Downloaded via UNIVERSIDAD DE VALLADOLID on October 23, 2024 at 09:31:54 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IENAPPLIED
POLYMER MATERIALS

This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/acsapm

Microporous Polymeric Networks Containing a Long-Term Stable
Au' Catalyst for Enyne Cyclization

Sandra Rico-Martinez, Adridn Ruiz, Beatriz Lopez-Iglesias, Cristina Alvarez, Angel E. Lozano,
and Jesus A. Miguel*

Cite This: ACS Appl. Polym. Mater. 2024, 6, 2453-2463 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

= " Homogeneous ‘
’F’J Au' Carbene Catalyst N\ -
b - High catalytic performance v~ \ u
(7., - Short-term stability (up to 3h) X |
F F Au' decomposition X /

ABSTRACT: Two microporous polymer networks having a
confined Au' carbene catalyst were obtained and tested for the
skeletal rearrangement of enynes. These catalysts were obtained
from precursor porous organic polymers (POPs), a type of
microporous polymer network, synthesized by the reaction of isatin
or a mixture of isatin/trifluoroacetophenone (1:1) with triptycene

|1,6-Enyne Cyclization Reaction ‘

(POP1 and POP2, respectively) through an electrophilic aromatic HETETaR el
substitution, EAS, reaction promoted by trifluoromethanesulfonic \ POPs Au' Carbene Catalyst > g
acid. These precursors could be easily functionalized through the V - High catalytic performance

- Outstanding long-term stability
I (up to 672 h) V"4~

Au(l) survival v

lactam moiety to form Au' carbene catalysts (POP1-AuCarbene and
POP2-AuCarbene). The confined carbenes proved to be very active
for the skeletal rearrangement of dimethyl 2-(3-methyl-2-butenyl)-2-
propinylmalonate enyne. A large increase in the stability of the Au'
catalysts was observed compared to those of most of the homogeneous catalysts described so far in the bibliography. This long-term
stability was associated with the separation of Au' atoms, induced by their confinement in the microporous networks. In particular,
POP2-AuCarbene exhibited outstanding long-term stability, maintaining catalytic activity even after several months.

KEYWORDS: porous organic polymers, Au' catalyst, Au' stability, confined catalyst, enyne cyclization

1. INTRODUCTION for preparing POPs by polycondensation reactions made by
electrophilic aromatic substitution (EAS) between a ketone
presenting electron-withdrawing groups and trifunctional rigid
aromatic monomers. The resulting POPs presented high
microporosity, with Brunauer—Emmett—Teller (BET) surface
areas of up to 800 m> g™', and outstanding thermal stability
(superior to 450 °C).** These POPs have also proven to be
good supports for heterogeneous catalysts.””*°

Looking at a specific field of catalysis, in the last 2 decades,
Au' complexes have emerged as exceptional catalytic
materials”’ ~>' for the activation of alkynes’>”’ and, in
particular, enynes,3'4_40 which has permitted the obtainment
of a wide variety of cyclic products used in synthetic chemistry
as starting compounds.*’ Au' complexes, of the [AuXL] type,
are usually used for these reactions, which in the presence of a
Ag salt, acting as a halide extractor, leads to the formation of a
naked gold [AuL]® that acts as a very soft and active
electrophile. This synthetic methodology requires an auxiliary

The design of catalysts for organic synthesis that are more
efficient, have a low environmental impact, and, at the same
time, are very stable over time and in a large number of
processes is highly demanded by chemical industries. In
addition, in the case of organometallic catalysts, it is also
necessary, especially when the synthesis is aimed at obtaining a
pharmaceutical compound in which leaching of the metal is as
low as possible for both medical and economic reasons. One of
the most interesting approaches, particularly when the goal is
to reduce certain drawbacks, is to design and obtain materials
of heterogeneous nature, ie., using a catalyst supported or
embedded in an insoluble material in the reaction medium,
which will improve the recovery after the reactive process.

A wide variety of materials have been employed as
heterogeneous catalysts, such as zeolites,' polymeric resins, >’
oxides, ™ silicas,” ™’ metal—organic frameworks (MOFs),'*!!
covalent—organic frameworks (COFs),'”'* or porous organic
polymers (POPs).'*™*° Contrary to MOFs and COFs, which
are crystalline, POPs are amorphous materials, which results in
a wider distribution of the pore size. In this context, POPs have
gained attention in many applications such as gas storage,”’
separation,”” and catalysis™® due to their high specific surface
areas, tunable pore size, and easy functionalization.'®**
Recently, our group has developed a low-cost methodology
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ligand L able to stabilize the Au' system under the conditions
in which the catalysis takes place. For this reason, the [AuXL]
complexes used in catalysis require a strong ligand
[phosphines, N-heterocyclic carbenes (NHCs),*”** etc.] that
stabilizes the metal center. As an alternative to conventional
Au' NHCs, hydrogen-bond-supported heterocyclic carbenes
(HBHCs)* are suitable ligands because they are easily
achieved by a mere nucleophilic addition of primary amines
to isocyanides, which shows a great advantage over the
complicated preparation of NHCs obtained by transmetalation
from Ag. In a comparative study,45 it was observed that N-
acyclic carbenes (NACs)*® were also valid for the skeletal
rearrangement of 1,6-enynes, similar to HBHCs, showing the
advantage of an easy modulation of their steric and electronic
characteristics, which has given rise to an intense search of Au!
catalysts that can be obtained by employing these preparation
methods.””** Chart 1 shows the types of Au' carbene
complexes.

Chart 1. Types of Au' Carbene Complexes

Ri Ho =
N N@ NHR
cl—Au—< ] cl—au=( N / cl—Au~
N N-H NR’,
Ry R
NHC HBHC NAC

It is well-known that, in the majority of catalysts with Au™
based systems, decomposition to Au’ (after extraction of the
halide in the absence of reducing agents) is observed, and
therefore the loss of catalytic activity. The reduction occurs
due to the disproportionation of three Au' atoms to give two
Au’ and one Au atoms, a reaction that was known’ and has
been used in the synthesis of some Au carbenes.”’™

Despite the fact that the homogeneous-catalyzed cyclization
of 1,6-enynes has been extensively studied, this reaction has
been marginally studied in heterogeneous conditions. How-
ever, it has been proven that when the catalyst is immobilized
into a polymer, the product selectivity differs significantly
compared to that of a homogeneous catalyst.”® These results,
added to the easy recovery of the catalyst, are a promising
solution to green and sustainable development in the chemical
industry. %37

In this work, we report the formation of a catalytic Au'
material where a NAC has been confined into microporous
polymer networks. POPs have shown great efficiency as
heterogeneous catalysts, thanks to properties such as their high
microporosity, and when a polymer material has been chosen,
they show excellent thermal and chemical stability.”®
Essentially, the simplified approach employed in this work
consisted of making a heterogeneous catalytic Au' NAC by
anchoring it onto a lactam group present in micro-POPs by
using an ethylenic spacer between both moieties. The catalytic
properties of these Au' materials were evaluated for the
cyclization of 1,6-enynes. Confining the catalyst into a network
polymer would allow its use in greener and environmentally
friendly processes.sg More importantly, the carbene molecules
anchored inside the polymeric network will be sufficiently
separated, which would prevent an approach between the Au'
atoms, leading to a decrease of Au! degradation and
consequently to a great improvement of the catalyst stability
over time.'* This fact is crucial because, although these
organometallic catalysts are exceptionally good for a wide
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variety of catalytic processes, the existence of disproportiona-
tion processes between Au' atoms severely limits their use in
industry.”

2. EXPERIMENTAL PART

2.1. Materials. All reactions were performed under dry N,. The
reactions using Ag salts were carried out shielded from light. N-(2-
Bromoethyl)-2-phthalimide was prepared as described in the
literature.””®" Chloro(tetrahydrothiophene)gold(I) ([AuCI(THT)])
was synthesized according to the reported methodology.®” The rest of
the reactants are commercially available. Isatin (1H-indol-2,3-dione,
98%) and trifluoroacetophenone (TFAP, 97%) were purchased from
Alfa Aesar. Fluorobenzene (FBenz, 99%) and trifluoromethanesul-
fonic acid (TFSA, 99%) were purchased from FluoroChem.
Triptycene (TRP, 97%) was purchased from ABCR. Formic acid
(98%) was purchased from PanReac. Triethylamine (NEt;, 99%) and
triphosgene (99%) were purchased from Acros. Dimethylamine
(solution 2 M in tetrahydrofuran) and tosyl chloride (99%) were
purchased from Alfa Aesar. N-Methylpyrrolidine anhydrous (99%),
chloroform anhydrous (CHCl;, 99%), and toluene anhydrous (99%)
were purchased from Sigma-Aldrich. Hydrazine hydrate (analytical
reagent grade) was purchased from Fisher Scientific.

2.2. Techniques. The NMR spectra were recorded with Bruker
Avance 400 Ultrashield, Varian 400-MR, and Varian 500/54 Premium
Shielded instruments at 25 °C by using CDCl; and CD,Cl, as
solvents. The elemental C, H, and N analyses were carried out on an
Elemental Carlo Erba 1108/combustion chromatograph. Fourier
transform infrared (FT-IR) spectroscopy was performed with a
PerkinElmer Frontier spectrometer coupled to a Pike GladiATR-210
accessory. Solid-state (SS) '3C cross-polarization magic-angle-
spinning NMR (CP/MAS "*C NMR) spectra were recorded on a
Bruker Advance 400 spectrometer equipped with an 89 mm wide bore
and a 9.4 T superconducting magnet. The spectrometer was operated
at a Larmor frequency of 100 MHz by using a contact time of 1 ms
and a delay time of 3 s. All samples were spun at 11 kHz.
Thermogravimetric analysis (TGA) was performed on a TA Q-500
thermobalance under a N, atmosphere (60 mL min~'). Dynamic
TGA was carried out using the Hi-Res method (sensitivity and
resolution parameters 1 and 4, respectively), ramping at 20 °C min™"
from 30 to 850 °C. Scanning electron microscopy (SEM) images were
taken with a Quanta 200 FEG ESEM microscope (FEI, Hillsboro,
OR) on Au-metallized samples operating at an acceleration voltage of
1.5 kV under high vacuum and using the detection of secondary
electrons method. Transmission electron microscopy (TEM) images
were acquired with a JEM 1011HR apparatus operating at an
acceleration voltage of 100 kV. The Au content was determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES),
carried out with a Varian 725-ES Radial Simultaneous Radial ICP-
OES atomic emission spectrophotometer. Additionally, the Au
content was also determined by dynamic TGA under an air
atmosphere, taking the residue at 850 °C, ramping at 20 °C min™"
from 300 to 850 °C. Porous texture characterization of the polymers
was carried out from their N, adsorption—desorption isotherms
measured at —196 °C in a ASAP 2010 volumetric device
(Micromeritics) in the 1075—0.995 relative pressure (P/P,) range.
The minimum equilibrium time (for both adsorption and desorption)
was 300 s. Samples were degassed at 125 °C for 18 h, under vacuum,
before sorption measurements, to obtain the apparent surface area
(Sper) by applying the BET method in the 0.01—0.2 P/P, range, the
micropore volume (V,.,) using the Dubinin—Radushkevich
equation in the 0.005—0.1 range, and the total pore volume (Vi)
as the volume of liquid nitrogen adsorbed at 0.975 relative pressure.
X-ray diffraction (XRD) was determined by an Agilent Supernova
diffractometer with an Atlas CCD area detector. Data collection was
performed with Mo Ka radiation (4 = 0.71073 A) or Cu Ka radiation
(4 = 1.54184 A). Data integration, scaling, and empirical absorption
correction were carried out using the CrysAlisPro program package.®®
The structures were solved using direct methods and refined by full-
matrix least squares against F* with SHELX in OLEX2.°* The non-H
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Scheme 1. Synthesis of Precursor Polymers POP1 (A) and POP2, (B), Model M1 (C), and Heterogeneous (A and B) and
Homogeneous (C) Au Catalysts”
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“The numbers next to the monomer structures indicate the number of moles employed in the reaction.

Scheme 2. Conversion of Precursors to AuCarbene Catalysts
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atoms were refined anisotropically, and the H atoms were placed at
idealized positions and refined using the riding model. Refinement
proceeded smoothly to give the residuals shown in Tables S3—S8

(section S4). Crystallographic data for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as Supplementary publications with the deposition numbers
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Figure 1. TGA curves in a N, atmosphere of the precursor polymers and heterogeneous catalysts.

CCDC 2267959 (M1), 2267960 (M2), 2267961 (MS5), 2267962
(M6), and 2267963 (M7).

3. RESULTS AND DISCUSSION

3.1. Synthesis of Heterogeneous Confined Catalysis.
The precursor microporous polymer networks (POP1 and
POP2) were synthesized by a polycondensation reaction
(EAS-based reaction) between TRP and the isatin ketone (for
POP1) or an equimolar mixture of isatin/TFAP ketones (in
the case of POP2) in a stochiometric ratio, accordingly with
each functionalization (TRP:ketone ratio = 2:3), employing
TFSA as a promoter, as represented in parts A and B of
Scheme 1, respectively. The idea of making the copolymer
POP2 is to reduce the number of isatin groups (a 50% molar
ratio) in the macromolecular structure and, consequently, to
decrease the theoretical amount of Au' in the catalytic material,
obtaining a cheaper material and, more importantly, increasing
the distance between Au atoms, getting catalysts with long-
term stability. Additionally, to optimize the formation reaction
of the Au' catalyst into the polymer network and also to assess
the catalytic activity and stability of the structural unit, a
homogeneous model catalyst (M1) resembling the structure of
the precursor POP was prepared. M1 was synthesized by the
condensation reaction of isatin with 2 equiv of FBenz in the
presence of TESA, as shown in Scheme 1C.

Due to the presence of the lactam moiety of isatin, formed
during the EAS reaction, which has a relatively acidic H atom,
POPs could be easily functionalized,”*®° in a short number of
steps, to produce Au' carbene-confined catalysts. The chemical
structures of the final precatalytic materials (before extraction
of the halide) POP1-AuCarbene, POP2-AuCarbene, and M1-
AuCarbene are shown in Scheme 1 (parts A—C, respectively).
Functionalization of the precursor polymers into AuCarbene
materials was carried out by a straightforward and
regioselective multistep process, whose synthetic route is
represented in Scheme 2.

In the first stage (stage i), the lactam N—H group of the
precursor derivative, M1, POP1, or POP2, gave the protected
amine lactam-modified derivative 2 (phthalamide derivative)
by nucleophilic substitution, which presents the ethylenic
spacer. Then, hydrazine was employed to deprotect the

2456

phthalamide group, giving rise to the amine 3 (stage ii),
which was transformed into a formamide derivative 4,
employing formic acid (stage iii). Subsequently, isocyanide §
was formed from 4 by dehydration with triphosgene in the
presence of NEt; (in the case of the model) or tosyl chloride in
a pyridine medium (for polymer networks) (stage iv). By the
reaction of $ with [AuCI(THT)] in a 1:1 ratio, Aulsocyanide 6
was obtained (stage v). Finally, catalytic Au' carbene 7 was
prepared by the nucleophilic attack of 6 with dimethylamine
(stage vi). Details of the synthesis of the model and polymer
networks and their functionalization into the catalyst are
thoroughly described in section SI. The XRD structures of
M1, M2 (M1-Nprotected), M5 (M1-Isocyanide), M6 (Ml-
Aulsocyanide), and M7 (Ml1-AuCarbene) confirmed the
proposed structures in Scheme 2 and are represented in
section S2. Functionalization of the model into a AuCarbene
was quantitative, whereas those for the polymer and copolymer
were 63% and 46%, respectively, according to the Au content
determined by ICP-OES.

3.2. Characterization of the Au' Carbene POP
Catalysts (POP-AuCarbene). The precursor polymers,
POP1 and POP2, were obtained in practically quantitative
yields. The thermal stability of both polymer precursors was
very high, with the onset of the degradation temperature above
500 °C under a N, atmosphere, with carbonaceous residue
above 70% at 800 °C under a N, flow. The POPs-AuCarbene
catalysts showed lower thermal stability, around 200 °C, due to
the degradation of the catalyst carbene moiety, while the char
yield under a N, atmosphere remained high compared to those
of the precursors. As an example, Figure 1 shows the TGA
curves in a N, atmosphere of the POP precursors and the final
catalysts (POPs-AuCarbene). This figure shows, for both
catalytic materials, a weight loss between 200 and 425 °C,
which can be associated with degradation of the unit
incorporating the carbene. After this degradation, the materials
presented a behavior analogous to that observed in the
nonfunctionalized precursor polymeric networks. The TGA
results of all of the intermediate materials are shown in Figures
S27 and S28.

FT-IR and SS "*C NMR analyses confirmed the function-
alization of the precursors POPs. The FT-IR technique was
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Figure 2. FT-IR spectra of the POP precursors and final catalytic materials.
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Figure 3. CP/MAS 3C NMR spectra of precursor POPs and AuCarbene materials. *Spinning side bands.

critical for the synthesis procedure because the appearance or allowed us to know when the reaction had finished. As can be
disappearance of certain typical bands of functional groups seen in Figure S1 (for M1 modification), Figure S29 (for
2457 https://doi.org/10.1021/acsapm.3c02174
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POP1 modification), or Figure S30 (for POP2 modification),
each intermediate compound presents at least one relevant
signal in FT-IR. So, compound 2 (N-protected) presents the
typical band of C=0 coming from the phthalimide at ca. 1770
cm™". Compound 3 (amine), the product of deprotection, can
be followed by the disappearance of the phthalimide C=0
band. The amide compound 4 shows a band coming from the
carbonyl of formamide, at 1660 cm™. The N=C band of the
isocyanide derivative § appeared at ca. 2150 cm™', and it is
moved to ca. 2250 cm™' due to Au' coordination in
Aulsocyanide 6. Finally, AuCarbene 7 presents the disappear-
ance of the isocyanide band and the appearance of a C=N
vibration at ca. 1566 cm™'. As an example, Figure 2 represents
the FT-IR spectra of precursors M1, POP1, and POP2 and the
final catalytic materials M1-AuCarbene, POP1-AuCarbene,
and POP2-AuCarbene, in which the appearance of a band at
1566 cm™' can be observed as corresponding to the C=N
bonds.

SS *C NMR characterization was also useful for verifying
the chemical modification. Figures S31 and S32 show SS *C
NMR spectra from POPs to POPs-AuCarbene. As an example,
the CP/MAS *C NMR spectra of precursors POPs and the
final POPs-AuCarbene catalysts are represented in Figure 3, in
which two additional bands compared to pristine POPs at 165
ppm (C19, low intensity) and 48 ppm (C20 and C21) can be
observed, due to the C=N bonds and methyl groups,
respectively, coming from the carbene moiety. The additional
peak at 36 ppm (C17 and C18) is due to the methylene linkers
that connect the isatin with the carbene moiety.

The surface morphologies of microporous polymer networks
(precursors and AuCarbenes) were examined by field-emission

Figure 4. FE-SEM images of the precursors POPs and precatalyst
POPs-AuCarbenes.

SEM (FE-SEM) and are represented in Figure 4. TEM images
determined that the POP networks consisted of clusters of
small nanoparticles (less than 200 nm; Figure S33).

The porosity of the precursor POPs was determined by low-
pressure adsorption measurements using N, adsorption at
—196 °C. POP1 and POP2 showed specific BET surface areas
of 926 and 263 m* g, respectively. N, adsorption—desorption
isotherms measured at —196 °C for POPs and POPs-
Aulsocyanide are represented in Figures S34 and §,
respectively. These polymer networks showed a microporous
character and a significant hysteresis, which was more
remarkable for POP2 and the POP2-Aulsocyanide catalyst.
These types of isotherms have been reported for other
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Figure 5. N, adsorption (full symbols)—desorption (empty symbols)
isotherms measured at —196 °C for POPs-Aulsocyanide.

microporous networks.”* The Au' isocyanide POPs showed
lower specific surface areas than those of the precursors, but
the BET values were high enough (323 m” g~ for POP1-
Aulsocyanide and 246 m* g~ for POP2-Aulsocyanide), with
average pore diameters of 2.0 and 2.5 nm, respectively. The
pore-size distributions of both precursors POPs and POPs-
Aulsocyanide are shown in Figure S$36. The resulting
Aulsocyanides anchored in the POP showed high micro-
porosity, being higher for POP2-Aulsocyanide than for
POPI1-Aulsocyanide (93% and 50% respectively), as shown
in Table 1.

It should be noted that it was not possible to perform
adsorption—desorption isotherms for the Au-NHC POP
carbenes because a large disparity of values was observed,
probably due to decomposition during the overnight
conditioning (degassing) process. However, knowing that the
POP-Aulsocianide precursors possessed medium-to-high
specific surface area values and that their catalytic properties
were excellent, we could assume that no substantial changes in
the porous properties of the materials should be observed
when switching from POP-Aulsocianide to its corresponding
POP-AuCarbene.

Determination of the Au content was carried out by ICP-
OES analysis. The Au content was 30.9% in the model (M1-
AuCarbene), 17.7% in the polymer (POP1-AuCarbene), and
8.6% in the copolymer (POP2-AuCarbene). It should be
noted that the Au content was also determined approximately
by TGA (in an O, atmosphere), observing roughly similar
values for both methods (Table S1).

Details of the structural, thermal, porous, and morphological
properties of the materials are included in section S2.

3.3. Catalytic Testing of the Model and POPs-
Au'Carbenes. The selected reaction catalyzed by these
AuCarbene materials was the enyne cyclization of dimethyl
2-(3-methyl-2-butenyl)-2-propinylmalonate. For this reaction,
the formation of three products is well established: the product
A of exo cyclization,67 the diene B, arising from isomerization
of the endocyclic double bond of A,** and the product C,
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Table 1. Porosity Parameters of Precursors POPs and POPs-Aulsocyanide

POP BET (m’g™) Vi (em’g™)  V,
POP1 926 0.53¢
POP2 263 021
POP1-Aulsocyanide 323 0.16"
POP2-Aulsocyanide 246 0.15

ictoporous (e’ g71)

0.35°
0.20%
0.08"
0.14*

microporosity® (%) adsorption average pore diameter (nm)

66 2.3
9S 32
NY 2.0
93 2.5

“Total volume of the pores. bMicroporous volume of the pores. “The microporosity is defined as the Vi,icroporous/ Viotal Fatio. 9Pores of less than 102
nm at P/P, of 0.98. “Pores of less than 0.85 nm at P/P, of 0.005."Pores of less than 94 nm at P/P, of 0.98. £Pores of less than 95 nm P/P, of 0.2.
Bpores of less than 102 nm at P/P, 0.98. ‘Pores of less than 1.5 nm at P/P, of 0.1./Pores of less than 95 nm P/P, of 0.98. kPores of less than 1.56

nm at P/P, of 0.1.

Table 2. Cyclization Reactions Catalyzed by M1-, POP1-,
and POP2-AuCarbenes

=
,// AgSbFg ﬁ a/§( 2N
> \ + Z +
Z\/Y [AuCarbene] z Z
A B (o]
Z = C(CO,Me),

entry AuCarbene time (min) conversion” (%) products (mole ratio)

1v M1 1 100 A/B(60:40)

2° POP1 30 51 A/B/C(76:6:18)
3¢ POP2 30 96 A/B/C (81:2:13)
454 POP1 2 75 A/B/C (77:7:16)
s POP1 s 96 A/B/C (74:9:17)
657 POP2 1 100 A/B/C (85:2:13)

“Reaction conditions: in CD,Cl, at 25 °C. The conversion values and
Eercentages of A, B, and C were obtained by 'H NMR spectrocopy.

2 mol % catalyst. “4 mol % catalyst. “Stirred by using vortex agitation
(1 min).

corpin§ from endo cyclization (scheme presented in Table
2)'35,6

Catalysis tests were performed for the POPs and also for the
homogeneous model by employing the methodology cited
elsewhere (detailed in section $3).**7*%** In the first stage, the
catalytic tests were carried out using the following procedure:
in an NMR tube was added the corresponding AuCarbene 7

cl (SbFg)

Au /

2\

N

N + AgClI

O
R—& 3 I
=" R
AuCarbene Nacked AuCarbene

Figure 6. Treatment with AgSbFy for extraction of the halide in the
AuCarbene derivatives.

(2% M1-AuCarbene, 4% POP1-AuCarbene, or 4% POP2-
AuCarbene) and an equimolar amount of AgSbF, to extract
the chloride. Figure 6 represents the schematic representation
before and after halide extraction in the AuCarbene materials.

Immediately, a solution of dimethyl 2-(3-methyl-2-butenyl)-
2-propinylmalonate enyne in 0.5 mL of CD,Cl, was added.
The reaction was followed by '"H NMR with simple stirring of
the sample tube (20 rpm) in an NMR device. The catalysis
results are shown in Table 1 (entries 1—3). The AuCarbene
model M1-AuCarbene catalyzed efficiently (100% yield) the

2459

skeletal rearrangement of the enyne reagent (entry 1), forming
the products A and B in a 60:40 ratio, while product C was not
detected. Catalysis was quantitatively achieved in less than 1
min. Even so, it was interesting to observe that the A/B isomer
product ratio changed, in less than 10 min, to a final ratio of
40:60 (Figure S38). Diene B is a minor product in the enyne
cyclization reaction catalyzed by Au' complexes, being mainly
observed when FeCl; was employed instead.”® Thus, the
isomerization product B was obtained in higher conversion
with M1-AuCarbene compared to other homogeneous Au'
carbene catalysts reported before.*® As expected, the kinetics of
the heterogeneous Au' catalysts, POP1-AuCarbene (entry 2)
and POP2-AuCarbene (entry 3), were considerably slower
using the same conditions as those of the Au' model (the
enyne took more than 30 min to transform completely). This
lower reaction kinetics seems to be possibly due to hindered
diffusion of the reagents toward the catalytic centers. In
addition, it was observed that the conversions at 30 min of
reaction were 51% for POP1-AuCarbene (Figure S39) and
96% for POP2-AuCarbene (Figure S40), which seems to
indicate a higher efficiency of POP2-AuCarbene for this
cyclization reaction. It should be noted as interesting that, in
the case of the confined catalysis, most of the obtained product
was A, while compound B was formed in less than 6% (no
observed isomerization even in 30 min), by using both catalytic
polymers, showing the heterogeneous catalyst to be more
selective than the corresponding homogeneous one. In
addition, it was observed that compound C was obtained in
a higher quantity than that in the case of model catalysis (18
and 13% for POP1-AuCarbene and POP2-AuCarbene
compared to 0% for the model). Thus, these confined catalysts
can selectively tune the reaction toward different products, as
shown by other heterogeneous catalysts.””

In order to improve the diffusion of reagents and products, a
modified methodology was carried out by stirring the solution
before introducing it to the NMR device in a vortex system at
800 rpm for 1 min. The results obtained for the skeletal
rearrangement of 1,6-enyne were excellent and are summarized
in Table 2 (entries 4—6). In this case, heterogeneous catalysis
clearly improved, producing a 100% conversion in less than §
min for both confined AuCarbene polymer networks:
homopolymer (entries 4 and S, POP1-AuCarbene) and
copolymer (entry 6, POP2-AuCarbene). POP2-AuCarbene
seemed to be faster, as said before (achieving a quantitative
reaction in less than 1 min, whereas POPI1-AuCarbene
showed a 96% conversion in S min). Both confined catalysts
produced mainly product A (74% and 85% for POP1 and
POP2, respectively), forming C in less than 17% and B in less
than 9%. Upon comparison with other heterogeneous catalysts
described in the literature, the skeletal rearrangement seems to
be much faster and more selective under mild condi-
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L 5,644,57 .
tions.™” Moreover, it was shown that the heterogeneous

catalyst derived from the POPs was much more selective than
the homogeneous catalyst model. This fact could be explained
by the confinement effect of the catalyst inside the pores of the
material. It is worth noting that the FT-IR spectra of POPs-
AuCarbenes (after extraction of CI7) after a catalytic cycling
reaction and washing with dichloromethane produced the
same spectrum as the fresh catalyst, confirming survival of the
carbene moiety, as denoted by the band at 1566 cm™ (Figure
$45).

A second conversion experiment during catalysis was
monitored to determine the validity of the catalyst for reuse
in more cycles if the activity remained. Table S8 depicts the
conversion results. Initially, the reaction after the first addition
is too fast (7 min of POP1-AuCarbene or 1 min of POP2-
AuCarbene conducted a total conversion), but that after the
second addition is slower, especially for POP1-AuCarbene,
taking 400 min to consume the enyne (compared to 7 min in
the case of POP2-AuCarbene). These results are in agreement
with the results observed for the first enyne addition.
Additionally, a third addition of enyne for POP2-AuCarbene
was carried out, which was successful and demonstrated that
these materials were effective even with successive additions of
enyne, which makes it useful for industrial application.
Carrying out successive enyne additions, we demonstrated
survival of the catalyst, even with the existence of reactants and
products in the reaction mixture. This experiment is close to
the method employed in flow chemistry, in which the catalyst
is embedded and reactants are continuously interacting with
the catalyst without the necessity of washing frequently.

The number of catalytic conversions (turnover numbers,
TONs) and the frequency of conversions (turnover
frequencies, TOFs) for the skeletal rearrangement of dimethyl
2-(3-methyl-2-butenyl)-2-propinylmalonate enyne were deter-
mined and are depicted in Table S9. The TON and TOF
values employing POPs-AuCarbenes were lower compared to
those of an analogous homogeneous catalyst because the
diffusion of reactants and products through a microporous
material is lower than that in solution.

At this point, it should be noted that the molecular volumes
of both the enyne used and the cyclization products
(determined by density functional theory calculations) are
very similar (enyne has a volume 2—3% higher than that of the
cyclization compounds). Therefore, it could be assumed that
the inner pores of the material will not suffer from a clogging
problem, and therefore no decrease in the effectiveness of the
catalytic characteristics will be observed.

3.4. Leaching Testing of POPs-AuCarbenes. To
determine the validity of the POPs-AuCarbene as a
heterogeneous catalyst, a leaching test was performed to
check whether products that could come out of the POP
(soluble parts) were those that possess catalytic activity or not.
When halide extraction was not performed in the POPs-
AuCarbene materials (not treating the POPs-AuCarbene
suspension with Ag' salts), no catalytic activity was observed
(Figure S46). Furthermore, to rule out the possibility that
other impurities, including those from the solvent, could act as
catalysts, the POPs-AuCarbene suspensions were treated with
Ag' salts and filtered. Subsequently, a corresponding amount of
enyne was added to the resulting solution. After 40 min of
reaction, no cyclization product was observed (Figure $47). In
addition, ICP-OES analysis of the filtered solution did not
denote the presence of Au. These two experiments confirmed
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that the catalytic active species of POP are the naked Au'
carbenes, which is formed after removal of the halogen by an
Ag' salt.

3.5. Stability Testing of the Model and POPs-
AuCarbenes. The stability test of Au' carbene was performed
following a procedure previously described.”> Thus, the POPs-
AuCarbene and M1-AuCarbene were placed in three Schlenk
flasks blanketed by N,, then the CI™ anion was extracted using

Figure 7. (A) Initially after 3 h of extraction of the halide, (B) after 20
h, and (C) after 1S5 days: M1-AuCarbene (left); POP1-AuCarbene
(middle); POP2-AuCarbene (right).

AgSbF¢, and the mixtures were stirred until a purple
(darkening for POPs) color appeared, if this was the case,
which is indicative of the appearance of Au’ entities (Figure 7).

As can be seen in Figure 7, the purple color denoting the
presence of Au’ appeared 3 h after extraction of the halide for
M1-AuCarbene. However, in the case of POP1-AuCarbene, it
appeared after 20 h, unlike the results seen in the literature,
where it was observed that these catalysts,”” in the absence of a
protective ligand, undergo a decomposition process well before
30 min.

This result strongly supports the hypothesis of Au'
disproportionation in Au®. In microporous polymer networks,
where the carbene groups are confined and thus spatially
separated, it is more complicated for three Au' atoms to come
together for the disproportionation reaction to occur.
However, the presence of Au’ could be observed, which may
indicate either that there is some mobility of Au' atoms in the
structure or that there are certain Au ions not anchored in the
carbene units. At this point, we should comment that this was
the idea that induced us to prepare the copolymer (POP2)
with a lower Au' carbene loading to further separate the Au
atoms. The validity of this hypothesis can be observed in the
case of POP2-AuCarbene, whose decomposition is greatly
minimized, making the catalyst stable for more than 15 days.

Surprisingly, in the model, the stability was found to be
higher than expected for a homogeneous system without
adding any protection agents.”> A plausible explanation could
be that the aliphatic chain has sufficient mobility to place the
naked Au' close to the aromatic rings, resulting in additional
stabilization. These 7 Au—arene interactions were previously
studied,®®”° and are known to be strong enough to stabilize the
system. Thus, they act as a protecting group, while being weak
enough that they can be displaced by the reactant when it
binds to the metal, and, consequently, catalysis is observed.

To test the activity of AuCarbenes over time, AuCarbene
dispersion (having removed the Cl”) was maintained for 10
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months. Upon dispersion, a series of catalytic tests were
performed, observing that both POP2-AuCarbene and POP1-
AuCarbene gave the cyclization products quantitatively
(>98%) in less than S and 30 min, respectively. However,
the M1-AuCarbene model did not catalyze efficiently (only
2% of the products were observed). These results seem to
confirm the idea that Au' atoms are confined inside of the
microporous polymers, and thus the approach of three Au'
atoms to form Au’ is severely impeded.

4. CONCLUSIONS

Two microporous organic polymer networks, prepared from
TRP and isatin (POP1) or an equimolar mixture of 1:1 isatin/
TFAP (POP2), have been functionalized to give two
heterogeneous Au' catalysts. Functionalization was achieved
by introducing a carbene group to the structure, which allowed
for confinement of the catalyst inside of the polymer network.
Similarly, a homogeneous Au' carbene catalyst was prepared on
an isatin-derived model. Catalytic tests on all heterogeneous
and homogeneous systems in the cyclization of a 1,6-enyne
have shown that the selectivity of the product formed differs
significantly between the homogeneous catalyst and those in
which Au' is confined. It has also been observed that the
decomposition to Au” that occurs in most catalysis with Au'-
based systems was greatly reduced in the confined materials,
probably because there is a greater distance between the Au'
atoms within the polymeric network, which makes it difficult to
bring them closer together so that the process of disproportio-
nation can take place. Thus, the POP2-AuCarbene copolymer
was the polymer that showed the highest long-term stability.
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