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We report mechanochemically-induced deuteration of Pd-activated aromatic C(sp?)—H bonds at ambient
temperature under solvent-free conditions. Deuterium was sourced from cysteine-d,4 to obtain mono- or
dideuterated products from various aromatic palladacycles. Next to good deuteration yields, based on
time-resolved in situ Raman monitoring and DFT calculations, we present a detailed view of the reaction
course in the solid state. The obtained knowledge could lead to the broader application of this method-
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Introduction

Development of methods for direct and selective conversion of
the carbon-hydrogen (C-H) bonds to the carbon-deuterium
(C-D) bonds continues to be a challenge for the chemical and
life sciences, as D-labeled compounds are widely used in mass
spectrometry and chromatography, as well as in mechanistic
and metabolic studies." Moreover, such compounds can alter
the ADME (absorption, distribution, metabolism, and
excretion) properties of the drug.? The pinnacle of this is the
recent approval of the first deuterated drug, deutetrabenazine,
for treating chorea associated with Huntington’s disease.?”

Over the past 15 years, metal-catalyzed functionalization of
the C-H bond has emerged as a superior approach that signifi-
cantly simplifies synthesis and allows a direct hydrogen
isotope exchange (HIE) in the substrate.*” In contrast to
heterogeneously catalyzed HIE, the homogeneous metal cataly-
sis of HIE installs D atoms at specific positions relative to the
directing group.'®?** The most frequently used metal-based
catalysts for HIE of C-H bonds are Ir, Rh, Pd, and Ru com-
pounds, whereas common deuterium sources are D-rich
organic molecules, heavy water, or deuterium gas.*

Since most of the current homogeneous HIE reactions
proceed in solutions and require high temperature, we were
prompted to explore mechanochemistry as an approach to HIE.
Indeed, mechanochemistry” is emerging as a sustainable and
efficient synthetic approach that aims to avoid harsh reaction
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ology for the deuteration of organics.

conditions while maintaining molecular and atomic mobility.?
Since the reactions are carried out in the solid state, problems
such as solubility or costly workup can sometimes be avoided.

In addition, mechanochemically-induced processes allow
reactions at ambient temperature, often in shorter reaction
time than analogous processes in solution.® Moreover, a recent
discovery of the C-H bond activation and functionalization
under mechanochemical conditions® enabled the preparation
of stable metalated products.” We found it particularly inter-
esting to use mechanochemically-prepared palladated pro-
ducts with the Pd-activated C-H bond(s) as precursors for the
deuteration reaction. This way two steps performed in a ball
mill would achieve HIE. Without using solvents and additional
gaseous reactants, the deuteron source (D-source) should
ideally be a molecule capable of breaking the C-Pd bond, and
thereby transferring a deuteron to the carbon atom.

Here we report the first mechanochemical deuteration of
the Pd-activated C(sp’)-H bonds in various precursors
(Scheme 1) and show that mechanochemical milling is a
viable and efficient approach for HIE reactions. Deuteration
using a deuterated r-cysteine (Cys*”, Scheme 1) as the D-source
was performed in the solid state at ambient temperature
without using solvents and additional gaseous reactants. This
work shows that cysteine can break the C-Pd bond and trans-
fer a deuteron to the carbon atom. Using a simple strategy,
various deuterated organic molecules were easily isolated in
good to excellent yields.

Results and discussion

The deuterated 1-cysteine (Cys*") was chosen as a D-source for
the palladated precursors because it is a solid at room temp-
erature and a readily available biologically relevant amino acid
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Scheme 1 General reaction route for two-step mechanochemical HIE
in aromatic substrates 1-9 along with the structures of their palladated
precursors.

that coordinates strongly to the Pd centers.'® Common in-
organic D-sources (D,0, ND,Cl) and alcohols (ethanol-d) were
tested and gave no deuteration whereas other deuterated solid
thiols, aliphatic (1-adamantanethiol-d) as well as aromatic
(4-chlorothiophenol-d), were less efficient regarding both the
yield and the deuteration percentage (data in Table S17).

For the test reactions of palladacycles with Cys*”, we chose
mono- and dicyclopalladated azobenzenes’'! as precursors
(M1-Cl and D1-Cl, Scheme 2). These complexes exhibit strong
characteristic Raman bands”” allowing in situ Raman monitor-
ing of their reactions which is essential for a deeper under-
standing of the ball-milling reaction. Namely, collected Raman
data provides an insight into the reaction course as well as the
nature and reactivity of the intermediates.’

The monopalladated precursor M1-Cl was reacted with Cys*”
first. The reaction proceeded nicely if an excess of Cys*” was
used. Azobenzene 1° was isolated in a 77% yield after 15 hours
of milling M1-Cl with 4 equivalents (equiv.) of Cys*” per palla-
dium center (Pd). "H NMR data confirmed deuterium incorpor-
ation at the ortho-position to the azo group in 61% (Chart 1). To
our delight, a doubly deuterated product 1*” (84%) was obtained
in 83% yield by reacting D1-Cl with 4 equiv. of Cys*® per Pd.

The amount of the added Cys*” was screened on M1-Cl and
D1-Cl using up to 20 equiv. of Cys*® per Pd (Table S1}). The
optimal results were obtained for 4 equiv. of Cys*® per Pd.
Thus, this ratio was further used. We note that reaction time
was adjusted to maximize the yield of the isolated product.

After the successful reaction with M1-Cl, we applied the
same methodology to unsymmetrically substituted monopalla-
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Chart 1 Products, reaction time and isolated yields of the mechano-
chemical deuteration of mono- and dipalladated chloride precursors
(marked bellow each product in italic). Percentage of deuteration
(average for all magnetically equivalent nuclei) is marked at the site of
the D incorporation. ?Data for the acetate precursors M1-OAc and D1-
OAc. °Combined yield for two isomeric monodeuterated products.
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dated azobenzenes. Milling of the dimeric monopalladated
complexes of 4-chloroazobenzene (M2-Cl) or 4-methoxyazoben-
zene (M3-Cl) with Cys*” led to a mixture of two monodeuter-
ated products (2° or 3P, Chart 1). The formation of mixtures is
attributed to the presence of two isomeric forms in the precur-
sors M2-Cl and M3-Cl (Fig. S2-S47). In contrast, monopalla-
dated aminoazobenzenes are monomeric precursors obtained
as a single isomer in which the aminophenyl ring is palla-
dated. Therefore, products 4° and 5° were deuterated specifi-
cally in the ortho position of the aminosubstituted phenyl ring
by 56 and 52%, respectively (Chart 1). These experiments
proved the crucial role of the substituents on the palladated
substrate for determining the deuteration site, as it depends
on the site of palladation.

Control reactions of the native azobenzene 1 (1 equiv.) with
Cys*” (8 equiv.) without PdCl, or with PdCl, added stoichiome-
trically (1 equiv.) or catalytically (5 mol%) gave no deuteration
product in 15 h. Also, reactions of the precursor D1-Cl with
glycine or r-alanine instead of Cys*” produced dipalladated
complexes in which, according to the "H NMR spectra of the
reaction mixture (Fig. S521), one molecule of the amino acid is
coordinated to each Pd.

Adding an excess of D,O (8 equiv. per Pd) to the reaction of
D1-Cl and Cys*® did not affect the yield or the deuteration
outcome. However, adding an excess of base (8 equiv. per Pd),
sodium acetate (NaOAc), or 4-(N,N-dimethylamino)pyridine
(DMAP) strongly hindered the reaction ending after 15 hours
of milling in traces of the isolated 1 (Table S17).

Deuterations of monomeric complexes M4-Cl, M5-Cl, and
D1-CI-D5-Cl are liquid-assisted grinding (LAG) reactions since
these palladacycles contain one (M4-Cl and M5-Cl) or two (D1-
CI-D5-Cl) molecules of DMF that are released when Cys*”
binds to Pd. To test the DMF effect, we used the LAG reaction
of the dimeric M1-Cl (that does not contain DMF). 1 equiv. of
DMF per Pd was added to mimic the reactions of M4-Cl and
M5-CL. The isolated yield of 1° was lowered to 40%, and the
deuteration percentage was 60% (compared to 61% without
DMF) (Table S1f}). This result can be ascribed partly to the
stickier reaction mixture due to the presence of DMF and to
the basic properties of DMF.

To extend our concept to other aromatics, we used chloride
palladacycles of benzo[k]quinoline (6), 2-phenylpyridine (7),
benzyl methyl sulfide (8), and acetanilide (9) containing N, S,
or O donor atoms as precursors (Scheme 1). As summarized in
Chart 1, our approach proved efficient allowing 61-71% single-
site deuteration of these commonly used aromatics.

To explore the possibility of multiple deuteration in the
same molecule, we used dipalladated azobenzenes as precur-
sors because these compounds contain two Pd-activated C-H
bonds. We were pleased to see that ortho-deuteration of both
phenyl rings occurred, and we could isolate targets 1*°-5> in
65-84% yield (Chart 1). NMR data confirmed that D was incor-
porated at both sites of palladation.

Since the acetate palladated complexes are also frequently
used, we attempted the deuteration using M1-OAc and D1-OAc
as precursors under the same experimental conditions as for

This journal is © the Partner Organisations 2023
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the chloride precursors. These reactions resulted in 34% and
36% yields of 1° and 1°®, respectively (Chart 1). The product
1P obtained from the acetate precursor M1-OAc was only 34%
ortho-deuterated. In contrast, the deuteration of product 1°°
obtained from D1-OAc was comparable to that of the product
obtained from the reaction with the chloride precursor D1-Cl.

At the end of the reaction, the palladium metal is retrieved
from the reaction mixture as a highly insoluble and amor-
phous complex with the empirical formula Pd(Cys*”), (see
ESIT for details). Recovery of up to 85% of the elemental palla-
dium was achieved by heating the solid Pd(Cys®”), above
800 °C.

Raman monitoring

To shed some light on the reaction course, we used Raman
monitoring and density-functional theory (DFT) calculations.
The chloride monopalladated azobenzene (M1-Cl) was
studied first. M1-Cl is a dimer with the most prominent bands
in Raman spectra at 1389 and 1209 cm™ " belonging domi-
nantly to (N=N) and »(C-N) vibrations, respectively (Fig. 1a).
These bands shift to 1380 and to 1200 cm™" within 22 min of
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Fig. 1 (a) Selected Raman spectra and (b) 2D plot of the time-resolved

Raman monitoring of the reaction of M1-Cl (0.14 mmol) with Cys*®
(1.12 mmol).
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milling with Cys*", as the first intermediate M1-1 is formed by
ligand exchange in M1-Cl where cysteine becomes bound to Pd
via its amino and the deprotonated thiol groups (Scheme 3).
'"H NMR spectrum of the reaction mixture recorded ex situ
after 75 min of milling supports its presence (Fig. S63 and
S64t). According to the DFT data, isomer M1-1 is more stable
than M1-2, suggesting that M1-1 is formed in the reaction
(Scheme 3).

As the reaction progressed, Raman data indicated the for-
mation of the deuterated azobenzene 1° (Fig. 1b). Namely,
bands at 1145 and 1180 cm™" belonging to v(C-N) vibrations
and the bands at 1436, 1470 and 1488 cm ' of y(N=N)
vibrations appeared. The final in situ Raman spectrum agrees
with the ex situ data for 1° (Fig. S847).

Raman monitoring of the reaction of D1-Cl with Cys*”
(Fig. 2b) revealed the presence of several intermediates preceding
the formation of 1*® (Chart 1). The broad band observed in the
first Raman spectrum of the reaction is at 1309 cm™" and is
attributed to the (N=N) bond of the parent compound D1-CI'**
and/or the first intermediate D1-1 (Scheme 4). According to the
DFT calculations, the Raman spectra of the starting D1-Cl and its
planar derivative with two coordinated cysteines D1-1 are similar,
as are the spectra of M1-Cl and M1-1.

At ca. 30 min of milling, isomerization of D1-1 and for-
mation of the bridged intermediate are apparent from the
emergence of a strong band at 1375 cm™’, consistent with
structural changes induced by the breaking of one Pd-N,,,
bond in D1-1 and positioning of both Pd atoms on the same
side of the azobenzene ligand in the bridged intermediates
(Scheme 4)."** According to DFT calculations, two structurally
similar bridged complexes B1-1 and B1-2, that differ in the
coordination mode of the non-bridging cysteine ligand, are
most likely formed. Intensity loss and shift of the Raman band
to 1389 cm ™" is observed after 2 hours and is related to the
first deuteration and formation of M1°-2. M1°-2 enters the
second deuteration which leads to the product 1*® ortho-deute-
rated 84% (Chart 1). We note that due to the structure of the
most stable isomers of D1-1 and B1-1, formation of M1P-2 is
predicted even though it is less stable than M1°-1.
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Fig. 2 (a) Selected Raman spectra and (b) 2D plot of the time-resolved
Raman monitoring of the reaction of D1-Cl (0.14 mmol) with Cys*P
(1.12 mmol).

Isomerization of M1°-2 to M1P-1 would include breaking of
the Pd-N bond and is not expected.

Insight into the dynamics of the formation of intermediates
and 1°, obtained by in situ Raman monitoring, shows that the
second deuteration is the slowest step in the deuteration of
D1-Cl (Fig. 2b). According to our previous work,""'> Raman
spectra of the monopalladated complexes M1-Cl, M1°-1, M1°-
2 and of the bridged species B1-1 and B1-2 are remarkably
similar. However, the higher observed consumption rate of the
bridged dipalladated complex than of the monopalladated
complex allowed us to distinguish their (N=N) bands at 1378
and 1389 cm™, respectively, and thus to characterize each
deuteration step.

DFT calculations

In situ and ex situ monitoring suggested a complex reaction
route to the deuterated products but could not determine
which of the available D-sources would most likely engage in
the reaction. Moreover, Raman data gave limited information
about the involved reaction intermediates for D1-Cl. We thus
modeled the deuteration of mono- and dipalladated azo-
benzene precursors.

This journal is © the Partner Organisations 2023
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Scheme 4 Proposed reaction route from D1-Cl to 12P,

D-source. The first and experimentally observed step of the
deuteration is the anion exchange (chloride or acetate) with Cys*”
yielding cysteine complexes M1-1 (Scheme 3) or D1-1 (Scheme 4).
Calculated data agree with the cysteine complexes being more
stable than chloride or acetate precursors. An acid (DCI or AcOD)
is released during this process. In addition, the formation of
cysteine deuterochloride (Cys*-DCI) is expected for the chloride
precursors. Hence, DCI or AcOD, Cys*®, or Cys"-DCI could act as
D-sources. In addition, ND;" COOD and SD groups in deuterated
cysteine might be involved in the D-transfer.

After elaborate analysis of the possible options for the deu-
teration of the monopalladated azobenzenes M1-1 (Fig. 3) and
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Fig. 3 D-transfer to M1-1 from various D-sources. B3LYP-D3/6-311+G**/
SDD(Pd)/gas phase free energies reported relative to M1-1 (in kcal mol™).
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M1-2 (Table S31), Cys*”-DCl was identified as the preferred
D-source for the deuteration of the chloride precursors,
whereas Cys*® is the D-source for the acetate precursors and at
the beginning of the reaction. Calculations show that both
ND;" and COOD groups can deuterate the palladated ligand.
The preference for one over the other depends on the intra-
and intermolecular interactions near the deuteration site and
is mainly on the side of the COOD as a donor group.

Deuteration of the monopalladated azobenzene. Out of two
possible isomers for the monopalladated cysteine complex
(Fig. 3), a more stable M1-1 is formed and deuterated to 1°.

The calculated free-energy profile for the deuteration of M1-
1 by various D-sources (Fig. 3) agrees with the experimental
findings. Deuteration by Cys*”-DCl is a less energy-demanding
than deuteration using Cys*® as a D-source. The lowest-lying
transition states for deuteration of M1-1 are at 9.8 kcal mol™*
for Cys*”-DCI and at 17.5 kcal mol™" for Cys*®, which agrees
with the reaction of M1-Cl being faster than the reaction using
M1-OAc as the precursor.

Deuteration of the dipalladated azobenzene. Isomerization
of D1-1 formed by the reaction of D1-Cl and Cys*® gives an
S-bridged cysteine dipalladated complex likely present in two
isomeric forms B1-1 and B1-2 (Scheme 4). Both can be
involved in the D-transfer. Gas-phase stabilities of these two
isomers are almost equal, but after optimization using
PCM-DMF to check for the medium influence on their stabi-
lity, B1-2 was calculated to be less stable than B1-1 and also
D1-1. Other possible bridged isomers are much less stable and
thus are not formed (Scheme S27). Thus, B1-1 should be the
form of the dipalladated complex that preferentially enters the
first D-transfer.

In the S-bridged dipalladated cysteine complexes, the five-
and six-membered palladated rings have to be deuterated to
obtain 1°”, Scheme 5. Two paths can be envisaged depending
on which ring is broken first, and both were considered. Both
paths end in the doubly ortho-palladated 1>

In path I, the phenyl group involved in the six-membered
palladated ring of the S-bridged dipalladated complex is deute-
rated first, Scheme 6. Following this path, B1-1 transforms to
the monodeuterated intermediate M1°-2 with the conserved

| X
_— _N
VO
\P‘{ I\’d
/ X7\ X
broken 6-ring ‘ N

monocyclopalladated complex

deuteration site
(the C-D group)
6-ring
. . pat

X - bridging anion

Pd
(Cl, SCyS) / \x/ \
dipalladated broken 5-ring
bridged complex monopalladated bridged complex

Scheme 5 Paths leading from the dipalladated complex to the dideut-
erated azobenzene.

Inorg. Chem. Front,, 2023, 10, 6005-6014 | 6009


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3qi00932g

Open Access Article. Published on 31 August 2023. Downloaded on 4/16/2026 12:29:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

View Article Online

Inorganic Chemistry Frontiers

R
+Cys® s /N

0 keal mol” h :
cal mo _1(gas phase) ; \ N \ N
(0 kcal mol-!, PCM-DMF) ; - |
‘ Pd ~ Pd i N
'31'1 isomerisation ! @[ \N D-transfer | A ,ﬁ Pd elimination ( N\ @
B1-2 3 N J@ +Cys*®DCl ’ . P¢<
' ' D
0.1 keal moI’l(gas phase) N’Pd\ Ts1 N’Pd\ k/s M1°-1
(2.6 kcal mol", PCM-DMF) Ng D11 9.0 keal mol” (gas phase) N ' ;
"""""""""""" (19.8 kcal mol”!, PCM-DMF) -15.5 keal mol™ (gas phase)
0. 9 kcal mol " (gas phase) P1 (-11.0 kcal mol”!, PCM-DMF)
(1.4 kcal mol”', PCM-DMF)
TS2-1
-5.7 kcal mol™' (gas phase) D-tra“r;Sfer
PATH 1: (7.1 keal mol!, PCM-DMF) | * CYs™ DCI
Sy ® o
s N’~N© D-transfer o 2% @ Pd elimination & N\"N@ D-transfer y~ N\"N = ]
~ \ (
& Pd_ Pd +Cys*PDCI Q\Pd\ ,id _Pd +Cys*®pel or P N
J e TS3-1 5N o ¥ A Ande $7 oy
\/N -0.6 keal mol”! (gas phase) \JN \/N -5.7 keal mol': (gas phase) \/N
B1-1 (9.6 kcal mol™!, PCM-DMF) P3-1 m1P-2 (6.7 keal mol™, PCM-DMF) by 4 and P2-2
-9.6 kcal mol™" (gas phase)
(4.9 kcal mol”', PCM-DMF)
L :
~3 Q
PATH 2: S N\ . D-transfer N @ g
Pd =
& N\ ~Pd-cl TS5-3 £
N N ND, -3.0 kcal mol”' (gas phase) / \ /Pd a o
s L CysS* (8.5 kcal mol”!, PCM-DMF) ND, 3
~ \ 15-3 h 4D
( Pd  pg felele) P5-3 +Cys
/ \S/ ‘\ depends on ) Coo
N K/N B1-1 the geometry
=N X
D-transfer Ti4-1 = D-transfer - N~ 1P
f nl el (11a§kkf$/",fl/-fg§scfﬁf§)p) \ 4 +Cys*® S\ o7 L
-Cys ' ’ ;d d\CI T85-2 & ;d\S/Pd\m s
ligand \/ 3.5 kcal mol™" (gas phase) N \/\N Cys® ) site of deuteration
" ,N\© coordination (14.3 kcal mol”', PCM-DMF) (the C-D group)
S \ 7 15-2 P52 -30.0 kcal mol" (gas phase)
Q fd_ _Pd (-17.3 kcal mol™!, PCM-DMF)
Nf s” N\ c 1 =
. D-transfer .
(N O transfe . > N¢N ()
14-1 \P 0. d TS5-1 “~pg Pd
/‘ \S(Cys4D) -2.0 kcal mol” (gas phase) Q Ng~ \S(Cysw)
\/ (5.5 kcal mol™', PCM-DMF) cr

15-1

P5-1
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rectangles.

five-membered cyclopalladated ring via transition state TS3-1.
After the elimination of one palladium center, M1”-2 under-
goes the second deuteration that breaks the five-membered
ring to give 1°” after Pd elimination.

Path II starts with the deuteration of the five-membered
cyclopalladated ring in the S-bridged dipalladated complex,
Scheme 6. Monopalladated S-bridged intermediate with one
empty coordination place (14-1) is formed. Cys*” or chloride
can fill this place and form complexes I5-1 or I5-2, respectively.
In addition, 15-2 can be deprotonated in presence of Cys*® and
form ion pair I5-3. This process is spontaneous for the tested
geometries both in the gas phase and using the PCM model
for DMF. All three species (I5-1-15-3) can enter the second
D-transfer and after Pd elimination form 1>

The first step of the path I is less energy-demanding than
the first step of the path II for B1-1 (Fig. 4) and B1-2

6010 | /norg. Chem. Front, 2023, 10, 6005-6014

(Fig. S1387). Deuteration of the planar D1-1 is the most energe-
tically-demanding process that would occur via transition state
TS1 located ca. 10 kcal mol™" higher in energy than transition
states TS3-1 and TS3-2 in the path I and is thus not expected to
occur. Therefore, the path I is preferred.

Calculations using other methods. Presented data was
obtained using the B3LYP-D3/6-311+G**/SDD(Pd) level of
theory in the gas phase. Other functionals (B3LYP and #B97x-
D) and basis sets (6-31G*/SDD(Pd) and def2tzvp) were also
evaluated by modeling the deuteration of M1-1 (Table S27).
D-transfer from Cys*”-DCI to M1-1 is preferred for all methods.
Free energies of the transition states for D-transfer by various
D-sources increase in the order: Cys*”-DCl < Cys*® < DCI <
AcOD.

To account for the possible influence of the reaction
medium, we have used the B3LYP-D3/6-311+G**/SDD(Pd)

This journal is © the Partner Organisations 2023
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tive to B1-1. Palladium is eliminated as PdCl(Cys>°)(Cys*P).

level of theory with PCM modeling of propanoic acid (¢ =
3.44) and DMF (¢ = 37.22) as solvents. We note that the
examined reaction mixtures might likely have a lower dielec-
tric constant than DMF and thus, PCM-DMF data should be
regarded as a guide for how a polar medium can influence
the reaction.

Data obtained by PCM calculations for deuteration of M1-1
show that the difference in the free energies of the transition
states for the D-transfer by Cys*”-DCI and Cys*" got smaller as
the medium polarity increased (Table S2 and Fig. S1361%). This
difference is 7.7 kcal mol™" in the gas phase (free energies of
the transition states are 9.8 kcal mol™ for Cys*®-DCI and
17.5 kecal mol™" for Cys*®, Fig. 3), 4.8 kcal mol™" in the propa-
noic acid (14.2 for Cys*”-DCI and 19.0 kcal mol™" for Cys*"),
and 0.3 kcal mol™" in DMF (18.1 keal mol™" for Cys*-DCI and
18.4 kcal mol™ for Cys*P). Results suggest that Cys*®, along
with the still preferred Cys*”-DCI, might also act as a D-source
for deuteration in DMF.

To further test the presented results in the gas phase, we
have performed PCM-DMF calculations for the deuteration of
D1-Cl (Fig. S138%). Free energies of the reactants, transition
states and products are lifted relative to B1-1. General trend
that was observed in the gas phase is preserved in DMF. Data
agree with the facile reaction that still shows a small prefer-
ence to the path I leading from D1-Cl to 1°°.

In the gas phase PdCl(Cys*”)(Cys*?) is by 5.5 kcal mol™"
more stable than the monomeric form of Pd(Cys*),
(Chart S1t). However, Pd(Cys®"), is preferred by 1.0 and
6.1 kecal mol™" in propanoic acid and DMF, respectively. Thus,
PdCI(Cys*”)(Cys*”) could form during reaction and change to
the isolated solid Pd(Cys*"), during work-up.

This journal is © the Partner Organisations 2023

Experimental

Experimental details, spectral data for new compounds, in situ
Raman experiments and additional computational data and
details can be found in the ESL{

Ball-milling reactions

Experiments were performed using an IST500 mixer mill oper-
ating at 30 Hz with a built-in fan. Deuteration of precursors
was carried out sequentially under analogous conditions at an
ambient temperature of 22 + 2 °C. These reactions were per-
formed in transparent 14 mL poly(methyl methacrylate
(PMMA) jars that allowed in situ Raman monitoring. One
milling ball made of zirconium(v)oxide (ZrO,, 12 mm, 4.5 g)
was used. Reactions were performed using approximately
225 mg of the reaction mixture.

In situ Raman monitoring without interrupting the milling
process was performed using a portable Raman system with
PD-LD (now Necsel) BlueBox laser source with an excitation
wavelength of 785 nm, equipped with a B&W-Tek BAC102
fiber-optic Raman probe and coupled to OceanOptics
Maya2000Pro spectrometer. The most intense band of the
PMMA vessel at 2955 cm™", corresponding to the v(C-H) bond,
was used as a scaling reference to subtract its contribution
from the experimental Raman spectra. The asymmetric least
squares (AsLS) method"** was used to correct the spectra base-
line. To extract the spectra of observed species, multivariate
curve resolution with alternative least squares method
(MCR-ALS)"” in MATLAB was used. The literature data'* and
quantum chemical calculations were used to assign experi-
mental spectra.
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Deuteration of precursors

0.14 mmol of the dimeric monopalladated (M1-CI-M3-Cl, M6-
CI-M9-Cl, M1-OAc) or the monomeric dipalladated complexes
(D1-C1-D5-Cl, D1-OAc) was milled with 1.12 mmol of Cys*” (4
equiv. per Pd). 0.28 mmol of the precursor and 1.12 mmol of
Cys*” (4 equiv. per Pd) were used in reactions of the mono-
meric monopalladated complexes (M4-Cl and MS5-Cl).
Completeness of the reactions was confirmed by in situ Raman
monitoring and ex situ 'H NMR spectra of the reaction
mixtures. No change in the reaction mixture was observed
after milling was stopped. Reaction duration, isolated yields,
and deuteration site and the appropriate percentage are given
in Chart 1.

Deuteration of thiols

3.0 g of native 1-Cys was dissolved in 16 mL of D,O. The solu-
tion was refluxed for 1 h, evaporated under reduced pressure,
and cooled to ambient temperature. This procedure was
repeated twice each time using a new portion of D,0. The deu-
teration was confirmed by IR and Raman spectroscopies
(Fig. 83, S91 and S927).

1.0 g of native 1-adamantanethiol or 4-chlorothiophenol
was dissolved in 15 mL ethanol-d (EtOD). The solution was
refluxed for 1 h, evaporated under reduced pressure, and
cooled to ambient temperature. This procedure was repeated
twice each time using a new portion of EtOD. The deuteration
was confirmed by IR and 'H NMR spectroscopies (Fig. S17,
S18, 593 and S94+).

DFT calculations

Calculations were carried out in Gaussian16 using a func-
tional with Grimme’s empirical correction (B3LYP-D3).'® Pd
atoms were modeled by the Stuttgart-Dresden (SDD) pseudo-
potential and the accompanying SDD basis set.'” Standard 6-
311+G** basis set was used for C, H/D, N, O, S and CI atoms.
Other functionals (#B97x-D,"® B3LYP), basis sets (6-31G*/SDD
(Pd) and def2tzvp) and polarizable continuum modeling"®
(DMF and propanoic acid) were also tested (see Table S27).
Full geometry optimizations were accompanied by vibrational
frequency calculations that identified calculated stationary
points as minima (reactants and products) or first-order
saddle points (transition states). Nature of the transition states
confirmed by intrinsic reaction coordinate (IRC)
searches® followed by full geometry optimizations. Reported
energies are free energies given at 298.15 K and 1 atm. No
additional corrections were applied. Data for deuteration of
the mono- and dipalladated azobenzene are reported relative
to M1-1 and B1-1, respectively.

was

Conclusions

We have developed a novel approach for the deuteration of
C(sp?)-H bonds by reacting palladacycles with Cys*® in a ball
mill at ambient temperature and without solvents. The advan-
tage of this simple approach is that the reactions are carried

6012 | /norg. Chem. Front,, 2023, 10, 6005-6014
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out in the solid state, thus avoiding solubility problems and
undesirable solvent effects. The incorporation of one or two
deuterons at predictable sites of structurally diverse aromatics
makes this method practical and offers a fresh approach to an
old demand. The presented work thus paves the way for
similar concepts for solid-state hydrogen exchange reactions
that could be extended to various transition metals and sub-
strates with sp> and sp® C-H bonds, which will be the focus of
our future work.
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