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The oxidative Heck reaction is a well-known organic transformation. However, previous reactions have
been limited by the need for sophisticated directing or auxiliary groups, reliance on bulk solvents, lack of
catalyst recycling, and the formation of a mixture of isomeric products, thereby hindering its broader
application. Herein, we present a novel approach utilizing the polymer-assisted grinding (POLAG) tech-
nique to facilitate the regioselective oxidative Heck coupling of aryl boronic acids with electronically
unbiased olefins under solvent-free conditions. This catalytic reaction is facilitated by a ligand-free Pd
(TFA), catalyst in conjunction with cyclodextrin (CD) serving as a POLAG additive and molecular oxygen
as the green oxidant. Mechanistic studies have indicated that cyclodextrin not only stabilizes the palladium
catalyst but also influences the reaction selectivity by imposing steric hindrance on the substrates.
Recovery experiments and electron microscopy images demonstrate an effective recovery capability of
Pd/CD, with the catalyst morphology largely preserved after five cycles. XPS experiments confirm the for-
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mation of a new palladium catalytic species during the ball-milling process. Remarkably, this reaction
takes place at ambient temperature, obviating the need for additional stoichiometric amounts of hazar-
dous oxidants and toxic solvents, aligning with environmentally friendly practices upon green metrics
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Introduction

The emergence of mechanochemical synthesis as an efficient
and sustainable technology has been witnessed in recent
decades.” This technology has been recognized by the
International Union of Pure and Applied Chemistry (IUPAC) in
2019 as one of the top ten emerging technologies in the field
of chemistry for its potential to advance society and improve
our quality of life.> In comparison with traditional solution-
based methods, the mechanochemical protocol provides
numerous advantages such as minimal solvent usage, milder
conditions, shorter reaction time and the capability to alter
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chemical reactivity and selectivity, thereby leading to a
reduced environmental footprint and favourable results in
green metric assessment.*”

Some mechanochemical reactions exhibit unique chemical
behaviours and different reaction pathways when a small
amount of additive is introduced.’™® These reactions can be
classified into two distinct groups. First, a specialized
approach to mechanochemical reactions that involves the use
of catalytic liquid additives, known as liquid-assisted grinding
(LAG),”® which was introduced nearly two decades ago and
has been shown to significantly enhance reaction rates and
reactivity (Fig. 1a). For instance, Browne and co-workers’
reported an elegant finding when using LAG to selectively
favor mono-fluorination over di-fluorination in the presence of
a catalytic amount of acetonitrile. Our recent work™® on LAG
reactions demonstrated that trace amounts of tert-butanol
could accelerate the asymmetric Cgp,—H/Cgp-H coupling of
glycine esters and f-indanone esters, wherein ter¢-butanol not
only provides a sub-stoichiometric solvent environment, but
also contributes to the formation of active transition species,
thereby boosting catalytic activity and enantiocontrol.

The other type of mechanochemical technique, which uti-
lizes polymer additives to improve chemical transformations

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/greenchem
http://orcid.org/0000-0002-4146-7964
http://orcid.org/0000-0003-2544-1948
http://orcid.org/0000-0002-7296-3493
https://doi.org/10.1039/d4gc01006j
https://doi.org/10.1039/d4gc01006j
https://doi.org/10.1039/d4gc01006j
http://crossmark.crossref.org/dialog/?doi=10.1039/d4gc01006j&domain=pdf&date_stamp=2024-05-14
https://doi.org/10.1039/d4gc01006j
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC026010

Published on 30 1445. Downloaded on 26/04/47 07:07:52 .

Green Chemistry

a) Rate enhancement and selectivity alteration by LAG
ball-milling

‘6 general ball-milling (k)

Bt General product B
‘ ko » Ky

View Article Online

Paper

b) Rate enhancement and catalyst stabilization
by POLAG ball-milling

‘ o' general ball-milling (k)

93090909 POLAG ball-milling (k
- Reactant A 9 (ko) Product B
Reactant A LAG ball-milling (k3) a i ko » Ky
. cat stabilizing catalyst
Distinct product C
c) General Heck reaction and chain-walking process

ArH/B(OR), M 3 ,H :
=== VAT R —» | Ar R —> Ar\)\/ Ar LR
i e w)\r Hs elimination ! \/\/ reinsertion /%H elimination Y '

P ava Hs Ha ¢ ¢
styrenyl product ' 2 ) R H

thermodynamically stable \ AN~ chain-walking allylic product Ar( Xy

-Hp elimination f

d) Directing/auxiliary group assisted oxidative Heck reaction

| AG:< )\
I——H | Y /}-Hs elimination
\
H -~
‘ ' mlgratory DG
oxldants AG\

DG DG = directing group
i H/B(OR),
o
eG solvent
1
/k =
RNy N\F

AG = auxiliary group Y = CH,, O, NR

Ha

insertion + > .
@ S [Ha elimination @ Z Y R

e) Regioselective oxidative Heck coupling by CDs assisted grinding and its recycling process (This work)

Phenylboronic Pd
acid
. o POLAG ball-milling .
Olefin Olefin

Pd
. . Product
kd filtration
Pd Pd
Pd
Pd
Pd & Pd
Pd
Pd
Pd/CD

Fig. 1 (a) Rate enhancement and selectivity alteration by LAG ball-milling. (b) Rate enhancement and catalyst stabilization by POLAG ball-milling. (c)
General Heck reaction and chain-walking process. (d) Directing/auxiliary group assisted oxidative Heck reaction. (e) Regioselective oxidative Heck

coupling by CD assisted grinding and its recycling process (this work).

by stabilizing catalysts or altering intermolecular interactions,
is referred to as polymer-assisted grinding (POLAG)"" (Fig. 1b).
A representative example was showcased by Lamaty and co-
workers'> using polyethylene glycol (PEG) additives to acceler-
ate the palladium-catalyzed Mizoroki-Heck cross-coupling
reaction for the first time, leading to a significant improve-
ment in reaction efficiency. More recently, the Ito group?
reported that the use of the PEGylated phosphine ligand in
POLAG could effectively suppress the deactivation of palladium
in a Suzuki-Miyaura coupling reaction. Despite advances,
these methods are still facing sustainability challenges, pri-
marily due to the lack of emphasis on the recycling of addi-
tives/catalysts, leading to unsatisfactory results in green metric
assessments. In these scenarios, some polymer-assisted grind-
ings using natural source additives, such as saccharides, have

This journal is © The Royal Society of Chemistry 2024

attracted our attention."® Considering that saccharides can act
as reducing agents under ball-milling conditions,"**
sion that such POLAG could also be used to facilitate catalytic
redox processes to enable selectivity control through topology
matching between the oligosaccharide additives and the sub-
strates, or by forming a specific metal-additive complex.

we envi-

On the other hand, the oxidative Heck-type reaction is one
of the most attractive transformations that converts vinylic C-
H bonds into C-C bonds, finding wide applications in syn-
thetic chemistry.'* However, a serious limitation is that the
use of inactive alkenes often leads to an inseparable mixture of
styrene/allylic isomers. This issue primarily results from a
chain-walking process,'> wherein reinsertion of the metal-
hydride species is followed by p-hydride elimination.

Moreover, imperfect selectivity also arises from the inability of
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metal-hydride species to distinguish between Hg and Ha
during -hydride elimination'*“'® (Fig. 1c). Over the past few
years, a wealth of methods for the regulation of the oxidative
Heck-type reactions involving electronically unbiased olefins
have been developed by the groups of White,'” Liu,'® Xu,"
Yu,?® Maiti,*! Jeganmohan,”* Sigman®® and others.>* The
selectivity aspect of these transformations can be affected by
the use of a specially designed ligand, which has proved to be
an attractive tool for achieving catalyst recycling in some
cases.”**? Nevertheless, there often remains a necessity for
stoichiometric hazardous oxidants, bulk solvent, and prein-
stalled auxiliary/directing groups (Fig. 1d). Such requirements
greatly limit the utility of the oxidative Heck reaction. The
development of an operationally simple protocol for oxidative
Heck coupling without the need for solvent, ligands, toxic
oxidant and auxiliary/directing groups would therefore be
highly beneficial.

We herein report a practically useful mechanochemical
strategy for solvent-free oxidative coupling of phenylboronic
acid with electronically unbiased olefins using polysaccharides
as POLAG additives (POLAGSs) under an oxygen atmosphere
(Fig. 1e). We found that commercial cyclodextrins (CDs) were
capable of regulating the regioselectivity of the oxidative Heck
reaction vig interactions between the substrates and the CD
cavity, as well as through the formation of a new metal/CD
complex in situ. The inclusion of CD not only led to high dis-
persion of the substrate within the solid mixture but also facili-
tated the stabilization of the metal catalysts. To the best of our
knowledge, there have been no reports thus far regarding the
selective oxidative Heck reaction with unbiased olefins under
solvent-free mechanochemical conditions. Furthermore, the
use of oxygen as a green oxidant, CD as a renewable natural
additive for POLAG, which can be recycled and reused along-
side the metal catalyst, aligns this protocol with the principles
of green chemistry.

Results and discussion

The initial studies of the oxidative Heck reaction involved the
utilization of phenylboronic acid (1a) and 6-bromo-1-hexene
(2a) as coupling substrates in the presence of Pd(TFA),
(10 mol%), and a-CD (1.0 equiv.) under flowing oxygen. The
reaction was conducted in a custom-made ventilated stainless-
steel jar (see the ESIf for details) under optimized mechanical
parameters (20 Hz, 30 min, see Fig. S1t). After screening
several metal catalysts, we found that Pd(TFA), gives the
desired product in 30% yield (Table 1, entries 1-3). Further
additive screening indicated that only CDs and soluble starch
led to product formation, whereas trace amounts of the
product were observed when methyl a-p-glucopyranoside and
a-lactose were used as POLAGs (Table 1, entries 4-8). We also
surveyed the molar amount of o-CD (Table 1, entries 9-14),
finding that while excess a-CD inhibited the formation of the
product, lowering its equivalence to 0.2 and 0.1 also led to sig-
nificant decreases of yield. Moreover, reducing the amount of
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Table 1 Optimization of the reaction conditions?

B(OH), o PATFA) (10 moi%) N Br
©/ W r a-CD (1.0 equiv.) (j/\/\(v);
+ - >
2a 0O,, 20 Hz, 30 min

1a Ball-Milling 3a
Entry Variation Yield”
1 None 30
2 Pd(OAc), instead of Pd(TFA), 22
3 Pd[O,C(CHj;)s], instead of Pd(TFA), Trace
Variation of additive
4 B-CD instead of a-CD 20
5 v-CD instead of a-CD 17
6 Methyl a-p-glucopyranoside instead of a-CD Trace
7 a-Lactose instead of a-CD Trace
8 Soluble starch instead of a-CD 21%
9 2.0 equiv. a-CD Trace
10 0.8 equiv. a-CD 51
11 0.6 equiv. a-CD 57
12 0.4 equiv. a-CD 63
13 0.2 equiv. a-CD 50
14 Without CD 10
Reaction in the presence of 0.4 equiv. a-CD
15 5 mol% Pd(TFA), 22
16 7 mol% Pd(TFA), 46
17° 0, flow rate (4/6/8 mL min™") 51/63/63
18 Milling ball sizes (@ = 1.0/1.4 cm) 59 (579)/63
197 10 mol% Pd(TFA), 9%
20° 10 mol% Pd(TFA), Trace

%Reaction conditions: 1a (0.5 mmol), 2a (0.5 mmol), Pd(TFA),
(10 mol%) and an additive were placed in a 25 mL stainless-steel jar
with two stainless-steel balls (@ = 1.2 cm), milling at 20 Hz for 30 min
under an oxygen atmosphere. ” A gas flowmeter was utilized to pre-
cisely monitor and regulate the oxygen flow rate. 50 mL stainless-steel
jar was used. ¥ Comparative experiment: 1a (0.5 mmol), 2a (0.5 mmol),
Pd(TFA), (10 mol%), a-CD (0.4 equiv.) and DMF (5 mL) were added in
a round-bottomed flask, stirring at 50 °C for 24 h under an oxygen
atmosphere. ¢ Comparative experiment: 1a (0.5 mmol), 2a (0.5 mmol),
Pd(TFA), (10 mol%) and a-CD (0.4 equiv.) were placed in a stainless-
steel jar without agitation for 4 h under an oxygen atmosphere, then
aged in an flask for 7 days under an oxygen atmosphere. /Isolated
yields.

Pd(TFA), in the presence of a-CD lowered the yield of 3a
(Table 1, entries 15 and 16). It is worth noting that both the
oxygen flow rate and the size of milling balls significantly
impact the reaction outcomes. In Table 1, entry 17 demon-
strates that augmenting the oxygen flow rate from 4 to 8 mL
min~" correspondingly increases the reaction yield, achieving
peak conversion under an oxygen flow of 6 mL min~" (for
more details, see ESI section 3.21). Conversely, reducing the
ball size to @ 1.0 cm notably hampers the reaction efficiency,
especially in a larger 50 mL milling jar, likely due to a decrease
in the mechanical force that results in inferior dispersion of
reagents and increased aggregation (for more details, see ESI
section 3.31). However, using even larger balls with @ 1.4 cm
did not lead to any additional enhancement (Table 1, entry
18). Our control experiments are depicted in entries 19 and 20,
which were a subset of reactions that were conducted in a
round-bottomed flask. It is noteworthy that stirring the reac-
tion mixture in a DMF solution resulted in a heterogeneous

This journal is © The Royal Society of Chemistry 2024
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state and led to poor conversion to the alkenylation product
3a. To understand the role of agitation during the ball-milling
process, gaseous oxygen was flushed over the mixture of 1a,
2a, a-CD and Pd(TFA), for 4h without any agitation, followed
by storing the mixture under an O, atmosphere at ambient
pressure for 7 days. No transformation was observed after the
“aging”®® process (Table 1, entry 20), confirming that the
milling process is necessary for the conversion.

With the optimal reaction conditions in hand, we set out to
explore the scope of functionalized aliphatic olefins 2 in the
oxidative Heck reaction, using 1a as a model substrate
(Scheme 1). The mild reaction conditions allowed for the toler-
ance of a wide range of functional groups, including alkyl
bromine (3a), alcohol (3b), ether (3c¢), acid (3d), ester (3e),
amide (3f) and aryl groups (3h-3j). All reactions delivered the

Rl= + /\R
2

B
©/\/\/\/ ) ©/\/\/\0H

3a 63% 3b 30%
o) 0
N N
OMe NEt,
3e 71% 3f 59%

3i 55% 3j R"=H 82%

Natural products and drug molecules

from (-)-menthol
3q 45%

from cholesterol
3r 36%
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styrenyl products with exclusive E-stereoselectivity. Owing to
the lack of chelation/directing effects, performing a ligand-free
oxidative Heck reaction with electronically unbiased olefins is
generally challenging. Such reactions have been rarely reported
in the literature, typically achieving unsatisfactory yield and
selectivity.>® Unfortunately, this synthesis was found to be
barely suitable for substituted arylboronic acids. While some
arylboronic acids with different substituents exhibited excel-
lent selectivity and satisfactory yields when coupled with
methyl 3,3-dimethylpent-4-enoate (3k-3p), undesired isomers
(allylic and branch) were observed when using other olefins
(for details see ESI Scheme S17).

We further elaborated the scope of this reaction with
several aliphatic olefins derived from natural products and
active pharmaceutical ingredients. Specifically, the substituted

PA(TFA), (10 mol%)

R
-CD (40 mol%) 1 (j/\/
—_—— Ri=
Oy, 20 Hz, 30 min Z

Ball-Milling 3
[¢]

S X
©/\/\/\ OBn ©/\/\)J\OH
3c 41% 3d 62%

3g 73% 3h 65%

3k R'=2-Me 73%
31 R'=3-Me 71%
3mR'=4-Me 76%
3n R'=35-Me 68%

30 R'=4-F 54%
3p R'=4-Br 52%

from furfuryl alcohol
3s 40%

from amantadine
3t 58%

from ibuprofen
3u 37%

from gemfibrozil
3v 35%

Scheme 1 Substrate scope for the functionalized aliphatic olefins. Reaction conditions: 1 (0.5 mmol), 2 (0.5 mmol), Pd(TFA), (10 mol%), and a-CD
(40 mol%) were placed in a stainless-steel vessel with two stainless-steel balls (z = 1.2 cm) milling at 20 Hz for 30 min under an oxygen atmosphere.

Isolated yields.

This journal is © The Royal Society of Chemistry 2024
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olefins obtained from menthol (3q), cholesterol (3r), furfuryl
alcohol (3s), and the embedded olefins in amantadine (3t),
ibuprofen (3u), and gemfibrozil (3v) produced the expected
products in 35-58% yields, highlighting the excellent func-
tional group compatibility of this strategy.

A wide range of unfunctionalized aliphatic olefins were
then examined (Scheme 2), including long linear olefins (5a-
5c), branched olefins (5d-5h, 5j), camphene (5i), exocyclic
olefin (5k) and cyclic olefins (51-5n). They all demonstrated
excellent reactivity and yielded the E-styrenyl products with
high selectivity. The longer-chain olefins gave the target
product in a slightly higher yield than the shorter ones (5¢ >
5b > 5a). The use of phenylboronic acid with different substitu-
ents also yielded the desired products 5d-5h in good yield.
Initially, relatively low yields were obtained, possibly due to the
emission of neohexene (bp. 41 °C) during the milling process
under flowing oxygen. As anticipated, increasing the amount
of neohexene to 2 equiv. led to the desired products in high
yields (up to 85%), and the products could be easily isolated
by filtration and distillation (for details, see ESI section 3.67).
Interestingly, under the standard conditions, cyclopentene (41)
hardly participated in the reaction, yielding no product.
However, when employing p-CD instead of a-CD, an allylic-type
product 51 was obtained in 70% yield. Similarly, the reactions
with cyclohexene and cyclooctene produced the allylic pro-
ducts 5m and 5n with yields of 68% and 74%, respectively.

PA(TFA), (10 mol%)

B(OH),

Pl T 3 CD (40 mol%)
R'=t Y ——————> o
Z 05, 20 Hz, 30 min R'-T

Ball-Milling

Scope of acyclic olefins
N 5dR'=H 85%"
" \ 5e R'= 4-Pr 76%"
N 5fR' = 3,4-Me 69%”

R
& 5g R'=4-Br 61%"
5a n=5 69% 1 b
5h R'!=3,5-CF; 57%
5b n=7 70%
5¢ n=9 72%
5i 51% 5j 55% 5k 71%

Scope of cyclic olefins

51 70%%° 5m 68%"° 5n 74%¢

Scheme 2 Substrate scope for the unfunctionalized aliphatic olefins.?
2 Reaction conditions: 1 (0.5 mmol), 4 (0.5 mmol), Pd(TFA), and «-CD
(40 mol%) were placed in a stainless-steel vessel with two stainless-steel
balls (z = 1.2 cm) milling at 20 Hz for 30 min under an oxygen atmo-
sphere. Isolated yields. ® Two equiv. of olefins were added. € $-CD was
used instead of a-CD.
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In the previous report, it was suggested that the size of the
CD cavity significantly influences the reaction selectivity.'>%*
To validate this hypothesis, we expanded the study to include
several substrates with varying sizes of CDs. The results of the
reaction between 6-bromine-1-hexene (2a) and phenylboronic
acid (1a) are shown in Fig. S6.f When a-CD was used as the
POLAG additive, only the styrenyl product 3a was formed,
whereas when p-CD was used it led to a mixture of styrenyl and
allylic products. No products were detected when y-CD was uti-
lized. In the absence of POLAGs, the reaction afforded a
mixture of styrenyl, allylic, branched, and homocoupled pro-
ducts, highlighting the significant role of CD in regulating the
selectivity for this oxidative Heck reaction. Additionally, the
reactions between phenylboronic acid (1a) and camphene (4i),
cyclopentane (41) or cyclooctene (4n) were also carried out with
or without the addition of a-CD/B-CD/y-CD. The reactivity and
selectivity of the POLAG reaction were found to be highly
dependent on the matching of the cavity size of the CD and
the substrate (for more details, see ESI sections 3.3 and 47).

Next, the recyclability of the Pd/a-CD catalyst was examined
in the reaction of phenylboronic acid (1a) and olefins 2j/4c/4d/
4i (see ESI Fig. S117). The results showed that Pd/a-CD can be
reused in five runs without significant loss of efficiency. After
each run, Pd/a-CD was recovered by washing with cyclohexane,
dried under vacuum, and directly used for the next reaction.
However, a slight loss of yield was observed after five cycles,
potentially due to the loss of Pd content during the recycling
process (for ICP-MS results, see ESI Table S37).

Moreover, in order to rule out the potential catalytic effects
stemming from leached metals such as Fe, Co, and Ni present
in stainless-steel materials during the mechanochemically acti-
vated reaction, control experiments were carried out using
alternative zirconium oxide/Teflon jars and balls. These tests
revealed that there was virtually no discernible difference in
the reaction outcome between jars and balls made of stainless-
steel versus those made of zirconium (for details, see ESI
section 3.11%). It is noteworthy that the observed decrease in
yield with the Teflon jar could be attributed to the lower
mechanical force exerted due to its lighter weight material.

To gain mechanistic insight into the observed catalytic
effect upon the addition of CD, we used scanning electron
microscopy (SEM) to confirm the changes in the microstruc-
tures of the Pd/CD mixture. In Fig. 2a, a high dispersion of pal-
ladium with CD is evident after the first run of the Pd/CD
mixture, whereas Fig. 2b depicts a decrease in the dispersion
density of Pd after 5 runs, indicating the possibility of the loss
of Pd content during the recycling process, which is consistent
with the ICP-MS results. However, the Pd catalyst remained
attached to a-CD even after 5 runs, which was tentatively con-
firmed by energy-dispersive spectroscopy (EDS) mapping
experiments, as shown in Fig. 2c-f. These EDS mapping
results showed a uniform distribution of Pd, C and O in the
Pd/CD mixture, suggesting that Pd(TFA), and o-CD may form
relatively stable Pd/CD dispersions/complexes after mechano-
chemical ball-milling, with «-CD potentially serving as a dis-
persant for the Pd catalyst.

This journal is © The Royal Society of Chemistry 2024
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400 nm

Fig. 2 Scanning electron microscopy images of the Pd/a-CD (a) after
the first run and (b) after the fifth run. (c—f) EDS-SEM images of the Pd/
a-CD after the fifth run.

Transmission electron microscopy (TEM) was further uti-
lized to validate the in situ generation of Pd/CD dispersions/
complexes during the ball-milling process (Fig. 3). The
observed images clearly show the formation of evenly distribu-
ted Pd nanoparticles on CD in the reaction mixture (Fig. 3a).
The morphology of Pd/CD remained unchanged over 5 con-
secutive catalytic runs, with only a slight aggregation of the Pd
particles observed (Fig. 3c), and no significant alteration in
particle size (approximate size: 2-4 nm).

On the other hand, the image obtained for the palladium
species derived from the reaction mixture in the presence of
a-p-glucopyranoside, a-lactose monohydrate and soluble starch
(Fig. 4) indicates significant aggregation of the Pd species into
dense particles (Fig. 4). These findings suggest that a-CD
might act as a dispersant for the Pd-based catalyst to inhibit
excessive aggregation of the nanoparticles.

For further investigation of the interaction between Pd cata-
lyst and o-CD, X-ray photoelectron spectroscopy (XPS) was
carried out for the commercial Pd(TFA), (Fig. 5a), Pd(TFA),/

Dameter Diameter Diameter

Fig. 3 Transmission electron micrographs of the Pd/a-CD and size dis-
tributions. (a) After the first run; (b) after the third run; (c) after the fifth
run; (d) size distributions for a; (e) size distributions for b; (f) size distri-
butions for c.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Transmission electron micrographs of the Pd catalyst with sac-
charide additives after the first run. (a) Pd/methyl «-p-glucopyranoside,
(b) Pd/a-lactose monohydrate, (c) Pd/soluble starch.

a-CD (Sample A, Fig. 5b), reaction mixture with CD (Sample B,
Fig. 5¢), and reaction mixture without CD (Sample C, Fig. 5d).
As determined by XPS, the binding energy of Pd 3d 5/2 in
Sample A (for Pd 11, 336.64 eV) was lower than that in Pd(TFA),
(for Pd II, 338.17 V), which is attributed to Pd"O species and
comparable to the literature binding energy value in the NIST
X-ray photoelectron spectroscopy database.?” The presence of
the Pd"O peak indicates that the formation of the new catalyst
takes place after ball-milling with a-CD (Sample A, Fig. 5b).
Besides, Pd"O species were also observed in the reaction
mixture with CD (Sample B), with appropriate amounts of
metallic Pd® formed (Fig. 5¢). For the reaction mixture without
CD (Sample C), only Pd(TFA), and Pd(0) species were con-
firmed by XPS, and no signal characteristic of Pd"O was
detected (Fig. 5d).

From the above observations, we can conclude that a new
Pd-O bond was formed between Pd(TFA), and CD induced by
mechanical force, leading to the formation of stable Pd/CD
complexes. These complexes can stabilize the Pd(0) originating
from the reductive elimination process and facilitate its re-oxi-
dation to Pd(u), thereby improving the catalytic efficiency of
the reaction. Conversely, in the absence of CD, the catalytic
efficiency of Pd(TFA), was suppressed, and the re-oxidation of
the deactivated Pd(0) was challenging due to aggregation,
which significantly inhibited the catalytic cycle (see also
Table 1, entry 14).

Finally, a direct comparison of this work with previous lit-
erature studies®® is shown in Fig. 6. Our POLAG reaction
demonstrated time economy and avoids the use of bulky sol-
vents and purpose-made catalysts. The formation of (E)-5-phe-
nylpent-4-enoic acid (3d), (E)-prop-1-ene-1,3-diyldibenzene
(3g), (E)-prop-1-ene-1,2-diyldibenzene (3h), and (E)-(3,3-di-
methylbut-1-en-1-yl)benzene (5d) highlights the avoidance of
severe conditions to facilitate the transformations (80-140 °C
vs. rt). In the case of solvent-free oxidative Heck coupling, our
previous conditions utilized DDQ as the oxidant.2%?
Mechanochemical olefinations with methyl 3,3-dimethylpent-
4-enoate, 3,3-dimethylbut-1-ene and neohexene under an
oxygen atmosphere are all illustrative of the greenness of this
methodology as compared to our previous approach.

Moreover, various green metrics, including effective mass
yield (EMY), atom economy (AE), atom efficiency (AEF), reac-
tion mass efficiency (RME), optimum efficiency (OE), process
mass intensity (PMI), mass intensity (MI), solvent intensity

Green Chem., 2024, 26, 5890-5899 | 5895
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Fig. 5 X-ray photoelectron spectroscopy of the mixtures after the reaction. (a) Commercial Pd(TFA),; (b) the mixture of Pd(TFA), and «-CD after
30 min ball-milling at 20 Hz; (c) the mixture of Pd(TFA),, olefin, phenylboronic acid and a-CD after 30 min ball-milling at 20 Hz, followed by rinsing
with cyclohexane and drying; (d) the mixture of Pd(TFA),, olefin and phenylboronic acid after 30 min ball-milling at 20 Hz, followed by rinsing with
cyclohexane and drying.

Fig. 6 Direct comparison with literature processes.

This work

Literature conditions

Pd(TFA), (0.1 eq), O,
o-CD (0.4 eq), rt, 30 min
62%

Pd(TFA), (0.1 eq), O,
o-CD (0.4 eq), rt, 30 min
73%

Pd(TFA), (0.1 eq), O,
a-CD (0.4 eq), rt, 30 min
65%

Pd(TFA), (0.1 eq), O,
o-CD (0.4 eq), rt, 30 min
82%

Pd(TFA), (0.1 eq), O,
o-CD (0.4 eq), rt, 60 min
69%

Pd(TFA), (0.1 eq), O,
o-CD (0.4 eq), rt, 60 min
85%

Pd(TFA), (0.1 eq), O,
o-CD (0.4 eq), rt, 60 min
55%

Pd(TFA), (0.1 eq), O,
o-CD (0.4 eq), rt, 60 min
71%
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1) Pd(OAc), (0.02 eq), Et;N (2 eq)
PPh; (0.96 eq), 80 °C, 3 h
2) HCl (aq)

54%28a

1) Pd(OAc), (0.1 eq), EtsN (50 mL)

P(o-tol); (0.4 eq), 80°C, 10 h
2) NaHCO; (aq), EA
44928

[Pd(I1)(N,0),] complex (0.05 eq)
Na,CO; (1 eq), DMF (1 mL)
140°C, 24 h
53%280

Pd(OAc), (0.1eq), TCA (1 eq)
DDQ (0.2 eq), Si0, (0.4 g), rt, 30 min
449284

Pd@POP (0.001 eq), DMA (4 mL)
Cu(OTf), (0.2 eg), 0,,40°C, 48 h
81%24(1

Pd@POP (0.001 eq), DMA (4 mL)

Cu(OTf), (0.2 eq), O,, 40 °C, 48 h
67%24(1

Pd(OAc), (0.1eq), TCA (1 eq)

DDQ (0.2 eq), SiO, (0.4 g), rt, 30 min

42%284

InCl; (0.05 eq) AcONa (1 eq)
DMF (2mL),140°C, 24 h
80%32%

Pd(OAc), (0.1eq), TCA (1 eq)

DDQ (0.2 eq), SiO, (0.4 g), rt, 30 min

43%284

COF-BTDH (0.06 eq), DMA (4 mL)

Pd(OAc), (0.06 eq), Cu(OTf), (0.2 eq)

0,,40°C, 48 h
74%24c
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Fig. 7 Summary of green chemistry metrics. The parameters in (a): the
higher the better; in (b): the lower the better.

(SI), and E-factor parameters, were employed to simultaneously
evaluate the efficiency and environmental impact of the
process in the synthesis of (E)-dodec-1-en-1-ylbenzene (5c)
compared with a reported solution-based method,*® as per the
literature.***° As seen in Fig. 7a, a value of 1 for each pentagon
radius is considered as the ideal condition for a sustainable
process, and the closer the value of the different metrics to
unity, the greener the process. In contrast, lower PMI, MI,
E-factor, and SI scores signify a more environmentally friendly
process (Fig. 7b).

It is noteworthy that the atom efficiency (AE) value is the
highest for this work, probably due to the negligible contri-
bution of lower molecular weight of the leaving group.
Besides, the mechanochemical POLAG approach exhibits sig-
nificantly superior parameters in terms of EMY, PMI, MI, SI
and E-factor compared to those of previous solution-based
methods. These findings underscore the importance of advan-
cing solvent-free reactions and incorporating material recovery.

Conclusions

In this study, a mild and highly regioselective oxidative Heck
cross-coupling of aryl boronic acids and electronically
unbiased olefins was developed using the polymer-assisted
grinding (POLAG) methodology. The method integrates eco-

This journal is © The Royal Society of Chemistry 2024
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friendly components such as employing oxygen as an oxidant
and naturally sourced cyclodextrin (CD) as a recyclable POLAG
additive, establishing a sustainable and green synthesis
pathway. This approach exhibits compatibility with a range of
olefins that were previously ineffective in direct oxidative Heck
coupling, while delivering products with excellent regio-
selectivity. Mechanistic study showed that cyclodextrin was
efficient for the dispersion of Pd catalyst and also prevented
the formation of undesired isomers. Analyses by transmission
electron microscopy, scanning electron microscopy and X-ray
photoelectron spectroscopy suggest the formation of a new
form of Pd"O catalyst during the ball-milling process, which
prevented catalyst deactivation caused by palladium species
aggregation, despite a slight loss of palladium observed after
five runs. Furthermore, the regioselectivity of the Pd/CD-cata-
lyzed oxidative Heck coupling strongly relies on the CD/sub-
strate interaction, suggesting topology matching between the
CD and the substrate. Notably, a quantitative assessment of
green chemistry metrics further demonstrates the environ-
mental friendliness of this methodology compared to that of
traditional solution-based approaches.

This study presents a sustainable approach for regio-
selective oxidative Heck reactions, demonstrating significant
potential for the efficient and selective synthesis of organic
products by a polymer-assisted grinding method.
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