled
exploring unconventional 
chemical transformations



7 José G. Hernández

Activation of C–H bonds by mechanochemistry
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Mechanochemical cross-coupling reactions
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Dalton Trans, 2016, 45, 2352. 
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Hernández, J. G.; Bolm, C. Chem. Commun. 2015, 51, 12582.
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“We […] described the considerable 
superiority of ball milling for the 

synthesis of five- and especially six-
membered rhodacyclic species that are 

difficult to generate conventionally.”
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How do mechanochemically acetate-assisted C–H 
ac7va7ons with [Cp*RhCl2]2 occur? 
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Why do acetate-assisted C–H activations with 
[Cp*RhCl2]2 proceed more efficiently by 

mechanochemistry? 
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How do mechanochemically acetate-assisted C–H 
activations with [Cp*RhCl2]2 occur? 
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Mechanistic Study of the Mechanochemically
Acetate-Assisted C–H Activation with [Cp*RhCl2]2
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Powder X-Ray DiffracMon (PXRD) analysis 
(solvent-free analysis)
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ex-situ PXRD monitoring
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A. P. Walsh, W. D. Jones, Organometallics 2015, 34, 3400. L. Li, W. W. Brennessel, W. D. Jones, Organometallics 2009, 28, 3492.
A. I. VanderWeide, W. W. Brennessel, W. D. Jones, J. Org. Chem. 2019, 84, 12960.

Concerted Metala-on Deprotona-on (CMD) 
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ex-situ PXRD monitoring
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Could 4a and 4b be intermediates of the 
mechanochemical C–H bond activation of BHQ? 

What do 4a and 4b look like? 
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ex-situ PXRD monitoring

Molecular structure for 4a 
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Cocrystals are 
crystalline solids 

composed of two or 
more different molecular 
and/or ionic compounds 

generally in a 
stoichiometric ratio.
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Molecular structure for 4b 

ex-situ PXRD monitoring
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Crystal packing in: a) 4α and b) 4β. C–H···Cl interacFons are highlighted as black dashed lines, while C–H··· p 
interacFons are highlighted in yellow. In figure a), Ct1 and Ct2 refers to the centroids of the outer aromaFc 
rings of BHQ molecules, while in b) Ct1 refers to the centroid of the inner aromaFc ring of BHQ.
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Substrate
(2.0 equiv.)

2, 5, 6

+ [Cp*RhCl2]2 + NaOAc 
(6.0 equiv.) Ball milling

30 Hz, 2 h

Rhodacycle

2 = BHQ; 5 = PhPy; 6 = PhQui

3, 7, 8
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But, how general is the formation of cocrystals before 
the C–H activation step?
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ex-situ PXRD monitoring
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Cryst. Growth Des. 2022, 22, 5726–5754

Are the cocrystals really present in the reaction or were they an 
artifact formed because of the ex situ monitoring?

How are the cocrystals involved in the mechanochemically
induced C–H bond ac$va$on?
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in situ real-time monitoring by powder X-ray diffraction (PXRD)

N. Tumanov, et al. J. Appl. Cryst. 2017, 50, 994. 
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in situ real-time monitoring by powder X-ray diffraction (PXRD)
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X-ray detector

Diffracted X-rays
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Time-resolved diffractograms for the reaction of [Cp*RhCl2]2 (1) 
(0.24 mmol), BHQ (2.0 equiv.) at 30 Hz (λ = 0.20741 Å). 

PXRD

Ti
m
e
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DSC traces of 4a and 4b. Inset shows a detail at 120 °C. 

4β

1

4β

4α

1

(b)

(c)

(a)

José G. Hernández38

Mechanochemistry Unveiled: Non-Covalent Interac<ons, Cocrystals, and Polymorphism in Cyclorhoda<on Reac<ons



José G. Hernández

4β

1

4β

4α

1

(b)

(c)

(a)

4β

1

4β

4α

1

(b)

(c)

(a)

VT-PXRD paFerns for cocrystal 4b (leG) and VT-PXRD paFerns for a mixture ini-ally 
containing 4a and 4b (λ = 1.54 Å) (right).

in situ variable temperature powder X-ray diffrac<on (VT-PXRD)
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Reactivity and structural descriptors on the 3 : 2 (BHQ : Rc) clusters. From left to right: Dual Fukui functions, 
molecular electrostatic potentials (MEP), 3D and 2D reduced density gradient (RDG) surfaces for intermolecular 
interactions and QTAIM molecular graphs with Rh–Cl bond labels.
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We observed that the Fukui function of the [Cp*RhCl2]2 crystal more closely resembles 
the Fukui function of the 4a phase. 

4a                                                  4b 
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4a                                                  4b 

[Cp*RhCl2]2 + NaOAc 1/2[Cp*Rh(k2-OAc)Cl] + NaCl (Eq. 1)



In situ synchrotron X-ray powder diffraction monitoring of the mechanochemical reaction of cocrystal 4b with.
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Conclusions

-Our results revealed the forma-on of unusual crystalline phases between the substrates 
and the rhodium (and iridium) dimer prior to the C–H ac-va-on step. 
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-Real-time and continuous examination of the reaction enabled us to unequivocally 
demonstrate the formation of two cocrystals, 4a and 4b, during the milling process and 
not as an artifact of the ex situ analysis. 
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-Computational investigations enabled us to pinpoint the origin of the stability in 4a and 
4b as well as revealing their structural and electronic differences. Disparities in the crystal 
packing between both cocrystals and differences in their intermolecular interactions make 
the [Cp*RhCl2]2 units in 4b more activated towards the reaction with NaOAc than in 
cocrystal 4a. 
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-Reac-ve intermediates have 
been detected in 
mechanochemical reac<ons 
spanning organic, 
organometallic, inorganic, and 
materials chemistry. Many of 
these intermediates were 
stabilized by non-covalent 
interac<ons, which played a 
pivotal role in guiding the 
chemical transforma-ons and 
could be responsible for the 
change in selec-vity of many 
mechanochemical reac-ons.

Mechanochemistry Unveiled: Non-Covalent Interactions, Cocrystals, and Polymorphism in Cyclorhodation Reactions



Dr. Karen J. Ardila-Fierro Prof. Dr. Sc. Mirta Rubčić
University of Zagreb, Faculty of Science, 

Department of Chemistry

Ins=tute of Chemistry
Universidad de An=oquia

Acknowledgements

Dr. Edi Topić
University of Zagreb, Faculty of Science, 

Department of Chemistry

Dr. Tomislav Stolar
Division of Physical Chemistry

Laboratory for solid-state synthesis
 and catalysis

Ruđer Bošković Ins1tute

Prof. Albeiro Restrepo 
and Prof. Cacier Hadad

Dr. Sara Gómez

Ins=tute of Chemistry
Universidad de An=oquia

Scuola Normale Superiore 
di Pisa

Mechanochemistry Unveiled: Non-Covalent Interac<ons, Cocrystals, and Polymorphism in Cyclorhoda<on Reac<ons

Project
 2022-48630 



Thank you


