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Mizoroki-Heck Macrocyclization Reactions at 1M
Concentration Catalyzed by Sub-nanometric Palladium

Clusters

Francisco Garnes-Portolés, Estibaliz Merino,”®

The synthesis of cyclized organic compounds with more than
ten atoms (macrocycles) is traditionally based on reversible
reactions under highly diluted conditions, typically <0.05M, in
order to circumvent the formation of intermolecular products.
These reaction conditions severely hamper industrial productiv-
ity and the use of solid catalysts. Herein, it is shown that the
intramolecular Mizoroki-Heck reaction of w-iodide cinnamates

Introduction

Macrocyclic molecules (macrocycles) are organic cycles with
more than ten atoms, which are abundantly distributed in
nature and have an enormous impact on the fields of chemistry,
biology, and medicine.'"” Historically, macrocycles have been
obtained from natural sources to provide unique drugs such as
rapamycin, erythromycin, epothilone, vancomycin, and cyclo-
sporine, to name a few (FigureS1 in the Supporting
Information).”! As far as we know, big volume synthetic macro-
cycle feedstocks are very scarce and only cyclododecatriene
and cyclododecanone are employed as starting materials in the
manufacturing of some fragrances (Figure S2). The unsustain-
ability of plant/animal destruction to obtain a limited amount
of any macrocycle, together with the retrosynthetic limitations
imposed by the C;, symmetry of cyclododecatriene/cyclodode-
canone and the need of new macrocycles for drug discovery,
has spurred the exploration of different synthetic strategies to
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proceeds at 1 M concentration when catalyzed by few-atom Pd
clusters, either in solution or supported on a solid, to give
different macrocycles in good yields. This paradigmatic increase
in reaction concentration not only opens the door for macro-
cycle production with high throughputs but also enables the
use of solid catalysts for a macrocyclization reaction in flow.

achieve macrocycles, particularly in the last years." However,
the macrocyclization reaction is still the bottleneck in any
macrocycle synthetic strategy, in terms of price, efficiency and
waste-generation, and mostly determines the overall effective-
ness of the synthetic route.”

Figure 1 shows that, in order to circumvent the entropic
penalty associated to the intramolecular reaction and avoid the
corresponding intermolecular reactions, particularly those form-
ing irreversible single carbon—carbon bonds instead of rever-
sible unsaturated carbon—carbon bonds (i.e. alkene® and
alkyne"” metathesis) or carbon—heteroatom bonds (macrolacto-
nization and macrolactamization), the most protocols reported
so far involve high dilution conditions.” Reaction concentration
is crucial for product outcome, thus it is not surprising that
most of the reported macrocyclization procedure highlight the
value for concentration, particularly when this value is ~10 mM,
which is called “moderate dilution conditions”” A simple
calculation gives that, even for the smallest of the macrocycles
that could be considered (molecular weight ~200 Da.), a 500:1
solvent-to-substrate ratio (500 kg or L of solvent per kg of
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Figure 1. Non-diluted Mizoroki-Heck macrocyclization reactions.
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macrocycle) is required under these “moderate dilution con-
ditions”. Much worse, macrocyclization reactions are routinely
performed at higher dilutions, 1 mM (“high dilution”) or <1 mM
conditions (“very high dilution conditions”)."” It is obvious that
these reactions are unpractical and highly inefficient not only in
the laboratory but also in an industrial environment, where
throughput is money and long reaction times and large
amounts of solvent are unacceptable, not only from an
economic point of view but also from the prospects of green
chemistry and sustainability.""”

Solid catalysts are preferred in industry because of their
easier handling and recovery, and the possibility of in-flow
processes. For the successful implementation of a solid catalyst
in a given liquid-phase reaction, a certain dilution threshold has
to be overcome, otherwise the inherent diffusion limitations
imparted by the solid together with the high dilution, makes
the solid-catalyzed system unacceptably low active. This is the
reason why, to our knowledge, solid-catalyzed macrocyclization
reactions have not been reported yet, despite the need of
improving the throughput for these reactions was early
recognized, and solid-phase reagents were employed."? There-
fore, the discovery of a highly concentrated macrocyclization
reaction will incidentally enable the use of solid catalysts and
the design of catalytic macrocyclization reactions in flow.

Here we show a carbon—carbon bond-forming macrocycli-
zation reaction which operates at 1M concentration (5:1
solvent-to-substrate ratio) and employs, if desired, solid cata-
lysts. Figure 1 shows the synthetic strategy, which is based on a
Pd cluster-catalyzed Mizoroki-Heck reaction. Pd clusters catalyze
well the intramolecular but not the intermolecular Mizoroki-
Heck reaction of 1,2-disubstituted alkenes"***™ thus, in
principle, the macrocyclization reaction between the w-halide
and the internal alkene functional groups of the linear molecule
will occur without the necessity of dilution, since no intermo-
lecular reactions compete. Despite different Pd-catalyzed cross-
coupling reactions have been previously reported for macro-
cyclization reactions, all of them use concentrations between
<0.001 and 0.22M (in exceptional cases), including the
Mizoroki-Heck,™  Stille,"® Suzuki-Miyaura,"” Sonogashira,’'®
Tsuji-Trost,"® and C—H activation reactions.”® In all these
examples, the intermolecular couplings still occur with the Pd
catalyst and under the reaction conditions employed. In
contrast, the ligand-free Pd,, cluster here reported facilitates
the selective intramolecular coupling between the C— and C=C
bonds of the macrocycle, after coordination to different Pd
atoms of the cluster, without the entropic and steric penalties
associated to closed-shell monoatomic Pd complexes. In this
way, the macrocyclization Mizoroki-Heck reaction occurs effi-
ciently at high concentrations and enables the use of solid-
supported Pd,, clusters as recoverable catalysts for the
reaction.
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Results and Discussion

Discovery of the Mizoroki-Heck macrocyclization reaction at
1M concentration and optimization of the reaction
conditions

The linear w-iodide cinnamate 1a was prepared by esterifica-
tion of cinnamic acid with 1,3-propanediol and later benzylation
with o-iodobenzyl bromide (see Supporting Information for the
synthesis of substrates). Isolated 1a was then tested in the
intramolecular Mizoroki-Heck reaction with different typical Pd
catalysts, under the optimized reaction conditions for each
catalyst.”” Table 1 shows that none of the Pd complexes tested
catalyzed, in our hands, the macrocyclization reaction of 1a at
0.1TM concentration (entries 1-6), but just the dehydrohaloge-
nation reaction to give product 3a. In contrast, Pd;, clusters
gave macrocycle 2a in 76% yield (entry7). It is worth
commenting here that the Pd complexes tested in entries 1-6
were also ineffective under the reaction conditions in entry 7,
provided that Pd,_, clusters are not formed. Remarkably, the
good vyield for 2a was kept after increasing the reaction
concentration from 0.2M to 1M (entries 8-10), to get a 66%
yield of 2a at 1 M concentration. This result corresponds to a
macrocyclization efficiency index (E.., defined as log,lyield
(%)® concentration (mmolL™")]) =8.46, among the highest in the
literature.?? The Pd,, cluster catalyst can be either formed in-
situ  or prepared independently and added to the
reaction."*"'*! The dimerization of 1a was not observed
according to gas-chromatography mass-spectrometry (GC-MS)
and 'H and "C nuclear magnetic resonance (NMR) spectro-
scopy, and also to distortionless enhancement by polarization
transfer (DEPT) measurements. The only by-product found was,

Table 1. Macrocyclization Mizoroki-Heck reaction of linear w-iodide cinna-
mate 1a to macrocycle 2a catalyzed by different Pd complexes and Pd,_,
clusters.”

o

o
o/j
Pd ca!alyst (2 mol%) O

/D Optlmlzed solvent, base and T \ 7 2a
o

for each catalyst, 20 h

womo/j@
3a H

Entry Pd catalyst Reaction Yield™ [%]

conditions [molL™"] 2a 3a
1 Pd(OAc), Cy,NMe," 0.1 - 10
2 Pd(PPh,), toluene, 2 70
3 PdCl,(PPh,), 100°C 6 83
4 Pd(OAc),, SPhos - 20
5 Najera’s Catalyst 10 90
6 PEPPSI-Pr-pd* 3 80
7 Pd,, Na,CO, 0.1 76 24
8 (2 equiv.), 0.2 84 16
9 NMP,! 0.5 69 31
10 140°C 1 66 34

[a] The structure of the Pd complexes are shown in Figure S3, mass
balances are >99% in all cases; see Table S1 for reaction optimization
with Pd;, clusters. [b] Isolated yields. [c] Cy,NMe: dicyclohexylmeth-
ylamine. [d] PEPPSI-Pr—Pd: [1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene](3-chloropyridyl)palladium(ll) dichloride. [e] NMP: N-methyl pyrroli-
done.
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again, dehalogenated cinnamate 3a, and mass balances were
>99% in all cases. The best yields of 2a were obtained with N-
methyl pyrrolidone (NMP) as a solvent and Na,CO; as a base,
however, other bases and solvents can also be employed
(Table S1). In particular, the use of N,N-diisopropylamine (DIPEA)
as a base enabled a one-pot procedure (see ahead).

With the above results in hand, different macrocyclization
reactions catalyzed by in-situ formed Pd,, clusters were carried
out. Some nanoparticles can be formed together with the
ultrasmall clusters, however, the former does not catalyze the
Mizoroki-Heck reaction under these reaction conditions."*
Figure 2 shows that different macrocycles with eleven (2a-c)
and fifteen atom membered rings (2d-e) could be synthesized
from the corresponding linear substrates 1a-e in moderate to
good yields at reaction concentrations between 0.1 M and 1M,
without significant yield decrease when increasing the reaction
concentration. An E,,,=8.69 is obtained for 2d at 1M
concentration, which is, to our knowledge, the highest reported
to date.” The corresponding dehalogenated by-products 3a-
e complete the mass balance. Nitro and methoxy substituents
are tolerated during reaction, and other different functional
groups are expected to be also tolerated under these typical
Jeffery-type reaction conditions.”

Pd(OAGC), (2 mol%) o
R
A T Oﬁ\O = Pdj 4 clusters 7 I\ Qo
| | LA, 70
Z 7N NMP, TPAB \__o n
Na,CO; 3 h
n=3-7 428, // =
o, P ome 9
/ O/j MeO / O/j
—"0 SN
J W
2b 2¢
Conc. Yield| Conc. Yield Conc. o | Yield
"N | | TCY e | | g [TCCY e |
0.1 120 | 70 0.1 57 0.1 56
0.1 76 0.2 43 0.2 49
0.1 130 84 0.5 140 35 0.5 140 50
0.2 77 1.0 30 1.0 59
0.5 140 | 69
1.0 66
O ome P
T WY Y TR Ay
=~ O &S (6)
W \
2d 2e
Conc. T Yield Conc. T[°C] Yield
[M] [°C1] [%] [M] [%] |
0.1 45 0.1 50
0.2 64 0.2 49
0.5 140 89 0.5 140 52
1.0 79 1.0 55

Figure 2. Synthesis of macrocycles 2 a-e with Pd,_, clusters at 0.1-1M
reaction concentrations. GC yields.
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Expanding the scope with one-pot reactions

In order to avoid the synthesis and isolation of the precursors
1a-e, the macrocyclization reaction was performed in one-pot
from the corresponding cinnamate precursors, and the results
are shown in Figure 3. It can be seen that the incorporation of
the iodide moiety to the cinnamate part occurs without any
solvent in the presence of DIPEA as a base, to give
intermediates 1a-i. Then, the Pd precursor, tetrapropylammo-
nium bromide (TPAB) and NMP are added to the solution to
generate the Pds, clusters, and the reaction is run in the same
reaction conditions as with the isolated linear cinnamates 1a-e,
to give macrocycles 2a-i in reasonable isolated yields. These
yields are in most cases better compared to the two steps
procedure (compare Figures 2 and 3). For instance, product 2b
increases from 30% in the two steps procedure to 55 % yield in
the one-step procedure. It is true that the substrate scope here
shown is narrow and, for instance, if the aryl group is not
present in the alkene, the reaction does not proceed, however,
this intramolecular Mizoroki-Heck coupling is, to our knowl-
edge, an unique example of macrocyclization reaction at 1M
concentration.

1) o-lodobenzyl bromide o
DIPEA, 150 °C, 2 h Ar— ())
n

(0]
Ar/\)J\O'@;OH
2) Pd3 4 clusters [from 2 mol% Pd(OAc),)],

n=2-7 TPAB, NMP (1 M), 140 °C, 3 h

O/j No, P ome ©

O G0 w3

o8 o N
2a (70%)

2b (55%) 2c (63%)

(e}
O / /\/\o oo Q / /\/\O O
oN o8 g

2d (74%) 2e (52%)
2f (40%)
2g (63%) 2h (54%) 2i (44%)

Figure 3. One-pot synthesis of macrocycles 2 a-i with Pd,_, cluster catalyst at
1 M reaction concentrations. Isolated yields.
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Reaction mechanism
Dehalogenation by-reaction

The origin of the dehalogenated compound 3a was then
studied. The wuse of isotopically enriched N,N-dimeth-
yldeuteroformamide (d-DMF, Figure S4) did not give any
deuterated product d’-3a, which discards the transfer of H
atoms from the solvent to the arene under the Pd-catalyzed
reaction conditions. In contrast, the use of thoroughly dried
solvents and Na,CO, lowered the amount of 3a after reaction,
which strongly supports a hydrodepalladation reaction as the
origin of the dehalogenated compound 3a (Figure S5).2* Please
notice that the presence of H,O is beneficial for the stabilization
of Pd,_, clusters," thus it is very possible that by-product 3a
comes from hydrated Pd; , species. To confirm this, kinetic
experiments were carried out in the presence or not of TPAB,
and the results show that both the macrocyclization and
dehalogenated products 2 and 3 are formed by the catalytic
action of the TPAB-stabilized Pd clusters and not from neither
monoatomic Pd species nor nanoparticles (Figure S6). Indeed,
the addition of D,O to the reaction triggered the formation of
deuterated compound d’-3a (Figure S7). These results strongly
support that the dehalogenated product 3a comes from a
parasite Pd,_,-catalyzed dehydrohalogenation reaction, which
nevertheless can be decreased to a reasonable low extent by
excluding water from the reaction mixture.

Alkene insertion as a key step during reaction and role of the
oxygen atoms

The rate equation for the macrocyclization of isolated 1a was
obtained on the basis of the initial rates calculated by kinetic
experiments at different reagent and catalyst concentrations,
and the result showed that the initial reaction rate follows the
equation r,,, =Ko, [Pd]'-[1a]'-[Na,CO,]° (variables correspond
to an experimental constant and the concentration of catalyst
and reactants, respectively), thus linearly dependent on the Pd
and reactant amounts but independent of the base concen-
tration. This rate equation is in good agreement with previous
mechanistic studies for this catalytic system where the rate-
determining step of the Mizoroki-Heck reaction is alkene
insertion." If this is so, base quenching and Pd re-oxidation will
not have any influence in the reaction rate since these chemical
events occur after alkene insertion, at later stages during
reaction. To confirm this mechanistic hypothesis, two new
experiments were performed. First, an O, balloon was fit to the
reaction mixture, and O, did not produce any change in the
reaction outcome. Second, the comparatively electron-richer
alkene 7-tetradedene was added to the reaction mixture, which
completely stopped the Mizoroki-Heck coupling (Figure S8).
These results indicate that a potential late re-oxidation of Pd in
the catalytic cycle does not change the reaction rate but, in
contrast, the addition of an external alkene blocks the Pd,,
clusters action, thus the alkene insertion step is critical in the
reaction rate. To further confirm that the alkene insertion and

ChemSusChem 2023, 16, 202300200 (4 of 8)

not the oxidative addition step is rate-determining for the
reaction, the rate equation for the dehalogenated product 3a
was also calculated (on the same basis than above), to give
Fo3a=Keq-[Pdl'-[1a]°-[Na,CO,]°. This equation rate shows that
the cross-coupling between isolated 1a and H,O are not
dependent in 1a but only in the Pd amount. In other words, if
the oxidative addition of 1a on the Pd;, clusters is not
controlling the coupling with H,0 and we assume that this
oxidative addition is similar for the Mizoroki-Heck reaction, we
may conclude that the alkene insertion step is controlling the
latter. Besides, the reaction rate varies significantly when
changing the electronics of the cinnamate ring, thus further
supporting alkene insertion as the determining step of the
catalytic cycle (Table S2).

The activation energy calculated for the macrocyclization
reaction with an Arrhenius plot, of either isolated 1a or 1d, is
similar (~36 kcalmol™), but much higher that when a six-
membered ring is formed (compound 1f, 5.0 kcal mol™!, see
Figure 59)."¥ These activation energy values keep similar for the
formation of the corresponding dehalogenated products 3a
and 3d (~38kcalmol™', FigureS9). Thus, these results are
consistent with the similar yields found for different chain
lengths and with the fact that the dehalogenation reaction
easily competes with the Mizoroki-Heck coupling.

The role of oxygen-coordinating atoms for the Pd catalyst
was then examined. Methyl cinnamate does not react with o-
iodobenzyl methyl ether under the optimized Mizoroki-Heck
reaction conditions, but indeed does with p-iodobenzyl methyl
ether, to give the corresponding p-Mizoroki-Heck intermolecular
coupling product in high yields (Figure S10). The fact that the
intermolecular Mizoroki-Heck coupling only proceeds when the
carbon atom (C-l) is away (para position) from the ether
moiety, strongly indicates that the presence of coordinating
oxygen atoms in the starting materials 1a-l somehow assists to
stop the intermolecular coupling, thus triggering the selective
macrocyclization reaction. Notice that the oxidative addition of
the C—l bond to the Pd clusters occurs in both cases, since the
o-substituted reactant gives the homocoupling and dehalogen-
ated products in high yields. The coordinating oxygen atoms
are not only those on the ether substituents but can also be
those on the cinnamate ester, which is indicated by the slight
decrease in yield when increasing the alkyl chain from 2g to 2i.

Computational studies

A detailed computational analysis by density functional theory
(DFT) calculations was then performed to gain insight into the
alkene insertion step, as key of the reaction. The transition
states of 1a with Pd; and Pd, clusters show that the
coordination of the Pd atoms to the sp® oxygen atom of the
ester group gives the more stable configuration when the atom
of iodine is present (1a-Pdsl), as shown in Figure 4 (see
Figure S11 for the corresponding energy profiles). This 1a-Pd;l
species is favored vs the Pd, cluster (1a-Pd,l) by AAG™ = +
5.8 kcalmol™' (change of Gibbs free energy in the transion
state) and vs the corresponding de-iodinated species (1a-Pd,

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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1a-Pd, 1a-Pd,| 1a-Pd,

+
AG =+34.4 NG =+273 86 =+39.1

AG =+4215

Figure 4. Transition states and energy values (in kcal mol™) for Pd,_, and
Pd, I clusters. Geometry optimizations and calculations of electronic
energies were performed using: B3LYP/6-311+G(d,p), LANL2DZ for Pd level
(gas phase) at 413.15 K. Color code: Pd (blue), | (magenta), O (red), C (grey)
and H (white).

and 1a-Pd,) by AAG™= +4.7 kcalmol™'. For the latter, ether-
rather than ester-linked structures are formed, in such a way
that the most stable coordination modes of 1a with Pd; and
Pd, clusters, without iodine, involve the sp® oxygen of the ether
group and the C=C bond. Other different potential transition
states for Pd; and Pd, clusters, with and without the iodine
atom, were computed (Figures S12, S13), with higher energies
in all cases. For example, the stabilization of transition states by
m-stacking (Figure S14) or ipso-substitution with the aromatic
rings of 1a (FigureS15) showed AAG™ =~ +27-39 and
+72 kcalmol ™, respectively.

The difference in the preferred coordinating mode can be
explained by the fluxionality of the Pd,, clusters when joint to
the iodine atom. The optimized length of the C—C bond being
formed during alkene insertion is similar for Pd; and Pd,
clusters, ~2.1 A in both cases, but the different number of
additional interactions that can be found between the Pd
cluster, the iodine atom and 1a leads to different values of
activation energies. 1a-Pd;l shows an additional interaction of
the Pd atom with the ether group which is not present in 1a-
Pd,l, however, both intermediates could be catalytically
productive. Indeed, the experimental activation energy result
(~ 437 kcalmol™, see Figure S9) must be an average of the
different catalytically active Pd species in solution (mainly Pd,_,
and perhaps other Pd clusters with higher atomicity), thus the
experimental and computational values approach, within the
margin error of the computed values. Besides, for both Pd; and
Pd, clusters, two different Pd atoms interact with C,,, atoms in
the more favorable transition states. In this way, the intra-
molecular reaction is favored over the intermolecular reaction
on the Pd;l cluster with an energy difference of 13.2 kcalmol™
(Figure S16), which explains why the intramolecular reaction
occurs preferentially on the 1 M concentrated medium.

Since the iodine atom can be removed from the cluster
before or after the beta-H elimination step, both hypotheses
were considered. The energy profile calculated for the Pd;l
cluster where the removal of the iodine atom occurs first to the
formation of the C—C bond (Figure S17, left), is disfavored
respect to a transition state that keeps the iodine coordinated
with Pd; (+34.5 vs. 21.5 kcalmol™, respectively). The same
calculations were then performed for the Pd,l cluster (Fig-
ure S18, right) and the results were similar, with a higher energy
associated to the cluster that first dissociated the iodine atom

ChemSusChem 2023, 16, 202300200 (5 of 8)

(439.1 vs 27.3 kcalmol ™, respectively). In order to discard that
single Pd atoms (Pd,), formed in-situ during reaction, could act
as potential catalysts, and also to further understand the
relative energies associated to a variety of Pd species of
different atomicity, the energy associated to the more favorable
transition state during alkene insertion based on Pd,; species
was computed. The high energy of the 1a-Pd, transition state
(+44.5 kcalmol™', Figure S18) supports the assumption that a
fluxional group is necessary for the alkene insertion reaction to
occur.

These results, together, support that iodinated Pd;_, clusters
are responsible for the first C—C bond-forming reaction.”

Proposed mechanism

With all the above data in hand, Figure 5 shows our proposed
mechanism for the macrocyclization Mizoroki-Heck reaction
catalyzed by Pd,, clusters, in this case for the transformation of
1a to 2a as a representative example. The mechanism follows
the canonical steps of any Mizoroki-Heck reaction, i.e. oxidative
addition, alkene migratory insertion and reductive elimination.
However, in contrast to other type of Pd catalysts, the multiple
coordination of oxygen atoms to the Pd cluster and the
flexibility of the latter to concomitantly bear the reacting
chemical entities (iodide, alkene and H) on different Pd atoms,
is key for the successful cyclization at high concentration. The
rate-determining step is the intramolecular alkene migratory
insertion. In this way, undesired intermolecular reactions are
avoided. This mechanism is supported by kinetic, energetic,
reactive, isotopic and computational data.

starts here

o
. e N
Hi/Base ﬂ ©A)J\ 0 oé@

Oxidative
Pds 4 cluster Addition

A f\ (9]
' O
Ligand-free X
Pd precursor ©/\)\ 0
|

Alkene
coordination

(0]
Rate-determining %O
|

step |

n-Complex

-

Alkene insertion

Pd-c intermediate

Figure 5. Proposed mechanism for the Pd;_, cluster-catalyzed synthesis
macrocycle 2a at 1M concentration.
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Solid catalysts and macrocyclization in flow

A 1M concentration reaction is suitable for employing solid
instead of soluble catalysts, since diffusion limitations do not
significantly control the reaction at this concentration. Thus, the
use of supported Pd clusters was evaluated. The solid catalysts
were prepared by the iodine disaggregation method previously
reported by us and others,”® to obtain very small Pd clusters on
different supports. Table 2 shows the results. Low polar solvents
(alkanes and aromatics) were tested since more polar solvents
lead to metal leaching. It can be seen that the best results were
obtained with Pd on charcoal (Pd;_/C) catalyst and o-xylene as
a solvent (entry 6), to give a 40% yield of 2a, with nearly the
rest (55%) being dehalogenated product 3a. The latter is the
major product in all the conditions tested, even with thoroughly
dried solvents, since reactive water must remain on the
different supports. Notice that, in homogeneous solution, water

Table 2. Solid catalyst, solvent and temperature screening for the macro-
cyclization Mizoroki-Heck reaction of linear w-iodide cinnamate 1a to
macrocycle 2a.”

Entry  Catalyst Isource  Pd”  Solvent T Yield [%]
[’Cl] 2a 3a
1 Pd,_/C 1, 35 n-hexane 60 0 0
2 dodecane 130 3 7
3 toluene 100 5 10
4 mesitylene 100 10 30
5 150 15 40
6 o-xylene 100 40 55
7 130 10 90
8 Etl 3.8 100 16 50
9 Pd,_/ALO, R 0.8 1 10
10 Etl 0.9 3 16
11 Pd NPs/C - 5.0 6 76
12 Pd NPs/ALO, - 1.0 210

[a] Reaction conditions: Pd (20 mol%), solvent (1 M), Cy,NMe (1.5 equiv-
alents) as a base, 24 h reaction time. [b] wt% in the solid, measured by

ICP-AES after disaggregation of the solid in aqua regia and filtration.

n = Flow reaction

8 ]

Yield 2a (%)

8

10

0 T T T T T
0 10 2 30 40 50

Time (h)

Figure 6. Macrocyclization in flow with Pd,_,/C as a solid catalyst. Reaction
conditions: linear w-iodide cinnamate 1a, o-xylene (0.5 M), Cy,NMe

(1.5 equivalents); 0.1 mLh™" of flow speed, 1 g of [Pd(NCs)/C (3.8 wt.% of Pd)
pelletized with SiO, (50:50 in wt%)]. The pelletized material (0.2-0.4 pm)
was introduced in a '/, inch wide and 23 cm long tubular reactor. Error bars
account for a 5% uncertainty.
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can be easily removed by completely drying the solvent,
however, the solid catalyst cannot be dried so extensively since
the supported Pd clusters would agglomerate. Pd nanoparticles
(NPs) gave <6% of product 2a (entries 11 and 12) under
optimized reaction conditions, at 1M concentration.

A hot filtration test confirmed that Pd,,/C acts as a truly
heterogeneous catalyst and that active Pd species are not
present in solution (Figure S19). With these results in hand, we
tested Pd;,/C as a solid catalyst for the macrocyclization
Mizoroki-Heck reaction in flow. The reaction was performed in a
fixed-bed reactor containing the Pd,,/C catalyst under a
continuous flow of reaction mixture. Figure 6 shows that a 40%
yield of product 2a is formed after 30 min reaction time, and
then the yield increases to 55 %. However, we were not able to
increase the yield of 2a above 55%, and the yield decreased
back to 40% after 50 h on stream.

Nevertheless, this result must be remarked since, to our
knowledge, this is the first example of solid-catalyzed macro-
cyclization reaction in flow.

Conclusions

Few atom Pd clusters catalyze the macrocyclization Mizoroki-
Heck reaction at 1M concentration in good yields. Solid Pd
catalysts can also be used for this robust macrocyclization
reaction based on the irreversible formation of a C=C bond,
either in batch or in flow. Mechanistic studies support a
canonical Mizoroki-Heck pathway where alkene insertion is the
key step and multiple oxygen-atom coordination and Pd-iodine
cluster flexibility allows to avoid intermolecular reactions. The
significant advancement of this work is the use of relatively
high concentrated reaction conditions for a metal-catalyzed
macrocyclization reaction, which can now be run in flow. The
results here presented open new avenues to the design of
macrocyclization reactions under concentrated reaction con-
ditions, with obvious operative, economic and environmental
advantages.””

Experimental section

General procedures to prepare macrocycles. Two-step
procedure

In a 2 mL glass vial equipped with a magnetic stir bar, 0.127 mmol
of the corresponding o-iodoaryl cinnamate, 0.127 mL of NMP (1 M),
0.2 mmol of Na,CO;, 0.1 mmol of tetrapropylammonium bromide
and palladium acetate (2 mol%) were added. The mixture was
placed in a pre-heated oil bath and magnetically stirred at 140°C.
Aliquots (3 pL) were periodically taken out, diluted in a solution of
the internal standard in dichloromethane, and analyzed by CG.
After 3 h, the reaction mixture was cooled, 4 mL of water were
added and the mixture was extracted with 3 mL ethyl acetate (three
times), washed with brine and dried over magnesium sulfate.
Products were purified by flash chromatography in a n-hexane:
ethyl acetate (5:1) mixture as an eluent. One-pot procedure: o-
lodobenzyl bromide (53.4 pL, 0.45 mmol), DIPEA (149 pL, 0.9 mmol),
and the corresponding ester (6a—g or 7a-b, 0.3 mmol) were

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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charged in a reaction vessel under nitrogen. The mixture was
heated at 150°C (oil bath) for 2 h. After the starting material was
completely consumed, 0.3 mL of NMP (1 M), 0.03 mmol of tetrapro-
pylammonium bromide and palladium acetate (2 mol%) were
added. After 3 h, the reaction mixture was cooled, 8 mL of water
were added and the mixture was extracted with 6 mL ethyl acetate
(three times), washed with brine and dried over magnesium sulfate.
Products were purified as above.

Procedure for the macrocyclization reaction of 1a with
heterogeneous catalysts in batch

In a 2 mL glass vial equipped with a magnetic stir bar, 0.127 mmol
of 1a, 0.127 mL of o-xylene (1 M), 0.2 mmol of Cy,NMe and Pd,_,/C
(20 mol %) were added. The mixture was placed in a pre-heated oil
bath and magnetically stirred at 100°C. Aliquots (3 uL) were
periodically taken out, diluted in a solution of the internal standard
in dichloromethane, and analyzed by CG. After 20 h, the reaction
mixture was cooled, 4 mL of water were added and the mixture
was extracted with 3 mL ethyl acetate (three times), washed with
brine and dried over magnesium sulfate, to give the desired
macrocycle product 2a.
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