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Ru-catalyzed activation of free phenols in a one-
step Suzuki—Miyaura cross-coupling under
mechanochemical conditionsy
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Activation of phenols by a Ru-catalyst allows for the resulting n°-phenoxo complex to selectively react with
a variety of nucleophiles under mechanochemical conditions. Conversion of phenolic hydroxy groups
without derivatization is important for late-stage modifications of pharmaceuticals and in the context of

lignin-material processing. We present a one-step, Ru-catalyzed cross-coupling of phenols with boronic
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Accepted 13th August 2024 acids, aryl trialkoxysilanes and potassium benzoyltrifluoroborates under mechano-chemical conditions.

The protocol accepts a wide scope of starting materials and allows for gram-scale synthesis in excellent

DOI: 10.1039/d45c01704h yields. The developed approach constitutes a very interesting and waste-limiting alternative to the
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Concise characteristics, selectivity, and simplicity of the
Suzuki-Miyaura cross-coupling made it one of the most
important methods in organic synthesis for medicinal chem-
istry"> and other fields,® as indicated by the 2010 Chemistry
Nobel Prize. Continuous development in this field is also
manifested by the systematic broadening of the scope of start-
ing materials, allowing for more flexible and convenient
synthetic route design.* One attractive and relatively accessible
alternative to aryl halides are phenol-based substrates, com-
plementing the general scope of starting materials as they are
derived from precursors of a different chemical origin. As an
abundant motive in naturally occurring structures, phenols
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have been considered in cross-coupling reactions as electro-
philes with a variety of nucleophilic partners.”*® The most
commonly used derivatives are triflates and more stable to
hydrolysis, sulphur-containing reagents: mesylates, tosylates
and sulphamates. Esters, carbamates, carbonates, ethers and
silyl ethers present a very interesting set of substrates, easily
accessible, more stable than triflates and widely present as
functional groups.

The great majority of all activated phenolic starting materials
enter the TM-catalyzed protocols according to a classical
oxidative-addition mechanism. Methods utilizing a free phenol
have not been introduced to date. Recently, a one-pot, three-
component approach was presented, in which an in situ
generated dichloroimidazolidinedione derivative of phenol
enters the reaction in the presence of Pd-MOF heterogenic
catalyst, according to the same mechanism." In another recent
example, the SUFEx approach is utilized to convert phenols into
tosylates in situ and react them in a Ni-catalyzed protocol in the
presence of water under N, atmosphere.” On the other hand,
ruthenium,”® iridium'* and rhodium* cyclopentadienyl
complexes easily exchange a more electron deficient arene to
electron-rich free phenol (Scheme 1). As shown by Shi et al. in
their recent paper on Rh-catalyzed amination, this can be
exploited to activate the phenolic C-O bond into a C=0 bond
what allows for a nucleophilic attack on the resulting transient
n°-phenoxo complex.

Encouraged by our previous experiences with catalytical
transformations under ball-milling conditions'’-** we consid-
ered the possibility of phenolic C-O bond activation for
coupling in the solid-phase without prior derivatization,
according to a m-coordination/activation mechanism.**°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 General pathways for the formation and reactivity of n°-
phenol complexes with ruthenium, iridium, and rhodium and scenario
for the title process using ruthenium catalyst under ball-milling
conditions.

Studies on solid-phase cross-couplings have been ongoing over
the last two decades.?' Peters et al., in their works on Suzuki
reaction, obtained high yields of the expected products.*
Furthermore, a study on cross-coupling using in situ generated
solid base (KF-Al,O3) by Ondruschka et al. indicated the supe-
riority of ball-milling over microwave irradiation as two modes
of energy introduction, considering the yield against the power
consumption.® In the recent work by Szostak et al. a chemo-
selective Suzuki-Miyaura protocol was presented to obtain
ketones from acyl chlorides under ball-milling conditions.** As
a follow-up to the work of Mack et al. on the solvent-free
Sonogashira coupling,* Stolle et al. introduced a Cu-free
method resulting in high yields in shorter reaction times.*® In
recent works, Browne et al. described a solid-phase, Ni-catalyzed
method®”*® and Ito and Kubota et al. published a study on solid-
state cross-coupling of insoluble aryl halides®* and very
comprehensive papers on mechanochemical C-N cross-
coupling.*®*!

For our protocol, we selected the Cp*Ru(PhCI)BF, catalyst,
following the recently introduced direct deoxyfluorination
method** that utilized the Cp*Ru(Napht)BF, catalyst. Both,
the naphthalene as well as chlorobenzene undergo arene
exchange by substituted benzene derivatives under photo-
chemical and thermal conditions, including phenols.**¢
Herein we present the first, truly direct, one-step, Ru-catalyzed
Suzuki-Miyaura cross-coupling of free phenols with arylbor-
onic acids (according to the scenario presented in Scheme 2),
further extending the methodology to include aryl trialkox-
ysilanes as nucleophilic partners, realizing a Hiyama-type cross-
coupling. We also present the unusual reactivity of potassium
benzoyltrifluoroborates under the conditions of our solid-phase
protocol, yielding benzophenones.

Our initial experiments included the use of Cp*Ru(Napht)
BF, catalyst. The trial run from model starting materials (ortho-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Reaction scope and the results of the gram-scale
experiments.

fluorophenol 1b and phenylboronic acid 3a) in the presence of
CsF (0.3 equiv.), DABCO (1.2 equiv.) and ZrN (4 equiv.), ground
at 30 Hz at room temperature for 90 min gave only 12% yield of
the biphenyl product 2a (Table S1 in the ESI}). The crude
reaction mixture seemed to be dry and brittle. Therefore, we
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added a small amount (0.3 mL) of 1,4-dioxane to see if the LAG
(liquid-assisted grinding) approach would give a better result.
To our great content, the yield jumped to 43% (Table S1,1 Entry
2). The changes to the fluoride salt from CsF to KF and NaF
resulted in 45% and 28% respectively (Table S1,} Entries 3 and
4), highlighting the importance of a bigger cation. The use of
dimeric and tetrameric catalyst forms completely crippled the
reaction (Table S1,} Entries 5, 6, and 8), with the exception of
the [(p-cymene)RuCl,], (yield 22%, Table S1, Entry 7). The
acetonitrile complex (Table S1,1 Entry 10) gave only 21% of the
product, which shows that MeCN is hardly exchanging for
phenol. In contrast, the chlorobenzene complex forms (Table
S1,t Entries 11, 12, 13, and 14) exchange for phenol easily, also
in comparison to the Napht complexes. Ultimately, the ORCs
consisting of 0.1 equiv. [Cp*Ru(PhCl)|BF,, 0.3 equiv. KF, 1.2
equiv. DABCO, 0.3 mL 1,4-dioxane and 4 equiv. ZrN, ground at
30 Hz for 90 min at room temp. gave 81% of 2a. Of note, reac-
tions utilizing the same reactants as the above ORCs conducted
in solutions of toluene (at reflux), benzene (reflux), 1,4-dioxane
(reflux), xylenes (130 °C) and in neat phenol (at 165 °C) gave no
product (Table S1,T Entries 15-19). The above ORCs applied to
a process involving aryl trialkoxysilanes 4a in place of arylbor-
onic acids 3a resulted in 52% yield of the biphenyl 2a (Table
S2,1 Entry 1). Much better result was obtained with the CsF salt,
78% (Table S2,T Entry 3). As previously, reactions conducted in
solution gave no product (Entries 4-8).

Having established the ORCs for two types of nucleophiles
we moved to potassium benzoyltrifluoroborates. Following our
recent work on trifluoromethoxyarenes as halide surrogates in
cross-couplings under mechanochemical conditions,” we
hypothesized that if only the phenolic C-O bond undergoes
activation, the reactivity of KATs could be achieved. Extensive
optimization using 1a and 5a as model starting materials
revealed no reactivity in the presence of ZrN, HfN nor BaBeO,
alone (Table S3,1 Entries 1-9). However, combination of ZrN
and a second piezo additive BaBeO,, LiNbOj3, SrTiO3, ZnO and
BaTiO; gave 17%, 29%, 11%, trace and 90% yield of the 6a
benzophenone product (Table S3,1 Entries 10-14). Finally, after
balancing the equivalent ratios, the ORCs for this process
consisting of 0.1 equiv. [Cp*Ru(Napht)|BF,, 0.3 equiv. KF, 1.2
equiv. DABCO, 0.3 mL 1,4-dioxane, 2 equiv. ZrN and 2 equiv.
BaTiO; ground at 30 Hz for 120 min at room temp. resulted in
88% yield of 6a (Table S3,f Entry 15). In this case as well,
reactions conducted in solutions of toluene, benzene, 1,4-
dioxane, xylenes and in neat phenol resulted in no product
formation (Table S3,T Entries 18-22).

With the ORCs established, we moved to assessing the scope
of the reaction (shown in the Scheme 2). In total, a series of 32
phenols with simple, as well as more voluminous substituents,
were subjected to the mechanochemical protocol under the
ORCs, including arenes bearing useful and reactive function-
alities, for example: -Br, -NO,, -COOH, -CN, -CH,OH, -
COOMe. In order to present the robustness and generality of
our concept and the effect of a variety of substituents on the
reaction outcome we made an effort to double the number of
the experiments in some cases, reversing the reacting groups in
respect to the coupled scaffolds. In this way, one can choose the
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more efficient set of coupling handles depending on the pres-
ence of desired substituents at both aryl scaffolds. The yields of
the obtained biphenyls within the investigated scope oscillate
around 80%. The double experiments in cases 2a, 2b, 2c, 2d, 21
and 2o resulted in virtually the same efficiency of biphenyl
products regardless of the presence of substituents relative to
reacting moieties. A number of more complex phenols
including a chromone derivative 1w were included in the study
to expand the scope and evidence the synthetic potential of the
title transformation. Three unsaturated compounds 2x, 2y, and
2z were also obtained in lower yields (51%, 68%, and 62%
respectively) to show the performance of our protocol applied to
this type of starting materials. The lower yields at a high
substrate conversion could be explained by the low stability of
the formed wunsaturated products under the reaction
conditions.

As a standard practice during our investigations, to docu-
ment the scale-up applicability of our mechanochemical
protocol, we conducted a gram scale synthesis of three biphe-
nyls 2a, 2m, and 2q, obtaining them in only slightly lower yields
(few percent).

In our recent work, we showed the unexpected reactivity of
KATs in Ni-catalyzed cross-coupling with Ar-OCF; starting
materials in solid phase.” The inert nature of KATs in the
presence of Pd-catalyst was previously confirmed in solution.”
However, there are no attempts using Ru-catalysts documented
to date. Under the ORCs of our mechanochemical protocol,
potassium benzoyltrifluoroborate 5b in combination with 1a
yields benzophenone 6a in 89% as the major product (Scheme
3). In the present work we included three starting materials 5a,
5b, and 5c in our study. As previously, we conducted two
experiments in case 6a, switching the reacting partners with
respect to the consecutive moieties. Both attempts however
resulted in very good yield of 6a. Overall, the benzophenone
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Scheme 3 Synthesis of benzophenones 6 utilizing the method
developed.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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products 6a-6i were obtained in very good to excellent yields
(75-91%). The gram-scale attempts for 6a (from phenol 1a) and
6d (from KAT 5a) resulted in 77% and 79% yields respectively,
what confirms the usefulness and generality of our protocol.
In Scheme 4 we present a mechanistic hypothesis for the title
transformation, partially based on the previously mentioned
paper by Shi et al. on Rh-catalyzed amination'® and our findings
from DFT calculations. Initially, the chlorobenzene in the Cpx-
0 sandwich complex (designated as R-reference in energy =
0 kcal mol ") undergoes exchange by phenol to form Cpx-I (the
Int1 is 4.2 kcal mol ' more stable with respect to chloroben-
zene-Ru-Cp* complex R). Deprotonation of the Ru-coordinated
phenol in Cpx-I in the presence of DABCO base results in
a neutral Cpx-IIa form (not calculated) that tautomerizes to the
n’-phenoxo complex Cpx-Il (Int2, which is about
12.3 kecal mol " more stable than R). At Int1, the C-OH bond
distance is 1.36 A, which decreases to 1.24 A in the case of Int2
(C=0 bond). Removal of oxygen from complex Int2 is not
feasible without an additional additive. In this regard, zirco-
nium nitride a low-cost and earth-abundant element is
a promising candidate to replace platinum-based catalysts,
which are quite expensive and scarce.*®* The low cost and
versatile nature of ZrN offers promising potential for extensive
applications in energy conversion processes.* The addition of
ZrN facilitates the introduction of the aryl (Ar) group via formal
activation of the C=0 bond of the n*>-phenoxo complex. At Int3,
the arylboronic acid is introduced to Ru-complex with ZrN
additive, which is energetically stabilized at —13.6 kcal mol "
with respect to the starting reactants (R). The oxygen atom of the
C=0 bond interacts with Zr of ZrN at the bond distance of 2.05
A, whereas the C-B bond of arylboronic acid has a bond
distance of 1.53 A (not shown). At this stage, we performed
natural bond orbital (NBO) analysis to confirm the mode of
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charge transfer, while the mechanism proceeds from Int2 to
Int3. At Int2, the amount NBO charge calculated at ruthenium is
—0.014e ", whereas at Int3 this charge is —0.302e". Therefore,
the accumulation of NBO charge is observed over Ru metal
while heading towards Int3, which suggests that the mecha-
nism follows ligand-to-metal charge transfer. LMCT has been
described and extensively studied also for sandwich-type
complexes.®*> In our case, it would be the first example of
using mechanochemistry instead of photochemistry to induce
LMCT in a sandwich catalyst complex. Nucleophilic attack on
the 6" carbonyl carbon in C=O0 by the 6~ carbon in the C-B of
boronic acid results in a transition state (TS), with the activation
barrier of 26.2 kcal mol™' with reference to Int3, and
12.6 kcal mol ™" with respect to the starting point (R). At the
transition state (TS), the aryl group interacts with the C atom of
the phenoxo complex at a distance of 2.11 A. Similarly, the C-B
bond distance of arylboronic acid increases from 1.53 A in Int3
to 1.76 A at the TS. Moreover, the C=0 bond length is also
increased from 1.32 A in Int3 to 1.38 A at the transition state.
The product of this reaction is Int4, which is stable by
20.8 kecal mol~' with respect to the transition state and is
located at 8.2 kcal mol ™" with respect to initial reactants (R). At
Int4, the Ar-Ar (C-C) bond length is further reduced to 1.57 A
from 2.11 A (TS). After Int4, the reaction follows the replace-
ment of ZrN with boronic group -B(OH),. Upon bond rear-
rangement forms Cpx-III (Int5), which is stable at 3.3 kcal mol
with respect to initial reactant (R). At Int5, the Ar-Ar (C-C) bond
length is further reduced to 1.55 A from 1.57 A (Int4), after the
removal of ZrN. Cpx-III (Int5) liberates formally boric acid upon
interaction with HB. Cpx-IV (Int6) is thermodynamically stable
by 31.2 kcal mol ™" of energy with respect to R. The C-C (Ar-Ar)
bond length further reduces from 1.55 A (Int5) to 1.49 A (Int6)
with the removal of boric acid. Protonation of Int5 forces the
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Scheme 4 Proposed plausible mechanism of the title transformation with boronic acids including DFT energy profile for Ru-catalysed formal
activation of Ph—OH bond, transformed to biphenyl. All the reported energy values are presented in kcal mol~* with reference initial reactant (R)
at 0.0 kcal mol™ at B3LYP/Def2TZVPP level of theory. Measured bond lengths are reported in Angstroms (A). Values in blue color present

dispersion corrected energies at B3LYP-D3 functional.
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electron density to fall back and Ru(i) returns to Ru(u) oxidation
state. The resultant positively charged n°biphenyl complex
Cpx-IV (Int6) undergoes an aryl exchange step, consuming the
next equivalent of phenol, liberating the biphenyl product (P)
and restoring the active complex Cpx-I. The final product (P) in
our case is stable by 26.2 kcal mol " with respect to that of the
initial reactants (R).

Additionally, we also performed calculations for the inner-
sphere mechanism of C-OH bond activation to biphenyl (Ar-
Ar), presented in Fig. S3.1 As per the energy profile, the inner-
sphere mechanism for converting free phenols to biphenyl
includes three transition states. The reaction pathway begins
with the coordination of phenol to Ru-cyclopentadienyl
complex, resulting in the formation of phenol-Ru-
cyclopentadienyl sandwich complex (Intl). The phenol-Ru-
cyclopentadienyl sandwich complex in this case (Int1) is
8.6 kcal mol™ ' more stable with respect to R. Then the coordi-
nation of the OH group proceeds with the location of transition
sate (TS1), which is located at the barrier height of
29.4 keal mol " with respect to Intl and 20.8 kcal mol™" with
respect to R. At Int1l, C-OH and Ru-OH bond distances are 1.40
A and 2.31 A, respectively. Whereas at TS1 C-OH bond distance
increases to 1.88 A and Ru-OH bond distance decreases to 2.16
A. The of this reaction is Int2, which is 6.7 keal mol~! more
stable than R. The mechanism further proceeds with the
simultaneous addition of arylboronic acid and removal of the
OH group. For this step, the transition state (TS2) is located at
the barrier height of 58.1 kcal mol " with respect to Int3 and
47.5 keal mol ™" with reference to R. The interaction distances
are 1.62 A, 1.87 A, 1.92 A and 2.10 A for C-B, O-B, Ru-O and Ru-
C bonds, respectively. The product of this reaction (Int4) is
8.4 kcal mol ! more stable than R. After the removal of boronic
acid [B(OH);], Int5 is obtained at —4.6 kcal mol *. The Ar-Ar (C-
C) bond length at Int5 is 2.35 A. Formation of C-C bond for Ar-
Ar compound formation, transition state (TS3) is obtained at
the barrier height of 23.3 kecal mol ™" with respect to Int5. The
Ar-Ar (C-C) bond length decreased to 1.93 A (TS3) from 2.35 A
(Int5). The product of TS3 (Int6) is observed at 7.3 kcal mol™*
reference to R. The C-C bond length for Ar-Ar compound in the
final product is 27.7 kcal mol .

Overall, the inner-sphere mechanism reveals that the acti-
vation barriers for the transition state (TS1) and (TS3) are 29.4
and 23.3 kecal mol 7, respectively. These activation barriers are
somehow achievable under mechanochemical conditions.
However, TS2 is located for the simultaneous addition of aryl
and removal of OH group at the barrier height of
58.1 keal mol ™. This step is thermodynamically not feasible to
achieve under mechanochemical conditions. Therefore, the
outer-sphere mechanism of Ru-catalyzed activation of phenols
in a one-step under mechanochemical conditions to biphenyl
(Ar-Ar) is considered as more plausible reaction mechanism.
DFT study reveals that the Ru-catalyzed formal activation of the
C-OH bond (free phenols) relies on a combination of Ru
sandwich complex and ZrN as additive. The kinetic aspects of
the studied steps indicate that the Ru-catalyzed activation of
phenols (-OH groups) to biphenyl products is a thermodynam-
ically viable process due to the accessible energy barrier
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(24.07 kcal mol ') under mechanochemical reaction
conditions.**

In the case of aryl trialkoxysilanes a similar mechanism can
be postulated. The ArSi(OMe); forms an anion in reaction with
CsF prior to the attack on the 6" carbonyl carbon in C=0. Loss
of F~ results in a neutral complex with both phenyl and
0Si(OMe); moieties attached to the mn°-phenoxo radical
complex. Elimination of formally HOSi(OMe); upon interaction
with HB gives the Cpx-IV complex.

In the case of KATs, the catalytic nature of this process
requiring ZrN and a second solid additive (piezoelectric
BaTiO3), as well as lack of reactivity in solution are not clear.
The requirement for a piezoelectric material under mechano-
chemical conditions suggests a net redox-neutral cycle mecha-
nism (polarisation via crystal deformation of BaTiO; material
enables single electron reduction and subsequent oxidation
upon return to the ground state), that is similar to the oxidative
quenching cycle of a photoredox catalyst.*® The investigation of
the mechanistic details of this KAT process expands beyond the
scope of this paper and will be the subject of future investiga-
tions in our group.*®

Concluding, we have developed the first direct, Ru-catalyzed
Suzuki-Miyaura and Hiyama-type cross-coupling of phenols
with arylboronic acids and aryl trialkoxysilanes as nucleophilic
partners under mechanochemical conditions. The reaction
relies on a combination of Ruthenium sandwich complex,
mechanochemical conditions and ZrN as additive delivering
simple and complex biphenyl products in very good yields. We
also documented the unusual reactivity of potassium benzoyl-
trifluoroborates within the conditions of our protocol, resulting
in benzophenones.
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