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

Mechanochemistry encompasses physico-chemical changes
facilitated by the use of mechanical energy.

-

a) b) c)
T
@ willing bodies ®, Reactants
\—‘__/
i Feeder
Milling vessel
= Extruder barrel Die/exit
® e [ B RS NS NS SRS NN RNNNN
" 2/ SN O IHEHENTETE EEEEE TSRS
w

e) Cantilever ' '

d)  cavitation bubble

Force ;: é)
P

@ Time

P [————————

Force
m Polymer "\f ;l

’-\j* < v Mechanophore - l

«— —

José G. Hernandez



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

Mixer mill

Reagents
Milling
balls
©
OQ _____ Milling
© e jar

" — > =
Motion

Effects of milling on the reactants

-Perm?nent defects 000
-Transient defects N BE

-Dislocations e . . :%EEE
-Amorphization O

-Metastable regions "’="-" .... EEEEEEE
-Polymorphic transformations

José G. Hernadndez



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

RETURN TO ISSUE PERSPECTIVE  NEXT >

. Altering Product Selectivity by Mechanochemist
MEChanOChemIStry enabIEd José G. Hernge'mdez* and Carsten Bolm” ty ! &

exploring unconventional
chemical transformations

View Author Information “

@ Cite this: J. Org. Chem. 2017, 82, 8, 4007-4019 Article Views Altmetric Citations
Publication Date: January 12,2017 v

https://doi.org/10.1021/acs.joc.6b02887 8 249 9 5 0 3
Copyright © 2017 American Chemical Society LEARN ABOUT THESE METRICS

Request reuse permissions

RETURN TO ISSUE <PREV ~ OUTLOOK  NEXT>
Mechanochemistry: A Force of Synthesis

Jean-Louis Do and Tomislav Friggi¢"

View Author Information v

@ Cite this: ACS Cent. Sci. 2017,3,1,13-19 Article Views Altmetric Citations
Publication Date: December 29, 2016 v

https://doi.org/10.1021/acscentsci.6b00277 4 5 6 2 9 2 3 9 1 2
Copyright © 2016 American Chemical Society. This LEARN ABOUT THESE METRICS

publication is licensed under these Terms of Use.
Request reuse permissions 3

Ch i
ChemSusChem Europe

Chemistry-Sustainability-Energy-Materials Sorives Pubkshing

Review (3 OpenAccess (© (®

Mechanochemistry: New Tools to Navigate the Uncharted
Territory of “Impossible” Reactions

Federico Cuccu, Prof. Dr. Lidia De Luca, Prof. Dr. Francesco Delogu, Prof. Dr. Evelina Colacino %«
Prof. Dr. Niclas Solin, Dr. Rita Mocci, Prof. Dr. Andrea Porcheddu i

First published: 21 july 2022 | https://doi.org/10.1002/cssc.202200362 | Citations: 55

6 José G. Hernandez



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

Activation of C—H bonds by mechanochemistry
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Metal-catalyzed C—H bond functionalizations

Mechanochemical cross-coupling reactions

""" * Metal
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————— ball milling
preactivaded
Substrate

Direct C—H bond functionalization

DG 5
| .. DG | DG\
HE Metal | : | ML,
_____ .+ Y— R R /
unactivated :
Substrate 'via metallacycle

DG = directing group; M = metal; L = ligand
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[-Mechanosynthesis of [Cp*RhCl;], \
LAG ¢
RhCl;-(H,0), + Cp*H -~ ~._. _—Cl__1
ball millin Rh\ /Rh
9 & el
yield = 87%

Hernandez, J. G.; Bolm, C. Chem. Commun. 2015, 51, 12582.
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-

-Mechanochemical C—H funcionalization

B S
-N | N
[CPp*RhCl,], (5 mol%) Z
H H * NXS  AgsbF, (40 mol%) X X
ball milling

X = Br; yield 74%
X = I; yield 84%

~

Hernadndez, J. G.; Bolm, C. Chem. Commun. 2015, 51, 12582.
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/ -Synthesis of the rhodacycle [Cp*Rh(PhPy)CI] by ball milling \

N N
' X
NaOAc RH
[CP*RhCly], + H  pall milling ol

\ yield = 89% /

Hernandez, J. G.; Bolm, C. Chem. Commun. 2015, 51, 12582.
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Rhodacycle synthesis: Mechanochemical vs. conventional conditions

“We [...] described the considerable
superiority of ball milling for the
Ko synthesis of five- and especially six-
{%\( membered rhodacyclic species that are
@,@1 difficult to generate conventionally.”
S

da: g 76% (20%)°

™ ge9% [ 2% © o@88% J 16%
“ Mechanochemical conditions x Solution-based conditions
[Cp*RhCly), ligand (2.1 equiv) for ?omplexes 7a-c: '
KOAc (6.0 equiv), MeOH (10 equiv) [Cp*RhClal,, ligand (2.0 equiv)
™ KOAc (6.0 equiv)
Teflon'™ vessel (14 mL) 1,2-DCE solvent
14 SSball¢ =15mm, MM,36 Hz, 1 h 80 °C, 48 h
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How do mechanochemically acetate-assisted C-H
activations with [Cp*RhCl,], occur?

15 José G. Hernandez
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How do mechanochemically acetate-assisted C-H

activations with [Cp*RhCl,], occur?

Why do acetate-assisted C—H activations with
[Cp*RhCl,], proceed more efficiently by
mechanochemistry?

16
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Mechanistic Study of the Mechanochemically
Acetate-Assisted C—H Activation with [Cp*RhCl,],

-

[CP*RACI]>

1

+

NaOAc

ball milling
30 Hz
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[CP*RhCLL, OO \ NaOAc
N= ball milling
1 30 Hz

\_

Powder X-Ray Diffraction (PXRD) analysis
(solvent-free analysis)

[CP"RNCI], (1)

AA M 7 1 A At P A

A BHQ (2)

J NaOAc
1 NaCl

1+2 + NaOAc (6.0 equiv.)

(4 h milling)

I ‘ Rhodacycle 3

I l” ' I Simulated 3

10 20 30 40

°2Theta
18 [ZTheta]
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19

[CP'RhCl, NaOAc
ball milling
1 30 Hz
2
ex-situ PXRD monitoring
[Cp*RNhCL]; (1)
AA s P . _a .
BHQ (2)
e Pt
l NaOAc
#

1+ 2+ NaOAc
(5 min milling)
N 1 +2+ NaOAc
(30 min milling)
A * 1+ 2+ NaOAc

(1 h milling)

1+ 2+ NaOAc
(2 h milling)

NaClm 1+ 2+ NaOAc
(4 h milling)

' A l ‘ Rhodacycle 3

T l lllllllll l lllllllll l_'ﬁ_ T T T T ¥ T _l_|_
10 20 [°2Theta] 30 40
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Concerted Metalation Deprotonation (CMD)

[Cp*™MCl ), M.,
p z & ¢ \ Q. @y Aco/\"-o

Cp® .."'OA\< ]
/M (o) ®M

PhN H

N Q
LU ‘o

\N M |l|07]/ /M'
/] H"O P t
N @ B e
+ OAcl -HOAc
Cp'\ JIC! Cp'\ JOAC

L. Li, W. W. Brennessel, W. D. Jones, Organometallics 2009, 28, 3492.

+OAc e '%'?c CF
1/2 [Cp*RhCly)y —= o—R\h x o//Rh\
-Cl ) / OAc
1 =0 o ¢ &o h
2
\*\C'
-CR Cp
+Ph'Py
-Ph'Py
+Ph'Py
-Ph'Py -
-F
—
- AgcozH
Cp*
|
s —RN.
| N X
Z
M
D OMe 4 OMe
X = HOAc, PhPy

A. P. Walsh, W. D. Jones, Organometallics 2015, 34, 3400.

A. 1. VanderWeide, W. W. Brennessel, W. D. Jones, J. Org. Chem. 2019, 84, 12960
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21
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4 )

cl
Cl I
~Rh~™ ~ "Rh + O

CI:I\CI/ hy | ball milling

N s 30 Hz

1

4o

4p

22

ex-situ PXRD monitoring

— .JL A}A At P oy

- 1+2
(5 min milling)

1+2

(10 min milling)
1+2

o N (20 min milling)
1+2

L (30 min milling)

[CP*RhCL,]» (1)

BHQ (2)

1+2

- (45 min milling)
1+2

60 min milling)
1+2

(90 min milling)

10 20 [*2Theta] 30
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g /c' [CP*RhCL], QO \\ _ NaOAc
\ “ball milling milling N= ball milling
CI 30H
N~ 30 Hz 1 2 z

ex-situ PXRD monitoring

[Cp*RhCl,], (1)
‘ i [Cp*RhCL,], (1) A A A en e~ 2
BHQ (2) BHQ (2)
A A o
- 1+2
(5 min milling) NaOAc
A+2 A 1+2 + NaOAc
_-*(:I_g_ml_n‘lmllmg) (5 min milling)
1+2 o
4o (20 min milling) 1 +2 + NaOAc
(30 min milling)
1+2 . .
(30 min milling) 1+2+ NaOAc
s St (1 h milling)
1+2
i M oS 142+ NaOAc
. N (45 min milling) (2 h milling)

1 +2
60 min milling) NaCla 1(: i ;:Ia"?;;c

- ‘—AWM‘M
(90 min milling) Rhodacycle 3
L B B T I'_I_I_Iﬁ_

L] 1 ] ] l LI ] T T ] 1 ] ] 1 T T ] ] T T T 1 T ] T ] ] T T «§F @ Ty 17 vy yr  Tr vy r T Ty oy r T T o T T T T oTrr l

0 [2Theta] 20 [°2Theta] 30 40
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Could 4o and 43 be intermediates of the
mechanochemical C—H bond activation of BHQ?

What do 4a and 4f look like?

24 José G. Hernandez
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#s
\CI

\_

baII milling
N ~ 30 Hz

4 SR )

ex-situ PXRD monitoring

[Cp*RhCIL; (1)

h A \ BHQ (2)

1+2
(5 min milling)

1+2
(10 min milling)

1+2

4o o N (20 min milling)
1+2

. - (30 min milling)
1+2

y (45 min milling)

1+2
60 min milling)

4p 1+2
90 min milling)

Simulated 4

10 20 [°2Theta] 30

25

Cocrystals are
crystalline solids
composed of two or
more different molecular
and/or ionic compounds

Molecular structure for 4a

generally in a
stoichiometric ratio.

José G. Hernandez
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4 SR )

N
ﬁ‘ —Cl_ ,R!h
\CI “ball milling milling cl l\CI
N 30 Hz
S N Molecular structure for 48

\_

ex-situ PXRD monitoring

[Cp*RhCIL; (1)

h A \ BHQ (2)

1+2
(5 min milling)

1+2
(10 min milling)

1+2

da o N (20 min milling)
1+2

L - (30 min milling)
1+2

- (45 min milling)

1+2
60 min milling)

4p 1+2
90 min milling)

Simulated 48

10 20 [2Theta] 30
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Crystal packing in: a) 4a and b) 4B. C—H---Cl interactions are highlighted as black dashed lines, while C-H--- &t

interactions are highlighted in yellow. In figure a), Ct1 and Ct2 refers to the centroids of the outer aromatic
rings of BHQ molecules, while in b) Ctl refers to the centroid of the inner aromatic ring of BHQ.

27 José G. Hernandez
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Under mechanochemical conditions

Tar =7
X, NaOAc
. Ball m|II|ng §®§ g@% Ball milling

[Cp*RhCI,], First formation of Then
cocrystal C-H activation

28 José G. Hernandez
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But, how general is the formation of cocrystals before
the C—H activation step?

Substrate * NaOA
: Cp*RhCl + aUAC
(2-2 equa'V-) = 27 (6.0 equiv.)
2 = BHQ; 5 = PhPy; 6 = PhQui
-
N /
N
. _Cp*
Rh_ -
Cl
3 7
yield = 78% yield = 76%

29

—»> Rhodacycle
Ball milling
3,7,8

30Hz, 2h

yield = 52%

José G. Hernandez
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But how general is the formation of cocrystals before the
C—H activation step?

Phase

Mixture
of
phases
o+p

Phase
B

30

[°2Theta]

\
e
' \CI ﬁ ball milling
30 Hz
N Y
ex-situ PXRD monitoring
L AN . [Cp*RhCI,]; (1)
PhQui (6)
B 1 + PhQui (6)
1 + PhQui (6)
- —_JVMI\WV » ~ (10 min milling)
1 + PhQui (6)
_J\.—MAJ‘A’\M- e o o (20 min milling)
1 + PhQui (6)
_——M«MJL - (30 min milling)
' o 1+ PhQui (6)
_-_—-Ao\aﬂw . .. A (45 m|n mllllng) )
| 1 + PhQui (6)
__—-—-—L—A&_‘AA A A . (60 min milling)
1 + PhQui (6)
- .__——-A.—MM~ A, A_(goAnjm Tlllmg)
e e A e |
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Are the cocrystals really present in the reaction or were they an
artifact formed because of the ex situ monitoring?

Ex Situ Monitoring Time Resolved
In Situ Monitoring

Synchrotron Q Pressure

Single Time Point Multiple Time Points D,m:ét.gn and HanKating
p Scattering
2 % /, / g / 2
/S fas, |
f Y % 6 Cryst. Growth Des. 2022, 22, 5726-5754

4

Tme

Raman Thermal J, =
Spectroscopy Monitoring

+ No or limited time resolution . Excellent time resolution

+ Abundant analysis methods ' Limiled analysis methods
« Sampling disrupts milling environment . Milling environment undisturbed
+ Extremely accessible . More limited accessibility

How are the cocrystals involved in the mechanochemically
induced C-H bond activation?

31 José G. Hernandez
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in situ real-time monitoring by powder X-ray diffraction (PXRD)

detector diffracted X-ray

X-ray beam

sample

N. Tumanov, et al. J. Appl. Cryst. 2017, 50, 994.

32 José G. Hernandez
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in situ real-time monitoring by powder X-ray diffraction (PXRD)

Deutsches Elektronen-Synchrotron - DESY Group PETRA IlI Dr. Tomislav Stolar

Dr. Martin Etter b Institut
Ruder
v e | ®
. . - Boskovic¢

< BAM

Bundesanstalt fir
Materialforschung
und -prifung
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.
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cl
S A 4 OQ ~ 4o, 4
Rh Rh
. — —
e ﬂ e ballmiling ball milling

[Cp*RhCl,], (1) BHQ (2)

Time

Time / min

Time-resolved diffractograms for the reaction of [Cp*RhCl;],
(0.24 mmol), BHQ (2.0 equiv.) at 30 Hz (A = 0.20741 A).

1 2 3 4 5
37 2(—) / 2 1
Rt s e w_JQsé G. Hernandez
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I -15
-2.0
Exo Up
38

Heat Flow (Normaloed) G (Wig)

—4B

~4a

=
/\r\

20 L F3 0 13 127 128 150
Torrgeratuee 7 ('C)

50 100 150 200 250 300
Temperature T (°C)

DSC traces of 4a and 4. Inset shows a detail at 120 °C.
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in situ variable temperature powder X-ray diffraction (VT-PXRD)

250 —|

% gmo
o) Mot
4a
I S WY S SN — -
VT-PXRD patterns for cocrystal 4f (left) and VT-PXRD patterns for a mixture initially
containing 4a. and 4P (A = 1.54 A) (right).
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Dual Fukui, [ MEP Interfragment NCI QTAIM

Rh Dimer

Prof. Albeiro Restrepo
and Prof. Cacier Hadad

Dr. Sara Goémez

Scuola Normale Superiore
di Pisa

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*RhCl:]).crystal more closely resembles
the Fukui function of the 4a phase.
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Dual Fukui, %
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(Eq. 1)
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+ NaOAc ball milling + NaCl + AcOH

LN (40 °C)

(d)
Heater —

' e, a 1402 | ==

sensor et & / /

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

-Our results revealed the formation of unusual crystalline phases between the substrates
and the rhodium (and iridium) dimer prior to the C—H activation step.

In solution By mechanochemistry

T QO Wham

BHQ 9_/Rh'X + N= ®:§: vg z NaOAc
/LO ( ( —_—

- ~ o Gl Cl
X =Cl, OAc® [Cp*RhCly], Ball milling , rm S Ball milling
: f@y Ll
NaOAc ‘ "
Then First First Then
C-H activation Cleavage of [Cp*RhCl;], cocrystal formation C-H activation
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Conclusions

-Real-time and continuous examination of the reaction enabled us to unequivocally
demonstrate the formation of two cocrystals, 4o and 4B, during the milling process and
not as an artifact of the ex situ analysis.
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Conclusions

-Computational investigations enabled us to pinpoint the origin of the stability in 4o 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*RhCl,], units in 4B more activated towards the reaction with NaOAc than in

cocrystal 4a..
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47

-Reactive intermediates have

been detected in
mechanochemical reactions
spanning organic,

organometallic, inorganic, and
materials chemistry. Many of
these intermediates  were
stabilized by non-covalent
interactions, which played a
pivotal role in guiding the
chemical transformations and
could be responsible for the
change in selectivity of many
mechanochemical reactions.

Conclusions

GDCb

Minireviews

Intermediates in Mechanochemical Reactions

Karen J. Ardila-Fierro* and José G. Hernandez*

e

.
wwwangewandte.org

How to cite:  Angew. Chem. Int. Ed. 2024, €202317638
doi.org/10.1002/anie.202317638

Idleltlelclt ilo|n]

N i ;
t] o C[m[ ] |
el L1 |
AL i

. m h
IHEEEERRE al ||

' d|l || [n]

b i 0

id the missing |2 [ | [<|

wers inthis [t | : E

[ Bl

S| L1 M

' i ]

s

|t

' A r

\:Js/
\ \
T =
An, die
it Chemie

Angew. Chem. (nt. Ed. 2024, 202317638 () of 18)

© 2024 Wiey-NCH GmbH

José G. Hernadndez



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

Acknowledgements

' Prof. Dr. Sc. Mirta Rubcié

University of Zagreb, Faculty of Science,
Department of Chemistry

Dr. Karen J. Ardila-Fierro

Institute of Chemistry
Universidad de Antioquia

Dr. Tomislav Stolar

Division of Physical Chemistry
Laboratory for solid-state synthesis
and catalysis
Ruder Boskovi¢ Institute

Dr. Edi Topi¢

University of Zagreb, Faculty of Science,
Department of Chemistry

Dr. Sara Gomez

Institute of Chemistry
Universidad de Antioquia

Scuola Normale Superiore

‘,* di Pisa
Prof. Albeiro Restrepo R — i
and Prof. Cacier Hadad - Project
w4 DE ANTIOQUIA 2022-48630

Vicerrectoria de Investigacion



Thank you



