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Preface

This book collates, in fifteen chapters, the extended abstracts of the Ph.D. theses defended by
the Early Stage Researchers (ESRs) who participated in the Innovative Training Network (ITN) entitled
“Coordination Chemistry Inspires Molecular Catalysis” (CCIMC), which was a Network of the “European
Joint Doctorate” (EJD) type. This project was funded by the the European Commission’s Horizon 2020
Research and Innovation Programme (Marie Sktodowska-Curie grant agreement No 860322) and was
active between March 1%, 2020 and February 29", 2024.

The main aim of the CCIMC project was the ESRs’ training on the basis of collaborative research
projects and of an intense programme of training, comprising theoretical courses, tutorials,
workshops, graded research reports, and the active participation of the ESRs in outreach and
dissemination activities, as well as organizational efforts. Each ESR carried out his/her research jointly
between two groups in two different research institutes (the Beneficiary Institutions) located in two
different European countries. In addition, each ESR also received secondment research training in an
industrial environment in one of the Partner Institutions (three months in most cases). At the end of
their theses, the ESRs received a double or joint Doctorate Diploma on the basis of a bilateral
agreement from the two academic institutions.

The research focus of the project was based on the development of catalytic processes, inspired
by fundamental work in coordination chemistry. The various activities were classified in four work
packages, covering the design and synthesis of innovative ligands, pre-catalyst development, new
catalytic reactions and their mechanism, and the implementation of catalytic processes. The innovative
ligand work package was particularly focused on N-heterocyclic carbenes (ESRs 1, 10, 15), on chirality
(ESRs 2, 4, 8), on photoswitchable (ESR 7) and carborane-functionalized (ESR 12) phosphines, and on
the immobilization of existing ligands on innovative supports such as nanostructured carbon materials
(ESR 4), precision polymers (ESR 9), ionic liquids (ESR 11) and dendrimers (ESRs 10, 12, 13). Work on
the pre-catalyst development comprised the implementation of the new ligands on known platforms
for application in hydroaminomethylation (ESR 2), alkene metathesis (ESRs 1, 10), asymmetric
(transfer) hydrogenation (ESR 8), and CO; reduction (ESR 15), the development of new catalytic
systems including s-block metal complexes (ESRs 3, 6), metal complexes stabilized by Ge-based ligands
(ESR 14) and new or better size- and morphology-controlled metal nanoparticles (ESRs 4, 9, 11), and
the implementation of new confinement strategies on supports such as carbon nanotubes and
graphene (ESR 4), precision polymers (ESR 9), dendrimers (ESRs 10, 12, 13) and ionic liquids (ESR 11).
The work package on new catalytic reactions and mechanisms comprised new bond activation
strategies, with the transformation of substrates with C-F bonds (ESR 5), reactions with organocalcium
reagents (ESR 6), the organogermanation reaction (ESR 14), and the reductive C-C bond formation from
CO; (ESR 15), as well as experimental and computational studies aimed at improving the Z-selectivity
in olefin metathesis (ESR 1), the efficiency of tandem hydroaminomethylation (ESR 2), the
stereocontrol in alkene hydroelementation (ESR 3), and at rationalizing the role of strong bases in the
hydrogenation of polar substrates (ESR 8). Finally, work on the implementation of catalytic processes
comprised the efforts towards achieving higher activities and/or new selectivities in known processes
and to extend these to new substrates of industrial interest, all ESRs being involved in this project



objective. The fifteen chapters collected in this book give a brief overview of the main objectives and
results obtained by each student.

We had the privilege and pleasure to coordinate this ITN-EJD, even though our task was not
simple at the beginning: soon after the kickoff meeting, which took place at the beginning or March
2020, the Covid-19 pandemic broke out in Europe, significantly complicating not only the experimental
work in the laboratories but also and especially the planned networking program. All interviews leading
to the recruitment of the 15 ESRs and all networking activities for the first two years (1-week long
events had been planned every 6 months), including the mid-term evaluation by the Project Office of
the European Commission, had to be carried out online. Therefore, the ESRs did not have any
opportunity to spend time together as a group until the pandemic faded away in the Spring of 2022.
In spite of that, and thanks to the good will of the students and their supervisors, the project could be
implemented more or less as initially planned. The fifteen ESRs finally managed to meet and spend
exciting moments together, developing lifelong friendships.

The success of this ITN project would not have been possible without the devoted implication
of our full-time projet managers, first Candice George during the first 9 months and then Alida Lefter
for the remainder of the project time, and beyond. We express our most hearfelt gratitude to these
two outstanding coworkers for having made our Network coordination so smooth, taking off our
shoulder such painful tasks as building and maintaining the web site, establishing the consortium
agreement, leading the negociations to establish the bilateral agreements and the amendments
thereof, writing and uploading the project deliverables, organizing the Network events, and so forth.
Our thanks also go to our academic colleagues and friends, who have supervised the research projects
of the ESRs and have efficiently helped us manage the work packages and scientific tasks of the ITN. In
addition, we wish to acknowledge and thank all the constructive input received from Jan Backvall,
Matthias Beller and Giuliano Giambastiani, the three members of our Advisory Board, during our
annual meetings with them.

Our most heartfelt feelings are for the fifteen ESRs. We are proud of what each one of them has
become. We look forward to witnessing their future development and wish them success in their
personal and professional endeavours.

We hope that reading this book will be enyoable and perhaps inspirational for your own research

efforts.
Anne-Marie CAMINADE Rinaldo POLI
CCIMC Deputy Coordinator CCIMC Coordinator
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N-Heterocyclic Carbene Ligands Designed for Improved Stability and
Efficiency of Ruthenium-Based Olefin Metathesis Catalysts

Introduction

No doubt catalysis is one of the most relevant tools used in the chemical industry, allowing to
obtain a myriad of sometimes otherwise inaccessible molecules. Homogeneous catalysis has the
advantage of more precise characterization of catalysts and intermediates which makes it more
suitable for rational design. Catalyst’s auxiliary ligands play a significant role in defining the activity,
selectivity and stability of the resulting catalysts [1].

Almost all chemical reactions consist of a series of elementary steps, defined as a direct
transformation of reactant molecules into products through a single transition state. Such a sequence
of elementary steps is called a reaction mechanism and when it describes forms of catalyst, it is
referred to as a catalytic cycle. A precatalyst is a stable compound that is used to generate the active
catalyst in situ by a sort of activation process. An off-loop species is defined as a complex in equilibrium
with a catalytic intermediate but itself not involved in the catalytic cycle. Finally, when the formation
of an off-loop species is irreversible, catalyst deactivation takes place and the formed compound is
called a dead or deactivated catalyst [2].

N-heterocyclic carbenes (NHCs) are neutral divalent carbon species having six valence electrons
and at least one adjacent nitrogen atom. Nitrogen atoms are at the same time o-electron-withdrawing
and m-electron-donating. As a result, NHCs are singlet carbenes. One of the most significant advantages
of NHCs is their relatively facile synthetic modularity which allows tuning of the ligand steric and
electronic properties [3]. The overall electron-donating ability of the NHC ligands can be quantified by
recording the average stretching frequency of the carbonyl ligands in complexes of nickel, rhodium
and iridium [4]. The o-donating properties can be assessed by measuring the *J(C—H) coupling constant
between the carbon and the hydrogen atoms on the pre-carbenic position in the azolium precursors
[5]. Furthermore, m-accepting abilities of the NHCs can be independently determined by recording the
chemical shift of 7’Se nuclei in corresponding seleno adducts [6].

Olefin metathesis (OM) is a carbon skeleton redistribution around an unsaturated carbon—
carbon double bond by its scission and regeneration. The reaction is catalyzed by a transition metal
complex. Considering ruthenium-based OM catalyst, the impact made by NHC ligands on this domain
was arguably the greatest of all when compared with other transition metal catalysis. In 2005 Chauvin,
Grubbs and Schrock were honored with The Nobel Prize in Chemistry for the development of the
metathesis method in organic synthesis. Despite the incredible progress made in the discipline, there
are still many hurdles to overcome, such as reaction stereoselectivity or the formation of
tetrasubstituted carbon—carbon double bonds.

Objectives of the thesis

The work described here aimed at NHC ligand design to give more stable, durable and thus more
efficient OM catalysts. Two strategies were investigated to enhance the stability of corresponding NHC
OM catalysts.

The first strategy builds on the solution presented by Grubbs and coworkers for a Z-selective
OM catalyst bearing a chelating LX-type NHC ligand (Ru21, Scheme 1) [7]. The biggest weakness of
those complexes derives from the presence of a ruthenium-alkyl bond which makes them prone to
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undergo decomposition pathways involving alkylidene ligand insertion into ruthenium-alkyl bond [8,9].
This work aimed at obtaining an OM catalyst bearing chelating NHC with a more stable ruthenium-
carbon(sp?) bond. We envisaged that changing the adamantyl group to a more stabilized carbon ligand
would result in a more durable catalyst. With those objectives in mind, we investigated the synthesis
of bidentate NHC ligands comprising either a barbituric heterocycle (axis A) or N-heterocyclic olefin
(NHO) moiety (axis B).

The imidazopyridinylidene NHC containing a barbituric heterocycle was chosen since it has
proven a versatile platform for d® [Ru(ll), Mn(1)] or d® [Pd(Il), Rh(l), Ir(1), Au(lll)] transition-metal centers,
giving access to stable metal complexes [10]. However, the NHC-NHO ligand architecture is a
completely novel approach and thus also interesting from the basic science perspective than
application. Furthermore, the domain of NHO ligands is much less explored than the NHC field and
examples of well-defined metal NHO complexes remain rather rare in literature [11].

Non-stabilized
Ru-C(sp®) bond
1sy
- Ru_

A
J X
NG <N

O—Ru=

Stabilized h)\ /|
Ru-C(sps) bond \<

More robust and
efficient catalyst

Fragile
catalyst

Axis A

Axis B

Scheme 1. The concept for a robust Z-selective OM catalyst.

The second strategy aimed at robust and efficient catalysts for the formation of tetrasubstituted
carbon—carbon double bonds (Scheme 2). The commonly utilized approach is based on specialized
ruthenium catalysts with sterically reduced NHC ligands, able to accommodate more crowded olefinic
substrates during the catalytic steps (e.g. Ru-67) [12]. Yet, although highly active, these complexes are
rather unstable, mainly due to intramolecular C—H activation at the ortho position of an N-aryl group
of the NHC ligand, leading to catalyst deactivation [13]. Considering that the deleterious C—H activation
process requires the rotation of the N-aryl arm of the NHC ligand, we reasoned that the introduction
of a second decker of aromatic groups in benzimidazolylidene-based N-phenyl NHC ligands would
improve the stability and efficiency of the corresponding catalyst, while their activity in the challenging
metathesis of sterically crowded bonds would be maintained. We also wanted to explore whether m-
1t stacking interactions would contribute to blocking the rotation. For those purposes, attempted was
the installation of phenyl groups into the backbone since the synthesis should be relatively feasible
(Ru-68), but also pentafluorophenyl groups since it should result in stronger n-it interactions (Ru-69).
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Scheme 2. The concept for robust OM catalyst for the formation of tetrasubstituted carbon-carbon double bonds.

The last part of the work describes a potential application of the obtained catalytic systems in
the synthesis of bio-based polyesters and polyamides (Scheme 3). To demonstrate the applicability of
this study, a technical grade methyl oleate (28) was used as the starting material for the self-cross
metathesis step. Such material derives from broadly available sunflower or rapeseed oil and contains
a substantial amount (20 wt%) of methyl linoleate (94), which is the most abundant polyunsaturated
fatty acid methyl ester (FAME). The resulting dimethyl octadec-9-enedioate (29) was used in a
subsequent polycondensation reaction to obtain polymeric materials. In this research, we used
commercially available catalysts and catalysts developed in the latter part.

A P B L = SiMes, R = H
Olefin Polycondensation

L = SIMes, R = NO,
Metathesis with co-monomer Ll

CO,Me Ru-17| L=SIPr,R=H Ri—
a” |
! r ; Ru-71| L=SIPr, R=NO, o R
CO,Me 3 \(
X=0,NH o Ru-68( L=BI"Ph,R=H
‘ L=BIF*Ph,R=H

Scheme 3. A) Proposed process of the synthesis of biobased polyesters and polyamides by self-CM of technical
grade methyl oleate (28) and subsequent polycondensation reaction. B) Catalysts used in the study.

N

Ruthenium complexes supported by a chelating NHC ligand comprising a barbituric heterocycle

In this project complex Ru-54 was studied as a metal precursor since its methallyl ligands could
serve as an internal base to deprotonate the imidazopyridinium precursor 31 to form a ruthenium-
NHC complex. The reaction of complex Ru-54 with two equivalents of precursor 31 led to the formation
of the stable complex Ru-56 in 30 % isolated yield (Scheme 4). Indeed, the methallyl moiety of Ru-54
served as an internal base to deprotonate the imidazopiridinium position of 31 and form a desired
ruthenium-NHC complex. However, the reaction did not stop after the first protonolysis step and the
second methallyl group was spent on the cyclometallation of the ortho-methyl group of the mesityl N-
substituent. Surprisingly, rather than retain the cyclooctadiene (COD) ligand the metal center was
stabilized by the coordination of a second molecule of imidazopyridinium precursor 31. Interestingly,
the coordination sphere was stabilized by the n® coordination mode of the carbon-carbon-oxygen part
of the malonate giving the 18e” complex Ru-56.

In the next step, we attempted to cleave the ruthenium-mesityl bond with the use of pivalic
acid. Indeed, the reaction gave the complex Ru-57 with free N-mesityl group, however, the
coordination mode of barbituric heterocycle changed to n*. Interestingly, when PPhs was added along
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with pivalic acid, this resulted in complex Ru-58 with n® coordinated barbituric heterocycle.
Furthermore, the steric bulk imposed by the barbituric heterocycle resulted in a cis-coordinated PPhs
ligand with respect to the NHC.

At last, we attempted the installation of the pyridine ligand in the hope of having a labile
functionality suitable for the introduction of an alkylidene ligand. Indeed, the reaction of Ru-57 with
dry pyridine gave the complex Ru-59 with two pyridine ligands coordinated, however, the crystal
structure of Ru-59 revealed a molecule of water coordinated as well. Since a dry substrate was used
for this reaction, most probably the water was introduced during the working up of the reaction. All

four new complexes were characterized using nuclear magnetic resonance (NMR) spectroscopy and X-
ray diffractometry (XRD).

Scheme 4. Synthesis of ruthenium complexes Ru-56- Ru-59 bearing the chelating NHC ligand. Reaction conditions:
a) 2 equiv. of 31, 1 equiv. of Ru-54, THF, 90 °C, 2 h; b) 2.2 equiv. '‘BuCOH, THF, 80 °C, 15 h; ¢) 1.2 equiv. PPhs, 1.2
equiv. 'BuCO,H, DCE, 80 °C, 6 h; d) dry pyridine (excess), 80 °C, 2 h.

With the small library of ruthenium complexes bearing the targeted NHC ligand, the installation
of an alkylidene ligand was attempted. First, the reaction of complexes Ru-57-Ru-59 with
diazomethane derivative 34 was tried, however, no reactivity was observed with the starting
complexes remaining unchanged (Scheme 5A). Even the very promising pyridine derivative Ru-59
exhibited no reactivity with 34. Next, we attempted a reaction with propargyl alcohol 18 at 80 °C. This
time a reactivity of the starting complexes was observed, however, no product could be isolated and
characterized because a complex mixture of unidentified species was formed. At last, we turned our
attention to phenylacetylene (Scheme 5B) as an alkylidene precursor. Quite similar reactivity pattern
was observed to the reaction with 18 in the sense that a mixture of products was formed. However,
this time it was possible to isolate the major product Ru-60 from the reaction of Ru-57 with
phenylacetylene. Indeed, Ru-60 contained an alkylidene functionality in its structure, however, an
unexpected tetramerization of phenylacetylene occurred to form a cyclopentadienyl unit whose n°
coordination replaced the pivalic anion giving the piano stool complex Ru-60 whose structure was
confirmed by XRD.
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Ph—C=CH
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Scheme 5. A) Attempts of reaction of complexes Ru-57-Ru-59 with either diazomethane derivative 34 or propargyl
alcohol derivative 18. B) Reaction of complex Ru-57 with phenylacetylene.

In summary, several ruthenium complexes bearing the targeted chelating NHC-barbiturate
ligand were successfully synthesized. Depending on the nature of the other ligands present in the
structure it was found that the barbiturate-derived NHC can flexibly accommodate between n?
coordination mode via malonate carbon and n? via carbon-carbon-oxygen part of the malonate in
order to stabilize the coordination sphere. Furthermore, the NHC-barbiturate ligand can even adopt a
tetradentate coordination mode when the benzylic position of the N-mesityl NHC's substituent is
cyclometalated (structure Ru-56).

It was possible to install an alkylidene ligand to a ruthenium complex bearing the chelating NHC-
barbiturate ligand, however, an unexpected tetramerization of phenylacetylene occurred leading to
the formation of a cyclopentadienyl co-ligand (complex Ru-60). Possibly isolation of complex Ru-60
results from a preferred formation of ruthenium dicarbene species rather than the expected vinylidene
complex.

NHC-NHO ligand architecture

This project was started by the synthesis of the NHC-NHO ligand precursor 48 bearing an NHC
and NHO pre-functionalities connected via two CH; units (Scheme 6). From dimethylimidazolium
jodide (45) the corresponding dimethylimidazolylidiene NHC was formed by the deprotonation with
lithium hexamethyldisilazide (LIHMDS) which next in a nucleophilic substitution reaction with 1,3-
dibromopropane (46) and subsequent Finkelstein reaction gave the expected compound 47. At last,
ligand precursor 48 was obtained in the nucleophilic substitution reaction of 47 and N-
mesitylimidazoline. The structure of 48 was confirmed by XRD.

With the NHC-NHO ligand precursor 48 in hand, the synthesis of the corresponding NHC-
ruthenium OM catalyst (Ru-66, Scheme 7A) was attempted. However, no displacement of the PCys
ligand from complex Ru-9 by the postulated in situ generated NHC ligand derived from 48 was
observed. We decided to shift at this point from the attempts to synthesize the corresponding
ruthenium NHC catalysts and focus on a general study of the novel NHC-NHO ligand architecture.
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Scheme 6. The synthesis of the second NHC-NHO //gand precursor 48 and its XRD structure (ellipsoids are drawn
at 50 % probability, hydrogens were omitted for clarity); reaction conditions: d) 1.05 equiv. of LIHMDS, THF, rt,
80 min.; e) 20 equiv. of 46, -80 °C to rt, overnight. f) 5 equiv. of Nal, acetone, rt, overnight; g) 1.3 equiv. of 40,
MeCN, 90 °C, overnight; h) 3.4 equiv. of AgCl, water, rt, 30 min.; i) 5.6 equiv. of KPFs, DCM, 40 °C, 7 days.

To better understand why the complex Ru-66 was not formed, reactivity studies of the NHC-
NHO were performed. We found that once the imidazolinium position of 48 is deprotonated the
formed NHC 51 can undergo two competing reactions (Scheme 7B). 51 can either form the desired
complex with the electrophile (52), however, the imidozolinylidene ring can open due to the presence
of traces of water, which gives N-formylated product 50. It became clear at this point why the synthesis
of the ruthenium-NHC complex Ru-66 failed. The energy barrier of PCy; replacement with an NHC in
the structure of Ru-9 is usually relatively high as heating is required. Consequently, the formation of
the side product 50 is preferred instead.

PCys; PFg I\
A) N A
M\ Cl , . Za S
O A A4S Ot U
NU + o /
/ i o) I N\
2 x PF \<
o .\<0—\_>
B) .

+ [\ NDZ [
(/\,N N.oN-Mes base (/\,N N N-Mes
/N /N Y

E +H20, k2 (/\F\—j/ N/I-;\\N‘Mes

Scheme 7. A) The attempted synthesis of Ru-66. B) Proposed explanation for the observed reactivity of carbene
51.

Learning the general reactivity pattern of our ligand, we set off to synthesize a metal complex
bearing the targeted ligand coordinated in a monodentate mode through NHC and next attempt the
coordination of the NHO moiety. We hypothesized that a dimeric structure of metal precursor might
be reactive enough to give a metal-NHC complex in a good yield. Rhodium(l) metal center was chosen
as the corresponding NHC complex should be air-stable, isolatable by column chromatography (CC)
and after installation of CO ligands allow for measuring the ligand’s electronic properties. Indeed,
utilizing dimeric rhodium precursor Rh-1 proved to be a good strategy and gave the rhodium-NHC
complex Rh-2 isolated by CC in 73 % yield (Scheme 8A). The structure of Rh-2 was confirmed by XRD
(Scheme 8B).

In the next step, deprotonation of the a-imidazolium position was attempted in the hope of
forming the corresponding NHO complex. When the reaction was performed in THF, although complex

8
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Rh-2 reactivity was observed, no rhodium-NHC-NHO complex Rh-3 could be isolated. Most probably
an alkoxy ligand replaced chloride, although for unclear reasons the desired product Rh-3 was not
formed. Interestingly, when the same reaction was attempted in acetonitrile isolated was complex Rh-
4 bearing acetonitrile deprotonated ligand which replaced the chloride. Although rather unstable in
air or in solution, complex Rh-4 was characterized by NMR and XRD. To the best of our knowledge, no
cyanomethyl rhodium complex has been reported so far.

(\ Ay N ~Mes g/ &Cl, =L (:K/// Y \C@
fk/J/ + (R RR — L
~or”

2 x PFg

/ \ Y=73%
L-

Scheme 8. A) Synthesis of rhodium-NHC complex Rh-2, rhodium-NHC-cyanomethyl complex Rh-4 and attempts
to synthesize the rhodium-NHC-NHO complex Rh-3; reaction conditions: a) 0.5 equiv. of 48, 1.1 equiv. K;COs3,
acetone (HPLC), 60 °C, overnight; b) 1.1 equiv. KO'Bu, THF, rt; ¢) 1.1 equiv. KO'Bu, acetonitrile, rt, 4 h. B) XRD
crystal structures of Rh-2 and Rh-4, ellipsoids are drawn at 50 % probability, hydrogens were omitted for clarity.

With the met obstacles in the cyclometallation of a rhodium complex, we next turn our attention
to palladium metal in the hope that it will be possible to obtain a palladium-NHC-NHO complex.
Similarly to the case of Rh-1, utilizing a dimeric palladium precursor Pd-1 gave the desired palladium-
NHC complex Pd-2 in a good yield of 71 % (Scheme 9). Furthermore, deprotonation of a-imidazolium
position in Pd-2 gave the expected cyclometalated palladium-NHC-NHO complex Pd-3 in 64 % yield.
Diastereomers of Pd-3 were formed in dr of 60:40. The structure of Pd-3 was confirmed with XRD.

In summary, an NHC-NHO ligand precursor 48 was successfully obtained, however, the
formation of the corresponding ruthenium-NHC complex was precluded due to an unexpected ring
opening of the formed imidazolinylidene heterocycle. The reactivity of the novel class NHC-NHO ligand
was explored in the coordination chemistry of rhodium(l) and palladium(ll) metal centers, ultimately
leading to the synthesis of the first NHC-NHO complex based on palladium. Furthermore, the first
rhodium-cyanomethyl complex supported with the NHC ligand was obtained.
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Scheme 9. Synthesis of the palladium-NHC-NHO complex Pd-3 and its XRD crystal structure (ellipsoids are drawn
at 30 % probability, hydrogens were omitted for clarity).

NHC ligands bearing parallelly-stacked aromatics for efficient OM catalysts in tetrasubstituted C-C
double bond formation

Commercially available 4,7-dibromo-2,1,3-benzothiadiazole (62) was chosen as a precursor for
both phenyl and pentafluorophenyl substituted benzimidazolium salts 67 and 71 (Scheme 10). Suzuki
coupling allowed for the installation of phenyl groups in the backbone motif giving functionalized
benzothiadiazole 63 in 73 % yield and subsequent reductive sulfur extrusion gave access to the o-
phenylenediamine derivative 64 in 99 % yield. Next, the bicyclic benzimidazole skeleton was obtained
using standard cyclization protocol with triethyl orthoformate, affording 65 in quantitative yield.
Products 63, 64 and 65 were obtained on a gram scale without any purification steps by CC. In the final
step, the desired benzimidazolium salt 67 was obtained using copper-catalyzed arylation with
diphenyliodonium tetrafluoroborate. Although examples of N-R substituted imidazoles arylations to
corresponding imidazolium salts can be found in the literature, as well as arylations from NH imidazoles
to corresponding N-aryl imidazoles, worth highlighting is that such direct arylation of NH imidazole to
imidazolium salt has never been reported in the literature. This protocol gave a mixture of the desired
N,N’-diphenylbenzimidazolium salt 67 (36 % isolated yield) and neutral N-phenylbenzimidazole 66 (58
% isolated yield) which were separated using CC. The succeeding arylation of isolated 66 gave salt 67
in 77 % yield, therefore the two subsequent arylation reactions led to an overall yield of 81 % in
compound 67.

Synthesis of pentafluorophenyl substituted derivative 71 presented more synthetic challenges.
A Kumada-Corriu coupling was successfully employed to graft pentafluorophenyl groups into the
benzothiadiazole motif giving 68 in 76 % yield. The subsequent reductive sulfur extrusion step gave
the o-phenylenediamine derivative 69 in 72 % yield. Unlike the synthesis of salt 67, the N-phenyl
groups were first installed through a Buchwald-Hartwig amination, giving compound 70 in 21% isolated
yield. In a final step, the benzimidazolium salt 71 was obtained with quantitative yield using a modified
cyclization protocol using triethyl orthoformate in the presence of HBF4-Et,0.

The corresponding Hoveyda-Grubbs complexes were obtained by displacement of the PCys;
ligand in Ru-9 ruthenium precursor by the free NHCs generated using KOC(CFs)CHs as a base (Scheme
11A). Complex Ru-69 was isolated using column chromatography, whereas complex Ru-68 was purified
by simple crystallization from a tetrahydrofuran-pentane mixture. Both complexes (brown-orange
solids) are stable for months when stored in a protective atmosphere. It is noteworthy that upon
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synthesis of known Ru-67 we noticed its fragility when column chromatography was performed with
regular solvents. Even with carefully degassed dry solvents, complex Ru-67 was obtained in 19 % yield
only, which is considerably lower than in the case of Ru-68 and Ru-69, 72 % and 43 % respectively. The
molecular structures of complexes Ru-68 and Ru-69 were confirmed by XRD experiments on single
crystals grown by layering DCM complex solutions of Ru-68 and Ru-69 with pentane, respectively
(Scheme 11B).

e
CgHs CeHs Y =77 % CgH; Ph

eHs
ﬁ _ \> — Iy - \>
Y=73% Y 99 % NH, Y quant.
Br

- C5H5 - ct.,|-|5 - c.gH5 c6|-|5 Ph 67 c Hs Ph
N

N

S Y =58 % Y=36%
CoFs CeFs CeFs Ph CeFs pp
Br . !
i) N +
- . \> _
Y=176% @E\ Y=72% ©:NH2 Y=21% @E Y = quant. N BF;
Fs 70 | CoFs Ph CeFs I

Scheme 10. Synthesis of benzimidazolium salts 67 and 71; reaction conditions: a) 2.1 equiv. of PhB(OH),, 4 equiv.
of K,COs, 0.8 mol% Pd(PPhs),, toluene/water 2.5 : 1 v/v, reflux, overnight; b) 9 equiv. of NaBH, 6 mol%
CoCl,x6H,0, EtOH/THF 3:1 v/v, reflux, 3 h; c) (EtO)sCH (excess), 6 equiv. of HClaq, reflux, overnight; d) 2 x 2 equiv.
of Ph;IBF,, 2 x 5 mol% Cu(OAc),xH>0, DMF, 100 °C, 24 h, then 48 h; e) 2 equiv. of Ph,IBF,4, 7.5 mol% Cu(OAc),xH,0,
DMF, 100 °C, overnight; f) 3 equiv. of BrMgCsFs, 10 mol% Pd(PPhs)s, THF, 70 °C, overnight; g) 3 equiv. of NaBH,,
7 mol% CoCl,x6H,0, EtOH/THF 3:1 v/v, 50 °C, 1 min. 30 sec.; h) PhBr (excess), 2.5 mol% Pd(dba)s, 7.5 mol% P'Bus,
1.5 equiv. of KHMDS, 160 °C, 30 min.; i) (EtO)sCH (excess), 1 equiv. of HBF4-Et,0, 60 °C, 30 min.

A
7 R=H R Ph ; WH»Y”!’%
: R=CgH N, BF; KOC(CF3),CHs @NTEIQ onditions a)
67 ~vetls A

- o,

Ri Ru-68 CGH?_Y =72%
N+ v | = Conditions a)

- : Cl o

- R=CFs g Ph col R¥0 | o) 5 [Rugoore. Y =i %

Conditions b)

Scheme 11. A) Synthesis of Ru-67, Ru-68 and Ru-69; reaction conditions: a) 1.75 equiv. of 77 or 67, 1.75 equiv.
KOC(CFs5),CHs, benzene, rt, 30 min. then 1 equiv. Ru-9, 60 °C, 1 h; b) 1.75 equiv. of 71, 2 equiv. of KOC(CF3),CH;,

benzene, rt, 15 min. then 1 equiv. of Ru-9, 60 °C, 30 min. B) XRD structure of Ru-68 and Ru-69, ellipsoids are drawn
at 50% probability.
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The stability of the two newly obtained biplane-type NHC ruthenium complexes Ru-68 and Ru-
69 was then quantitatively monitored and compared with the benchmark Ru-67. Since NHC ligand
remains coordinated to the metal center throughout the entire catalytic cycle, the differences in
complexes' stability should directly translate to the stability of actual propagating species, thus
conveying their effectiveness in catalysis. Gratifyingly, Ru-68 and Ru-69 remained perfectly unchanged
for approximately three weeks in solution at ambient temperature, while Ru-67 slowly degraded to
around 50% of the initial amount (Figure 1A, left). This fact confirmed our previous observation that
upon isolation the top-covered complexes Ru-68 and Ru-69 are considerably more stable than Ru-67.
Furthermore, the differences in stability were even more pronounced at higher temperature (Figure
1A, right), where Ru-67 disappeared completely after about 27 hours while Ru-68 and Ru-69 were still
detectable even after more than 100 hours in solution at 80 °C. Furthermore, the elevated temperature
allowed to distinguish Ru-68 from Ru-69 in terms of stability and Ru-69 proved to be the more stable
pre-catalyst, which we assign to the beneficial impact of the m-rtinteractions between N-phenyl groups
and pentafluorophenyl backbone motifs.

To unambiguously confirm the nature of the catalyst deactivation pathway, we attempted to
isolate the degradation product of Ru-67. The previous report featuring isolation and characterization
of the decomposition product from BIPh ruthenium OM catalyst describes only its PCys derivative.
After steering Ru-68 in dichloromethane at 40 °C for one week, the expected, tethered n®-arene-NHC
ruthenium complex Ru-70 was isolated (Figure 1B), whose formation should proceed through the
activation of an ortho C-H bond of one N-phenyl group followed by insertion into the alkylidene. The
molecular structure of complex Ru-70 was confirmed by XRD experiments on single crystals grown by
layering dichloromethane complex solution with pentane.

A) 100%

1009
CeDg
80°C
B0% B0%
i
o o B
T ] e
X goss @ g0% B -
g 3 ™~ —
= 2 e
] @ e
2 a0% < |Ru-67 40% - M“‘*x_,_ﬁ___h_
—
X
’ i
“ |Ru-68
20% & m 20%
CD.Cl,
22°C
0% 0%
o 2 4 ] 8 10 12 14 16 18 20 40 60 80 100
Time [ days Time / hours

B)

N._.N N._oN
7 ;]i\uQ 10°C, @; _\r o
cr’ - 7 days I - —_ﬁk

Figure 1. A) Stability tests in solution at ambient and elevated temperature. Measured by NMR (1,3,5-
trimethoxybenzene added as reference). Lines are visual aid only. Conditions: (left) CD,Cl, at 22 °C, under argon;
(right) CsDs at 80 °C, under argon. B) study of the decomposition of the complex Ru-67 into the complex Ru-70
and XRD structure of complex Ru-70 (ellipsoids are drawn at 50% probability).
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The catalytic performance of the new, “stacked” complexes was compared with the known
benchmark Ru-67 using a set of model reactions. Firstly, we checked their activity in RCM with
tetrasubstituted carbon-carbon double bond formation. For that purpose diethyl 2,2-di(2-
methylallyl)malonate (78a) was chosen as the model substrate and the time-conversion plots of its
RCM reaction were constructed with 0.2 mol% of each catalyst, in toluene, at 80 °C (Figure 2). All
complexes exhibited high activity, affording considerable conversions within the first 30 minutes,
however, the reaction catalyzed by Ru-67 reached its limits at a significantly lower conversion than the
one recorded with Ru-68 and Ru-69. This can be attributed to a more stable 14 e™ catalytic species
formed from the latter pre-catalysts versus those generated from Ru-67. Interestingly, although Ru-68
gave higher conversions than Ru-69 within the first hour of the reaction, after this point the trend
reversed leading to 96 % conversion with Ru-69 versus 91 % with Ru-68 after 5 hours (and 72 % for the
benchmark Ru-67).

100%

80%

~ ]
« [
- [

60%

Conversion

40%

EtO,C CO,Et

®
e ®
—_——>
0.2 mol%

78a PhMe, 80 °C 78b

EtO,C. CO,Et
20%

0%

0 1 2 3 4 5
Time /h

Figure 2. Time-conversion curves in RCM of diene 78a. Conditions: catalyst 0.2 mol%, toluene, 80 °C under argon.
Measured by GC with 1,3,5-trimethoxybenzene added as internal standard. Lines are visual aid only.

To further examine the differences in catalyst productivity, the previously described reaction of
78a was reattempted at two times lower catalyst loading of 0.1 mol% (Scheme 12). The trend observed
earlier was maintained and Ru-67 gave a rather poor conversion for such reaction (50 %), whereas Ru-
68 and Ru-69 gave much higher conversions of 81 % and 92 % respectively. The three BIPh-type
catalysts were further tested in five more challenging RCM reactions featuring tetrasubstituted double
carbon-carbon bond formation. Similar was the case of the formation of the six-membered ring
(malonate 79b) and five-membered tosylamide 81b, where Ru-68 and Ru-69 gave up to 32 percentage
points (%p) higher substrate conversions compared to Ru-67. The fluorinated complex Ru-69 slightly
but noticeably outperformed Ru-68 in those two latter reactions. The superiority of the new catalysts
Ru-68 and Ru-68 was even more pronounced in the more challenging formation of a less
thermodynamically favored seven-membered ring (compounds 80b and 82b). In these latter cases, a
higher catalyst loading of 2 mol% with malonate 80a and 1 mol% with tosylamide 82b was required to
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reach suitable conversions, however, such loading is still considered low in the context of the
challenging formation of carbon—carbon tetrasubstituted bonds. Noteworthy, Ru-68 and Ru-69 gave
conversions 4 to 8 times higher than Ru-67 and again Ru-69 was slightly better than Ru-68 which
overall correlates with the observed trend in stability tests.

[Ru], toluene
_—
80°C,20h

Csb=02M b
Loading - 0.1 mol%, Loading - 0.1 mol%,
EtO,C_ CO,Et Conversion: EtO,C_ CO,Et Conversion:

85 %

81 %}31-42 %p 3 78% | 2131 %p
78b 92, | improved W m improved

Loading - 2 mol%, Loading - 0.1 mol%,
EtO,C_ LCO,Et Conversion: Conversion:

9%

1% 8 times

/

30b 739, better!

Ru-67| g7

30-32 %p

Ru-68| 97 %
improved

99 %

-

Loading - 1 mol%,

'Irs Conversion:
= 80 % 4 times
85 % better!

Scheme 12. Scope and limitation study of catalysts Ru-67, Ru-68 and Ru-69 in RCM of challenging substrates. %p
— percentage point difference from Ru-67.

To further evaluate the scope and limitations of catalysts Ru-68 and Ru-69, several challenging
CM reactions were investigated (Scheme 13). First, we studied the reaction between ethyl
chrysanthemate (85) and Z-1,4-diacetoxy-2-butene (86). Catalysts Ru-68 and Ru-69 gave similar
conversions of 85, 69 % and 73 % respectively, giving product 87 selectively, whereas known Ru-67
provided only 26 % of conversion. Next, the functionalization of the geminal carbon-carbon double
bond of 4-methylene-1-tosylpiperidine (88) with either 86 or amylene (90) was probed. In the case of
reaction with 86, the use of Ru-68 and Ru-69 allowed for conversions up to 18 %p higher compared to
benchmark Ru-67, leading to 76 % conversion for Ru-69.

Noteworthy, in the example of CM of 88 with amylene, the double-decker NHC catalysts Ru-68
and Ru-69 gave almost quantitative conversions of 88, 93 % and 91 % respectively, which was 5 times
higher than in the case of Ru-67 reaching only 18 %. Last but not least, the highly challenging 1,5-enyne
metathesis of substrate 92 to obtain crowded and strained cyclobutene derivative 93 was attempted.
An additional difficulty arising in this reaction is that its selectivity can be compromised by a competing
self-CM side reaction and by degradation of the resulting highly strained product. We were pleased to
find that catalysts Ru-68 and Ru-69 gave good yields of 59 % and 53 % respectively, which was around
10 times higher than with Ru-67 forming only traces of product which amounted to a 6 % vyield.
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Scheme 13. Scope and limitation study of catalysts Ru-67, Ru-68 and Ru-69 in CM and cycloisomerization of
challenging substrates. ° Reaction conducted in perfluorotoluene. %p — percentage point difference from Ru-67.

In summary, we developed the two new biplane-type NHC ligands based on a
benzimidazolylidene core, whose lower wings are set as N-phenyl rings to reduce their steric hindrance
on the first coordination sphere and whose upper wings are phenyl or pentafluorophenyl rings,
respectively. The corresponding second-generation Grubbs-Hoveyda complexes Ru-68 and Ru-69 were
generated. Importantly, both complexes Ru-68 and Ru-69 were shown to be significantly more stable
than the known BIPh-supported complex Ru-67. Moreover, the observed increased stability of the
ruthenium precursors Ru-68 and Ru-69 was also translated to the active species and enabled their
implementation as highly efficient, stable pre-catalysts in challenging olefin metathesis reactions for
the formation of tri- and tetra-substituted carbon-carbon double bonds.

CM of technical grade methyl oleate for the synthesis of bio-based polyesters and polyamides

We started off with the self-CM of 28(2) after its prior simple distillation from activated alumina
to decrease the content of catalyst poisons. 100 ppm of Ru-10 allowed to reach equilibrium in 3 h (50
°C, no solvent, Table 1, entry 1). Even though the reaction mixture contained a variety of products
including several internal alkenes and monoesters (28(£/Z), 30, 95, 96, 97), we were pleased to find
that the equilibrium mixture contained predominantly 29 as a diester species. Upon decreasing the
catalyst loading, we noticed that monoester 95 was also present in the reaction mixture and that the
relation was inversely proportional (Table 1, entries 1-3). This suggests that at loadings lower than 100
ppm of Ru-10 the reaction equilibrium is not reached. We wanted to avoid any monofunctional species
such as 28, 95, or 96 in the isolated product since they would lead to a lower molecular mass of the
resulting polyester, as monoesters would terminate a polymer chain. From gas chromatography, we
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deduced that boiling temperatures of 95 and 29 would be very similar, which would make the
purification of 29 challenging. Hence, we decided to focus on minimizing the formation of 95 as the
primary objective of catalyst screening, rather than maximizing catalyst efficiency.

CO,Me
(o COaMe ( 2 [Ru] CO,Me \r)?
/7 R = (M X o

)
7 7
} | no sovent, COMe CO,Me

Scheme 14. Self-CM of methyl oleate (28) with 20 wt% of methyl linoleate (94) and the observed products.

All of the complexes gave reasonably similar conversions of substrates 28(Z) and 94 around 95
%, except for Ru-69 giving a lower 91 %. Catalysts Ru-10, Ru-18, Ru-17 and Ru-71 gave a ratio of 29 to
95 above 90:10, with Ru-10 and Ru-71 exceeding 95:5. Ru-68 and Ru-69 yielded much higher amounts
of 95, which can be attributed to their higher fragility due to lower steric protection of the NHCs. Ru-
10 gave a slightly higher yield of 29 than catalyst Ru-71 (54 % versus 49 % respectively, the maximal
yield being approximately 50 % resulting from the reaction equilibrium) and therefore it was chosen
to continue with the development.

Table 1. Results of catalyst screening.

Loading Conversion of Yield of 29 29to 95 wt.  E to Zratio of
Entry  Catalyst

[ppm] 28(2) + 94 [%)] [%] ratio 29
1 100 95 54 96:4 84:16
2 Ru-10 50 94 51 89:11 82:18
3 25 80 26 63:37 78:22
4 Ru-18 94 45 90:10 82:18
5 Ru-17 94 54 92:8 82:18
6 Ru-71 100 95 49 96:4 82:18
7 Ru-68 94 50 82:18 82:18
8 Ru-69 91 42 70:30 80:20

Reaction conditions: no solvent, 50 °C, 3 h.

With the selected catalyst, self-CM of methyl oleate was conducted with 300 g of substrate.
After the reaction, product 29 was isolated by fractional distillation and subsequently purified by
crystallization from methanol at -30 °C. Interestingly, this protocol gave pure 29 containing almost
only E isomer (E/Z ratio of 97:3) in 36 % yield.

Having monomer 29 in hand, we attempted the melt polycondensation reaction with different
co-monomers (Scheme 15). Titanium n-butoxide was used as the catalyst for this reaction. This

16



Pawet Krzesinski ESR 1

resulted in a red-brown solid insoluble in all the most common solvents including trifluoroacetic acid.
This stood in contradiction to the findings reported by Warwel et al, where authors claimed to
characterize the same polyesters using gel permeation chromatography (GPC), although no
experimental data was provided thereof [14]. To confirm the formation of macromolecules, the
reaction was stopped at an earlier stage and the formed oligomers (soluble in conventional organic
solvents) were characterized by NMR spectroscopy.

The obtained oligomers and polymers were characterized by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). The obtained polyesters have relatively low melting
temperatures between 9 and 42 °C (Table 2, entries 1 — 7), which is characteristic of linear aliphatic
polyesters. Significantly higher was the melting temperature for polyamide (152 °C, Table 2, entry 8),
which is due to the formation of hydrogen bonds in comparison to polyesters. Heats of fusion varied
from 25 to 73 J/g. Aliphatic polyesters exhibited degradation temperatures around 400 °C, however,
the polyester containing 1,4-cyclohexanediol block unit showed an increased degradation
temperature of 446 °C due to the higher rigidity of the polymer that such a monomer provides.

Ti(O"Bu), 1 mol%

= COMe + HigXs
X H
""eo2C:/(A)7\/\N7r n 1) 150 - 200 °C, 140 min.

X=0,NH 2) 200 °C, 1 mbar

Scheme 15. Polycondensation reaction to obtain polyesters and polyamides from diester 29.

DP

Table 2. Polymerization of monomer 29 and characterization of obtained polyesters and polyamides.

Vacuum . M, Tm AH Ty mass
Entry Polyester . Yield DP® orb b o
time (g/mol)®  (°C)* (J/g)* (°C) loss®
1 [ o 1 30min. 51% 1.7 592 42 64 403 97 %
MO/\/O
2 © Jop 19h 52% n.d. n.d. 14 25 413 9% %
3 [ P Q 0’ 225min. 76% 6.6 2238 34 72 395 98 %
NP oy
4 1© e 21h 81% n.d. n.d. 11 55 398 97 %
5 o 180 min. 74% 7.5 2539 38 73 397 98 %
3 = 7 O/\Ms,o
6 0 o 21h 88% n.d. n.d. 10 60 398 96 %
SO
7 ™o T 19h 24% nd. n.d. 9 35 446% 78 %"
o DF
Q H
9 vy u/\;ﬁ 19h 51% n.d. n.d. 152 55 443 82 %
(0]
DP

Reaction conditions: Ti(O"Bu), 1 mol%, no solvent, 140 min. melt time with temperature increase from 150 to 200
°C. ? — degree of polymerization (DP) and number average molecular weight (M,) were calculated from *H NMR
by end group analysis. ® — determined by DSC. ¢ — T, (decomposition temperature) and mass loss of the samples
were determined by TGA. ¢ — evident mass loss of 50 % was observed at temperature 353 °C. n.d. — not determined
due to polymer insolubility.
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In summary, a novel process of obtaining functional polymer materials from technical grade
methyl oleate was developed. Self-CM of methyl oleate (28) in the presence of substantial amounts of
methyl linoleate (94) was investigated and the reaction was optimized to obtain dimethyl octadec-9-
enedioate (29) with high selectivity and yield. Subsequent polycondensation with a co-monomer (diol
or diamine) resulted in the formation of polymeric materials which were characterized using TGA and
DSC.
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Towards The Direct Synthesis Of Chiral Amines Via Asymmetric Rhodium
Catalyzed Hydroaminomethylation Reactions

Introduction

The use of carbon monoxide as C1 building block via metal-catalyzed carbonylation processes
has revealed an efficient tool for the functionalization of organic molecules; moreover, the atom-
economic nature of this type of reaction has increased the interest of both academia and industry [1].
Among the metals that catalyze carbonylation reactions, rhodium was largely studied due to its
intrinsic properties that provide high activity and selectivity for this type of reaction [2]. Rhodium
catalyzed hydroformylation constitutes an attractive strategy for the synthesis of aldehydes from
readily available starting materials such as alkenes in a high atom economy process [3]. The reaction
consists in the addition of “synthesis gas” (syngas), a mixture of CO and H,, to olefins in the presence
of a catalyst. A formyl group and hydrogen are added through the m system of the alkene for the
formation of aldehydes. Currently, several million tons of oxo-products are manufactured per year,
mainly through the hydroformylation of propene 1.1. The products jso-butyraldehyde 1.2 and n-
butanal 1.3 are important intermediates to synthesize esters, acrylates, and 2-ethylhexanol (Scheme
1) [4].

catalyst

CO/H, (@) H [e)
P +
T
1.1 1.2 1.3
branched linear

Scheme 1. Hydroformylation of propene.

From an organic point of view, aldehydes are products of interest due to their potential in terms
of subsequent functionalization, that can lead to the formation of new carbon-carbon and carbon-
heteroatom bonds [5]. However, despite the clear potential of asymmetric hydroformylation for the
synthesis of chiral aldehydes, the application of this process at a large scale has not yet been
completed. Aldehydes are generally not isolated as final products since the products of interest are
usually derivatives. In this context, tandem processes with hydroformylation as the initial step
constitute an interesting strategy. Indeed, the possibility to carry out several catalytic transformations
in “one-pot” is even more attractive from an environmental and efficiency point of view. In this
context, tandem catalytic processes are described as sequential catalytic transformations of the
substrate through two, or even more, mechanistic pathways (Scheme 2) [6].

When hydroformylation is the first step of such processes, alcohols can be prepared by in situ
reduction of the aldehyde using the hydrogen pressure present in the medium [7]. In the presence of
a carbonyl compound such as an aldehyde and an organocatalyst, aldol reactions take place to expand
the structure of the molecule [8]. It is also possible to create new C-C bonds if the aldehyde reacts with
a phosphorus ylide via a Wittig reaction [9]. On the other hand, aldehydes can act as electrophiles and
react with a nucleophile present in the media. If the nucleophile is an alcohol, hemiacetals or acetals
can be created [10]. In the presence of a primary or secondary amine, imines and enamines can be
easily prepared [11]. When these imines or enamines are hydrogenated to produce the corresponding
amine, the reaction is called hydroaminomethylation (HAM).
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Hydroformylation/hydrogenation reaction

ESR 2

Hydroformylation/Acetylation

OR,
A Rh cat. AN PN Rh cat. /\/‘\
R™™Y —>H2/CO R OH R —>H2/CO R OR,
R,OH
Hydroformylation/Aldol reaction Hydroaminovinylation reaction
0 OH
P \ Rh cat. * P Rh cat. ~..-Ra
R+ Rz) H,/CO Ri Rz Ri™™S H,/CO Ry I
* S0 Ro~\-Rs Rs
N~ “COzH H
H
Hydroformylation/Wittig olefination Hydroaminomethylation reaction
PPh; R
‘ Rh cat. PN Rh cat. R /\/\N’ 2
R + )~ _Rheat RO OR, Ry™ S H,/CO ! ‘
Ry H,/CO R3
RZ\N/R3
H

Scheme 2. Examples of hydroformylation tandem processes.

In this chapter, advances in the field of asymmetric hydroaminomethylation of alkenes is
described. A part will also be devoted to the hydroformylation which is the first step of this tandem
reaction. After a brief introduction of these reactions, the mechanisms of the processes will be
detailed, and the most relevant catalytic results will be described according to the alkenes substrates.
The efficient and selective synthesis of amines using readily available and abundant precursors is a
long-standing goal of chemical research since they are powerful building blocks for the synthesis of
pharmaceuticals, peptides, alkaloids and agrochemical, dyes, and monomers for polymerization [12].

Chiral amine moieties are present in ca. 40% of pharmaceutical products. The introduction of
these chiral units is therefore of high importance and usually performed through multistep processes
[13,14]. As enantiomerically pure amines are required in large quantities in the pharmaceutical and
agrochemical industry, the development of efficient methodologies for their preparation is of great
significance and highly desirable. In the context of green chemistry, research on organometallic
catalysis is still progressing to access and produce optically pure chiral amines. The main
enantioselective metal-catalyzed reactions for the synthesis of chiral amines are reductive amination,
hydroamination, hydroaminoalkylation and hydroaminomethylation (Scheme 3) [15].

Reductive amination Hydroaminoalkylation
o [cat] R3\N,R4 P [cat] /:>(i . /z R
Kee %NZ’R: g * 10 RO T T R H>(H\/

H

R' N___H
R” 7< branched isomer linear isomer
H H

Hydroamination Hydroaminomethylation

Rh cat.
[cat] * Ri~s "Ry R,
RN R RN H2/CO N . RN
N N Ro~y-Ro Rs Rs
H H branched isomer linear isomer

Scheme 3. Transition metal catalyzed processes to access chiral amines.

A thorough study was performed by Kalck and co-workers on the asymmetric
hydroaminomethylation of styrene with piperidine, using a variety of chiral diphosphine ligands which
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had been previously reported as very efficient in both asymmetric hydroformylation and
hydrogenation reactions (Scheme 4) [16]. The study also included *H and 3!P NMR investigations as

9
SN O Rh/L
N H,/CO

14 1.42

well as DFT calculations.

L Conv. (%) aldehyde (%) enamine (%) amine % (iso/n) ee (%)
L29 65 4 85 5 (41:59) 0
L17 >99 8 40 48 (64:36) 0
L19 91 8 14 74 (75:25) 0
L30 >99 10 47 42 (48:52) 0

.., OO Sy
At Q ij é }ﬁ

R = CgH4CHj (8,S,R,R)-TangPhos L17 (R R)-Ph-BPE L19

(R)-ToIBINAP L29 (R,R)-Me-Ferrocelane L30

Scheme 4. Rh-catalyzed hydroaminomethylation of styrene using chiral diphosphine ligands.

It was observed that the hydroformylation and the condensation proceeded rapidly, whilst the
hydrogenation step was rate determining. In this reaction, the enantioselectivity should be induced in
the hydrogenation step, since the chiral information obtained in the hydroformylation step is lost after
condensation of the amine with the chiral aldehyde to form the corresponding enamine.

High to full conversions were obtained, and good chemo- and regioselectivity towards the
branched intermediates were also attained, even if only diphospholane ligand L17 provided the amine
with high selectivity (Scheme 4). However, in all cases, no enantiomeric excess was obtained.

As detected by NMR spectroscopy, upon condensation of the amine, both (E)- and (Z)-enamines
are produced. This is a crucial fact as the asymmetric hydrogenation of these enamines will lead to the
opposite enantiomers, namely the (S) or (R)-products, respectively. DFT calculations established that
the hydrogenation of both enamines is very close in energy (-12,2 vs -12,8 kcal/mol), therefore
supporting why no enantiomeric excess could be obtained.

Godard and his group studied the asymmetric HAM of different a-substituted acrylamides using
a series of amines with the [Rh(acac)(CO)2]/(Sax Sax)-L25 (R= Cy) catalytic system. The latter turned out
to be active to directly yield chiral y-aminobutyric acid (GABA) derivatives, with good to high yields (59-
70%) and high enantioselectivities (70-86%) (Scheme 5).

In this thesis, we focused on the asymmetric HAM of 1,1-disubstituted alkenes with a chiral
center obtained via asymmetric hydroformylation, as well as on the intramolecular version of 2-
propenyl aniline derivatives whose chiral center is obtained by hydrogenation.
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. R
P ‘ O- P/
R® % RNh/(SaSax)-L25 (R= Cy) S QJ\
N - R - 0]
At ¥ oo
5 CO/H, (1:2, 20 bar) R Noge”" i
toluene, 90 °C, 16 h o | L25
1.50 1.82 . R=Cy, Me, Bn, iPr, (S)—CHMePh, tBu
o) o)
[ j R1= Et; 84% ee, 78% yield [ j R2= iPr; 84% ee, 67% yield 8436 ee
N = Bn; 86% ee; 75% yield N~ R2=Ph; 70% ee; 57% yield 59% vield
R1 Ph; 78% ee, 65% yield
R NEt, NR?, O
o) o)
e e ey e s @
N
o | 5 = O\) BocN \) ©/ ‘{‘4
|
N‘E 85% ee 84% ee 82% ee 78% ee 82% ee
o) 79% vyield 73% yield 48% yield 56% vyield 74% vyield

Scheme 5. Rh-catalyzed asymmetric hydroaminomethylation of a-substituted acrylamides with various amines.

R1 Ri
HNR'R"
pathway A )\/CHO W R)*\/\NR.R..—’R/*K/\NR R

R#R#H
R1
[Rh]
R CO/H, CHO NR'R" NR'R"
\ HNR'R" /E L
pathway B * -H0 R
— —
hydroformylation condensation hydrogenaﬂon

Scheme 6. Asymmetric induction in HAM.

Objectives
Objective 1: Study the asymmetric hydroaminomethylation of 1,1-disubstituted alkenes.

Objective 2: Synthesis of 2-cyclopropylmethacrylamide derivatives and their reactivity in
hydroformylation and hydroaminomethylation.

Objective 3: Development of heterogenized catalysts for the asymmetric hydroformylation and
hydroaminomethylation of 1,1-disubstituted alkenes.

Objective 4: Intramolecular asymmetric hydroaminomethylation of monosubstituted alkenes.

Objective 5: Scale-up of a sugar-based phosphite phosphoramidite ligand.

Rhodium catalyzed asymmetric hydroaminomethylation of 1,1-diarylethenes towards Tolterodine
and its derivatives

Following the strategy developed by our group for the production of chiral amines via the
asymmetric hydroaminomethylation of 1,1-disubstituted alkenes forming chiral 1,1-disubstituted
propylamines, the work presented in this chapter aimed at the synthesis of molecules of biological
interest such as chiral 3,3’-diarylpropylamines. More precisely, the study presented here deals with
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the asymmetric hydroaminomethylation of 1,1-diarylethene for the production of Tolterodine
derivatives (Scheme 7).

OH \'/ OH
/@1’?’/\/ N O Y
: j/ p— + HNj/
(R)-Tolterodine 3.1 3.2 3.3
Scheme 7. Retrosynthetic analysis of Tolterodine 3.1 via hydroaminomethylation.

Tolterodine stands as a notable pharmaceutical compound within the realm of medicinal
chemistry, categorized as an antimuscarinic drug that has garnered considerable attention for its
remarkable efficacy in treating overactive bladder (OAB) and its associated urinary symptoms [17]. The
annual bulk production of this active pharmaceutical ingredient (API) reaches approximately 0.5 tons
in industrialized countries worldwide. In 2020, it ranked as the 271st most frequently prescribed
medication in the United States, with over 1 million prescriptions dispensed [18]. The initial approach
for synthesizing Tolterodine was detailed in a patent by Kabi Pharmacia AB in 1998 (Scheme 2) [19].
This route includes 8 consecutive synthetic steps and an overall yield <13%. The synthesis also
employed non-environmentally friendly chemicals including pyridine, phosphorus tribromide, and
dichloromethane.

H2304 150°C K,CO; MeOH, MeO ‘ 0
Acetone, Mel O OMe
3.7

1) LiAIH,4

2) TsCl, Pyridine

3) NH(|Pr)2 ACN HO

4) PBr; DCM N L-(+)-Tartaric acid HO J\
3.1rac 3.1

Scheme 8. Synthesis of Tolterodine 3.1 patented by Kabi Pharmacia AB.

The work described in the following section represents the first Rh-catalyzed asymmetric
hydroformylation and hydroaminomethylation of 1,1-diarylethene, leading to Tolterodine and
derivatives.

1,1-diarylethenes were synthesized using a modified reported procedure [20]. Regioselective
hydroarylation was performed using phenols 3.18 (1.5 equiv.) and phenylacetylenes 3.19 (1 equiv.) in
the presence of an alumina-sulfuric acid heterogeneous catalyst at 160°C using microwave heating.
The microwave assisted synthesis described constitutes a fast and effective manner of accessing these
substrates using readily available products, in 30 to 60% yield after purification by column
chromatography (Scheme 9).
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OH OH
ALOz-SO3H
+
R Toluene, 160 °C, 1h, MW R’ O ,
R

R2
3.18a-e 3.19a-e 3.2a-i
OH OH OH OH
3.2a 60% 3.2b, 30% 3.2¢, 60% 3.2d, 60%
OH OH
OH OH OH
F CRACRCASIGR Y
|
3.2e, 50% 3.2f 40% 3.2g, 55% 3.2h, 58% 3.2i, 55%

Scheme 9. Synthesis of 1,1-diarylethenes via microwave assisted catalysis.

At this stage, the scope of 1,1-diarylethene substrates that can be used in the Rh-catalyzed
asymmetric hydroaminomethylation reactions was evaluated using ligand L14e (Figure 1). In all cases,
high conversions were obtained (Table 1) with ca. 50% chemoselectivity and ee’s ranging from 14 to
36%. No clear conclusions could be drawn from the influence of the substrate substituents.

Q

OP OF‘

L14e Sax.Sax O L15a SaxSax

Figure 1. Best ligands used for HF and HAM of substrates 3.2a-3.2g.

\4
O

Next, we were interested in studying the asymmetric hydroformylation of substrates 3.2a-g
leading to the chromanols 3.8a-g using the ligand L14e.

After the catalytic tests, the products 3.8 were isolated and oxidized into the chromanones 3.6
for determination of the enantiomeric excesses. The results are described in

Table 2.

High conversions were obtained for all substrates (87-99%) with excellent chemoselectivity to
the chromanol products (ca. 90%). In this reaction, the highest ee’s (44 and 37%, entries 4 and 7
respectively) were obtained when a tert-butyl group was present in para position of one of the aryl
substituents of the substrates. It is noteworthy that slightly higher chemo- and enantioselectivities
were obtained in this hydroformylation reaction when compared to the results obtained in
hydroaminomethylation. This again indicated that the presence of amine in the medium negatively
affected the catalytic process.

26



Joris Langlois ESR 2

Table 1. Asymmetric Rh-catalyzed hydroaminomethylation of 3.2a-g to the chiral amines 3.1a-g using L14e.
)\ J\ (1 equiv.)

Rh(acac)(CO)2 (1 mol%),

OH on
_Lted2mom)
R' T MetHr, HF,
R? CO, H 30bar21) R1 O R1 O R2

A AN Ak

31!: )\ J\31d

Entry  Substrate Conv (%) % 3.1 [yield]* % ee (3.1) % 3.8 %3.14

1 3.2a 90 48 [42] 36 42 10
2 3.2b 85 46 [32] 32 41 13
3 3.2¢ 93 46 [39] 33 45 9
4 3.2d 84 44 [30] 17 38 18
5 3.2e 90 44 [36] 14 46 10
6 3.2f 97 51 [47] 27 40 9
7 3.2g 86 43 [34] 25 43 15

% Reaction conditions: 1a (0.12 mmol), Rh = [Rh(acac)(CO),] (1 mol%), L14e (1.2 mol %), P = 30 bar (H,/CO, 1:2),
MeTHF (0.2 mL), T=125 °C, t =38 h, 400 r.p.m. % ee of 3.1a determined by chiral HPLC.* isolated yield.

Table 2. Asymmetric Rh-catalyzed hydroformylation of 3.2a-g to the chiral chromanols 3.8a-g using L14e.
H

Ol

OH Rh(acac)(CO), (1 mol%), OH
L14e (1.2 mol%)
0 4'1 o & O
2 2
R "

R
co, H2(30 bar 2:1)
3.2ag C.38h 3.8ag 3.14a-g

[}

oooooo

78%, 3.2a 81%, 3.2b 90%, 3.2¢ 45%, 3.2d

(o]
Q

(¢}

cQ o o ¢V
Entry Substrate Conv. (%) % 3.8 [yieId]* ee 3.6 (%) % 3.14
1 3.2a 97 90 [78] 21 10
2 3.2b 87 88 [81] 22 12
3 3.2c 96 95 [90] 35 5
4 3.2d 96 88 [45] 44 12
5 3.2e 99 91 [61] 14 9
6 3.2f 99 94 [49] 28 6
7 3.2g 98 94 [68] 37 6

@ Reaction conditions: 1a (0.12 mmol), Rh = [Rh(acac)(CO),] (1 mol%), L14e (1.2 mol %), P = 30 bar (H,/CO, 1:2),
MeTHF (0.2 ml), T=125 °C, t =38 h, 400 r.p.m. % ee of 3.1a determined by chiral HPLC. *isolated yield.
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Rh-catalyzed hydroaminomethylation of 1,1-cyclopropylmethacrylamides.

The possibility to access chiral GABA and derivatives through a direct approach is of major
interest. As such, the asymmetric HAM of the cyclopropyl acrylamide 4.2 with the spirocyclic amine
4.3 could yield 4.1 based on the retrosynthetic route described in Scheme 10.

3C NH NH
N p— 1) +
o HN
CF3 CFs
4.1 4.2 4.3

Scheme 10. Retrosynthetic analysis for the production of CCR2 antagonist 4.1 via HAM.

A drawback of this strategy involved the presence of a vinylcyclopropyl moiety in the starting
material, which could undergo undesired side reactions. Vinylcyclopropanes (VCPs) have found
extensive applications in transition-metal-catalyzed cycloaddition reactions due to the presence of an
olefin group that guides the transition-metal towards the selective cleavage of C-C bonds [21]. VCPs
were reported in reactions with Ru, Ni, Pd, Ir, Co, Fe and Rh based metal catalysts. Among them, Rh
was one of the most studied as it was active in both C-C bond cleavage of activated and non-activated
VCPs in either inter- or intramolecular processes. In the next section, only Rh-based C-C bond cleavage
is described.

Oxidative addition of Rh (l) catalysts to VCPs

> B = (=

Scheme 11. Reactivity of VCPs with Rh.

Cyclopropyl acetylene 4.13 and different amines were tested as substrates in the Pd-catalyzed
hydroaminocarbonylation reaction based on previous reports involving different alkynes [22]. The
substrates were reacted with carbon monoxide gas in the presence of Pd(OAc), as the metal precursor
and 1,3-bis(diphenylphosphino)propane (dppp) L1 as ligand. For the synthesis of a-cyclopropyl
acrylamide 4.27, ammonium carbonate was used as the amine source and the reaction was run for 6h
(Scheme 12) [23].

Various new 1,1-disubstituted alkenes containing either primary, secondary or tertiary amide
moieties were synthesized using this protocol. The primary amide 4.27 was synthesized in 38% vyield
and the four secondary amides 4.2, 4.23, 4.24 and 4.25 were synthesized in moderate to good yields
(47 to 62%). The tertiary amide 4.26 was obtained in 47% yield.

Hydroformylation of secondary 2-cyclopropylacrylamides with L3 provided new dihydro-
pyridinone products which were isolated and fully characterized. Moreover, reduction of the catalytic
crude revealed that the hydroformylation product 4.45 was also formed as the main linear aldehyde.

Notably, dppf provided a linear aldehyde, 4.45, in 69% as observed by the triplet pattern of the
aldehyde signal in 'H NMR. The formation of products 4.41 and 4.45 could be explained through the
mechanism displayed in Scheme 14. The formation of the cyclic dihydropyridinone 4.41 and the
aldehyde 4.45 product indicated that C-C bond activation of cyclopropanes had taken place, as
previously observed in the presence of Rh(l) catalysts. The possible mechanism described in Scheme
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14 relies on the oxidative addition of Rh(l) into VCPs described in Scheme 11 [24]. As the catalysis is
performed under syngas pressure, a rhodium hydride species is present in the system.

Ri~-Rz Pd(OAC), (1 mol%), dppp (1 mol%) ! PP
D—fH + ” NEA
R

CO (5 bar)
413 Acet?nitrile 2
120 C, 4h
dppp, L1
(e} [e) o
CF3
N N N/\/\/
H H H
4.2,55% CF3 4.23, 51% 4.24 47%
i L AWHOL o
N
AWHLH Q AWHLNW
4.25,62% 4.26, 47% 4.27*, 38%

*Prepared from ammonium carbonate for 6 h at 120°C

Scheme 12. Synthesis of 1,1 disubstituted alkenes via hydroaminocarbonylation.
1% [Rh(acac)(CO),] (1 mol%) i
AW%LN’R L3 (1.2 mol%) O
p-0
H
20 bar (CO:H, = 1:1) O P L 0 Q
R = pentyl 4.24 Tolyueney (0.2 mi) " R=benzyl 4.41, 40%

R = benzyl 4.23 90 °C, 16h, 900 r.p.m
R = tert-butyl 4.25 R = pentyl 4.42, 39% O
R = tert-butyl 4.43 L3
(Sax)

Scheme 13. Hydroformylation of 4.42 and 4.43 using ligand L3.

SRS T ﬁ“@
‘\"éﬂf 58% *

Cm?

448 O

Rh
4 23

452

Rh
&
N %
4.50

Scheme 14. Possible mechanism for the formation of dihydropyridinone 4.41 and aldehyde 4.45.
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The reactivity of N-benzyl-2-cyclopropylacrylamide 4.23 was tested in hydroaminomethylation
using Rh(acac)(CO), as rhodium precursor, L10 as ligand, and with 1 equivalent of piperidine. The
reaction was carried out at 1 mmol scale under 20 bar of syngas for 16 h at 90 °C.

< NH (1 equiv.)
(0]

(e}
H
o) [Rh(acac)(CO),] (1 mol%) N
% L10 (2 mol%) Oij@ A/’)kH/\Q
N H + N
H/\© 20 bar (CO:H, = 1:1) N Q
90 °C, 16h

Toluene,
4.23 70% conv. 4.54 4.55

Scheme 15. Reactivity of 4.23 under hydroaminomethylation conditions with piperidine.

The substrate was converted in 70% in mainly two products, 4.54 (44%) and 4.55 (48%).
Surprisingly, the expected condensation of the amine on the resulting aldehyde 4.45 obtained
previously in the hydroformylation of 4.23 with Rh/L10 catalytic system was not detected. However,
opening of the VCP occurred yielding the new product 4.54. The second surprise was the formation of
the cyclopropyl containing hydroamination product 4.55. This unexpected result would suggest that a
fast hydroamination would occur before the opening of the VCP.

Rhodium catalyzed asymmetric hydroaminomethylation towards continuous flow.

Currently, over 90% of all industrial chemicals are produced through catalytic processes [25].
Hence, an important challenge in modern chemistry is the discovery of catalytic systems that combine
the merits of both homogeneous (selectivity) and heterogeneous (recycling) catalysis. Numerous
techniques were devised to retrieve and reuse homogeneous catalysts, as well as to efficiently
separate the catalyst from the products. Among these methods, one of the prevailing approaches
involves anchoring homogeneous catalysts onto solid supports, resulting in the so-called
"heterogenized catalysts". These heterogenized systems can be produced through various approaches
(Figure 2) [26].

Catalyst

Catalyst

Support
FG
7N\
FG FG Catalyst
Support Support Support
Covalent binding Non-covalent binding Encapsulation

Figure 2. Main approaches for the immobilization of homogeneous catalysts onto solid supports.

In this work, we focused on the non-covalent immobilization of homogeneous catalysts for their
application in hydroformylation and hydroaminomethylation reactions. Graphitic materials have
attracted significant interest as potential supports for anchoring homogeneous catalysts through n-nt
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interactions. These interactions provide a stable foundation for the anchoring metal complexes and
refer to non-covalent connections that arise between the electron densities of stacked aromatic
systems. While benzene traditionally serves as the archetype for aromatic interactions, recent
investigations have unveiled that larger aromatic systems, such as pyrene and coronene, provide even
more resilient m-it stacking bonds with CNTs [27]. Good results were reported in the Rh-catalyzed
hydroaminomethylation reaction under flow conditions. However, the asymmetric version of this
process was not reported to date.

Hence, here, our objective was the preparation of heterogenized chiral Rh catalysts for their
application in the asymmetric hydroaminomethylation of acrylamides under batch and flow
conditions. The design of the catalysts was based on a previous report from our group that described
the efficient hydroaminomethylation of these substrates into chiral amines under homogeneous
conditions [28]. These catalysts would be supported onto carbon support via m-1t interaction by
introduction of a pyrene moiety in the backbone of the phosphite-phosphoramidite ligands (Figure 3).
In the following sections, the results obtained to reach this objective will be described.

Figure 3. Aimed catalysts for the asymmetric HAM of acrylamides in continuous flow.

5.1 5.2

Using the same strategy as described for the synthesis of 5.5, the amine moiety was introduced
first in the xylose backbone followed by the incorporation of the pyrene. For this purpose, the tosyl
5.7 was reacted with sodium azide in dimethylformamide at 90 °C. The azide intermediate 5.16 was
reduced with triphenylphosphine in a mixture of water and tetrahydrofuran at room temperature,
yielding the water-soluble amino alcohol 5.17 in 64% yield over the two steps, after recrystallization in
diethyl ether (Scheme 16).

o 1) NaN3 DMF, 90°C, 16 h  HaN
H 2) PPhs THF, H,0, rt, 1 h, 64% @
o)
o)
s O
5.7 517

Scheme 16. Synthesis of the amino-alcohol 5.17 from the tosyl 5.7.

TsO

In parallel, 1-pyrenebutyric acid 5.8 was reduced by LiAlH4 in THF at room temperature for 16 h
to 1-pyrenebutanol 5.18 in quantitative yield. The 1-pyrenebutanol 5.18 was further oxidized using
pyridinium chlorochromate (PCC) in dichloromethane to the 1-pyrenebutanal 5.19 in 80% yield
(Scheme 17).
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OH 1) LIAIH4 THF, rt, 16 h, 99% H
2) PCC, DCM, tt, 16 h, 80%
L ’ ) °
5.8

5.19
Scheme 17. Reduction and oxidation sequence of 1-pyrenebutyric acid 5.8 to 1-pyrenebutanal 5.19.

The amino-alcohol 5.17 and the aldehyde 5.19 partners were reacted in reductive amination to
form the hemiaminal intermediate 5.20 in 90% vyield. Surprisingly, neither sodium borohydride or
sodium cyanoborohydride could open the 6 members ring intermediate 5.20.

H._O
HN
o)
H CTHR  LiAIH,, THE
+
" o Q  2hthen _ rt, 30 mn,

NaBH,4 89%
or NaBH3;CN

90% ¢ )T
(o)

5.19 517 5.20
Scheme 18. Synthesis of pyrene-tagged amino alcohol linear backbone 5.12.

However, when LiAlH, was used in THF, the chiral pyrene-tagged amino alcohol linear backbone
5.12 was obtained in 89% yield (Scheme 18). Overall, this product was obtained in 41% yield from the
tosyl intermediate 5.7 and the commercially available pyrene carboxylic acid 5.8.

The amino-alcohol backbone 5.12 was reacted at rt for 2 h with the (S)-binolchlorophosphite
formed in situ from phosphorus trichloride and (S)-BINOL (Scheme 19). The reaction time was critical
since impurities that couldn’t be separated by chromatography were detected by 3!P NMR when the
reaction time was increased. The new phosphite phosphoramidite pyrene tagged ligand 5.11 was
obtained in a 33% yield after column chromatography.

OO OH PCls NMP (cat.) 5.12, NEt; (5 equiv.),

(O P-ClI DMAP (cat.)

OH
75°C, 2 N
OO 5°C, 20 mn Toluene, rt, 2 h, 33% O—/P/ %O
o 00 N
P
(S)-BINOL Qo/ 0
O~
5.11

Scheme 19. Synthesis of phosphite phosphoramidite ligand 5.11.

The phosphite phosphoramidite ligand 5.11 was reacted in stoichiometric amount with
[Rh(COD),]BF, in dichloromethane at 0°C and stirred at room temperature for 1 h (Scheme 20). The
cationic complex 5.10 was immobilized on multiwall carbon nanotubes (MWCNT), reduced graphene
oxide (rGO) and carbon beads (CB) and the corresponding Rh loadings are described in Table 3. The
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highest rhodium loading was on 5.10@MWCNT with 1.61 wt% followed by 5.10@CB with 1.44 wt%
and finally 5.10@rGO with 1.10 wt%.

)
os o

_[R(COD),JBF,

N
onp/ \L/do DCM, 1 h
(T OQ
o
5.1

Scheme 20. Expected structure of the product 5.3 from the complexation of 5.11 with [Rh(COD),]BF,.

Table 3. Immobilization of 5.10 on carbon materials.

Catalyst Rh loading wt%
5.10@MWCNT 1.61
5.10@rGO 1.10
5.10@CB 1.44

The successfully immobilized catalysts were then tested in asymmetric hydroformylation of
acrylamide derivatives. The activity of the [Rh/5.11] catalytic system was tested in homogeneous
hydroformylation and hydroaminomethylation of 5.22. The asymmetric hydroformylation of 5.22
(Scheme 21) resulted in an excellent 80% ee of 5.23. The asymmetric hydroaminomethylation (Scheme
22) resulted in a good 67% ee of 5.27. These results indicated that the introduction of the pyrene
moiety in the ligand did not significantly affect the catalytic outcome of the reaction.

o) [Rh(acac)(CO),] (1 mol%) Q 0 e}
5.11 (1.2 mol% BN
%N/\ ( ) 'Il\ + N/\ " %N/\
§ 20 bar (CO/Ma, 1:1) H § §
MeTHF ) H™ "0
5.22 60°C, 16 h 5.23 5.24 5.25

Scheme 21. Homogeneous asymmetric hydroformylation of 5.22 with the catalytic system [Rh/5.11].
HN 0] i
(1 equiv.)

o) [Rh(acac)(CO),] (1 mol%) (0]
%N/\ 5.11 (1.2 mol%) ‘\ . W
§ 20 bar (CO/Hy, 1:1) e L

MeTHF
5.22 110°C, 16 h [ j 5.27 5.2 5.24

Scheme 22. Homogeneous asymmetric hydroaminomethylation of 5.22 with the catalytic system [Rh/5.11].

The immobilized catalysts were tested in batch hydroformylation in view of a continuous flow
application. The catalysts presented a low activity, but the catalyst 5.10@MWCNT provided a
conversion of 30% at 110°C with a selectivity towards the linear aldehyde of 31% and a good
enantioselectivity of 61%.
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Rhodium catalyzed intramolecular asymmetric hydroaminomethylation of alkenes.

Through intramolecular HAM, compounds such as indoline, tetrahydroisoqunoline or
benzazepine derivatives, privileged scaffolds which exhibit interesting and important pharmacological
activities, can be accessed in a one step process [29]. As presented in scheme 6, pathway B, the
hydroaminomethylation of monosubstituted alkenes undergoes racemization during the condensation
step between the aldehyde formed during the HF step and the amine reagent, and as such, the
enantioselectivity must be induced during the hydrogenation of the imine/enamine to produce a chiral
amine. In contrast with the intermolecular HAM [30], only one enamine isomer can be formed, making
more efficient the asymmetric hydrogenation (Scheme 23).

X
NHR b > ’ indoline
Rh/L* N N
6.1 6.2 6.3
N AR
- X . * ) . )
Rh/L* N N tetrahydroisoquinoline
CO/H, "R R
6.4 R 6.5 6.6
|
XN NH _ \
Rh/L* N-R N-R  benzazepine
CO/H,
6.7 6.8 6.9

Scheme 23. Intramolecular HAM of different substrates.

Substrates 6.33, 6.34, 6.39, 6.42 were successfully synthesized according to reported procedure
and tested in intramolecular hydroaminomethylation. As a general trend, the hydrogenation of the
enamine intermediate is the limiting factor for the reaction to proceed and might require high pressure
and temperature.

6.33 6.34 6.39 6.42

Figure 4. Substrates 6.33, 6.34, 6.39, 6.42 used in intramolecular HAM.

Increasing the size of the enamine ring formed from 5 to 7-membered ring resulted in a more
efficient hydrogenation under HAM conditions. However, no asymmetric hydroaminomethylation
could be tested due to the lack of time.

Secondment at Italmatch Chemicals: scale-up of a ligand synthesis based on D-xylose
The lab scale-up was realized in three steps with an overall yield of 26%. The first step was the
synthesis of the selective monoprotected ketal 7.17 (Scheme 24). D-xylose 7.15 was reacted with

concentrated sulfuric acid in acetone for 1 h at room temperature. Then, the selective
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monodeprotection of the ketal was realized in situ by adding potassium carbonate and stirred for 3 h.
Then, K,CO3; was added until neutral pH was reached, yielding 7.17 in 90% after work-up and
evaporation of the aqueous phase.

OH H,80, acetone HO OI—(i)
_ OH then KoCO4 5
(0] rt, 4 h
OH OH 90%, 57 g O\%
7.15 717

Scheme 24. Synthesis of the diol 7.17 in one step.

Activation of the primary alcohol was achieved with a slightly modified procedure. The diol 7.17
was reacted with 4-toluenesulfonyl chloride in triethylamine and tetrahydrofuran at room
temperature for 16 h (Scheme 25). The product 7.18 was obtained in a similar 57% vyield after
precipitation in cold diethyl ether. The system NEts/THF was preferred to the pyridine/DCM system
due to safety hazard and waste management.

\\S,C| o
HO O D A
5 OH
o} NEts, THF
i, 16 h O\xT
57%,20 g

7.7
Scheme 25. Synthesis of tosylated product 7.18.

Finally, the amino alcohol 7.19a was synthesized by reacting 7.18 with an excess of
cyclohexylamine (4 equiv.) in 1-butanol at 110°C for 3 h 30 (Scheme 26). The product was obtained in
50% yield after acid base work up. Changing isopropanol to 1-butanol drastically reduced the reaction
time as further heating was possible. The final aqueous treatment avoided the purification by column
chromatography.

O\ 0

Cyclohexylamine
BuOH, 110°C, 3 h 30
T 50%,659 g
OJV
7.18 7.19a

Scheme 26. Synthesis of the amino alcohol 7.19a.

Then, an optimization of the continuous flow synthesis of chlorophosphite 7.30 was performed
using syringe pumps. It was carried out with acetonitrile and a base. Samples were rapidly analyzed by
31p NMR to evaluate the conversion and selectivity. The optimal conditions included the use of diol
solution with NMI (0.2 equiv.) in acetonitrile (1 M) and PCls in acetonitrile (1 M) for 1 min at room

HO PCI3(1 equiv.)
OH =\
N N N-(0.2 equiv.)
Acetonitrile, rt, 1 mn
7.30

7.29

temperature.

Figure 5. Flow synthesis of chlorophosphite 7.30.
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General conclusions.

This manuscript details research work on various chemical reactions, including the
homogeneous asymmetric hydroaminomethylation of specific compounds, the synthesis of chiral
catalysts for this reaction, and the evaluation of reactivity of various compounds in hydroformylation
and hydroaminomethylation reactions.

The first part described the results of asymmetric hydroformylation and
hydroaminomethylation of 1,1-diarylethenes. It outlines the direct synthesis of Tolterodine and its
derivatives via asymmetric hydroaminomethylation of these compounds, along with experimental
conditions and yields obtained.

The second part focused on the synthesis of different compounds and their reactivity in
rhodium-catalyzed reactions. The hydroformylation and hydroaminomethylation reactions of these
compounds are studied, with observations on the reactivity of cyclopropylmethacrylamide and the
formation of derivative products.

The third part addressed the development of heterogeneous catalysts for hydroformylation and
hydroaminomethylation reactions. Pyrene-tagged ligands were synthesized and tested as immobilized
catalysts, showing promising results despite relatively low activity.

The fourth part explored into the reactivity of ortho-substituted styrene derivatives in rhodium-
catalyzed intramolecular hydroaminomethylation. The results indicate that the reaction is limited by
the hydrogenation of the enamine intermediate.

Finally, the last part presented the results obtained during a stay at Italmatch Chemicals,
highlighting the synthesis of different compounds and the scaling up of the synthesis of certain
intermediates.
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s-Block Metal-Mediated Hydroelementation
Introduction

The addition of P(lll) and P (V) compounds across alkynes or diynes is an example of formation
of new P-C bonds in an atom-economic way [1-4]. However, this addition necessitates catalysts to
overcome electrostatic and kinetic barriers [3,5-7]. As a method to this approach, we propose the use
of alkali metal-based catalysts, which are ideal candidates for this task due to their non-toxicity, global
abundance, and environmentally benign properties [8,9]. Nonetheless, the outcome of these reactions
strongly depends on the nature of the alkali metal and the bulkiness of P-bound substituents [10,11].
It should be noted that there is no fundamental understanding of electronic and steric control for these
reactions, particularly in terms of predictive experimental and theoretical capability, because these
metals lack directing d-orbitals.

With the aim of forming stereo- and regioselectively P-C bonds via alkali-metal catalyzed
reactions, this work focuses on a combined approach involving experimental and theoretical methods
to determine the mechanistic steps by which these reactions ensue, to identify and underline the
decisive factors which govern the stereo- and regio-selectivity and to ascertain which alkali metal is
the most suited one. The combination of these two methods also enables us to understand why these
reactions do not happen with several combinations of alkali cation and phosphine substituents. This
project was initially divided into two parts: i) alkali metal mediated hydrophosphorylation (Pudovik
reaction) of alkynes and diynes and ii) alkali metal catalyzed hydrophosphination of diynes. We set to
achieve this goal by using M-HMDS (metal bis(trimethylsilyl)Jamides; M = Li, Na, and K) as precatalysts
for the formation of new P-C bonds. For both projects we employed the same precatalyst and the same
loading as to establish a homogenous protocol. We chose bis(trimethylsilyl)amide complexes as our
precatalysts as they are commonly available, easy to synthesize from inexpensive starting materials,
highly soluble in common organic solvents, and cheap. To elucidate the experimental outcome of the
reactions, we have performed DFT calculations to achieve an understanding of the results from a
theoretical standpoint.

Additionally, we also explored the oxidation of hetero cyclopentadienes with an incorporated
phosphorus atom (product from the alkali metal-catalyzed hydrophosphination of diynes) and the
subsequent dimerization of the oxidized product into a [2+2] adduct under visible light irradiation. In
this part of the project, we aimed to evaluate the properties, which promoted the formation of oxide
and the subsequent formation of the [2+2] adduct, in terms of HOMO-LUMO gap and the energy
barriers facilitating the photoinduced cycloaddition. This additional project also combined DFT and
experimental techniques.

Alkali metal mediated Pudovik reaction

Pudovik reaction Part I: alkali metal-mediated addition of di(organyl)phosphine oxides across
phenylacetylene.

In the initial stages of the project, we decided to elucidate the energy profile for the alkali metal
mediated Pudovik reaction onto phenylacetylene (Scheme 1). For this section, we took the
experimental data obtained by Westerhausen et al. [8].
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Scheme 1. Alkali metal-mediated hydrophosphorylation of phenylacetylene with di(organyl)phosphine oxides via
catalytic amounts of M-HMDS (M = Li, Na and K).

Interestingly the experimental results for the Pudovik reaction revealed a significant
dependency on both the P-bound substituent and the nature of the s-block metal leading to different
reaction times and product ratios. The following reactions were conducted in THF as a solvent. The
summary of the experimental results is depicted in Tables 1 and 2.

Table 1. Dependency of the Pudovik reaction (addition of dimesitylphosphine oxide across phenylacetylene) on
the alkali metal of the utilized bis(trimethylsilyl)amide precatalyst.

Entry Metal After 1h After 27 h
Conv. [%] E/z Conv. [%] E/Z
1 Li 0 - >8 5/1
2 Na 31 3/1 >99 31/1*
3 K 93 3/1 >99 5/1

* The quantity of Z-1-Mes is reduced because of a preferred second Na-mediated hydrophosphorylation yielding

2-Mes.

Table 2. Dependency of the hydrophosphination across phenylacetylene on the P-bound group of the
di(organyl)phosphine oxide, using K-HMDS as precatalyst.

E P-b d After 1h
ntry -oound group Conv. [%] 1-Ar (E/2) 2-Ar
1 Mes 93 3/1 /
2 Mes/Ph 76 36 (100/0) 64
3 Ph 14 <1 >99
4 Cy 0 / /
5 OEt 0 / /

To elucidate the experimental results, we considered the postulated mechanism presented in

the original study as a basis for our present in silico study. The postulated reaction mechanism on
which the computational study is based is depicted in Scheme 2. Before we started the exploration of
the mechanism, we estimated the thermodynamic feasibility of the formation of the alkali metal
phosphinites M-OPAr,, which are the active catalytic species, starting from the corresponding M-
HMDS precatalyst and using stoichiometric amounts of HP(O)Ar; (reaction 1). For these calculations,
we additionally considered the aggregation degree of M-HMDS in THF, a dimer for M = K, Li and a
trimer for M = Na (Scheme 3) [12,13]. Furthermore, in the instance of M = K, we also examined the
impact of different P-bound groups on the formation of the active catalytic species. We determined
that in all cases the formation is feasible, regardless of the alkali cation and the P-bound substituent,
according to the computed Gibbs energies for the reactions.
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Scheme 2. Postulated mechanism for the formation of the 1-Ar and the bis-phosphorylated compound 2-Ar
adapted from ref. [1].
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Scheme 3. General scheme for generation of active catalyst species M-OPAr; (M = Li, Na and K*; R = Mes). *For
M =K also Ar = Mes, Ph, OEt and Cy.

However, it is known that the alkali metal phosphinites M-OPAr, can form aggregates in solvents
such as THF where tetrameric, dimeric, and monomeric species can (co)exist [2,13]. However, the only
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active form is the monomeric complex. For this reason, we estimated the dissociation energies of the
aggregates according to Scheme 4.

M THF Ar<__Ar

|
/Ai O, Ar

SN\
=———= 2 THF*M_ M THF
N

/
/3 /‘ 0 Ar M THF
TH P
0 Ar Ar

Ar” CAr

Scheme 4. General scheme of deaggregation for the clusters of active catalytic species (M = Li, Na, K); P-bound
groups 2 Mes, Mes/Ph and 2 Ph).

This part of the calculations provided some answers regarding the aspect why some of the
reactions are hampered and do not ensue. The influence of the stepwise substitution of P-bound
mesityl groups by phenyl groups on the dissociation/deaggregation energy is rather low with no
significant trend. All the transformations are endergonic for the first transformation (tetramer into
dimer), ranging from 27.9 to 29.4 kcal mol?, and for the second transformation (dimer into monomer)
from 17.5 to 22.1 kcal mol™®. Even though they are slightly elevated, all the conversions may be
facilitated under the reaction conditions, which is in accordance with experimental data. However, we
observed notable alkali metal-dependent variation for (Ar = Mes). The highest dissociation energy for
the deaggregation for the tetrameric into the dimeric species for lithium metal mediated reaction is
42.3 kcal mol™. Such a high dissociation energy could be one of the reasons suppressing this reaction.
The rest of the dissociation energies were estimated to be lower than 30.0 kcal mol™?, and as such they
could be surmounted under the reaction conditions. The estimated dissociation energies are in
accordance with the analyzed experimental outcome.

Having estimated the Gibbs energy of the reaction of formation of the active catalytic species
we then moved onto the calculation of energy profiles for the postulated mechanism (Figure 1). We
were able to ascertain fully the reaction mechanisms for M = Li, Na and K with Ar = Mes and for M = K
with Ar = Ph, Cy, OEt and a mixture of Ph and Mes as P-bound substituents. Addition of phosphorous
nucleophile to the triple bond can give both E- and Z-isomers of the hydrophosphorylated products
(Scheme 1). However, we were unable to locate a TS for the first nucleophilic attack that directly
generates the intermediate which would be the precursor for the formation of the E-isomer. The
calculated intermediate from the nucleophilic attack always formed as a precursor for the formation
of the Z-isomer. The formation of the E-product takes place through an isomerization step of the
initially formed pro-Z-intermediate (Figure 1B). All the computed barriers are lower than 30.0 kcal mol
!, The computed energy profiles suggest that the origin of the non-reaction observed in several cases
was not in the barrier for the reaction, but rather in the steps beforehand (formation of the catalytically
active species). Barriers are influenced by the nature of the alkali cation. The energy barriers were the
highest with lithium and lowest with potassium which is in accordance with the experimental results
of the best catalyst being the potassium complex and the worst being the lithium congener. The energy
profile for the sodium-mediated reaction has barriers between potassium- and lithium-mediated
reactions. Hence, it may be deduced that the identity of the alkali cation does play a significant role in
the reaction mechanism, and it is inaccurate to look at alkali cations as spectators and as freely
interchangeable. On the contrary, the energy barriers did not show significant difference amongst the
different P-bound substituents, hence it was concluded that for P-bound Cy and OEt the prevailing
factor which hinders this reaction is the lack of formation of the active mononuclear catalytic species.
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Experimentally, the addition reaction is regioselective and yields the anti-Markovnikov product.
The regioselectivity is decided at the nucleophilic addition stage. To figure out why there is no
formation of the Markovnikov product, we computed the pathway leading to it for M = Kand Ar = Mes.
We were able to determine an energy barrier of 19.8 kcal mol™ for the formation of the Markovnikov
intermediate, whilst on the other hand the energy barrier for the formation of anti-Markovnikov was
only 7.3 kcal mol™. Another noteworthy difference between these two steps is the different stability
of the intermediates. According to the estimated calculations the anti-Markovnikov intermediate has
a relative energy of -6.2 kcal mol? below separated reactants, whilst the Markovnikov intermediate
lies 10.0 kcal mol™? above separated reactants. Hence, it may be concluded that the formation of the
anti-Markovnikov intermediate is thermodynamically and kinetically preferred.

Calculations with a hydrogen atom (formally a proton) in the place of the metal ion were
performed to assess the influence of the metal cation over the reaction barriers. This calculation was
also conducted for P-bound mesityl substituents. Interestingly, the energy barrier almost doubles from
10.2 kcal mol™ for the potassium mediated reaction (Ar = Mes) to 20.1 kcal mol? for the metal free
reaction. We were able to provide additional proof that the metal cation cooperates and lowers the
energy barrier significantly, thus verifying one more evidence that alkali cations are not only spectators
but that they rather play a significant role in the mechanism. Our findings regarding the role of the
alkali cations in reaction mechanisms match with previous findings.

Overall, for this section we were able to calculate the Gibbs energy of the reaction of formation
of the active catalytic species, the modes of interaction and to fully determine the postulated
mechanism for the reactions depicted in Table 1 and 2. This allowed us to gain some in-depth
knowledge on the steps which govern the regio- and stereoselectivity and allowed us to determine the
influence of the nature of the cation and of the P-bound groups in the catalytic cycle. As an example,
the Gibbs energy profiles calculated for the formation of E- and Z-isomers for the potassium-mediated
Pudovik reaction (Ar = Mes) are illustrated in Figure 1.
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Figure 1. Computed Gibbs energy profiles in THF (AGryr in kcal mol?) at 298 K for potassium-mediated
hydrophosphorylation of phenylacetylene for the formation of Z-isomer (A) and E-isomer (B) with
di(mesityl)phosphine oxide, using K-HMDS as precatalyst at a B3LYP-D3/Def2TZVP level of theory. (SM = starting
materials, Int = initial intermediate. P-product, ACS = active catalytic species).

Pudovik reaction Part Il: alkali metal-mediated addition of diphenylphosphine oxide across
diphenylbutadiyne

The successful addition of di(aryl)phosphine oxides Ar,P(O)H across phenylacetylene using
hexamethyldisilazanides (HMDS) of the alkali metals, we wanted to explore how the
hydrophosphorylation of diphenylbutadiyne proceeds. Hence, we decided to test addition of
diphenylphosphine oxide across 1,4-diphenylbutadiyne whilst using the same precatalysts (Scheme 5)
as in the previous section. This part of the thesis was conducted at the industrial partner Italmatch.

o_ Ph Ph
|P|h 5 mol% o \V Va
0 — ~—Pph
: @Hmos
~ -, = Li,Naand K
I v 2 Ph/ig;H THF, RT // \N @ = Lo
24h
Ph Ph Ph

Scheme 5. Alkali metal-mediated hydrophosphorylation of diphenylbutadiyne with diphenylphosphine oxide,
using M-HMDS (M = Li, Na, K) at room temperature yielding 1,4-diphenyl-2,3-bis(diphenylphosphoryl)buta-1,3-
diene.

Experimentally, the same relationship than for phenylacetylene was found regarding the ability
of the alkali metals (K > Na > Li) to catalyze the Pudovik reaction and their chemical hardness M* (M =
Li Na, K). The reactions vyielded a single product, namely 1,4-diphenyl-2,3-
bis(diphenylphosphoryl)buta-1,3-diene. The reaction proceeded regio- and stereoselectively. The
generated alkenylphosphine oxide is an already known compound and a comparison of the NMR
parameters confirmed its identity. This compound was also obtained in the reaction catalyzed by
[(THF)4Ca(PPh3),] [14]. The change from alkaline earth- to alkali metal-based catalysts did not change
the regio and stereoselectivity of this addition reaction.
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Intriguingly for this section, the metal cations change their preferred mode of interaction with
the m-system when switching from acetylene to diyne derivatives. In the latter instance, the metal
cations will preferably interact with the diyne system instead of the aryl ring (Figure 2).

310 272

312 2550 s o 4 ¢ X% £ ;‘;;- a0
12291369122 ]_i
.27 AG=.24 AG=-17

Figure 2. Most stable conformations computed for interactions of 1,4-diphenylbutadiyne with M-OPPh; (M = Li
(green), Na (purple), K(blue)). The binding energy AG was calculated in kcal mol™.

As a basis of our hypothetical mechanism for this section, we took the mechanism already
computed for phenylacetylene and described in the previous section (Figure 1). We are currently still
in the process of ascertaining the regioselective TS for this Section. However, from the estimated
energy barrier for the TSs for 1% nucleophilic attack, 1% protonation, 2" nucleophilic attack and 2™
protonation we can say that they follow the same trend as the empirical findings when varying the
alkali metal cation, i.e., the highest energy barriers for all the steps were estimated for lithium and
lowest for potassium, whilst sodium displays energy barriers between these two.

Alkali metal mediated hydrophosphination

In this part of the thesis, we focused on the formation of new C-P bonds via hydrophosphination
of alkynes, i.e., alkali metal-mediated addition of mesitylphosphine across diphenylbutadiyne via
hexamethyldisilazanides. More precisely, we focused on conducting a combined computational and
experimental analysis with the aim to shed more light on the reaction mechanism involved in the
intramolecular hydrophosphination of butadiynes (Scheme 6).

Influence of the metal on hydrophosphination

To get accurate outcomes, we utilized freshly prepared alkali metal-mediated mesityl
phosphinide and followed the methodology outlined below. The alkali metal phosphinide M-P(H)Mes
was synthesized in situ by metalizing H.,PMes with 5 mol% of alkali metal hexamethyldisilazanides (M
= Li, Na, and K), resulting in the corresponding metal phosphinide (Scheme 6). The 3P NMR
spectroscopy was used to confirm quantitative conversion. Mesityl phosphine and 5 mol% M-HMDS
were combined in 5 mL of THF in a Schlenk flask at room temperature, followed by an addition of a
stoichiometric quantity of 1,4-diphenylbutadiene, upon which the aliquot was protolyzed with
methanol and the resulting product was identified by 3P NMR spectroscopy.
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Scheme 6. Alkali metal-mediated hydrophosphination of diphenylbutadiyne with mesitylphosphine, using M-

HMDS (M = Li, Na and K) at room temperature yielding 1-mesityl-2,5-diphenylphosphole.

The outcome of the reactivity study is summarized in Table 3. In less than an hour 1-mesityl-2,5-
diphenyl-1H-phosphole formed quantitatively at room temperature. Thus, it was deduced that the
alkali metal-mediated hydrophosphination proceeded regio- and stereo-selectively to generate the
1H-phosphole. This process could not be mediated by the pre-catalysts based on harder alkali metals,
such as Li-HMDS (entry 1). However, fast conversion was detected for the complexes of the heavier
metals such as sodium and potassium (entries 2 and 3). Surprisingly, in the case of lithium-mediated
hydrophosphination neither addition of 18-crown-6 nor increasing the reaction temperature increased
the rate of conversion. The conversion rate was determined via 3'P NMR spectroscopically after one
hour and it remained unchanged after 24 hours. No other products were formed, thus indicating that
the generated phosphole is the single product from the reaction under these reaction conditions.

Table 3. Dependency of the hydrophosphination (addition of mesitylphosphine across 1,4-diphenylbutadiyne) on
the alkali metal of the tested bis(trimethylsilyl)amides as pre-catalysts.

Entry Metal Conversion after 1h (%)
1 Li /
2 Na 63
3 K >99

Hence, the nature (hardness) of the alkali cation determines the conversion rate and,
consequently, considering alkali cations as interchangeable and spectators in this hydrophosphination
reaction is inherently wrong again.

Postulated reaction mechanism

As we experimentally observed different conversion rates for the formation of the phosphole
depending on the alkali metal atom, we investigated the mechanism of this reaction via theoretical
methods to understand the influence and bonding pattern of the cation (cation hardness-reactivity
relationship). Since the reaction strongly depends on the cation present in the system, the alkali cation
cannot be neglected in our calculations. The postulated mechanism is depicted in Scheme 7. Before
continuing onto discussing our postulated mechanism and the estimated energy barriers for those
steps, it should be noted that Roesler et al. [15,16] have already proposed such a mechanism of
formation of phosphole [17]. However, in their mechanism they suggested different reaction steps and
the exclusion of the alkali cation i.e., they proposed a “naked” anionic mechanism. However, as
experimentally verified in our case, we detected a dependence on the alkali cation and decided that
incorporation of the cation in the postulated mechanism is imperative. Nonetheless, we also explored
the reaction steps proposed by Roesler et al. in analogous manner for our model and we were able to
exclude this proposal because it led to a higher energy barrier (above 25.0 kcal mol?).
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Scheme 7. Postulated mechanism for formation of the phosphole resulting from alkali metal-mediated
hydrophosphination of diphenylbutadiyne (M = alkali metal).
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We propose that the initial step is the metalation of phosphine by M-HMDS (M = Li, Na, and K)
in order to generate the active catalytic species (i.e. metal phosphinides). Before continuing with the
discussion for the reaction mechanism we will discuss the thermodynamic feasibility of producing the
alkali metal phosphinides that will act as the catalytic active species. The complexes M-P(H)Mes were
synthesized in situ by metalating mesityl phosphines with alkali metal hexamethyldisilazanides
according to reaction 2. The aggregation modes considered for M-HMDS (M = Li, Na, K) are identical
to the ones used in the alkali metal-mediated Pudovik reaction.

n "@HMDS" + nMesPH, —— > nH-HMDS + n@ (H)Mes Q)

We estimated a dissociation energy of 34.6 kcal mol for Li-P(H)Mes formation, while the values
for Na-P(H)Mes and K-P(H)Mes were 30.1 and 10.2 kcal mol?, respectively. This tendency of an
increasing dissociation energy for the synthesis of active catalytic species in smaller congeners
corresponded to the experimental trend of decreasing reactivity. As a result, this finding might be one
of the factors prohibiting the lithium-mediated process giving rise to the active monometallic active
species, compared to sodium- or potassium-mediated reactions. Having established the formation of
the active catalytic species, we calculated the subsequent reaction steps. As an example, the Gibbs
energy profile calculated for the most likely reaction pathway is illustrated in Figure 3 for potassium-
mediated formation of phosphole, and the corresponding TS structures are depicted in Figure 4. The
ensuing step was the addition of the metal-phosphorous bond onto the triple bond i.e., nucleophilic
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attack from M-P(H)Ar onto the Cintemal’ from one of the C=C triple bonds. This step showed a clear
dependence on the metal cation. For this step we estimated energy barriers of 11.3 kcal mol?, 11.9
kcal mol?, and 16.9 kcal mol™ for potassium, sodium, and lithium, respectively. The intermediates for
all three cations have Z configurations. This configuration is more suitable to proceed with ring closure
through a nucleophilic attack onto the adjacent Citernal triple bond unit yielding a 5-membered ring
instead of E-intermediate. The latter intermediate would be more suitable to undergo double addition.

For the ensuing step to postulate a protonation step, instead of the isomerization as suggested
by Roesler et al. [15], we were able to find two suitable routes: i) protonation by an additional molecule
of mesitylphosphine or ii) protonation by an H-HMDS molecule. Regardless of the alkali cation present,
the mesitylphosphine as a proton donor was favored with a slight preference of 2-3 kcal mol™* over H-
HMDS. As the energy difference is so small it might be obvious that in the reaction mixture both
molecules acted as proton donors. Regarding the cation, the energy barrier for the protonation varied
from the lowest 4.9 kcal mol™ for potassium to the highest 16.8 kcal mol™ for the lithium case. It should
be noted that during this step regeneration of M-P(H)Mes or M-HMDS ensued. We also checked the
possibility of an intramolecular protonation via a phosphorous to carbon 1,4-proton migration.
However, the lowest energy barrier we estimated for this process (24.1 kcal mol?, potassium case) is
much higher than that of the intermolecular mechanism commented above, and hence it was ruled
out. Having fully formed Z-mono-phosphinated product, the ensuing step would be the deprotonation
of the P-bound proton. We determined that the anions generated in the previous protonation step are
able to do the deprotonation of the P-H proton. The estimated deprotonations were conducted with
M-P(H)Mes and their barriers fell in the range between 7.6 (M = K) and 11.4 kcal mol? (M = Li), whilst
for M-Na we estimated a middle barrier of 9.2 kcal mol™.

Having removed the proton, the ensuing step is the ring closure through a nucleophilic attack of
phosphorous onto the adjacent Cinternal Of the triple bond unit yielding a 5-membered ring (Figure 3).
For this step we estimated energy barriers of 19.9 kcal mol?, 22.0 kcal mol?, and 16.5 kcal mol™ for
potassium, sodium, and lithium, respectively. The final step yielding the phosphole was also estimated
to proceed via the two routes as the previous protonation step. In this step, regeneration of M-
P(H)Mes or M-HMDS, akin to the first protonation step, will proceed. The newly formed M-P(H)Mes or
M-HMDS could be looped back into the catalytic cycle and as such they would be able to start the
catalytic cycle again. It is noteworthy to mention that experimentally only formation of phosphole was
observed.

1 By C; or Cinternal We mean the C atom closest to the phenyl from the one of C=C triple bonds present in the
butadiyne.
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Figure 3. Computed Gibbs energy profile in THF (AGryrkcal mol™) at 298 K for potassium-mediated formation of phosphole at a B3LYP-D3/Def2TZVP level of theory
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Figure 4. Optimized structures for transition states of the potassium-mediated formation of phosphole. Certain H
atoms are omitted for clarity reasons. Distances are shown in A.

Oxidation of 2,5-disubstituted 1-H-phosphole and subsequent [2+2]-dimerization

Hitherto, chalcogen derivatives of phospholes are known adducts. The successful formation of
the 1-mesityl-2,5-diphenyl-1H-phosphole convinced us to add an additional topic to this thesis:
oxidation of 1-mesityl-2,5-diphenylphosphole [18-21]. We wanted to explore this topic to see how the
addition of a chalcogen element would influence the properties of 2,5-disubstituted phospholes. Albeit
we were trying to synthesize solely the phosphole oxide we serendipitously synthesized also the
“head-to-tail” dimer of the phosphole oxide formed by a [2+2]-cycloaddition (Scheme 8). It should be
noted that akin structures have been reported, more specifically, the [2+2]-cycloadduct of 1,2,5-
triphenylphosphole has been obtained by irradiation [22]. Moreover, the [2+2]-cycloaddition product
of the 1,2,5-triphenylphosphole oxide was obtained by oxidation of the parent phosphole by the water
adduct of di(hydroperoxy)adamantane [23]. Looking through the literature and simultaneously
conducing our own experiments we concluded that the newly formed dimer was generated by photo
induction [24-26]. Hence, we decided to conduct combined experimental and theoretical studies on
oxidation of 2,5-disubstituted 1H-phosphole and subsequent [2+2]-dimerization. To the best of our
knowledge there is no such study conducted thus far.
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Scheme 8. Experimental conditions of the [2+2] cycloaddition reaction examined in this study.

Computed reaction mechanism for oxidation and subsequent [2+2]-dimerization of 2,5-
diphenylphosphole oxide

Before postulating and determining the energy barrier for the dimerization of 1-mesityl-2,5-
diphenylphosphole oxide we attempted to determine the energy barrier for the oxidation step, using
H,0, as oxidant. We found that the oxidation proceeded by a single step, with an energy barrier of
20.6 kcal mol™. The obtained phosphole oxide may be found at -78.0 kcal mol? below separated
reactants, thus making this step very exergonic.

Having estimated the energy barrier with which the oxidation will proceed, we analyzed the
mechanism by which the [2+2]-cycloaddition product formed. We first studied the photochemically
induced excitation of the phosphole oxide, which happens upon absorption of light, by means of Time-
Dependent DFT calculations (TD-DFT) (Scheme 9).
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Scheme 9. Optimized structures for So, T: and S; (from left to right) involved in the [2+2]-cycloaddition via light
excitation leading to the [2+2]-cycloaddition product. The unpaired electrons are expressed with red arrows.
Distances are shown in A.

Phosphole oxide is excited from the ground singlet electronic state (So) to the first singlet excited
state (S;), that evolves to the more stable triplet species (T:). S1 can be reached with an excitation of
2.82 eV, feasible under visible light irradiation. The triplet state T, lies below S;, at 1.52 eV. The
structures for the excited states which participate in the mechanism are depicted in Scheme 9. In this
scheme we can see that the S; species presents noticeable structural differences with respect to the
ground state geometry: it has one double bond in the phosphole ring instead of two i.e., the distances
C:1-C; and Cs-C4 are elongated by 0.07 A, whilst the C,-Cs distance is shortened by 0.08 A in comparison
to the Sp state. Conversion from singlet excited species to triplet excited species will proceed via an
intersystem crossing process (ISC).

The configuration of the T, state is similar to the configuration of the S; state, with elongation
and shortening of 0.02 A for C;-C, and Cs-Cs and C,-Cs distance respectively. This change in bond lengths
is induced by a change in the electron delocalization upon excitation. This species is a biradical, with
two unpaired electrons at C; and C, carbon atoms of the ring. This phosphole oxide biradical

53



Irina Bozhinovska ESR 3

participates in the dimerization process, following the steps depicted in the Gibbs energy profile of the
dimerization reaction (Figure 5). The optimized transition state structures associated with this reaction
mechanism are depicted in Figure 6.
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Figure 5. Computed Gibbs energy diagram in THF (AGrue kcal mol?) at 298 K for formation of the
[2+2]cycloaddition product at a B3LYP-D3/Def2TZVP level of theory.
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Figure 6. Selected optimized structures for the transition state and the MECP involved in the mechanism for
formation of the [2+2]-cycloaddition product. Certain H atoms are omitted for clarity reasons. The distances
presented are given in A

The excited triplet phosphole molecule will then react with an additional phosphole, leading to
formation of a C-C bond. This reaction takes place in the triplet electronic state. Right after this step,
the system reaches the intersystem crossing point (minimum energy crossing point, MECP), relaxes to
the singlet state and forms the second C-C bond which closes the four-membered ring. The Gibbs
energy diagram shows that the light-induced [2+2]-dimerization in the P(V) derivative is an exergonic
process by 20.8 kcal mol™?. Hence, it may be deduced that the formation of the first C-C bond is the
most energy-intensive step and involves an energy barrier of 16.2 kcal mol™. We have also performed
computational studies on the formation of the Diels-Alder [4+2]-cycloadducts from 1-mesityl-2,5-
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diphenylphosphole oxide by thermal activation. The computed barrier is much higher than that for the
formation of the [2+2] adduct.

However, the preference for the formation of a syn-anti and simultaneously a “head-to-tail”
arrangement in the adduct over the anti-anti, syn-syn and “head-to-head” would need to be explored
in more depth in the future. Nonetheless, this ordination does allow for the best interactions from
steric point of view.

Conclusions

The objectives of this project included the elucidation of the key points for influencing the
stereo- and regio-selective outcome during catalytic P-C bond formation across unsaturated substrates
and to clarify the mode of action for the alkali metal ions during the reaction by means of experimental
and mechanistic studies. More concretely, in this work we focused on clarifying the reaction
mechanism for the alkali metal-mediated Pudovik reaction, the addition of secondary phosphine
oxides across phenylacetylene and 1,4-diphenylbutadiyne via alkali metal hexamethyldidilazides (M-
HMDS; M = Li, Na and K). Additionally, we investigated the addition of mesityl phosphine across 1,4-
diphenylbutadiyne, promoted by the same pre-catalyst (M-HMDS; M = Li, Na, and K). This addition
reaction yielded 1-mesityl-2,5-diphenylphosphole as the single product. Hence, we subsequently
investigated the oxidation of the newly formed phosphole and its subsequent [2+2]-photo
cycloaddition as additional objective both experimentally and theoretically.

In summary, we were able to achieve most of our objectives, however, we are still in the process
of completion of the reaction mechanism for the addition of the alkali metal-mediated Pudovik
reaction promoted by M-HMDS. Theoretical investigations on already published reactions and newly
obtained experimental results for the alkali metal-catalyzed Pudovik reaction revealed the intricacy of
these processes and offered a detailed description of the reaction mechanisms. To the best of our
knowledge, these are the first reported mechanistic investigations on alkali metal-mediated Pudovik
reactions. These calculations detailed the bonding mode of the alkali cations with the alkyne groups
and the aryl substituents and how these modes influence the outcome of the reaction (i.e., the
stereoselectivity, the conversion rate, etc.).

From the experimental results it can be deduced that the metal cations play a crucial role as the
conversion showed dependence on the softness and the radius of the metal ions, regardless if we used
P(ll1) or P(V) compounds for the addition. Overall, the lighter s-block metal congener Li-HMDS was not
able to mediate any of the reactions, whilst the congeners of the heavier alkali metal
bis(trimethylsilyllamides M-HMDS (M = K and Na) effectively promoted both the hydrophosphination
and the hydrophosphorylation. Therefore, we confirmed theoretically and experimentally that these
cations are not only “spectator” species, but they rather play a significant role in the outcome of these
conversions in each step of the reaction. Theoretical results also indicate that generation of the active
monometallic species from the more stable aggregates is crucial for the activity shown by the metal.
The new proposed method of phosphole synthesis in a single pot and at room temperature offers an
alternative approach which may be implemented later for the synthesis of polyphospholes, which are
highly promising material for use as organic light-emitting diodes (OLED) [18,20]. The serendipitous
formation of the [2+2]-photo-cycloaddition product disclosed another property of phophole oxides,
which would need to be explored in the future.

These discoveries emphasize the potential that alkali metal-based catalysts hold for future
catalytic applications, especially for formation of stereo- and regio-selective P-C bonds. Thus, it can be
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deduced that the understanding of reaction mechanisms is highly advantageous for the development
of non-toxic and easily available catalysts for future applications in homogeneous catalytic reactions.
Expansion of this concept might lead to interesting applications also in hydrogenation, hydrosilylation,
and hydroamination processes and beyond.
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Carbon Nanomaterial Supported Metal Complexes and Nanoparticles for
Asymmetric Catalysis

Introduction

Catalytic asymmetric synthesis is the "art" of providing exclusively one of the enantiomers of a
target product in the presence of sub-stoichiometric amount of the suitable chiral catalyst. The
synthesis of enantiomerically pure compounds requires to understand and follow the rules developed
by nature in order to generate assimilable molecules by the living world [1]. Without the development
of asymmetric catalysts, it would not have been possible to reach the actual level of advancement in
pharmacy, or medicine domains [2-5].

The creativity developed in asymmetric catalysis offers not only the possibility to synthesize
nature-like molecules but also to open new fields in chemistry. A perspective looks over organic
synthesis would reveal that the need for enantiomerically enriched compounds is an ultimate
challenge and that the search for efficient catalytic processes has pioneered this area of research.
Despite the advantages of homogeneous catalytic systems, such as high enantioselectivities and
activities for a wide range of chemical transformations, drawbacks like limited recovery and reuse of
the expensive chiral catalysts and/or metal contamination of the products, particularly unacceptable
for pharmaceutical production, significantly obstructed their practical applications [6,7]. The
immobilization of the chiral catalytic phase has recently attracted a great deal of attention and appears
as a promising solution to the above-mentioned problem. In addition, the demand for environmentally
acceptable processes determined the minimization of waste whether from reagents or solvents and so
the use of performant and recyclable catalysts. Immobilization of molecular catalysts is thus an
attractive approach to combine the advantages of both homogeneous and heterogeneous catalysis
(8].

Most reports describe the use of organic polymers and porous inorganic materials, such as
zeolites, mesoporous silicas, and alumina as metal complex supports [9-12]. Carbon materials,
especially nanostructured ones like carbon nanotubes (CNTs) or few-layer graphene, represent an
interesting alternative to these conventional supports. However, despite the significant progress on
nanocarbon-based catalysts, only a few applications in catalytic asymmetric transformations have
been reported mainly for enantioselective hydrogenation reactions [13,14]. Not only metal complexes,
metal nanoparticles (MNPs) are also currently largely studied for catalysis as they bring a bridge
between the domains of homogeneous and heterogeneous catalysis [15].

Given these considerations, the main goal of this PhD project was to design new catalytic tools
by immobilization of chiral species (complexes or nanoparticles) on the surface of nanostructured
carbons (nanotubes or graphene) for enantioselective hydrogenations.

To achieve this, the primary goal was subdivided into sub-objectives. a) The synthesis of non-
structured carbon materials CNTs, and their functionalization. b) The synthesis of phosphine-type
chiral ligands to prepare metal complexes, immobilization of the obtained complexes on different
functionalized CNTs, and catalytic application in asymmetric hydrogenation of C=C substrate. c) The
development of synthesis tools to achieve small and well-defined chiral rhodium nanoparticles in the
presence of phosphine-type chiral ligands as stabilizers, immobilization of the NPs on different
functionalized CNTs, and catalytic application in asymmetric hydrogenation of C=C substrate.
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Synthesis of non-structured carbon materials CNTs, and their functionalization

CNTs were prepared by the catalytic-CVD method according to a procedure developed in LCC
using AlFeCoQ, as a catalyst at a temperature of 650 °C. To introduce functionalities on the surface of
CNTs, it is necessary to activate their surface. The prevalent method to introduce surface hydroxyl,
carbonyl, and carboxylic acid groups is the oxidation of CNTs using nitric acid (HNOs) as an oxidative
reagent.

To improve the affinity between the CNTs and chiral cationic rhodium complexes, the CNT
surface was negatively charged. The CNT-O obtained through the oxidative treatment with HNOs was
further modified by two different routes to afford the functionalized supports i.e., CNT-COO'Na*, and
CNT-HPA.

Synthesis of CNT-COO Na*

Purified CNT-O were neutralized with sodium hydroxide (NaOH) under stirring for 24 h at room
temperature (RT). The resulted sodium salt of CNT-O was then separated from the solution via
filtration, washed with distilled water until reaching a neutral pH, and dried at 120 °C for 2 days
(Scheme 1).

HNO, NaOH

CNT-COO'Na*
Scheme 27. Deprotonation of the oxidized carbon nanotubes (CNT-O) by NaOH.

Synthesis of CNT-HPA

The synthesis of CNT-HPA (HPA= silicotungstic acid; Ha[SiW12040]) has been carried out in two
steps. In the first step, the dried CNT-O was reacted with 3-aminopropyl triethoxysilane (3-APTES) in
ethanol at 70 °C for 4 h resulting in silanized CNTs referred to as CNT-Si. The CNT-Si were then dried
under a high vacuum at 80 °C for 24 h. In the second step, a 2-propanol solution of silicotungstic acid
(HPA) was slowly added to the CNT-Si previously dispersed in 2-propanol (Scheme 2).

3-APTES
COOH 4n,70°C

CNT-O CNT-Si CNT-HPA

Scheme 28. Synthesis of CNT-HPA support using the silicotungstic acid.
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Synthesis of CNT-CO-HAD

In order to confine rhodium nanoparticles into the CNTs, long alkyl chains were introduced at
the surface. The CNT-O was modified by acylation reactions to afford the CNT-CO-HDA support. The
CNT-O was firstly treated with a solution of thionyl chloride (SOCI) for 24 h at 80 °C. This treatment
aimed to produced CNT-COCI as an intermediate for a subsequent amidation reaction. With this aim
CNT-COCI was further reacted with hexadecyl amine (HDA; CH3-(CH2)15-NH;) for 24 h at 65 °C, in order
to attach long alkyl chains-bearing amido groups on the CNTs surface (Scheme 3).

socl,
—_——

CNT-COCl CNT-CO-HDA

Scheme 29. The formation of long alkyl chain-bearing amido groups on the surface of CNT.

All the functionalized CNTs were fully characterized by FT-IR, TGA, RAMAN, BET, TEM, and HR-
TEM techniques. The different supports prepared were further used for the immobilization of Rh
catalysts. CNT, CNT-COO'Na*, and CNT-HPA samples were used as support for the immobilization of
rhodium complexes. CNT-O and CNT-CO-HDA were selected for the immobilization of the rhodium
nanoparticles.

Preparation of chiral rhodium complexes

Asymmetric ligands from the group of C1-diphosphines with a chiral pyrrolidine backbone have
been selected because the phosphinopyrrolidine-rhodium catalysts have been shown to be
performant for the hydrogenation of many unsaturated substrates.

We chose the commercially available ligand (25,4S)-BPPM to synthesize the cationic rhodium
complex [Rh(COD)(2S,4S)-BPPM)]BF.. Additionally, the (2S,4S)-PPM ligand was modified by pyrene
group to produce the PPM-pyrene group to synthesize the [Rh(COD)((2S,4S)-PPM-pyrene)]BF,
complex. Both complexes were selected strategically to capitalize on electrostatic interaction or m-m
stacking, respectively, aiming to facilitate their immobilization on carbon nanotubes.

Synthesis of [Rh(COD)((2S,4S)-BPPM)]BF,

The chiral [Rh(COD)(2S,4S)-BPPM)]BF, complex was prepared by mixing (2S,4S5)-(-)-2-
(diphenylphosphinomethyl)-4-(diphenylphosphino)-N-(-tbutoxycarbonyl)pyrrolidine  ((2S,4S)-BPPM)
ligand with bis(1,5-cyclooctadiene)rhodium(l) tetrafluoroborate (1:1 ratio) in dry dichloromethane
(DCM) for 2 h at room temperature (Scheme 4). The complex was isolated as a yellow solid and
characterized by 3P NMR and mass spectrometry.
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O (o
NJ<O J< + [RR(COD)IBF, —t » !

2 h, RT ! BF,
Rh(COD)]
SR® @"'@
(2S8,4S)-BPPM IRh(COD)((ZS,4S)-BPPM)]BF4

Scheme 30. Synthesis of [Rh(COD)((2S,4S)-PPM-pyrene)]BF,

The chiral pyrene ligand was prepared by condensation of (2S,4S)-4-(diphenylphosphino)-2-
[(diphenyl-phosphino)methyl]pyrrolidine (2S5,4S)-PPM with 1-pyrenebutyric acid in the presence of 4-
dimethylaminopyridine (DMAP) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) in dry DCM
as a solvent for 24 h under an argon inert atmosphere. Reaction of bis(1,5-cyclooctadiene) rhodium (I)
tetrafluoroborate in dichloromethane with one equivalent of (25,4S)-PPM-pyrene ligand quantitatively
led to the cationic complex [Rh(COD)((2S,4S)-PPM-pyrene)]BF4 (Scheme 5),

P
© NH (0]
+ HO DMAP, EDC
,O DCM 24h
- la

(25,45)-PPM

Orfoee o0
; N 0
DCM |
+ [RR(CODLIBF, — ™ ‘O I
O‘ JIRh(COD)]*
P \ | /

(25,4S)-PPM-pyrene |Rh(COD)((2S,4S5)-PPM-pyrene)| BF 4
Scheme 31: Synthesis of (2S,4S)-PPM-pyrene ligand and [Rh(COD)((2S,4S)-PPM-pyrene)]BF, complex.

1-Pyrenebutyric acid

(25,4S)-PPM-pyrene

<

P

Z

BF,

These complexes were immobilized using non-covalent interactions on three distinct carbon
nanotube (CNT) supports, namely, CNT, CNT-COO'Na*, and CNT-HPA. Different systems of supported
chiral rhodium complexes each distinguished by the different nature of chiral ligands, and different
functionalized carbon supports were synthesized. A comprehensive overview of all the synthesized
complexes and carbon supports that are used is given in Figure 1.
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3 < Jeh

D o O
_ 1 _ \ 4
N | BF, >—N ! BF, Fe [Rh(COD)J*
JIRnccop)* o JRh(COD)[* /Kt
/ / @’ P
P P /Q
J0 U "
Complex A Complex B Complex C
[Rh(COD)((25,45)-PPM-pyrene)|BF, [Rh(COD)((25,45)-BPPM)|BF,  [Rh(COD)((25.55)-Et-Ferrocelane)|BF,

&

CNT CNT-COO'Na* CNT-HPA

Figure 6. Rhodium complexes and functionalized carbon supports.

We have studied the non-covalent immobilization of all rhodium complexes, [Rh(COD)((2S,4S)-
PPM-pyrene)]BF,; (Complex A) and [Rh(COD)((2S,4S)-BPPM)]BF, (Complex B), and [Rh(COD)((2S,55)-Et-
Ferrocelane)]BF,; (Complex C) onto carbon nanotubes as a support and their application in the
enantioselective hydrogenation of dimethyl itaconate as a model substrate. The immobilization of the
rhodium complexes on the CNT supports was first done by applying a -1t interaction that relies on
aromatic rings between the pristine CNT and all three complexes. The second strategy for
immobilization of the rhodium complexes on the CNT supports was done by applying an ionic
anchoring strategy that relies on the electrostatic interaction between the cationic Rh complex and the
surface negatively charged of carboxylate-functionalized CNTs (CNT-COO’). The third strategy also
implied an ionic anchoring but through a spacer-type anchoring agent, heteropoly acid HPA, that was
previously grafted at the CNT surface thanks to an acid-base interaction. This approach induced an
electrostatic interaction between the Rh complexes and the HPA-functionalized CNT far away from the
CNT surface. The motivation of this HPA approach was to study the effect of distance from the CNT
surface on the Rh complex performance. All three strategies are shown on the next page.

The obtained CNT@Complex A, CNT@Complex B, CNT@Complex C, CNT-COO"@Complex A,
CNT-COO @Complex B, CNT-COO @Complex C, CNT-HPA@Complex A, CNT-HPA@complex B, and
CNT-HPA@Complex C materials were characterized by complementary techniques. The
characterization results confirmed the anchoring of the Rh complexes in 7 cases out of 9 thus
highlighting the all strategies were quite successful. Interestingly, XPS data evidenced that the Rh
complexes interacted with both the ligand phosphorus atoms and CNT support with no electronic
differences between the three complexes whatever the nature of the CNTs. This thus allowed to
compare the effect of the support on the catalysis performance depending on the nature of CNTs.
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The catalytic hydrogenation of dimethyl itaconate was studied with all the CNT-immobilized Rh-
complexes in mild reaction conditions (RT, 5.5 bar H;) and the results were compared to those obtained
with the non-immobilized complexes in the same reaction conditions (Table 1). Firstly, the three A, B,
and C complexes in homogeneous conditions proved good activity and selectivity for the
hydrogenation of DMI with 100% conversion in 0.5 h with 57%, 72%, and 71% of enantioselectivities
respectively (Table 1, entries 1-3). The immobilized Rh complexes showed to be less rapid in
hydrogenating DMI than their free counterparts, as usually observed in catalysis, but increasing the
reaction time allowed to get full conversions. CNT@Complex A showed good activity with 34% of ee
towards (S) methyl succinate (Table 1, entry 4) whereas CNT@Complex B produced low activity and
enantioselectivity (10% towards (S) methyl succinate) (Table 1, entry 6). The recycling of the
CNT@Complex A indicated good stability, namely, with a small change in the catalytic performances
(Table 1, entry 4 vs 5). Such difference in enantioselectivity compared to the values collected with the
free Rh complexes (ca. 56%) indicated that the support affected the hydrogenation reaction probably
due to a modification of the ligand geometry that reduced the enantioselective hydrogenation of DMI.
The immobilization of complexes on the CNT-COO Na* support by electrostatic interactions occurs with
partial (complex B and C) or total decoordination (complex A) of the chiral diphosphine ligand and
probably partial or total direct coordination of Rh (l) to the carboxylate group on the surface. CNT-
COO @Complex B afforded a rather moderate activity compared to CNT-COO @Complex C. Also, low
enantioselectivity was observed with CNT-COO @Complex B (8% ee towards (S) methyl succinate)
while CNT-COO"@Complex C provided good ee to (R) methyl succinate (64-65%) (Table 1, entries 7-8).
A recyclability study performed with recovered CNT-COO @Complex C catalyst indicated the
conversion remained total but with no ee was detected (Table 1, entry 9). Moreover, TEM analysis
revealed the presence of Rh nanoparticles, thus indicating the decomposition of the catalyst in the
recovering conditions applied. The presence of these Rh nanoparticles may explain the absence of
enantioselectivity as the ligand may be not strongly attached to their surface. The catalytic tests with
the CNT-HPA@Complex A, CNT-HPA@Complex B, and CNT-HPA@Complex C also showed high
conversions in the hydrogenation of DMI into methyl succinate (83-100%) (Table 1, entries 10-16). In
terms of enantioselectivity, CNT-HPA@Complex A showed moderate enantioselectivity (20% to (S)
methyl succinate) (Table 1, entry 10). The CNT-HPA@Complex B generated a high ee of 57% to the (S)
methyl succinate which was much higher than that generated by the CNT-COO @Complex B (8%)
(Table 1, entry 11 vs 7). The recyclability tests with the CNT-HPA@Complex B showed the catalysts
remain active till 4 catalytic runs and showed a small decrease in the enantioselectivity after 3™ run
(Table 1, entries 11-14). CNT-HPA@Complex C achieved a 58% ee to (R) methyl succinate (Table 1,
entry 15). CNT-HPA@Complex C were less active but still enantioselective in the hydrogenation of DMI
after recycling, showing a different behavior than their CNT-COO™ counterparts. This emphasizes that
in the presence of CNT-HPA support the chiral ligand of Rh complexes is less affected by the proximity
of the support contrarily to catalysts based on CNT-COO'. It corroborates the interest in adding a spacer
such as HPA between the Rh complex and the CNT support to limit the effect of the CNT surface
environment on the catalytic behavior of the Rh immobilized complexes. Both catalysts CNT-
HPA@Complex B and CNT-HPA@Complex C were tested in continuous flow conditions after showing
good results in batch conditions. These both catalysts were active and selective in flow conditions.
CNT-HPA@Complex B showed 47% of conversion with 43% of ee towards (S) methyl succinate in the
first 20 minutes whereas CNT-HPA@Complex C showed 29% of conversion with 30% of ee towards (R)
methyl succinate under the same conditions. This flow study was done only in the primary stage. More
optimizations are required to obtain better results and understanding.
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Table 4. Catalytic results for the hydrogenation of dimethyl itaconate onto the functionalized CNT immobilized

Rh-complexes. ©

(0} (0]
WMy g A
(0 (0]
Entry Catalyst S/C  Run Time  Conv.® Selecti- ee® (%)
(h) (%) vity (%)
1 Complex A 80 0.5 100 100 57 (S)
2 Complex B 80 0.5 100 100 72 (S)
3 Complex C 100 0.5 100 100 71 (R)
4 CNT@Complex A 95 4 29 100 34 (S)
5 CNT@Complex A 95 4 26 100 28 (S)
6 CNT@Complex B 128 24 40 100  10(S)
7 CNT-COO @Complex B 124 24 60 100 8 (S)
8 CNT-COO @Complex C 303 24 100 100 64 (R)
9 CNT-COO @Complex C 303 24 100 100 -
10 CNT-HPA@Complex A 217 24 100 100  20(S)
11 CNT-HPA@Complex B 192 7 100 100 57 (S)
12 CNT-HPA@Complex B 192 7 100 100 54 (S)
13 CNT-HPA@Complex B 192 7 95 100 47 (S)
14 CNT-HPA@Complex B 192 7 88 100 43 (S)
15 CNT-HPA@Complex C 277 15 100 100 58 (R)
16 CNT-HPA@Complex C 277 15 25 100 27 (R)

9Reaction conditions for CNT@Complex A: 0.060 g of immobilized Rh-complex; for CNT@Complex B: 0.090 g
of immobilized Rh-complex; CNT-COO @Complex B: 0.09 g of immobilized Rh-complex; for CNT-COO
@Complex C: 0.050 g of immobilized Rh-complex; CNT-HPA@Complex A: 0.08 g of immobilized Rh-complex;
for CNT-HPA@Complex B: 0.06 g of immobilized Rh-complex; and CNT-HPA@Complex C: 0.06 g of
immobilized Rh-complex, 0.16 g of substrate, 5.5 bars of H;, 4 ml of MeOH. "Determined by chiral GC using a
Beta DEX™ 225 column.
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Synthesis of chiral rhodium nanoparticles

Different systems of chiral rhodium nanoparticles were synthesized, each distinguished by the
nature of the precursor or stabilizer, the carbon support, or also by the reaction conditions used for
their synthesis. The organometallic approach for synthesizing metallic nanostructures capitalizes on
the principles of organometallic and coordination chemistry. Based on previous results in the synthesis
of small Rh NPs, the [Rh(n3-C3Hs);][16—18], and [Rh(u-Cl)(CsH12)]2 [19] were chosen as Rh precursors.
Two chiral ligands (2S,4S)-BPPM and (2S,4S)-PPM-pyrene, were selected as stabilizing ligands to
synthesize chiral Rh NPs.

Synthesis of chiral Rh nanoparticles from [Rh(n>-CsHs)s] and the (2S,4S)-BPPM ligand

The synthesis of chiral Rh NPs using the [Rh(n3-CsHs)s] precursor and the (25,45)-BPPM ligand
revealed that heating was required to decompose the Rh(lll) precursor in the presence of the
diphosphine ligand. Also, a molar ratio of [P]/[Rh] = 0.6 was found necessary to produce small-sized
and well-controlled chiral NPs. This combination of Rh precursor and ligand allowed forming Rh-
(25,4S)-BPPM-NPs-1 constituted of ca. 1.7 + 0.3 nm size well-dispersed RhNPs. EDX analysis coupled
to HR-TEM performed on different areas of the grid showed the presence of both Rh and P elements,
thus indicating the presence of the (25,4S)-BPPM ligand close to the Rh NPs (Figure 2).

(L1}

0,00 1.00 2.00 3,00 4.00 SO0 600 7.00 .00 900 1000

keV

Figure 7. a) HR-TEM image of Rh-(2S,4S)-BPPM-NPs-1 (0.3 eq) (scale bar = 50 nm) and b) the corresponding
EDX spectrum.

Oxidized CNTs (CNT-O) were used as support to immobilize Rh NPs prepared from [Rh(n?-CsHs)3]
precursor and (25,4S)-BPPM ligand. The synthesis was done in one-pot conditions by adding the CNT-
O to the reaction mixture composed of precursor and ligand in THF. The obtained Rh-(2S,4S)-
BPPM@CNT-O NPs did not undergo agglomeration, yet they did not exhibit optimal dispersion in the
CNT-0. Indeed, the confinement of NPs within the oxidized CNTs exhibited an alignment of close
RhNPs, akin to a necklace formation (Figure 3).
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Synthesis of chiral Rh nanoparticles from [Rh(n>-CsHs)s] and the (2S,4S)-PPM-pyrene ligand

The (25,4S)-PPM-pyrene ligand was also used as a stabilizer for the synthesis of chiral Rh NPs
from [Rh(n3-CsHs)s] precursor, leading to Rh-(25,45)-PPM-pyrene-NPs-2. TEM analysis showed that the
obtained Rh NPs were very close to each other and embedded within an organic matrix, probably due
to the ligand, making a precise determination of their size was not possible. Compared to the first
(2S,4S)-BPPM ligand, (2S,4S)-PPM-pyrene was found less effective for the formation of well-dispersed
Rh NPs. This may be the effect of the presence of the pyrene groups that can interact each other by m-
1t stacking and lead to the agglomeration of the NPs while remaining individual. To gain deeper insights
into the embedding nature of the NPs, EDX-coupled HR-TEM results evidenced that the NPs were not
well crystallized and that they all are in close proximity to the (2S,4S)-PPM-pyrene) ligand, as
phosphorous was clearly detected as surrounding the Rh metal. Inspired by previous results in the
confinement of PtRu NPs, CNTs were modified by the grafting of amide groups with long alkyl chains
at their surface (CNT-CO-HDA) in order to improve the confinement of Rh NPs synthesized from [Rh(n>-
CsHs)s] precursor and (2S,4S)-PPM-pyrene ligand (eq 1).

Q

=N\ HO. P\ & /= OH
[Rh(-C3Hg)) \\J (eq. 1)
(25,45)-PPM-Pyrene
¥ THF HOOC ||
— —~  _OH 65 °C for 24 b CONHCH,(CH,),,CH,

CONHCH,(CHy), (CH; Sl e

CNT-CO-HDA

These synthesis conditions led to a very efficient confinement of the chiral Rh NPs within the
channels of CNT-CO-HDA, the surface amide groups repelling the deposition of Rh NPs at the external
surface of the support (Figure 4).

10 nm
A * ey

Figure 9. Bright field HR-TEM images of Rh-(2S,4S)-PPM-pyrene@CNT-CO-HDA at three different magnifications.
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The asymmetric hydrogenation of dimethyl itaconate (DMI) was studied using these four
systems of chiral NPs as catalysts: a) Rh-(2S,4S5)-BPPM-NPs-1, b) Rh-(2S,4S)-BPPM@CNT-O, c) Rh-
(25,4S5)-PPM-pyrene-NPs-2, and d) Rh-(2S,4S)-PPM-pyrene-NPs-2@CNT-CO-HDA. In all cases an
excellent activity was obtained but with no enantioselectivity. The lack of enantioselectivity indicates
that even in the case of the well-confined Rh NPs (Rh-(2S,4S)-PPM-pyrene-NPs-2@CNT-CO-HDA) the
ligand is not blocked enough at the NP surface to allow the selective hydrogenation of the DMI in one
preferential side.

Synthesis of chiral Rh nanoparticles from [Rh(u-Cl)(CsH12)]2 using the (2S,4S)-BPPM and (2S,4S)-PPM-
pyrene ligands

Following the protocol with the [Rh(n3-CsHs)s] precursor, Rh NPs, Rh-(2S,45)-BPPM-NPs-3a
stabilized by (25,45)-BPPM were synthesized from the [Rh(u-Cl)(CsH12)]2 in THF solution under 3 bar of
H,, using a [P]/[Rh] ratio of 0.6 and 1eq. TEM images from the crude colloidal suspension at higher
magnification allowed a better identification of the individual NPs indicating that they result from the
agglomeration of NPs with the absence of coalescence. Similarly, Rh NPs, Rh-(2S5,4S)-PPM-pyrene-NPs-
43 stabilized by (25,4S)-PPM-pyrene were synthesized from the [Rh(u-Cl)(CgH12)]2 in THF solution
resulting in the agglomerations of NPs (Figure 5). While the [Rh(u-Cl)(CgH12)]2 complex decomposed
easily at room temperature, that was different to the previous [Rh(n3-CsHs)s], a less efficient Rh NP
stabilization was observed in the presence of both ligand, even at a high [P]/[Rh] ratio as agglomerates
were formed. This result prompted us to evaluate the synthesis of Rh NPs taking (25,45)-BPPM and
(2S,4S)-PPM-pyrene as a stabilizer and [Rh(u-Cl)(CgH12)]2 as a metal precursor in catalysis conditions,
namely in the presence of DMI.

20 nm

Figure 10. TEM images of Rh-(2S,4S)-BPPM-NPs-3a (left) and Rh-(2S,4S)-PPM-pyrene-NPs-4a (right) obtained
with ([P]/[Rh] = 1.

100 nm

Synthesis of chiral Rh nanoparticles from [Rh(u-Cl)(CsH12)]2 using the (2S,4S)-BPPM and (2S,4S)-PPM-
pyrene ligands under in-situ conditions

Enantioselective hydrogenation of DMI could be achieved by forming the Rh NPs in-situ in
catalysis conditions, namely in the presence of DMI. A series of experiments were done by modifying
different parameters, such as the nature of Rh precursor ([Rh(n?-C3Hs)s] or [Rh(p-Cl)(CgH12)]2) or ligand
((25,45)-BPPM or (2S,4S)-PPM-pyrene), or changing the solvent (THF, toluene, isopropanol) or the
temperature (RT, 40 °C, 60 °C). Different results in terms of Rh NP synthesis and catalytic performance
were obtained, offering plenty of room to optimize the systems. Two systems that provided the best
enantioselectivity results are highlighted. Using [Rh(u-Cl)(CsH12)]2 precursor with (25,4S)-BPPM with a
ratio of [P]/[Rh] = 1 led to ca. 2.5 nm size of sponge-like large Rh NPs (Rh-(2S,4S)-BPPM-NPs-3b sample)
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(Figure 6). This sample led to an activity of 96 %, and more interestingly to a 16% of ee in asymmetric
hydrogenation of DMI at 40 °C.

Figure 11. TEM images of Rh-(2S,4S)-BPPM-NPs-3b at two different magnifications.

Also, the synthesis of Rh-(2S,4S5)-PPM-pyrene-NPs-4b performed with [Rh(p-Cl)(CsH12)l2
precursor and (25,4S)-PPM-pyrene ligand showed well-controlled and well dispersed Rh NPs of ca. 2.6
nm (Figure 7). These NPs exhibited moderate catalytic activity (69%) and enantioselectivity (32%) for
the DMI substrate at 40 °C. Effects of hydrogen pressure, temperature, and solvent were observed but
complementary experiments are needed to enable a rationalization of their influence. Also, mercury
tests have been done with Rh-(2S,4S)-PPM-pyrene-NPs-4b, which confirmed the role of the Rh NPs as
catalytic species in the hydrogenation of DMI.

oL =01

15 20 25 30 35 40 45
Size (nm)

Figure 12. a) and b) TEM images of Rh-(2S,4S)-PPM-pyrene-NPs-4b at two different magnifications, and c)
corresponding size distribution.

This work shows that the synthesis of chiral Rh NPs was possible starting from organometallic
complexes and diphosphine-type ligands in mild conditions (low H; pressure and temperature). The
study performed in the hydrogenation of dimethyl itaconate with the different systems of Rh NPs
prepared revealed either an excellent activity (100% conversion in 4 h at RT and 40 °C) but either no
enantioselectivity or a moderate activity but with positive enantioselectivity (up to 36% ee). This work
thus opened a new avenue for the preparation of chiral rhodium nanocatalysts but an optimization is
required to develop more efficient nanocatalysts.

Given the observation of achieving ee when using Rh NPs of ca. 2.5 and 2.6 nm in size but not
with smaller NPs, a perspective could be to develop the synthesis of larger Rh NPs. This could allow a
more efficient anchoring of the chiral ligand at the Rh surface and favor a higher enantioselectivity.
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Chemistry of copper metal

The chemistry of the copper metal was also studied. The focus was on the synthesis of copper
complexes employing chiral Schiff-base ligands. The subsequent step involves the immobilization of
these complexes onto graphene oxide, and their effectiveness in catalyzing diverse reactions, namely
the Henry reaction, cyanosilylation reaction, and aldol reaction, is thoroughly investigated and
examined. The study aims to contribute to the understanding of the catalytic performance of these
immobilized copper complexes and their significance in the context of asymmetric synthesis.

Synthesis of [Cu(D-valmet)(H,0)]-H,0 or Cu-D-valmet complex

In the synthesis of the [Cu(D-valmet)(H,0)]'H.O or Cu-D-valmet complex, the initial step
involved the preparation of the Na-D-valmet precursor. This precursor was synthesized through a
condensation reaction between D-methionine and o-vanillin in the presence of NaOH, using MeOH as
the solvent. Subsequently, a solution containing Na-D-valmet in a methanol-water mixture (5:1, v/v)
was mixed with a solution of Cu(CHsCOO),H,0 in MeOH (Scheme 6). After approximately one week,
blue-greenish single crystals formed which were isolated via filtration and dried under ambient air.
Likewise the synthesis of [Cu(L-valmet)(H.0)]'H,0 or Cu-L-valmet complex was done.

(o) O OH
Methanol -~
/S\/\:/lJ\OH + NaOH + HJ\©/O\ TN [ 7)

NH, /Sle\H O Na—=
AN
D-methionine o-vanillin Y OH
Na-D-valmet

S N 0y, - Methanol S N o
d H Na + o rr - 7 ARG
NEAN d Cu
7 N

[Cu(D-valmet)(H,0)[H,0

Blue-greenish crystals

Scheme 32. Synthesis of [Cu(D-valmet)(H,0)] H;0 or Cu-D-valmet complex.

Na-D-valmet

Considering the favorable attributes associated with the metal-to-oxygen bond, the
immobilization of copper complexes onto the GO-COOH support was accomplished. The methanolic
solution containing copper complexes was added with the methanolic solution of the GO-COOH
support. The resulting mixture was agitated for 24 h, allowing for sufficient interaction between the
components. Subsequently, the desired product was obtained by subjecting the mixture to
centrifugation and filtration, a process that was repeated 4-5 times to ensure proper purification.
Finally, the obtained product was dried in an oven for 24 h to remove any residual solvent and moisture
content. The carboxyl groups of the modified GO served as linkers for the immobilization of the chiral
complexes (Scheme 7).

The catalytic potential of the synthesized complexes was examined through three constructed
systems
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i) A chiral ligand obtained via the condensation reaction of o- vanillin and D-, or L-methionine
respectively, (i.e., L-valmet, D-valmet) in the enantiomeric sodium complexes, Na-D-valmet and Na-L-
valmet.

ii) In the form of copper (ll) complexes (i.e., Cu-D-valmet and Cu-L-valmet).

iii) Immobilized complexes (i.e., GO-COOH/Cu(D-valmet) and GO-COOH/Cu(L-valmet).

Ligands L- and D-valmet in the Na form demonstrate base properties, making them potential
homogeneous organocatalysts. When complexed with copper, these ligands act as homogeneous
catalysts in all the three reactions, with the active species associated with basic nitrogen or free
nitrogen complexated copper.

GO-COOH/Cu(D-valmet)

Scheme 33: Immobilization of Cu-D-valmet complex on GO-COOH support via coordinate covalent bond.

In the case of the Henry reaction, dominant role is played by the ligand's, resulting in an
asymmetric Henry reaction in water. Supported copper complexes of L-valmet chiral Schiff-base ligand
proved to be particularly active in asymmetric Henry reaction. It performed the coupling reaction of
benzaldehyde and nitromethane in water with a spectacular increase of the conversion (92% vs 39%)
and ee (96 vs 62%) compared to the free complex.

For the cyanosilylation reaction, the free nitrogen of copper complexes acts as the active
species. The racemic formation in this case can be attributed to the involvement of an unsaturated Cu
center (Lewis active sites), enabling the reaction but lacking stereoselectivity. The copper complexes
exhibit high conversions even at RT. However, some of the coupling product undergoes hydrolysis to
cyanohydrins due to the presence of coordinated water molecules after drying. The involvement of
water in the hydrolysis of a-(trimethylsilyl)-phenylacetonitrile becomes evident with increasing
temperature, leading to an increased ratio between the two products as conversion increases.
Immobilizing these complexes on GO-COOH results in either inhibited activity or minimal conversion,
with complete hydrolysis of a-(trimethylsilyl)-phenylacetonitrile to cyanohydrin.

Furthermore, the base properties of both ligands were also demonstrated in the aldol
condensation reaction. Complexation of copper by these ligands decreases conversion but increases
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selectivity towards the mono-condensated product. Immobilizing these complexes on GO-COOH
slightly reduces conversion without significantly impacting selectivity. The GO-COOH support, with its
mixed acid and base properties due to oxygenated functionalities, facilitates a catalytic aldol reaction
with a balanced ratio between the two products. The results are shown in Figure 8.
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+
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°Ee % =95.8:
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Figure 13: Catalytic potential of the synthesized complexes in Henry, cyanosilylation and aldol reaction.

In conclusion, valmet ligands serve as reliable catalysts for stereoselective reactions and, when
complexed with copper, demonstrate effectiveness in cyanosilylation reaction. The immobilization of
these complexes generates efficient heterogeneous catalysts for aldol condensation.

Conclusions

This work first focused on the non-covalent immobilization of three chiral cationic rhodium
complexes [Rh(COD)((2S,4S)-PPM-pyrene)]BF4 (complex A), [Rh(COD)((2S,4S)-BPPM)]BF,; (complex B)
and [Rh(COD)((2S,5S)-Et-Ferrocelane)]BF, (complex C), onto functionalized or non-functionalized
carbon nanotubes as a support and their application in the enantioselective hydrogenation of dimethyl
itaconate as a model substrate. This involved the preparation and characterization of a series of carbon
nanotubes, the initial CNTs, the oxidized carbon nanotubes CNT-O, and the functionalized carbon
nanotubes CNT-COO'Na*, CNT-HPA, CNT-CO-HDA from CNT-O. On the other hand, suitable chiral
cationic rhodium complexes for immobilization, [Rh(COD)((2S,4S)-PPM-pyrene)]BF, (complex A) and
[Rh(COD)((2S,4S5)-BPPM)]BF, (complex B) were successfully prepared starting from (25,45)-BPPM and
synthesized (25,4S5)-PPM-pyrene ligands.

Immobilization of the rhodium complexes A, B, C on CNT, CNT-COO Na*, and CNT-HPA carbon
nanotube supports was studied according to three different strategies.

The first approach was based on ni-rtinteraction between the sp? graphitic structure of CNTs and
aromatic moieties present in the ligands of the Rh-complexes. Among these three complexes, complex
A allowed efficient immobilization on CNTs through m-m interaction The immobilized complex
demonstrated good stability during the recycling study which took place without any change in
catalytic performances.
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The second strategy implied electrostatic interaction between the cationic Rh complexes and
the surface negatively charged of carboxylate-functionalized CNTs (CNT-COO’). The immobilization of
the complexes occurs with partial (complex B and C) or total decoordination (complex A) of the chiral
diphosphine ligand and probably partial or total direct coordination of Rh (I) to the carboxylate group
on the surface. However, the immobilized [Rh(COD)((2S,5S)-Et-Ferrocelane)]BF, Complex C displayed
good enantioselectivity, reaching an enantiomeric excess of 65% toward (R)-methyl succinate almost
comparable to that of the free complex. However it was found unstable under the catalytic conditions
since the formation Rh(0) nanoparticles (NPs) were observed, which were found to be very active but
not enantioselective in the hydrogenation of DMI.

The third approach implied an ionic anchoring based on the use of a spacer-type anchoring
agent, heteropoly acid HPA, that was previously grafted at the CNTs surface thanks to an acid-base
interaction. Complexes A, B, and C were successfully immobilized on CNT-HPA. They were found active
in asymmetric hydrogenation providing different enantioselectivities, 20%, 63%, and 58% for
complexes A, B, and C, respectively. In addition, the immobilized complex B was found stable and
recyclable up to 4 times with a moderate loss of enantioselectivity. This result corroborates the interest
in adding a spacer such as HPA between the Rh complex and the CNT support to limit the effect of the
CNT surface environment on the catalytic behavior of the Rh immobilized complexes.

Immobilization of chiral rhodium complexes showed the best results with [Rh(COD)((2S,4S)-
PPM-pyrene)]BF, complex A immobilized via m-it stacking on CNTs and [Rh(COD)((2S,4S)-BPPM)]BF,
complex B immobilized on CNT-HPA via an ionic anchoring through a spacer. Perspectives would be to
improve the activity and enantioselectivity in asymmetric catalytic hydrogenation, which requires: i)
optimization of the catalytic conditions, ii) variation of the chiral rhodium complexes immobilized on
the support, iii) extension to other asymmetric hydrogenation and other asymmetric reactions. iv)
transfer of batch-catalyzed hydrogenation into flow processes should also be considered in the future.

The synthesis of chiral rhodium nanoparticles (RhNPs) and their immobilization on
functionalized carbon nanotubes were also studied. Well-dispersed chiral RhNPs could be prepared by
decomposition of [Rh(n-CsHs)s] precursor in the presence of (25,45)-BPPM ligand. A good confinement
of these RhNPs was observed when using the CNT-0O support. In addition, chiral RhNPs obtained from
[Rh(n3-CsHs)s] and (2S,4S)-PPM-pyrene ligand were immobilized on CNT-CO-HDA with efficient
confinement within the channels of these functionalized CNTs. In asymmetric hydrogenation of DMI,
these immobilized RhNPs provided excellent activity but without enantioselectivity. The lack of
enantioselectivity indicates that even in the case of the well-confined RhNPs the ligand is not blocked
enough at the NP surface to allow the enantioselective hydrogenation of the DMI in one preferential
side. However, we were able to demonstrate that it was possible to carry out the asymmetric
hydrogenation with chiral Rh NPs formed in-situ in catalysis conditions that implied in the presence of
DMI. Using [Rh(u-Cl)(CsH12)]2 precursors with (25,45)-BPPM ligand, the sponge-like large RhNPs led to
an activity of 96 %, and more interestingly to an enantioselectivity of 16%. With [Rh(u-Cl)(CsH12)]2
precursor and (2S,4S)-PPM-pyrene ligand, the well-controlled and well-dispersed RhNPs exhibited
moderate catalytic activity (69%) but with higher enantioselectivity (32%).

These results show the successful synthesis of chiral RhNPs and their use in asymmetric
hydrogenation. This work has thus opened a new avenue for the preparation of chiral rhodium
nanocatalysts but optimization is necessary to develop more efficient chiral nanocatalysts for
asymmetric catalysis.

Finally, coordination immobilization of copper(ll) complexes onto graphene oxide (GO) was
performed by direct coordination of the metal center on —COOH surface group. Supported copper
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complexes of L-valmet chiral Schiff-base ligand proved to be particularly active in asymmetric Henry

reaction. It performed the coupling reaction of benzaldehyde and nitromethane in water with a

spectacular increase of the conversion (92% vs 39%) and ee (95 vs 62%) compared to the free complex.
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Zirconium- and Phosphine-assisted C—F Bond Activation and Functionalisation
Introduction

Fluorine is the 9" element of the periodic table and it is the most electronegative, with a Pauling
scale value (x) of 4.0 [1]. It also exhibits a high first ionisation energy (IE1 = 1679 kJ/mol), making it
challenging to abstract an electron from its 2p shell. Furthermore, fluorine exhibits a high electron
affinity (EA = —328 kJ/mol), meaning that the addition of an electron to atomic fluorine releases
energy[2]. Many of these effects are a consequence of fluorine having the smallest van der Waals
atomic radius (rvew = 1.47 A) among the period 2 elements. The C—F bond is the strongest C=X bond
(bond dissociation energy = 513 kJ/mol;

Table 5, bottom) [2], deriving its strength mainly from the high ionic character (approximately
43%) resulting from the electronegativity difference between C and F (Ax = 1.5) [3]. Due to the high
strength of this bond, the cleavage of C—F bonds is generally challenging.

Table 5. Bond dissociation energy (BDE) of relevant C—X bonds (bottom).
Bond  BDE (kJ/mol)

C-F 513
C-H 413
(o0) 351
c-C 348
c-cl 328
C-N 292

The high biological activity of fluorinated organic compounds stems from the fact that fluorine
can be used as isostere for hydrogen in organic molecules, causing dramatic changes in the properties
of the molecule comparing to the corresponding hydrocarbon but usually preserving its geometry and
shape due to the small radius [4]. The incorporation of fluorine often results in an increase in the acidity
of adjacent functional groups and organic acids, along with an enhancement in the lipophilicity of the
molecule [5]. Furthermore, the presence of fluorine in an organic molecule facilitates the formation of
hydrogen bonding interactions. These phenomena strongly influence the biological activity of
fluorinated organic compounds [4].

Fluorine is the 13" most abundant element in the Earth’s crust, mainly occurring in the form of
fluoride minerals such as fluorite (CaF,) [6]. However, naturally occurring fluorinated organic
compounds are limited and their biosynthesis remains unclear [7]. The industrial synthesis of fluorine-
containing organic molecules typically derives from the use of elemental F; or HF, both obtained from
the upgrading of CaF, [8].

Fluorinated organic molecules can be found in a wide range of applications, including
pharmaceuticals (where approximately 20% of commercial drugs contain at least one fluorine atom or
a fluorinated functional group [9]), agrochemicals, medical imaging (such as Positron Emission
Tomography [10]), materials (including fluoropolymers and liquid crystals), and more (Figure 14).
Hence, there is a significant interest in developing efficient strategies for the synthesis of valuable fine
chemicals that incorporate fluorine.
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Seretide (fluticasone and salmeterol) Fluazifop
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Figure 14. Selected examples of fluorine-containing organic molecules employed in pharmaceutical and
agrochemical industries.

Moreover, due to their inert nature upon decomposition, fluorocarbons can be persistent in the
environment. Hydrofluorocarbons (HFCs) and hydrofluoroolefins (HFOs) find applications in
refrigeration, air-conditioning, foam-blowing, electronics and fire protection. Their high volatility leads
to their release into the atmosphere as fluorinated gases, contributing to environmental pollution
[11],[12]. Therefore, there is a need to explore alternative methods for the defluorination of
fluorinated organic molecules. Two main pathways for the synthesis of partially fluorinated molecules
have been developed:

I selective fluorination of non-fluorinated substrates;
Il. selective defluorination of perfluorinated and polyfluorinated molecules.

The first approach involves the use of fluorinating reagents, including nucleophilic, electrophilic
and trifluoromethylating agents. The main challenge in this method arises from controlling the
reactivity of fluorine sources. With strong nucleophilic fluoride sources (e.g. HF, KF or Me;sNF), the
fluoride anion exhibits weak nucleophilicity in the presence of hydrogen bond donors, leading to the
formation of the stable anion HF,™ [5]. When hydrogen bond donors are rigorously excluded, fluoride’s
strong basicity and nucleophilicity often result in undesired side reactions. Among the electrophilic
fluorinating reagents, the simplest is fluorine gas, which is highly reactive, very difficult and hazardous
to handle. It is often unselective and can react with many common functional groups. Consequently,
due to the harsh conditions usually required in these systems, the substrate scope and selectivity of
these reactions are restricted to simple substrates, which can be employed as building blocks for
subsequent functionalisations [5].

Researchers are overcoming this limitation by developing mild electrophilic fluorination
reagents that enable the late-stage fluorination of complex organic molecules. These reagents allow
milder reaction conditions to be used, they are easy to handle, less toxic and hazardous than traditional
fluorinating reagents and exhibit enhanced selectivity. For instance, among the electrophilic
fluorination reagents, the so-called “NF-reagents” stand out. These compounds feature a fluorine
atom directly bonded to the electronegative nitrogen, which can be further activated by electron-
withdrawing groups (e.g. carbonyl, sulfonyl) or a positive charge in the molecule. The advantage of all
these reagents is that most are solid, non-volatile and non-explosive compounds, which may be
handled with standard synthetic chemistry techniques [4]. For example, Selectfluor, an NF-reagent
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developed thirty years ago, is industrially employed in the synthesis of fluticasone propionate, an
active ingredient in Seretide, a drug used for asthma treatment [13]. Nevertheless, often directing
groups (such as pyridyl, amino, N-perfluorotolylamide groups) are necessary to ensure regioselectivity
in these reactions [14]. Alternatively, pre-activation of the substrate (3-ketocarbonyl compounds) can
be necessary to promote the reaction [5].

The second strategy for the synthesis of complex fluorinated organic compounds is the selective
activation of C—F bonds in polyfluorinated and perfluorinated organic molecules. This approach is
interesting as it allows the transformation of highly fluorinated molecules, readily available through
bulk industrial fluorination processes (e.g. employing HF, KF, F;), into more valuable fluorinated
compounds. This is achieved through the selective activation of C—F bonds, converting them into C-H,
C-C, C-0, C-S, C-N, C—P bonds. Transition metals (TMs) mainly promote these processes, either
catalytically or stoichiometrically, although examples involving main-group elements are also present
in the literature [15]. Considering the high strength of the C—F bond, the thermodynamic requirement
to make this process feasible is the formation of other strong E-F bonds form, where E typically is H,
Si, B, Al and TMs [16]. This method is a viable alternative to the C—F formation strategy, as it can lead
to the synthesis of new compounds, new selectivity and synthetic routes that might not be accessible
with the first approach [17]. The challenges associated with this method involve achieving precise
control over the regio- and stereoselectivity and improving the functional group tolerance of the
transformation [15].

Aims and objectives

The aim of this Ph.D. project was to explore novel strategies for the regioselective activation and
functionalisation of C—F bonds in readily available polyfluoroaromatic compounds promoted by early-
transition metals and by p-block elements.

This project is structured into three sections. The aim of the first section was to establish a novel
synthetic protocol for the controlled and regioselective functionalisation of fluorinated pyridines using
a strained zirconocene-cycloalkyne complex. The objective was to obtain a fluorinated pyridine
alkenylated in ortho-position, which could subsequently be further functionalised to yield a more
complex, stereo-defined fluorinated organic compound. This investigation demonstrated that the
zirconocene-cycloalkyne complex followed three different reactivity pathways, depending on the
fluorination pattern of the polyfluoropyridine.

In the second section, the investigation of a side reaction observed in the first section is
described. This reaction involved the C—F bond activation in para-position of pentafluoropyridine (Py-
Fs) promoted by simple trialkylphosphines. The outcome of this activation reaction depends on the
reaction conditions, leading to either the hydrodefluorinated product or the reductive C-C
homocoupling product. Additionally, the generation of differently substituted difluorophosphoranes
was observed. This research highlighted the potential of metal-free systems, employing only simple
phosphines to selectively and efficiently functionalise electron-poor perfluoroheteroaromatics.

The final objective was to demonstrate that simple trialkylphosphines are able to catalyse
hydrodefluorination (HDF) and aminodefluorination reactions in the presence of silanes and silyl
amides, without the need for complex constrained structures or the use of metals, as reported in the
existing literature. The research showed that P"Bus could exhibit reactivity akin to TMs during the
catalytic cycle, characterised by reversible two-electron redox processes like oxidative addition and
reductive elimination.
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C—F bond functionalisation promoted by a zirconium-cyclohexyne complex
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Scheme 34. Synthetic protocol for the synthesis of the zirconocene-r?-cyclohexyne (5) and its corresponding PMes
adduct (6).

The investigation started with the study of the synthesis of the zirconocene-n?-cyclohexyne
complex (5) reported by Buchwald and co-workers (Scheme 34) [18]. The targeted Zr complex was
prepared by degradation of an in situ generated 1-cyclohexenyl-methyl-zirconocene complex (4) via -
H abstraction, leading to methane evolution and the zirconocene-cyclohexyne complex 5. To facilitate
its isolation, Buchwald et al. stabilised 5 with PMejs, resulting in the phosphine adduct 6. Complex 6, or
in situ prepared 5, were shown to react with various unsaturated organic molecules by insertion in the
Zr—C bond[19].

To begin, 1-bromocyclohexene (1) was synthesised by reacting cyclohexanone with a slight
excess of bromine, triphenylphosphite and NEts; (Scheme 34) [20]. Subsequently, the formation of 2
via
[(Cp2ZrCl)z(u-0)] was carried out (ca. 50%) (Scheme 35) [21].
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Scheme 35. Synthesis of the methylzirconocene chloride 2.

The formation of the desired oxo-bridged complex [(Cp2ZrCl),(u-O)] was achieved in high
isolated yields (78%) by reacting equimolar amounts of zirconocene dichloride, aniline and a slight
excess of water (Scheme 35). The subsequent methylation with two equivalents of trimethylaluminum
allowed the formation of 2 in moderate yields of 62% (relative to the oxo-bridged complex) and the
reaction could be conducted on a relatively large scale (8 g).

The zirconocene-PMes adduct 6 was successfully synthesised according to reaction Scheme 34
in 52% isolated yield. The formation of this complex was evidenced by the appearance of a singlet at &
=-2.3 ppm in the 3P{*H} NMR spectrum, corresponding to the phosphorus nucleus of the coordinated
phosphine, and the disappearance of the signal for free PMe; (8(3'P) = —62.0 ppm). The 'H and 2D-
NMR analyses further confirmed the formation of the phosphine adduct 6.

82



Sara Bonfante ESR 5

The reactivity of complex 6 and the in situ generated 5 with differently fluorinated pyridines was
investigated. Py-Fs was chosen as the initial polyfluorinated pyridine for this study due to its reported
high reactivity in the C—F bond addition reaction, as indicated in the study conducted by Etienne and
coworkers [22]. As the 16-electron complex 5 is expected to be the active species for the C—F activation
process, a solution of the in situ generated complex was treated with an excess of Py-Fs but no reaction
was observed according to *H and °F NMR spectroscopy, even upon heating up to 60 °C for several
hours (Scheme 36, top reaction). Surprisingly, when PMes; was added to the reaction mixture, the
complete consumption of the heteroaromatic compound occurred after 16 hours at 20 °C (Scheme 36,
bottom reaction). Analysis of the mixture by F NMR revealed a singlet at 3 = 51.0 ppm in the
spectrum, matching well with a Zr-bound fluoride, along with numerous signals in the region of the
aromatic ortho, meta and para fluorine. From this observation, it was assumed that the presence of
PMes was crucial for the C—F bond activation and may act as an assisting ligand. As reported in the
literature, phosphine assistance in metal-mediated C—F bond activation is a known phenomenon [23-
26]. Typically, these examples involve the formation of a metallofluorophosphorane intermediate,
which then undergoes either an alkyl or a fluoride transfer from the PY centre to the metal, leading to
an alkylated or fluorinated metal complex, respectively [27].
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Scheme 36. Attempts of C—F functionalisation of pentafluoropyridine with zirconocene-cyclohexyne complexes 5
and 6.

The reactivity of the isolated PMe; adduct 6 with an equimolar amount of Py-Fs (Scheme 36,
bottom reaction) was therefore investigated. After four hours at 20 °C in C¢Ds, the starting complex, 6,
was fully converted into 1-cyclohexenylzirconocene fluoride (7), accompanied by the formation of an
unidentified dark red solid (17 mg out of 43 mg of starting complex 6 used) and unreacted Py-Fs. Two
more equivalents of 6 were needed to consume all the Py-Fs. Complex 7 was characterised by a singlet
resonance in the ®F NMR spectrum at 8 =51.0 ppm corresponding to the Zr-F bond (the same
chemical shift observed in the previous experiment). Traces of the hydrodefluorination product
2,3,5,6-tetrafluorpyridine (Py-Fa), F,PMes (8) and a fluorinated unidentified product were observed in
the ®F NMR spectrum. These species were analysed by multinuclear (*H, 3!P, °F, 3C) and 2D-NMR
spectroscopy. The formation of 7 was further confirmed by protonation or iodinolisys of the organic
ligand. Different conditions for the C—F bond activation reaction of 6 with Py-Fs were investigated
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(Scheme 36, bottom reaction), but changing the solvent (benzene, toluene and cyclohexane),
concentration of the zirconocene-PMes; adduct (0.1 M, 0.3 M), reagent ratio (complex 6 : Py-Fs=1:1,
3:1, 5:1), lowering the temperature to 0 °C, and using pre-cooled solvent and reagents (—40 °C) had
only little influence on the reaction outcome. At —40 °C the system was unreactive.

To shed more light on the mechanism of this reaction, a control experiment on the reactivity of
trimethylphosphine towards pentafluoropyridine was carried out. Addition of an equimolar amount of
PMejs to a solution of Py-Fs in C¢D¢ or THF-ds at 20 °C triggered the formation of Py-F4, F.PMes, the 4-
methylenetetrafluoropyridine-substituted difluorophosphorane 9 and a phosphonium salt 13, along
with unreacted PMe; (Scheme 37). The red solid was not observed.

F_N__F S
| = PMe3 | _
» + FPMe; + F F
F F
F C(;De +

or THF-dg PMeze PMe,F
Py-Fs  20°C, 20 min Py-F4 13
(traces)

Scheme 37. Reactivity test of Py-Fs (1 equiv.) with PMes (1-3 equiv.) in CsDs or THF-dg at 20 °C.

The spontaneous reaction of PMes with Py-Fs casts doubt on a Zr-mediated C—F bond activation
for this substrate. The treatment of the mixture produced by the 1:1 PMes/Py-Fs reaction in CsDe¢ with
the cyclohexyne complex 6, according to Scheme 38, resulted in the consumption of 8 and 9 and the
appearance of the zirconocene-fluoride 7 after 3 hours at 20 °C, as evidenced by the *°F NMR spectrum.
Three equivalents of 6 (vs. Py-Fs) were needed to consume all 8 and 9 to afford 7 rather selectively.

s \PMeg
F. N F %
| (3 equiv.) @\ O insoluble,

Z R — o
= F + FoPMes CoDg, 20 °C, 3 ZI\F * unidentified product
PMe2F2 é
9 8 7
N J

~

obtained from 1:1 PMe3/CsF5N reaction

Scheme 38. Reaction of 6 (3 equiv.) with the compounds issued by the reaction of PMes (1 equiv.) and Py-Fs (1
equiv.) in C¢Dg at 20 °C.

This outcome strongly suggests that the C—F bond activation event observed in the reaction of
6 with Py-Fs was initiated by dissociated PMejs reacting with the heteroaromatic to give 8 and 9, which
subsequently reacted with 6 to provide 7. This is consistent with the dissociation energy values of the
bonds involved: the Zr-F bond (BDE = 623 + 63 kl/mol) is indeed stronger than the P-F (BDE < 405
kJ/mol) and C—F bonds (BDE = 513 kJ/mol [28]). Considering the nucleophilic attack of the phosphine
on the fluoroheteroaromatic as a crucial mechanistic step in the reaction outlined in Scheme 37, it was
expected that the use of a less electron-poor pyridine (e.g. with a reduced degree of fluorination) could
circumvent the undesired reactivity of PMes; with the fluoroheteroarene. Therefore, Py-Fs, 2,4,6-
trifluoropyridine (Py-F3) and 2,6-difluoropyridine (Py-F,) were identified as suitable candidates for this
investigation.
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When 6 was reacted with an equimolar amount of Py-Fs4, complete consumption of the reagents
was observed after 48 hours at 50 °C in CsDe¢. The main product was identified as the C—H activation
product 10. Multinuclear and 2D-NMR analyses further proved the formation of 7.

<7 Fe N _F
@@ F F Ts0°C 48h @
H —PMej
6 Py-F4

Scheme 39. Synthesis of the C—H activation product 10 by reaction of 6 (1 equiv.) and Py-F4 (1 equiv.) in CsDs at
50 °C for 48 hours.

Complex 10 is believed to result from 1,2-C—H addition over the Zr—(n?-C=C) bond in 6, a
hypothesis further supported by the absence of deuterium incorporation when the reaction was
conducted in deuterated benzene. Further evidence for C—H activation was collected through NMR
analyses of the reaction mixture after treatment with iodinolysis.

In the case of Py-F; and Py-F, the targeted 1,3-C—F bond addition over the Zr-n>-cycloalkyne
motif took place, affording 11 and 12, respectively (Scheme 40). Various solvents (THF, chlorobenzene,
toluene, benzene, diethyl ether, cyclohexane) and temperatures were tested to find the optimal
conditions for these reactions. The system exhibited the highest yield (71% isolated yield of 11) and
selectivity when cyclohexane was used as solvent at 40 °C.

@\\PME:g Ny CeD12 @ Fo X
Zr: _ teb2

" = Zr/N >
@@ H H  40°C, 3 days QE
X —PMe;
(5 equiv.)
6 Py-F3: X=F 1M:X=F
Py-F,: X =H 12: X=H

Scheme 40. Synthesis of 11 and 12 by reaction of 6 (1 equiv.) with Py-F3 or Py-F; (3—5 equiv.) in CsD1; at 40 °C.

The addition product 11 is characterised by a singlet at §(*°F) = —35.4 ppm, corresponding to the
Zr—F bond, a doublet at §(*°F) = —60.7 ppm (¥ = 24.0 Hz) and a doublet of doublets of doublets at
8(*°F) = —94.8 ppm (*Jer = 24.0, 3Jew = 9.5 Hz, 3Jpy = 7.5 Hz), associated with the ortho- and para-fluorine
of the pyridine, respectively (Figure 15). Additionally, the formation of 11 was evidenced by the
generation of 2-(2-iodocyclohexen-1-yl)-4,6-difluoropyridine, characterised by GC(EI)-MS and NMR
analyses, after iodinolysis of the complex. Crystals suitable for a single crystal X-ray diffraction (sc-XRD)
analysis were grown after vapour diffusion of tetramethylsilane, as an antisolvent, into a concentrated
toluene solution of 11. Its molecular structure is shown in Figure 16.

The Zr atom lies in a distorted trigonal bipyramid environment, with apical sites occupied by the
nitrogen of the pyridine ligand and the fluoride. The former belongs to a 1-zircona-2-aza-
cyclopentadiene motif that connects it to the alkenyl carbon found in the equatorial plane, forcing the
F-Zr-N array to deviate significantly from linearity [F1-Zr1-N1 148.46(6)°] and imposing a tilt angle for
the Cp-Zr-Cp moiety of 135.8°. Similar deviations from the ideal trigonal bipyramidal geometry are
found in other crystallographically characterised five-coordinated, Cp-supported 1-zircona-2-aza-
cyclopentadienes [29-34]. Compared to structurally related species [29-35], the angles measured
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within the five-membered ring as well as the bond lengths of the conjugated part show no significant
irregularity. However, the Zr—C bond is rather short and the Zr—N, rather long. In the considered family
of compounds selected for comparison, the former varies slightly in length, while the Zr-N distance
fluctuates depending on the L or X character of the nitrogen ligand and the N-substituent. In the
present case, we explain the long Zr—N bond by the presence of the fluoride in trans relationship,
coupled with the electron-poor properties of the difluoropyridine ring. The elongation of the Zr—N
bond mechanically impacts the length of the Zr—C bond due to the rigidity of the 1-zircona-2-aza-
cyclopentadiene core. An additional observation is that the N1-C11-F3 angle is quite acute [114.7(2)°],
presumably as a result of a long-range interaction of the fluorine atom with the electropositive Zr
atom.
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Figure 15. °F NMR (377 MHz, CsDs) spectrum of the crude reaction mixture of the reaction between the
zirconocene-PMes adduct 6 (1 equiv.) with Py-Fs (5 equiv.) in cyclohexane at 40 °C for 42 hours, dried and dissolved
in CsDs. Magnifications of the signals of complex 11 are given.

Figure 16. Molecular structure of 11 in the solid. Ellipsoids drawn at the 25% probability level.
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Complex 12, obtained from treating the zirconocene-PMejs adduct 6 with Py-F, (five equivalents)
in cyclohexane at 40 °C for 3 days (Scheme 40), exhibits similar NMR features to 11. The F NMR
spectrum displays a singlet at 6 = 34.7 ppm, corresponding to the Zr-F bond, and a doublet at & = —64.3
ppm (d, J = 7.6 Hz. It is remarkable to note that the system was highly selective and, despite the
presence of a proton in the para-position, the C—H bond activation product was not detected.

Several hypotheses may be given to explain the differences in reactivity of the four
polyfluoropyridines towards 6. The absence of a 1,3-C—F addition product after treatment with Py-Fs
can reasonably be attributed to the fast reaction of the latter with dissociated PMes. The low Lewis
basicity of Py-Fs may also lead to a loosely bound adduct with the transient phosphine-free
cyclohexyne complex 5, hampering a C—F bond activation step to occur before the substrate reacts
with the phosphine. Additionally, the structure of 11 (Figure 16) reveals a 1,3-allylic (**A) strain
between the cycles’ backbones (carbons C5 to C8), along the ring junction. This destabilising
interaction would be exacerbated if the heteroaromatic ring was fully fluorinated and may exist before
the C—C bond formation event, imparting a kinetic penalty for a C—F bond activation pathway.

The observation of the C—H activation product in the reaction with Py-F; may be the result of
two factors: on the one hand, the high level of fluorination of the heterocycle makes it, akin to Py-Fs,
a poor Lewis base that is not likely to strongly bind the Zr centre. Besides, a potential C—F/CH,
repulsion, resulting in the above-spotted »3A strain in the cyclometalated product (Figure 16), is likely
to arise from Py-F4 coordination. Moreover, Perutz and co-workers conducted an extensive study on
the competition between metal-assisted C—H and C—F bond activation processes and identified several
factors, such as the nature of the metal and its ligands, as well as the fluorinated compound and its
fluorine substitution pattern, both playing crucial roles in the selectivity of the system [25,36,37]. An
important parameter is the presence of ortho-fluorine substituents in the generated metal-fluororaryl
complex, which makes C-H bond activation more energetically favourable. The presence of fluorine
atoms in ortho to the M-C bond increases the ionic character of this bond, resulting in a negative
charge at the ipso-carbon of the M-aryl bond. This charge is stabilised by ortho-fluorine substituents
through hyperconjugation to the C-F antibonding c* orbitals and due to the electron-withdrawing
character of fluorine [36]. In our system, the metalation of the acidic C—H provides a metal-4-pyridyl
compound with highly stabilising two-fold ortho-fluorine substitution.

In the case of Py-F; and Py-F,, higher Lewis basicity may allow the heteroarene to better interact
with the Zr atom after PMes dissociation and thus bringing its ortho C—F bonds closer to the reactive
cyclohexyne ligand. This sets the stage for a regioselective C—F bond activation to take place [22]. The
formation of complex 7 was not observed in these systems as the fluorinated pyridines were not
sufficiently electrophilic to react with the dissociated PMes. Remarkably, in the case of Py-F, the 4-
position is not fluorinated, yet complete chemoselectivity for C—F over C—H activation was observed.
This is likely the result of a stronger Zr---N interaction favouring C—F activation as well as the absence
of fluorine in the 3- and 5-positions that would stabilise the C—H activation product.

Stoichiometric reactivity between trialkylphosphines and Py-Fs

The stoichiometric reactivity between PMes and Py-Fs was further investigated to gain a better
understanding of the system. The objective was to assess whether changing the system conditions,
including the phosphine, solvent, temperature and reagent ratio, could limit or suppress this reactivity.

The preparation of an equimolar solution of PMes; and Py-Fs in CsDs triggered the formation of
Py-Fs, 8 and 9, along with a fourth minor species 13 not unambiguously identified and unreacted PMes,
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according to NMR and GC(EI)-MS analysis. Different parameters, including temperature, reagent ratio,
phosphine and solvent were screened at an NMR scale. Using a 3:1 Py-Fs/PMej ratio, the phosphine
was completely consumed, but some Py-Fs remained. The phosphine scope study revealed that the
reactivity observed between PMes; and Py-Fs extends to other more sterically hindered phosphines
(e.g. PEts, PMe,Ph, P'Pr;, PCys) while still maintaining high reactivity and that for most solvents
(excluding CDsCN) there is no solvent effect on the reaction outcome. The conditions for the reaction
require the phosphine to have a proton in the a-carbon to the phosphorus and not excessively bulky
R groups. The kinetic limit of the system was reached when P(‘Bu),Cy was employed. In this case an
alternative reactivity pathway was favoured, resulting in the formation of the simple
difluorophosphorane and 4,4’-octafluorobipyridine (15) (Scheme 41). The same outcome was
observed in the absence of a proton in the a-carbon in the phosphine, such as with P'Bus. Furthermore,
the investigation of the solvent effect suggested that this second reaction pathway was promoted,
even with less sterically hindered phosphines, by the use of a more polar solvents such as acetonitrile.

F N _F
N
F N F | P
CgD
| 1 .+ Prr, ___ %P _F P PRRSF,
F F 40 °C, F. Z F
F 4 hours-7 days - |
F7ONTF
Py-Fs R =Cy; R ='Bu; 15

(2.2 equiv.) R=R ='Bu
Scheme 41. Reactivity of P(*Bu),Cy and P'Busz with Py-Fs in CsDgat 40°C for 4 hours and 7 days, respectively.

In parallel to other strategies reported in the literature for the synthesis of these species, this
approach offers a useful and versatile route for preparing F,PR3 compounds under simple and mild
reaction conditions. The potential advantage of this method lies in the generally low cost of phosphines
and Py-Fs. Moreover, it could also be used as a pathway for the synthesis of compound 15.

The presence of the formal HDF product Py-F, in the reaction of Scheme 37 is reminiscent of the
recent work from the group of Garcia on the PEts-promoted HDF of fluoroaromatics [38,39]. The
methodology they reported differs from the above-mentioned experiments by the reaction conditions,
in their case traces of water were critical to observe the desired outcome. Strict exclusion of moisture
in our case rules out the involvement of Garcia’s mechanism to explain the formation of Py-F,, although
the nucleophilic attack of the phosphine onto the 4-position of Py-Fs must be a common initial
elementary step in both reactions. Considering the reaction between PMes and Py-Fs and given that
the formation of 9 cannot be explained by other means than the occurrence of a PMes-derived ylide,
itis proposed that the observed outcome of the reaction of Py-Fs and PMe; stems from the mechanism
depicted in Scheme 42. After the nucleophilic attack of PMes; onto Py-Fs, the zwitterionic
Meisenheimer complex | would evolve into the fluorophosphorane Il. In the latter, the acidity of the
Me groups may be high enough to be deprotonated by PMejs (pK, varying from ~9 in THF up to 15.5 in
CHsCN), followed by proton transfer from [HPR3]* to the tetrafluoropyridyl carbon and formation of
Py-F. [40-43]. Alternatively, a tetrafluoropyridyl anion, obtained by dissociation from
fluorophosphorane I, may act as the base, deprotonating another molecule of intermediate Il. This
would result in ion pair lll, with a hydro- or fluorophosphonium as counterion, that would undergo P—
bond protiolysis to release PMes, Py-F4 and the P-fluorinated ylide IV [44]. The latter could then attack
another equivalent of Py-Fs to lead to complex 9 via another Meisenheimer complex V, followed by C-
to-P fluoride transfer sequence. Overall, this rationale explains well the observed ~1:1 Py-F4:9 ratio. A

88



Sara Bonfante ESR 5

light-activated mechanism was excluded, as a test experiment conducted in the absence of light
yielded the same outcome.
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Scheme 42. Proposed reaction mechanism of Scheme 37.

When the reaction between trialkylphosphines and Py-Fs was conducted in CDsCN, or when
bulky phosphines (such as P(‘Bu),Cy) or phosphines lacking a proton in the C, were employed (e.g.
P'Bus), the formation of the simple difluorophosphorane and the reductive coupling product 15 took
place instead. The proposed mechanism for this reaction is reported in Scheme 43. Similar to the
previous mechanisms, the Meisenheimer complex | formation and its conversion into
fluorophosphorane Il take place. The 2,3,5,6-tetrafluoropyridyl group could be expected to be a better
leaving group than other Ar- fragments owing to the delocalisation of the negative charge due to the
high degree of fluorination of [Py-F4]~, the presence of polar solvents and the steric repulsion arising
from bulky R groups on the phosphine. Furthermore, the absence of any evidence of compound Il in
both our systems and the existing literature [38,39] suggests that Il is highly reactive. The generation
of difluorophosphorane X and phosphorane Xl could occur through two distinct pathways:

- via pyridyl attack on the phosphorus centre, leading to the release of fluoride, which then
migrates to the P* of VIl (Scheme 43, blue box on the left);

- through the attack of VIII which acts as a Lewis acid by abstracting a fluoride from Il, followed by
the interaction of the resulting P* with the 2,3,5,6-tetrafluoropyridyl anion IX (Scheme 43, blue
box on the right).

Finally, the ligand-ligand coupling in species XI would form 15, as previously reported in similar
systems [45-47], along with the liberation of free PRs.

A comparable solvent effect was observed in the context of the PCys-catalysed intermolecular
acylfluorination of alkynes in toluene [48].
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Scheme 43. Proposed mechanism for the formation of 15.

Tobisu et al. proposed the participation of a fluorophosphorane intermediate in the catalytic
cycle which, after ligand coupling and release of the acylfluorination product, regenerates the P"
catalyst. In polar solvents such as acetonitrile, the reaction yields the simple difluorophosphorane
F,PCys and the hydroacylated product, with the acylfluorination product detected only in minimal
amounts. The authors proposed that the fluorophosphorane is in equilibrium with the corresponding
phosphonium salt, which is more stable in acetonitrile. The phosphonium species is expected to
decompose more readily than the fluorophosphorane and the protonation of the system would lead
to the formation of F,PCys and the hydroacylated product. Traces of water (via nucleophilic attack onto
phosphonium ion) or cyclohexyl groups (through B-hydrogen elimination) could act as proton sources
in this system.

P"Bus-catalysed hydro- and aminodefluorination of polyfluoroaromatics

In recent years, there has been a significant interest in the activation and functionalisation of
small molecules and strong bonds by main-group element compounds that mimic the reactivity of
TMs. An essential concept driving this research is metallomimetic behaviour, where main-group
elements can be induced to exhibit reactivity similar to that of transition metals [49]. One of the
peculiar reactivity of TMs is to undergo reversible two-electron redox processes, such as oxidative
addition and reductive elimination. Nevertheless, redox cycles with main-group elements are relatively
rare. Among these elements, the pnictogens stand out, as they often provide access to stable species
in various oxidation states [50]. A crucial structural feature that seems to enable the observation of
redox cycling in Pn-containing systems involves the introduction of geometric constraints around
pnictogen atoms [51]. Recent studies in this field described how geometrically constrained pnictogens
can effectively hydrodefluorinate perfluorinated aromatics, both stoichiometrically and catalytically
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[52-54]. These works highlight the crucial role of this structural design in accessing the Pn"/Pn" redox
cycle, enabling the specific reactivity desired for this transformation.

The new results reported in this study demonstrated that complex molecular architectures are
not required for P" systems to act as catalysts for HDF or aminodefluorination of highly fluorinated
arenes and heterocycles. Simple trialkylphosphines were found to be fast and effective catalysts for
these reactions with a range of substrates, but especially for highly electron-poor ones (Scheme 44).
This is an important observation, as some trialkylphosphines, particularly the P"Bus used here, are
cheap, readily available from commercial suppliers and easy to handle.

E=N,CR
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Scheme 44. Representative scheme of our system for the catalytic reaction of HDF and hydroamination.

The reaction optimisation showed that the combination of P"Bus; and Ph;SiH; as hydride source
in acetonitrile provided the best reaction conditions allowing selective HDF of Py-Fs to give Py-F4 in
excellent yield (93%), after only 20 minutes at 20 °C. This performance stands among the best reported
for catalytic aromatic HDF by a main-group-element catalyst [52-56]. Moreover, this phosphine-silane
combination proved to be most economical and readily available among those tested.

The substrate scope for HDF was investigated, extending the studies to various fluoroarenes and
heterocycles (Figure 17). In addition, it was possible to explore preliminary aminodefluorination
reactions (products 24 to 27) to allow C—F functionalisation by amines.

Exploration of the degree of fluorination of fluoropyridines and the regioselectivity of the HDF
reaction gave insights into the reaction mechanism and synthetic possibilities. With Py-F, as a
substrate, it was possible to observe the formation of 17, but in low yield and requiring much more
forcing conditions (13% after 5 days at 70 °C). This explains the selectivity of the HDF in Scheme 44, as
a second HDF at the less activated ortho-position of the pyridine is substantially slower than the initial
reaction at the para-position of Py-Fs. The presence of other tri- and difluoropyridines suggests that
the rate of HDF at the ortho- and meta-positions is similar to each other and slower than the rate of
HDF at the para-position. Reducing the degree of fluorination of the substrate, but maintaining a C—F
bond at the most reactive para-position also allowed HDF and formation of Py-F, (79% yield), but the
reaction was relatively slow and a small amount of unreacted Py-F3 (5%) was present, along with some
2,4-difluoropyridine (14%), which results from ortho-HDF, after 6 days. It is clear that more electron-
poor heteroaromatics lead to faster reactions, which is consistent with the mechanistic proposal. The
catalytic HDF reaction is not limited to pyridines. Reaction of other electron-poor aromatics, such as
pentafluorobenzonitrile, perfluorotoluene, hexafluorobenzene and perfluorobiphenyl led to the
formation of the mono or diHDF product in good yields (84—93%). Extending the catalytic methodology
to other C—F functionalisation reactions was also explored. Preliminary studies investigated C—F
amination by silylamides in the presence of catalytic P"Bus. Thus, when Py-Fs was reacted with
Ph,Si(CI)(NEt,) with 10 mol% of P"Bus at 60 °C for 18 h a good yield (75%) of the aminated product 24
was seen, alongside a small amount of unreacted Py-Fs (10%).
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Figure 17. Results of substrate scope studies. Ph,SiH, was used for all HDF reactions and Ph,Si(Cl)(NR) were used
for aminodefluorination reactions. ° Isolated yield after flash column chromatography shown in parentheses. ®
Reactions were stirred at 60 °C for 4 days, followed by the remaining period at 80 °C.

Extending this reaction to more complex amines also proved possible. Reaction of Py-Fs with
Ph,Si(Cl)(pro) (where pro is L-proline methyl ester) gave a very good yield of 25 (88%) alongside a small
amount of unreacted Py-Fs. This demonstrated that potentially sensitive functional groups are
tolerated by this catalytic aminodefluorination reaction and that it may find application in the
preparation of highly functionalised, fluorinated amines, e.g. in pharmaceutical or agrochemical
synthesis. Extending the fluoroarene substrates beyond Py-Fs also proved possible, with both
pentafluorobenzonitrile and perfluorotoluene also reacting with Ph,Si(CI)(NEt;) in the presence of 10
mol% P"Bus to give 26 and 27 in 82% and 50% vyield respectively. However, these substrates proved
more sluggish under the reaction conditions optimised for HDF and further optimisation is desirable in
future studies to extend the aminodefluorination reactions beyond these preliminary results.

Experimental and computational mechanistic studies were undertaken to probe the pathways
underpinning the HDF reaction. Under the optimised reaction conditions for the HDF of Py-Fs the
reaction occurred too quickly to observe any intermediates. However, for slower reactions it was
possible to gain insights through the observation of intermediate phosphorus-containing species.
When Py-Fs was reacted with PhSiHs, with 10 mol% P"Bus in MeCN at 20 °C, after 1 h the 3P NMR
spectrum showed very clean conversion of P"Bus into a new species with an apparent septet resonance
at 8=38.1 ppm (J = ca. 5 Hz). This was accompanied by new complex multiplet signals in the °F NMR
at 8 =—-88.5 and —130.3 ppm. The only other resonances present in the *°>F NMR were from unreacted
Py-Fs, the HDF product Py-F; and the fluorosilane produced by H/F exchange. The resonance at d =
38.1 ppm in the 3P NMR spectrum is characteristic of a phosphonium cation and was therefore
assigned to the [(CsFsN)P"Bus]® ion, [16]*. This was confirmed by independent preparation of
[(CsF4N)P"Bus]Br ([16]Br) by reaction of P"Bus with 4-bromo-2,3,5,6-tetrafluoropyridine (Scheme 45).
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At the end of the catalytic reaction, when Py-Fs was fully consumed, the signal for [16]* disappeared
and free phosphine was observed in the reaction mixture (3P § = —32.1 ppm), suggesting its role as a
resting state.
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Scheme 45. HDF reaction of Py-Fs (1 equiv.) with PhSiHs (1 equiv.) and P"Bus (10 mol%) in CDsCN at 20 °C.

To investigate whether [16]" was a relevant catalytic intermediate, Ph,SiH, was added to the
independently prepared sample of [16]Br in MeCN. After 10 minutes at 20 °C there was no change in
the 3'P or 1F NMR spectra. The mixture was heated to 40 °C overnight and similarly showed no reaction
between [16]Br and the silane. However, on addition of one equivalent of anhydrous [MesN]F to the
system at 20 °C, Py-F, was seen to form after only 10 minutes, alongside the formation of fluorosilane
Ph,Si(F),H2-» and some unreacted [16]*. Over time, the amount of Py-F, increased as [16]* decreased.
This suggested that [16]" is an intermediate in the catalytic cycle, but that it does not react directly
with the silane to form the HDF product. We propose that addition of fluoride to the silane to form a
silicate anion, [PhySi(F)H,], is necessary to promote H  transfer and liberation of the
hydrodefluorinated product. Looking at the catalytic reaction as a whole, the experimental mechanistic
studies suggested that the phosphine catalyst adds to the fluoroarene/heteroarene to initially form a
fluorophosphorane, e.g. P(F)("Bu)s(CsF4N), but that the silane then acts as a Lewis acid to abstract a
fluoride ion from the phosphorane to form a phosphonium salt, e.g. [(CsFsN)P"Bus][Ph,Si(F)H.]. The
hydrosilicate anion then transfers a hydride to the phosphonium ion to form another phosphorane
that eliminates the hydrodefluorinated product and re-generates the phosphine (Scheme 46).
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Scheme 46. Proposed catalytic cycle and computed potential energy surface (PES) for R = Me. All energies at the
PBEO/def2-TZVP//BP86/SV(P) level in MeCN. Relative Gibbs energies (in k] mol™* at 298 K) shown outside brackets
and relative enthalpies (in kJ mol* at 298 K) shown in brackets.
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This H/F exchange between P and Si is driven by differences in the fluoride ion and hydride ion
affinities of the phosphorane and silane, which have been discussed and computed for related species
[36]. The reactivity of non-fluorinated pyridylphosphonium salts with nucleophiles to form substituted
pyridines has also been reported and, like the processes observed here, is proposed to occur via
phosphorane intermediates [57]. Underpinning all of this reactivity is the facile redox cycling between
P"and PY oxidation states that is remarkable to see in simple trialkylphosphines.

DFT calculations were performed to support the experimental mechanistic studies. These
showed that initial reaction of the phosphine with pentafluoropyridine takes place through a
Meisenheimer-like transition state (Scheme 46, TS12) to form a fluorophosphorane (M2) in a similar
manner to that proposed by Garcia and coworkers for reaction of Py-Fs with PEt3[38]. This is associated
with a low barrier of 55 kJ mol™. The structure of TSy, (Figure 18) shows the early nature of this
transition state, where P-C bond formation and C—F bond elongation precedes fluorine transfer to
phosphorus to form the phosphorane. This step is effectively initiated by a nucleophilic addition of PR3
to the pentafluoropyridine and explains the preference for electron-poor arenes/heteroarenes in this
reaction, where this will be promoted. No additional intermediates or transition states for fluorine
transfer to phosphorus were identified. The addition of Py-Fs to the phosphine leads to a formal
oxidation state change from P"' to PY and so can be characterised as an oxidative addition process,
albeit one that is highly asynchronous in terms of C—F bond cleavage and reminiscent of concerted
SnAr mechanisms. The key structural parameters of TS, are almost identical to those calculated by
Dobrovetsky and coworkers for addition of Py-Fs to a geometrically constrained o3-P compound,
suggesting a similar activation process, despite the very different structural frameworks involved [54].

<\ 1435

2506,

Figure 18. Transition states for addition of PMes to Py-Fs (TS12) and elimination of Py-F4 from phosphorane M6
(TSe1). Hydrogen is shown in white, carbon in grey, phosphorus in orange, nitrogen in blue and fluorine in green.
Selected distances (in A) are shown.

The fluorophosphorane that is initially formed (M2) can undergo isomerisation to a lower energy
isomer (M3) with fluorine trans to the tetrafluoropyridyl group, both in the apical positions. Fluoride
transfer to Ph,SiH; results in the formation of the observed phosphonium ion [16], in this case as the
salt M4. Moving between neutral and ionic manifolds in this way will be strongly influenced by
solvation effects. This leads to a small mismatch between the computed energies and the experimental
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observations, where M4 is higher in energy than the phosphoranes, although phosphonium ions and
not the phosphoranes are observed experimentally. This is likely due to limitations in using a dielectric
continuum solvation model, which under-solvates the ions and raises their energies relative to neutral
species. The neutral/ionic manifold switch may help to explain the solvent effect seen in this system,
where moving from o0-C¢HaF, (€ 13.4 = at 25 °C) to the more polar MeCN ( € = 35.9 at 25 °C) led to an
increase in the catalytic rate. It is well known that more polar solvents like MeCN promote the
formation of ionic species from phosphoranes and this would facilitate the formation of M4.

Hydride transfer from the silicate anion then leads to phosphorane M5, which can isomerise to
form M6. This is very different from the mechanistic proposal of Dobrovetsky for HDF by geometrically
constrained o3P systems, where it was suggested that PhSiH; reacts directly with the
fluorophosphorane through a transition state that involves concerted hydride transfer to P and
fluoride transfer to Si. The experiments described above showed that for simple trialkylphosphines,
phosphonium ions are intermediates and these do not react directly with the neutral silanes. It may
be that the positive charge on Dobrovetsky’s constrained o>-P systems disfavours this pathway and
leads to this divergence in mechanistic behaviour.

The final step involves reductive elimination of Py-F4 from M6 via TSes (Figure 17). This transition
state is more concerted than TS, although still somewhat asynchronous, presumably because direct
concerted reductive elimination from the axial and equatorial positions of a phosphorane is symmetry
forbidden [58]. TSe1 is again Meisenheimer-like, although less so than in the constrained c3-P systems
of Radosevich [53], where the C—H bond length of a related reductive elimination TS is 1.33 A, and
Dobrovetsky where itis 1.53 A. It seems as though the substituents and geometric environment around
phosphorus have a significant impact on the reductive elimination process. These final steps give rise
to the energetic span for the reaction, which is defined by the turnover-determining intermediate (TDI)
M5 and transition state (TDTS) TSe1, and give an overall barrier for the catalytic reaction of 79 kJ mol
!, This low barrier is consistent with the observed fast reaction between Py-Fs and Ph,SiH; when a
sterically relatively small phosphine like P"Bus is used as the catalyst (full conversion in 20 minutes at
20 °C in MeCN). The calculated energetic span for HDF of Py-Fs by a constrained 3-P system was
significantly larger (140 kJ mol?), which is consistent with the slower reactions observed in that study
[54].

Conclusions

Over the past two decades, the functionalisation of C—F bonds of perfluorinated compounds has
attracted significant attention due to the numerous industrial applications of fluorinated organic
compounds and the inherent challenges associated with these transformations, including the high
strength of the C—F bond and the difficulty in the control of the reaction’s selectivity. Furthermore, as
fluorocarbons tend to be inert upon decomposition, they are persistent in the environment and the
exploration of alternative methods for defluorination is of great interest.

This work presents novel protocols for the regioselective C—F bond functionalisation of
polyfluorinated aromatics which are promoted by zirconium and catalysed by phosphines. Mechanistic
investigations supported by experimental and, in selected examples, computational studies,
complement the synthetic findings.

The reactivity of a zirconocene complex featuring a highly strained cyclohexyne ligand toward
differently fluorinated pyridines was investigated. This complex, isolated by coordination of a PMe;s
ligand, exhibited different reactivity pathways depending on the fluorination pattern of the
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heteroaromatic. Remarkably, the reactive metal-alkyne bond could insert into the ortho-C—F bonds of
2,4,6-trifluoropyridine and 2,6-difluoropyridine, resulting in the net alkenylation of the polyfluorinated
heterocycle. The reaction of the complex with 2,3,5,6-tetrafluoropyridine led instead to the 1,2-C—H
addition over the Zr-(n?-C=C). Conversely, the reaction with pentafluoropyridine mainly involved a
parasitic SyAr reaction of the dissociated PMe; ligand with the substrate, generating a series of
difluorophosphoranes that triggered decomposition of the Zr complex.

These results led to the investigation into the stoichiometric reactivity between simple
phosphines and pentafluoropyridine. Various trialkylphosphines exhibited the ability to activate the
para-F of the heteroaromatic, leading to the formation of the products arising from
hydrodefluorination or reductive homocoupling, along with methylenetetrafluoropyridyl-substituted
or simple difluorophosphoranes, depending on the reaction conditions.

Because metal-free C—F bond activation is highly topical, these findings set the stage for the
development of a metallomimetic catalytic system for the hydrodefluorination and
aminodefluorination of polyfluorinated aromatics in the presence of silanes or silylamides.
Remarkably, the catalyst employed for these transformations is the simple and readily available P"Bus.
It undergoes facile redox cycling between the P" and PY oxidation states, enabling oxidative addition
of the substrate, pseudotransmetalation and reductive elimination of the product throughout the
catalytic cycle — typical steps observed in classical transition-metal-catalysis. The key features of this
catalytic system are simplicity and cost. As all reagents are commercially available and easy to handle,
there is no barrier to entry to these catalytic reactions, broadening their potential applicability in a
range of settings.
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Activation of Carbon Dioxide with Highly Lewis Acidic Compounds

Introduction

Carbon dioxide is easily available and an important C; building block in synthetic chemistry [1].
Therefore, its properties in coordination chemistry and its use in stoichiometric and catalytic reduction
processes is of utmost importance. Global abundance and non-toxicity of the alkaline-earth metals Mg
and Ca elicit a vivid development of their reagents for stoichiometric and catalytic applications [2]. To
suppress redistribution reactions of the ligands (Schlenk-type equilibria) and precipitation of insoluble
AeH,, the metal center can be shielded by very bulky ligands to stabilize heteroleptic molecules [3].
This strategy hinders far-reaching aggregation of hydrido alkaline-earth metal complexes despite the
fact that Mg- and Ca-bound hydrido ligands avoid terminal binding modes and are commonly observed
as bridging ligands. Therefore, bulky B-diketiminato and amidinato ligands were chosen to shield the
reactive Ae-H moieties. For probing the reactivity of Ae-H functionalities towards CO2, we started our
investigations with the well-known dinuclear B-diketiminato alkaline-earth metal hydrides of
magnesium (A1) [4] and calcium (A2) [5].

Reactivity of [Ae]-based hydride complexes towards CO,

Reactivity of 8-diketiminate Mg hydride with CO;

The first section discusses the reduction of CO, by employing [Ae]-based hydride complexes.
Overall, even in the absence of the Lewis acid B(CsFs)3, the Mg hydride (A1) underwent a rapid reaction
(<10 min) under one atmosphere of CO; at room temperature in THF-dj, resulting in the formation of

different Mg formate species (
. . Me Dipp H
N,Dlpp ! Duopi\l 1atn11213C02 Me _—N (I:(/)
/ I\VIg/ \M/ - or C02 \[—'TI\MQ_O/ \\O
N HT A ~C_Dig/ " v i
N H N THF-dg, rt. , 5 min H™N -0y
Dipp  Dipp (ii) G n=3and4

A1 S
Mixtures (1)3 and (1)4
(tentative structure)

Scheme 47). The *H DOSY NMR spectra indicated the presence of a mixture of compounds with
different nuclearity in solution. These were assigned to the tetrameric and trimeric structures.

Me Dipp

N,Dipp Dipp 1 atm *CO; Me. /=N L (i)
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Scheme 47. The reaction of Mg hydride A1 with CO; at room temperature.

101



Wimonsiri Huadsai ESR 6

In detail, the analysis of the resulting *H and *C{*H} NMR spectra indicated a rapid reaction of
Al with CO,, as evidenced by the disappearance of the hydride signal of the Mg-H moieties within 10
minutes at room temperature and the appearance of mixtures of compounds with new formate
resonances. Two different sets of signals were observed. The most prominent proton NMR signal of
these formate groups appeared as a sharp doublet at §(*H) = 8.13 ppm (Y4 = 200 Hz, coupling with
carbon of 1*C-labeled CO,), denoted as * in Figure 19. This proton signal was correlated with the carbon
peak at §(*3C) = 169.4 ppm in the *H-13C{*H} HSQC NMR spectrum. In addition, other broadening signals
presumably from different species, were observed near or underneath these sharp peaks (marked as
#in Figure 19).

Moreover, another CO, molecule was found to react at the central methine unit of the
B-diketiminate ligand, leading to the formation of the newly formed C-C bonds (ii) (Scheme 47). This
reactivity was characterized by the appearance of doublet signals in the *H NMR spectrum, originating
from the CH backbone of the ligand. These signals, coupled to the carbon atoms of the newly formed
carboxylato groups (—OCO) derived from 3C-labeled CO,, were detected in the range of 4.69 to 4.85
ppm with a %Jcy of about 8 Hz (* in Figure 19). Adjacent to these sharp peaks, broader signals, assumed
to be from other species, were also observed (marked as # in Figure 19).

Using 12002 Formate signals B-CH signals
E(s) G(s) 1(s)
8.19 491 4.65
A(s)|| F(s) B(s)|[C(s)| | D(s) H(s)
8.13|| 8.06 4.85|| 4.78| | 4.69 4.54
* *
*
Free ligand
*
#
# # #
Using 13(:02
*
*
* *
M *
# # # #
# #
8.6 8.4 8.2 8.0 7.8 5.0 4.8 4.6 4.4
ppm

Figure 19. Mixture of compounds (1)3 4 derived from *CO; and 1>CO,. Bottom: sections of the *H NMR spectrum
in the formate region and the central methine center of the ligand backbone derived from the reaction with 2CO5.
Top: compound mixture derived from 3CO;. Signals with a * label are assigned to the trimer and those with a #
label are assigned to the tetramer.

Furthermore, the details of the composition and nuclearity of the species present in the solution
mixture of (1);4 were determined using diffusion-ordered NMR spectroscopy (DOSY) at 298 K. This
DOSY analysis revealed two distinct diffusion coefficients (D) and hydrodynamic radius (Ru) for the
system in THF-ds (conc. 18 mM). These D values are 3.6 x 107 m? s™! with a calculated Ry of 12.0 A
and D of 4.2 x 107° m? s™* with a calculated Ry = 10.5 A along the self-diffusion dimension (Figure 20).
The former diffusion constant, which is approximately twice the radius of the starting dimeric Mg (A1)
(Ru = 6.8 A), suggests the presence of a tetrameric structure in the solution. On the other hand, the

102



Wimonsiri Huadsai ESR 6

latter diffusion coefficient, with a slightly smaller solution volume, indicates a more compact structure
in solution, implying a trimeric character.

Tetramer: D=3.6

Aﬁ

Trimer: D =4.2

= — —

o
8
(m2/sec)

———

¢

Free ligand

-9.00

~-8.95
8‘.5 8‘.4 8‘.3 8‘.2 8‘.1 8‘.0 7‘.9 7‘.8 5‘40 4‘.9 4‘.8 4‘.7 4‘.6 4‘.5 4‘.4
2 (ppm)
Figure 20. *H DOSY NMR of the mixture (1)3.4 (600 MHz, 298 K, THF-dg). The horizontal scale shows the 'H chemical
shifts (ppm), whereas the vertical dimension shows the diffusion scale (x 10° m?s™). The visualization of the
spectrum was processed using the exponential processing method. The self-diffusion coefficients (D) were
obtained by fitting the peak areas at the formate signal (8.13 ppm) to the Stejskal-Tanner equation from the

T1/T2 analysis in TopSpin 4.1.4 software.

Subsequent heating of a mixture of compounds (1); 4 (maintained under one atmosphere of CO,)
at 60 °C for 4 days resulted in the transformation of these compounds to the compound (2-THF)¢ as as
a hexamer (as depicted in Scheme 48). This transformation involved the decoordination of the two
nitrogen donors in the ligand of compounds (1);4 during the heating process. Simultaneously, the
proton shifted from CH-backbone of the ligand, where the carbon atoms of the Nacnac ligands were
modified through transannular bonding of CO; (ii) in mixture (1)s4, to the nitrogen atom. This shift
resulted in the generation of free amines (-NH moieties) within the Nacnac ligand. These processes
facilitated the coordination of the carboxylate groups, [(°PPNacnac)-OCO], to Mg metal centers.
Ultimately, the reaction underwent hexamerization, resulting in the formation of (2-THF)e.

Dipp, ;
/Nﬁi@\mpp
@

Dipp Dipp 1 atm 3CO, |
12 : N

Me 7’ 13C (I) Me 7\ 130 (I) or 7¢O, Dipp o~ Q\O
\Mg Mg 3 C’( & o-n

@C Dlpp 1 (AN Dlpp 1 Jor THF-dg, N= \O;‘ | &

13 -0 13¢ -0 ° Di 4 KN
%;(”) 3 “ (i) 4 60 °C, 4 days pp M3 C-H
0 L Il g
Mixtures 2 3
(tentative structure) insoluble crystals of 3-THF (81 %)

Scheme 48. The synthesis of compound (2-THF)s.
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Over the course of the 4-day reaction at 60 °C, block-shaped colorless crystals of compound (2-
THF)s gradually grew and accumulated under one atmosphere of CO; in THF-ds. These crystals were
obtained in a good yield (from 77% to 81%) and were analyzed by X-ray diffraction analysis.

The molecular structure of (2-THF)s is depicted in Figure 21 (a), while Figure 21 (b) represents
its monomeric unit along with selected bond distances. Within its molecular structure, the hexamer
has a crystallographic center of inversion, rendering the six hexagonal sides of the hexamer identical.
Each Mg center adopts an octahedral geometry, with coordination by two carboxylate ligands and
three formate groups, as well as an additionally coordinated THF molecule. The ligand derived from
the B-diketiminate system exhibits a terminal k0,0’ carboxylato ligand, while those arising from the
formate moieties (-OCHO) bridge the two Mg centers via a symmetrical mode, u-formato-k0:kQ’. The
first Mg center is bridged to the second Mg center by the Mg-0(1) bond distance of 2.067(5) A, which
is similar to the Mg-0(2) distance in the molecule. Interestingly, the oxygen atoms O(2) are also
bridged toward the third Mg center, displaying a comparable distance of 2.095(5) A to the other two
in the molecule. Additionally, the decoordination of the two nitrogen donor ligands at the Mg center
is also demonstrated. The C-N bonds within the ligand clearly consist of both single bonds and double
bonds, with C(1)-N(1) and C(9)-N(2) bond distances of 1.335(8) and 1.293(9), respectively. This
indicates the formation of a free bidentate Nacnac ligand with free NH moieties within the structure
of complex (2-THF)s.

(a) Hexameric Mg formate (2-THF)s (b) Monomeric unit of (2-THF)e

Figure 21. ORTEP representations of molecular structure of hexameric Mg-formate (b) and monomer unit (a) of
(2-THF)s with selective atom labelling. Displacement ellipsoids are set at 30% probability; hydrogen atoms except
H(1) and H(281) are omitted for clarity. The 2,6-iPr.C¢Hs groups are shown as wireframes for simplicity. Selected
bond distances (A): Mg1-0(1), 2.087(5); Mgl-0(2), 2.103(6); Mg1-0(4), 2.005(5); Mgl-0(5), 2.160(6);
02-C(28), 1.262(8); 01-C(28), 1.231(8); 04-C(4), 1.242((8); 03-C(4), 1.270(8); N1-C(2), 1.442(8); N1-C(1),
1.336(8); N1-H(1), 0.863(19); N2-C(9), 1.293(9); C28-H(281), 0.983.

104



Wimonsiri Huadsai ESR 6

Reactivity of 6-diketiminato Ca hydride with CO,

Further studies involving the reactions of Ca hydride (A2) with CO; (1 atm) showed a reactivity
similar to that of Mg (A1), with the observed NMR spectra showing resonances corresponding to a
different mixture of formate species with different nuclearity depending on the reaction conditions (as
depicted in Scheme 49). Several attempts of crystallization under different conditions failed, often
resulting in gel-like materials in concentrated solutions.

Dlpp Dlpp (a) 1 atm "*CO, Me Dipp 1 atm '3CO, o
/thf He or 12C0, Me =N I or 20, Diep o_tht T
a - . EN~Gp— -C, HN 3 NG C.
\ Ca—O | — c\( _Ca—0""'H
H thf N THF-dg, it 10 min | 4-Q Dipp ‘thf THF-dg, Dipg’
D'PP ns2 Dipp c—O s 60°C, 6 days
o mixture 5 n=4o0ré
+ unidentified compounds (proposed structure)
4
(tentative structure) + Free ligand

(b) 1 atm "3CO,

or 2C0, Dipp, o_thf Q

HN C( Ca o C + Free ligand
toluene-ds, Di N=
rt, 16 h ipp’

6 4

(proposed structure)
Scheme 49. The reaction of calcium hydride A2 with CO; in different reaction conditions and the proposed
products.

Synthesis and reactivity of amidinate Mg hydride (6),

In contrast to B-diketiminate ligands, the two-coordinate amidinate ligand systems exhibit a
distinct profile with larger coordination sites. These features could possibly modify the reactivity of the
complex. Accordingly, the preparation of the amidinato Mg hydride complex (6), was conducted.
Through the hydrosilane metathesis reaction, Mg complex (6), was obtained in 80% yield (Scheme 50).
This Mg hydride was crystallographically characterized, and the molecular structure of (6); is depicted
in Figure 22.

In the molecular structure of (6),, the complex forms a hydride-bridged dimer, with the metal
centers N,N’-chelated by amidinate ligands. The coordination mode is similar to that of the closely
related amidinato-Mg hydride complex with the k>-N,N'coordination mode [6]. A comparison of the
structures of (6); and Al reveals that the N-Mg-N angles in (6)s are 64.55(8)° and 63.34(8)° for Mg(1)
and Mg(2), respectively, which is smaller than the angle of the B-diketiminate Mg hydride Al of
93.14(9)° [7]. This observation suggests that the Mg center in (6)s is less shielded, and the accessibility
of the substrates to the complex is more facilitated than in Al.

With the amidinate Mg hydride complex (6); in hand, an investigation on its reactivity with CO,
was conducted. It was observed that Mg hydride (6), cleanly reacted with 1 atm of CO, at room
temperature in THF-ds to yield a single new species (7); within 16 h (Scheme 51). Compound (7); was
isolated from concentrated THF at ambient temperature with a 72% yield. This observation was further
confirmed through a single crystal X-ray diffraction analysis (Figure 23). Compound (7); is a
centrosymmetric amidinato magnesium formate dimer, where two Mg centers are bridged by formate
units in a Yp-fashion, originating from the reduction of CO, through hydride transfer.
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)A\d Dipp Dipp *Ar,
_ i) Toluene, -70 °C N PhSiH; N_ _H N
oioe N NH Ad~ Mg-mBu  ——— Ad< Mg Mg )-Ad
pp Ar* i) 0.7 M MgS**Bu"Bu N n-Hexane, N H N
in n-Hexane Ar* 60°C,5h Ar* Dipp
60 °C, 2 days , 1
y Isolated yield (92 %) Isolated yield (80 %)

Scheme 50. Synthetic procedure for the formation of magnesium compound (6); via hydrosilane metathesis.

Figure 22. ORTEP representation of the molecular structure of (6), with selective atom labeling. Displacement
ellipsoids are set at 50% probability; hydrogen atoms except for the hydride protons H(1) and H(2) are omitted
for clarity. The 2,6-iPr,C¢Hs and 2,6-bis(diphenylmethyl)-4-methylphenyl moieties, adamantly and THF
coordinated parts, have been set as wireframes for clarity reasons. Selected bond lengths (A): Mg1-Mg2,
2.8533(12); Mg1-N(1), 2.046(2); Mg1-N(2), 2.087(2); Mg1-H(1), 1.8454(9); Mg1-H(2), 1.8842(8); Mg2-N(3),
2.049(2); Mg2-N(4), 2.142(2); Mg2-0(1), 2.0801(19); Mg2-H(1), 2.1816(8); Mg2-H(2), 1.9119(9). Selected bond
angles (°): H(1)-Mgl-H(2), 91.38(4); H(1)-Mg2-H(2), 81.09(3); N(1)-Mgl1-N(2), 64.55(8); N(3)-Mg2-N(4),
63.34(8).

Dipp }ﬁ *Ar
Di *Ar. 13 /
N H N e N _orCo N

p ~ Ad M
Ad—< Mg Mg_ />—Ad _<N/.g\ N O/Mg\ /—Ad

N H N THF-dg, r.t,16 h \ thf - Osc-© N

Ar* Dipp Ar Ill Dipp

1

7; Isolated yield (72 %)
Scheme 51. Reaction of magnesium hydride (6), with CO; to give dimeric compound (7),.

Figure 23. ORTEP representation of the molecular structure of (7), with selective atomic labeling. Displacement
ellipsoids are set at 50% probability; hydrogen atoms except for the formate protons are omitted for clarity. The
2,6-iPr,CsHs and 2,6-bis(diphenylmethyl)-4-methylphenyl moieties, adamantyl and THF-coordinated parts, have
been set as wireframes for clarity. Selected bond lengths (A): Mg1-N(1), 2.096(2); Mg1-N(2), 2.162(2); Mg1-0(1),
1.961(2); Mg1-0(2), 1.9404(19); Mg1-0(3), 2.1349(18); 01-C(8), 1.245(3); 02-C(8), 1.242(3). Selected bond
angles (°): N(1)-Mg-N(2), 61.88(7); O(1)-Mg-0(2), 112.44(8); O(2)-Mg-N(2), 101.59(8); O(1)-Mg-N(2),
103.79(8); N(1)-Mg-0(3), 95.27(8); O(1)-Mg-0(3), 88.59(8); O(1)-Mg-N(1), 113.24(8). Symmetry operations: (i)
-x+2, -y+1, —z+1.

106



Wimonsiri Huadsai ESR 6

Hydroboration of CO, mediated by [Ae]-based catalysts and C-S bond formation [8].

In this following section, we have demonstrated the efficient activity of [Ae]-based hydride
complexes in the selective hydroboration of CO; to produce a 4e” reduction of CO; yielding
bis(boryl)acetal (BBA). In this process, two different hydroboranes, namely borabicyclo[3.3.1]nonane
(9-BBN) and dicyclohexylborane (HBCy,), were employed as reducing agents. Subsequently, the in situ
generated BBAs were used as a source of C; units to produce compounds containing C-S bonds.
Interestingly, this approach allowed the synthesis of new borylated hemithioacetal compounds (R’S—
CH,—0BR5) under mild and neutral reaction conditions. These hemithioacetals were then transformed
into dithioacetals by the addition of a second thiol equivalent in the presence of acid H,SO,4 or to
hemithioaminals through reactions with secondary amines (Scheme 52).

Our strategy
H,
Rs/C\SR thiolsor ;-7 =-"7--7----- :
o i | }  thiols Hy % [Ae]
or 2° amines | H, , R-B. _C. _BR
H . rRgCroBR L = 225070 2 ——> CO;+2HBR;
2 - | r.t.
_C- ! ; In situ generated rt. =
RS" 'NR, oo BBA R = BBN. Cy
Dithioacetals/ hemithioaminals New borylated [Ae]-catalyzed CO; reduction
synthesis from CO, hemithioacetals to BBA

Scheme 52. Selective alkaline earth catalyzed 4e~ Reduction of CO; to give BBA as an intermediate to generate
compounds containing S—CH, bonds.

Catalytic hydroboration of CO;

Initially, the catalytic activity of Mg (A1) and Ca (A2) hydride complexes with 9-BBN was
evaluated. In this regard, these experiments utilized 1 mol% catalytic loading of either complex Mg
(A1) or Ca (A2) together with 0.13 mmol of 9-BBN in THF-ds in a pressurized NMR tube. For internal
reference in the NMR conversion, hexamethylbenzene was introduced. After degassing the sample, it
was exposed to isotopically 3C-enriched CO, (1 atm), and the reaction was monitored by *H and 3C{*H}
NMR analyses at room temperature.

In terms of catalytic activity, the Mg (A1) and Ca (A2) complexes proved to be efficient catalysts
with high selectivity in driving the 4e” reduction of CO, at room temperature. When used at 1 mol%
catalytic loading, BBAB®N achieved remarkable in situ yields of 79% and 87% for Mg hydride (A1) and
Ca hydride (A2), respectively, under 1 atm of CO, pressure (Table 6, entries 1 and 2). These reactions
were completed within 7 h 25 min for Mg hydride (A1) and 1 h 40 min for Ca hydride (A2), resulting in
TONSs of 79 and 87 and TOFs of 11 and 52 h™! for Mg and Ca compounds, respectively. The speciation’s
kinetic plots were also constructed to illustrate the changes in product yield and 9-BBN conversion
over time (in minutes) (Figure 24).

Furthermore, the catalytic reactivity of our newly developed amidinato-Mg hydride complex (6)2
towards the reduction of CO, with 9-BBN was explored. An analogous CO, hydroboration with 9-BBN,
using catalytic amounts of Mg complex (6), (1 mol%) in THF-ds, was conducted. Surprisingly, the TOF
decreased to 8 h! (requiring 16 h for complete borane conversion), accompanied by the formation of
a mixture consisting of BBA (76%) and methoxyborane (22%).
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Table 6. Hydroborations of CO, to BBABEN and BBAY are catalyzed by B-diketiminate Mg (A4), Ca (A32),
complexes, or amidine Mg (6),.

! Me_  Dipp Dipp
[Ae] cat. | N, sol N H
H ! \T_H < Mo~
1 19 2 ! ~
CO, + 2 HBR, M» RQB\O/C\O, BR, ! / /Aex/ Ad N/MQJ
rt., THF-dg | —N 7 | 2
- Me Dipp Ar
A4; [Ae] = Mg, sol = 0, 1
A32; [Ae] = Ca, sol = THF
HBR, Catalyst Time Yield of TON Yield of Yield of Conversion
BBA(%) (TOF)/h® R,BOCHO (%) R,BOCH:(%) of HBR; (%)
9-BBN Al 7 h 25 min 79 79 (11) 3 12 94
A2 1 h 40 min 87 87 (52) 2 5 95
(6); 16 h 76 76 (8) - 22 97
HBCy. A1l 18 min 95 95 (317) - - 95
A2 19 min 90 90 (284) 9 - 98

[a] Reaction conditions: 1 atm CO,, 0.13 mmol HBR;, 1 mol% catalyst, 650 ul THF-ds, 25 °C. ! Yields were calculated
in situ using hexamethylbenzene as an internal standard. [ The TON numbers were calculated from the BBA

yields.
100
80
— —
704 — 80 -
- Fm— % (Yield of BBAPEY)
60 w ] @ % (Vield of HCOO®®Y) 8 % (Yield of BBAPEY)
Y - A % (Vield of CH,0%") |-®— % (Yield of HCOOP®")
A8 - —¥— % (9-BBN conversion) 60 / |—4— % (Yield of CH,OH®Y)
= 50 v - = !/‘ ¥ 9-BBN conversion
S ¢ - g
B 40 Aia o Y~ _/
2 W T 40+ ol
> 30 e > [
L] v v
. ww / "
20 - L - 204 ) -
10 4 w W A A AAAA
f Sy 04 mﬁtﬁ:tttmﬂj—v—v—v
O - m
T T T T T T T T T T T T
0 100 200 300 400 500 0 20 40 60 80 100 120 140
Time (min) Time (min)

Figure 24. Plot of the evolution of reactant and products versus time in the hydroboration of CO, with 9-BBN with
1 mol% of amidinato Mg hydride A1 (left) and Ca hydride A2 (right).

In addition, the catalytic reactions of CO, (1 atm) with 1 mol% of catalyst Mg hydride (A1) or Ca
hydride (A2) with HBCy; in THF-ds were performed. These reactions led to the selective generation of
BBAY, with yields of 95% and 90% within only 18 and 19 min, respectively, with the calculated TOF of
317 and 284 h'! measured for Mg hydride A1 and Ca hydride A2, respectively (Table 6, entries 4-5).
The observed TOF values are particularly high for CO, hydroboration reactions catalyzed by [Ae]-based
complexes and also for BBA synthesis from CO,. Nevertheless, the use of the amidinate-Mg catalyst
(6)2 provided mixtures of BBAY and methoxyborane, with only 56% of BBAY conversion observed after
1 h 25 minutes.

Overall, among the [Ae]-based catalysts employed, Ca hydride (A2) demonstrated superior
effectiveness and selectivity, resulting in high TOFs and BBA vyields. Conversely, the Mg amidinate
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catalyst exhibited lower efficiency and selectivity in CO, reduction with hydroboranes to BBA. The
observed reactivity trend can be summarized as A2>A1>(6),, which is consistent with the trend in
hydricity of the metal center, suggesting that CO, insertion into the metal hydride bond is a
rate-determining step. Nonetheless, the poor catalytic performance of the amidinato Mg complex 1 in
comparison to B-diketiminate Mg and Ca complexes remains unclear. It is plausible that the amidinato
Mg compound (6), underwent deactivation during catalysis, and the actual active species responsible
for catalyzing CO, hydroboration may differ from those initially present.

C-S bond formation from BBA

After the successful preparation of BBA compounds by selective double CO; hydroboration, their
reactivity with thiol compounds was investigated. Thereby, the Ca-based catalyst (A2) was selected to
selectively generate the BBA compound. First, the reactivity of BBABEN was investigated. In this study,
13C-labeled CO, was employed for the in-situ generation of BBA®®N, which allows us to closely monitor
the fate of the carbon atom arising from CO,, particularly the methylene moiety (**CH,).

CO, + 2 HBR,
R =BBN, Cy
% [Ca] | rt. RyB. 1322\
X eq. 07 s T"sH
SH 10
H, A SH R,B 1322 BR, B <:SH a2 * o2
égC\O/BRZ 0" o’ _ > R2B\O/C\S/\/\S/C\O/
THFdg, rt., 16 h in S'g szgg&ated THFdg, rt., 16 h 11
8 (57 %) - R,BOH - R;BOH X=1:10 (72 %), 11 (18 %)
c X=0.5; 10 (36 %), 11 (60 %)
° X=0.4;10 (0 %), 11 (78 %
PhSH, H,S0, 8‘; CBb3Hh SH (0 %). 11 (78 %)
-Re THFdg, rt., 16 h 25 °C. 10 mi
-R,BOH H,S0, Pl
NH, 2 - RyBOH
@L o @ H;S04 s S
- ~ \ \
s 8 unidentifed mixture @[ 1jCHz <:13,CH2
9 (55 %) 25 °C, 10 min N S
- R,BOH H X=1
13 (89 %) 12 (57 %)

Scheme 53. Reactivity of BBAEEN toward thiophenol, 1,3-propanedithiol, and 2-aminothiophenol.

As a result, the combination of the in situ generated *C-BBA®EN with one equivalent of
thiophenol (pathway A) resulted in the formation of a novel borylated hemithioacetal, identified as
compound 8, with a 57% NMR vyield at room temperature within 16 hours (Scheme 53). During the
reaction, the formation of adduct 8 was clearly evident in the NMR spectra, as indicated by the
disappearance of the methylene signal of 3C-BBA®N at §(*H) 5.54 (d, Yen = 165.1 Hz) and §(*3C{*H})
87.0 ppm in THF-ds. Simultaneously, a new methylene signal corresponding to compound 8 appeared
at 8(*H) 5.38 (d, Yy = 159.5 Hz) and 8(*3C{*H}) 70.6 ppm.

In addition, when two equivalents of thiophenol were introduced under similar reaction
conditions, the expected compound 9 was not formed, even at elevated temperatures. Instead, the
characteristic methylene resonance of intermediate 8 was detected in the NMR spectra. However,
when sulfuric acid (H.SO4) was added to the reaction solution, it resulted in the formation of the
preliminary protonated 8 species at room temperature. In the process, the OBR; fragment within 8
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was protonated, facilitating the interaction with the added second equivalent of thiophenol. As a
result, compound 9 was generated within 3 h at 80 °C with a yield of 55% on BBA basis (Scheme 53).

In addition to thiophenol, an acyclic dithiol was utilized to react with the BBAE®N compound,
resulting in the formation of hemithioacetals under neutral conditions at room temperature (pathway
B, Scheme 53). When one equivalent of 1,3-propanedithiol was used, a mixture of hemiacetal
compounds was generated. A major species, identified as hemithioacetal compound 10, was observed,
yielding 72% in situ based on BBA. Its signals in the *H NMR and *C{*H} NMR spectra were assigned at
5.07 ppm and 68.7 ppm, respectively. Another species, identified as a minor product, was the
diborylated hemithioacetal 11, with a very similar NMR signature to that of adduct 10, obtained with
an 18% NMR yield. Notably, the introduction of sulfuric acid into the solution containing compounds
10 and 11 led to the rapid formation of dithiane 12 with a yield of 57% within 10 minutes. On the
contrary, the addition of 0.4 equivalents of 1,3-propanedithiol to BBAEN favored the formation of
compound 11 with an increase of the NMR yield to 78% (Scheme 53).

In addition, the reaction of the in situ generated BBA®®N with 2-aminothiophenol led to the
formation of an unidentified mixture at room temperature, which completely converted the BBA
substrate (pathway C, Scheme 53). Under acidic conditions, the generation of the
2,3-dihydrobenzothiazole compound 13 was detected, which was obtained in 89% yield based on the
BBA reactant (Scheme 53).

To broaden the range of thiol compounds and to explore the reactivity of BBA®®N with various
thiols, experiments  were conducted with 1-butanethiol, benzylmercaptan, and
2-mercaptobenzothiazole reacting with BBABN (Scheme 54). These reactions proceeded smoothly at
room temperature, yielding hemithioacetal compounds (14-16) with favorable NMR vyields of 63%,
73%, and 53%, respectively, within 16 hours. Analysis of the *H NMR spectra of compounds 8 and 14-16
revealed variations in the methylene moieties at §(CH>) 5.38, 5.06, 4.94, and 6.32 ppm, respectively.
These signals fell within a narrow range (67.1 < §(CH,) < 70.9) in the **C{*H} spectra.

. 13H2 13H2
' >C. .BR °C. _BR
H, R'—SH 13H2 : /\/\S 0 2 ©/\S 0 2
13 ' )
RzB2C~ - BR2 RgCroBR2 | 14 (63 %) 15 (73 %)
in situ generated THFdlg’ Ir32)H16 h 14-16 E s 2
BBN -R2 - ! -C...B
BBA : @[ g CrgrBRe
: N 16 (53 %)

Scheme 54. Reactivity of BBABEN toward various thiol reactants. Yield based on the quantity BBAZEN,

In addition to BBA®EN, the interaction of BBAY with thiol was also investigated. The reaction
between 0.5 equivalents of 1,3-dipropanethiol and in situ generated BBA® resulted in the formation
of the di-borylated compound 11, albeit with a slightly lower yield of 60% based on BBA compared to
the BBA®EN substrate under the same conditions. Interestingly, in this reaction unidentified by-products
were detected in addition to the desired compound.

Previously, it was emphasized that the intermediates proposed in the mechanism involving the
condensation reaction of BBA with E-H functionality have never been experimentally characterized or
isolated. In our case, the hemithioacetal (R'S—CH,—OBR,) was identified as an intermediate like those
reported in the existing literature (see Figure 25). Consequently, the identification of this
hemithioacetal intermediate suggests a sequential mechanism, which led us to study the reactions of
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hemithioacetal 8 with different nucleophilic reagents to gain insight into the possible mechanism (see
Scheme 55).

Previous works : Our work
iPr 5 y
Ha H, Ho | 132
_.C. __BPin - BH _.C__BR ' R'.>C< ,BRZ
PhoP” "0 rs “ o B2 N 0
iPr
Turculet et al. (2017)  Xi et al. (2018) Bontemps ef al. (2023) i Observed by NMR analyses
proposed intermediate R, = BBN, Cy,, Mes, '

Figure 25. Proposed O-borylated hemiacetal intermediates.
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Scheme 55. Reaction of compound 8 toward phenol, thiophenol and amine.

Accordingly, when hemithioacetal 8 was subjected to a reaction with phenol, the expected
products were not formed (Scheme 55). Previously, similar results were observed with an excess of
thiophenol (2 equivalents), where the reaction proceeded with only one equivalent of thiol substrate,
producing hemithioacetal even at higher temperatures (Scheme 53). However, in the presence of
sulfuric acid, hemithioacetal 8 reacted with a second equivalent of thiophenol to give dithioacetal 9.
Consequently, these reactants did not appear to be nucleophilic enough to undergo successive
nucleophilic attacks on the electrophilic carbon of hemithioacetal 8, preventing the release of the
O-boryl moiety.

Using strong nucleophilic agents such as diphenylamine and diethylamine, we successfully
synthesized hemithioaminals 17-18 through the reaction of hemithioacetal 8 under neutral conditions
(Scheme 55). It is noteworthy that this reaction did not proceed at room temperature, even with an
extended reaction time of up to 3 days. Interestingly, the reaction of compound 8 with linear
diethylamine produced the related hemithioaminal compound 18 in 86% yield in less than 10 minutes
at room temperature. Therefore, this observation emphasizes the importance of the nucleophilicity of
the reactant.

Tandem hydrosilylation of CO, mediated by [Ae]-based hydride complexes.
In this section, we present the tandem hydrosilylation of CO, by various hydrosilanes using

[Ae]-based hydride catalysts in combination with Lewis-acid B(CsFs)s as a co-catalyst, which allowed us
to extend previous studies on the first and only example of Mg-catalyzed hydrosilylation of CO,
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reported by Parkin et al. in 2017 and 2019 [9,10]. In our study, we have notably provided the first
example of [Ca]-catalyzed CO; hydrosilylation by hydrosilanes.

The reactivity and selectivity of Ae-H containing compounds for the hydrosilylation of CO,
reduction processes are unique for each catalytic system and depend on the steric bulk surrounding
the Si—H bonds [11]. Therefore, the use of different hydrosilanes, including mono-, di-, and tri-
phenylsilanes (PhSiHs, Ph,SiH,, and PhsSiH) has been investigated. The neutral hydride compounds of
B-diketiminate [(°P’Nacnac)Mg(u-H).] (A1), its Ca analog (A2), or amidinate-Mg hydride (6), were
employed as the precatalysts in combination with B(C¢Fs)s for CO, reduction with hydrosilanes. As a
result, the reduction of CO;, with PhSiH; and Ph,SiH, in the presence of excess B(CsFs)s were found to
be effective in reducing CO; to the CH,4 level and PhsSiH to the bis(silyl)acetal, BSA, level. The
[Ae]/B(CeFs); catalyst systems are sensitive to steric hindrance around the silane substrate that effect
the rate of the reaction, for example, Ph,SiH; reacts slower than PhSiHs; (

Table 7, entries 1-6), while the bulkier PhsSiH requirs a prolonged reaction time to yield BSA (

Table 7, Entries 7-9) [12].

Table 7: CO; hydrosilylation by [Ae]-based catalysts with different hydrosilanes.

PhSiH;
—— '3CH, * Siloxanes (PhSiOs),
Cat. [Ae] (2 mol %),

B(CeFs)3 (10 mol%) | Ph,SiH,
3C0O, (1 atm) BCH, + (HPhySi),0

toluene-ds, r.t.

| PhaSIH Physi- > P siph, (B5A)
Ha

) . TON*
Hydrosilanes catalysts t (h) Si product (NMR% yield) (TOF/h'1)
Al 20 min CH, (58) (PhSiO15)_(25%) 117(353.9)
PhSiH, A2 7h CH,(20) (PhSiO.s), (23%) 131(18.7)
(6): 2 h 40 min CH, (26) (PhSiO1s), (25%) 144(53.9)
Al 4h CH, (13) (HPh_Si),0 (44%) 121(24.1)
Ph.SiH, A2 1 h 45 min CH, (28) (HPh,Si),0 (41%) 115(72.9)
(6): 5 h 40 min CH, (12) (HPh,Si),0 (44%) 105(18.6)

Al 74 h BSA (97%) 46(0.6)

Ph_SiH A2 30 h BSA (98%) 49(1.5)

(6)2 220 h BSA (97%) 50(0.3)

9Reaction conditions: toluene-dsg (0.1 ml, 298 K), [Si-H]o = 0.14 mmol, [cat],= 0.0028 mmol (2 mol% per Si-H bond),
[B(CsF5)3] = 0.014 mmol (10 mol% per Si-H), [M]/[B] = 1/5 ratio, n(CO3)o = 1.3 x 10* mol (1 atm, 298 K), internal
standard (mesitylene): 0.14 mmol. "The conversion of hydrosilane is determined by the integration of the 'H NMR
resonances vs. those of the standard, mesitylene. Yield of the Si product is determined by the integration of the
corresponding *H NMR peak vs. those of the standard, mesitylene. “TON Number is calculated on the basis of Si-
H bonds consumed per mmol of catalyst. TOF is calculated as TON h™. CH, yield is calculated as [mmol of reacted
silane/4/(mmol of silane)]x 100. Si by product calculated in relation to the CH,.
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In addition, the nature of the [Ae] catalysts play a significant role in dictating the overall rate of
the reaction as measured in terms of the TOF values. Among them, the combination of
[Mg-A1]/B(CsFs)s showed the best performance within the series by using PhSiHs as a reducing agent,
providing a fast kinetic rate. On the other hand, in Ph,SiH, and PhsSiH systems, the [Ca-A2]/B(CeFs)s
catalyst exhibits high activity towards the reduction of CO; to the CH,; and BSA, respectively.

The kinetics of each catalytic reaction have been studied. The differences in the overall reaction
order were observed in varied [Ae]/B(CsFs)s catalyst systems, indicating different mechanisms and rate
determining steps. Specifically, the zeroth-order reaction may involve a sophisticated reaction
mechanism in which each reduction step may be catalyzed by a different active species. For instance,
the [Ca]-catalyzed hydrosilylation of CO,, which has the zeroth-reaction order, was postulated to
proceed through a hypervalent six-coordinate silicon intermediate, where the Ca catalyst (A2) does
not react with CO; but with PhSiH; to give hypervalent species in the first step, instead of a common
FLP-type hydrosilylation mechanism.

Further studies on Eyring and Arrhenius analyses provided an activation parameter for the
reduction of CO, by PhsSiH using the [Ca]/B(CsFs)s catalyst. The reactions were carried out at four
temperatures between 298 K and 353 K under the standard condition of 2 mol% of Ca hydride (A2)
catalyst with 10 mol% of B(C¢Fs)s. The resulting silane conversion vs. time at different temperatures is
depicted in Figure 26. Extraction of the observed rate constants forms plots of [PhsSiH] or [BSA] vs.
time, which allows the construction of the Arrhenius and Eyring plots.

1
A RT
09 [ y=-0.0006x +1.0412  y=-0.0015x + 1.0242
R2=0.9879 RZ=0.9895
o8
3 333K
= 07 y =-0.0048x + 1.0442
T R? = 0.989
z 0.6
=
% 0.5 y =-0.0142x + 1.0835
= R?=0.9755
0.4
ART
0.3
313K
0.2 A 333K
0.1 A 353K
Aa
0
0 500 1000 1500 2000

Time (min)

Figure 26. Plot of [PhsSiH]/[PhsSiH]:-o vs. time for variable temperatures using 2 mol% of A2 and 10 mol% [B] as
a catalyst, toluene-ds, and 1 atm of 3CO; pressure.

The activation energy value (E.) could be obtained from the slope of the best-fit line from the
data plot of In(kops) vs. 1/T. The activation energy of the process was found to be 50.63 kJ mol™. The
enthalpy of activation (AH*) can then be obtained from the slope of the linear regression from the data
plot of In(kobs/T) VS 1/T, which was found to be 44.21 kJ mol™* (Figure 27). The entropy of activation (AS*)
can be obtained from the intercept of the y-axis, giving a value for AS* of -169 J molK?. The
corresponding Gibbs free energies (AG*) at 298 K were found to be 94.6 kJ mol™ [13,14].
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Figure 27: Eyring plot to determine the activation parameters for [Ca]/[B(CsFs)s] catalyst in CO, reduction by
Ph;sSiH.

Comparing the AH* and AS* values for CO; reduction by PhsSiH using [Cal/[B(CsFs)3] catalyst, the
reaction appears to be governed by entropic rather than enthalpic contributions, resulting in a
significantly negative activation entropy of ca. -170 J K mol™?. This is indicative of the associative
formation of activated complexes through the assembly of two or more reaction components and must
be accounted for in any mechanistic rationale. In other words, it suggests the assembly of a highly
organized rate-determining transition state.

Collectively, by considering the observed data, the [Ae] metal plays a significant role in enabling
a nucleophilic attack upon CO; in the first step of the reaction, whereas B(CsFs); activates the silane to
mediate the subsequent steps of catalytic turnover. The nature of the [Ae]-based hydride catalysts is
important for the overall rate and order of the reaction.

Conclusion

In conclusion, we have shown that the reactivity of Mg and Ca hydride complexes supported by
B-diketiminate and amidinate ligands for CO, reduction allows the investigation of the precedented
[Ae]-catalyzed CO, hydroboration to yield selective BBA and subsequent C-S bond formation.
Furthermore, it has been demonstrated that these [Ae]-based complexes, in combination with B(CeFs)3
efficiently reduce CO; with hydrosilanes to various silylated compounds, depending on the silane used.
In our perspective, further mechanistic possibilities and kinetic differences of these Mg and Ca-based
catalytic systems will be explored. Additionally, the scope of this research could be extended to
investigate the reactivity of group 2 metal hydride complexes with CO via CO homologation.
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Photoswitchable phosphines for light-modulated metal catalysts
Introduction and Objectives

The last century has witnessed enormous progress in the field of homogeneous catalysis, which
has led to the development of a large variety of catalytic systems to enhance the reactivity and
selectivity of chemical reactions. Switchable catalysis is a new emerging topic in this area that paves
the way to reach even higher levels of control of catalytic reactions. Inspired by nature, where
enzymatic processes in cells involve sophisticated feedback loops and trigger-induced effects for
spatial and temporal control [1], switchable catalysis aims to provide a bio-like level of control over
chemical transformations through the response to tunable external stimuli, such as light, pH, metal
coordination, redox switching or mechanical forces [2-4].

Among all these external stimuli to accomplish switchable catalysis, light stands out because of
a series of advantageous properties: it is non-invasive, cheap, ubiquitous, environmentally friendly,
easily tunable in terms of wavelength, power and polarization, and even more importantly, provides
precise temporal and spatial control — i.e., light doses can be administered locally (using lenses) and
for very short lapses of time (using pulsed illumination sources) with high degree of precision.
Photoswitchable catalysis (Figure 1) enables the reversible control of a catalytic system between
distinct states through light irradiation. This approach is valuable for applications requiring high spatial
or temporal precision in chemical reactions, such as bioconjugation or polymer synthesis. To ensure
the modulation in catalytic properties photoswitchable moieties undergoing light-induced
isomerization are introduced into the catalyst structure. Within homogeneous catalysis, transition
metal complexes hold a unique position due to their versatility and extensive capacity to facilitate
various chemical transformations. Consequently, the prospect of further developing them into
photoswitchable systems is advantageous, resulting in a reversible modulation of catalytic activity and
precise control over chemical reactions. The modulation of catalytic activity in metal catalysts is
possible through alterations in geometrical and/or electronic effects of the catalytic center.

;;-1 X \ A

@

.}.: orA
-
Figure 1. The general concept of photoswitchable catalysis, where a catalyst presents two different states with

distinct catalytic properties (A and B) that can be mutually interconverted through light absorption.

The success of the molecular design of a photoswitchable metal catalyst depends on two main
structural features: the photoisomerizable scaffold and the binding group chosen to complex the
metal. The choice of the former is essentially determined by the change in the metal properties
required to accomplish catalysis modulation —i.e., whether it will be achieved by altering the electron
density on the metal center or the geometry around it. In many instances, both of these parameters
are important, and the final preference should be based on taking into account all the electronic and
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steric factors that can affect the catalytic properties of the metal center. As for the selection of the
binding group, it is mainly dependent on the nature of the metal that would be active in the catalysis.
Existing examples include not only NHCs and crown ethers but also pyridine [5,6], salen [7], oxazoline
[8,9], cyano [10] and phosphine [11] groups.

Phosphines play a crucial role in the advancement of modern catalysis due to their particular
electronic and steric properties, which makes them very versatile ligands for metal complexation
(Figure 2a) [12]. Thus, phosphines are known for their capacity to bind a variety of metals in both high
and low oxidation states thanks to their adjustable electronic features [13]. When acting as o-donors,
they bind metals through electronic density donation from the lone pair of electrons of their
phosphorous atom to the empty orbitals of the metal. At the same time, these ligands can act as m-
acceptors, receiving electron density from filled metal d orbitals into phosphorous antibonding o*
orbitals [14]. The contribution of these two types of electronic interactions and, therefore, the nature
of the metal-phosphine bond is influenced by the substituents incorporated at the phosphorus atom
[15]. Phosphines containing electron-withdrawing groups exhibit reduced electron density on
phosphorus, resulting in a diminished o-donor capacity; this effect is accompanied by the lowering of
phosphorous o* orbital energy, thus increasing their tendency to act as m-acceptors. In contrast, the
introduction of electron-donating groups to phosphines enhances their o-donor character at the
expense of their m-acceptor properties. Therefore, the modulation of phosphine electronic features
could significantly change the nature of its bonding to a metal center and, eventually, affect its catalytic

activity.
a)
—_—
o1
RsP M RsP
o-donor bonding n-backbonding Cone Angle Buried volume
b)

oo U
S

Figure 2. a) Electronic and structural properties of tertiary phosphine ligands in metal complexes. b) Example of
monodentate triphenylphosphine ligand 1 and bidentate 1,2 bis(diphenylphosphino)ethane 2.

Steric effects imparted by tertiary phosphines also play a very significant role in the catalytic
activity of coordinated metals [12,16]. To rationalize this behavior, phosphine ligands can be described
through Tolman cone angle and percent buried volume. Tolman defined the cone angle as the “apex
angle of a cylindrical cone, centered at 2.28 A from the center of the P atom, which touches the van
der Waals radii of the outmost atoms of the model” [17,18]. As for the buried volume [19], it is defined
as the percentage of a sphere (r = 3.5 A) around the metal center that is occupied by a given ligand.
These steric descriptors of phosphines should be considered during the design of photoswitchable
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catalysts, as the size of the ligand affects the reactivity of the attached metal center [20]. In addition,
ligands containing more than one phosphine group in their structure can act as bidentate or even
tridentate ligands (Figure 2b), thus opening a different way to alter their influence on catalytic metal
centers by varying their coordination mode or the steric and electronic properties of the linker.

The light-responsive scaffolds used in photoswitchable catalysis also exhibit a variety of tunable
characteristic features [21]. Generally, existing molecular photoswitches can be divided into two main
groups depending on the type of isomerization process induced by light. The first group is formed by
the photoswitches that undergo ring-cyclization and ring-opening reactions; for example, the
spiropyran in Scheme 1. The second group of photoswitches are characterized by a light-triggered E/Z
isomerization around a double bond. This is the case of the 1,1’-biindane in Scheme 1, an illustrative
example of the stiff stilbene photoswitches used for the preparation of molecular rotors and for which
Ben Feringa was awarded with the Nobel Prize in Chemistry in 2016 [22]. Additionally, photoswitches
are also divided depending on the stimuli required for their back-isomerization. Those that are
thermally unstable in their photoinduced state and isomerize back to their most stable configuration
with time in the dark are called thermally reversible type or T-type (e.g. spiropyrans). On the other
hand, photoswitches that only undergo back-isomerization under light irradiation are classified as
photochemically reversible type or P-type (e.g. 1,1’-biindane).

open closed

Scheme 1. Examples of different types of photoswitches. Left: a spiropyran photoswitch undergoing ring-closing
and ring-opening reactions upon light irradiation; in this case, reversed back-isomerization is also possible through
thermal relaxation in the dark (T-type). Right: 1,1’-biindane photoswitch undergoing E/Z photoisomerization only
upon light irradiation (P-type).

Various parameters are utilized to assess the light-induced efficacy of molecular photoswitches.
Firstly, photoisomerization quantum yields (®;) serve as a metric for the efficiency of the process in the
excited state - i.e., they quantify the number of molecules undergoing the isomerization reaction per
photon absorbed, excluding those that revert back to the initial ground state without isomerizing
through alternative processes such as luminescence emission or internal conversion [23]. Secondly,
the composition of the photostationary states (PSS) [24] defines the extent of the photoreaction - i.e.,
the composition of the final equilibrium mixtures of the two interconverting isomers that are achieved
under continuous irradiation when the rates of the photoisomerization process and the back-reaction
become equal. The composition of PSSs depends on factors such as the absorbance of the two isomers
at the irradiation wavelength, their respective photoisomerization quantum yields, and, in the case of
T-type photochromes, the thermal lifetime of the photoinduced isomer along with the irradiation
intensity. Thirdly, fatigue resistance [25] characterizes the decline in performance of the molecular
photoswitch over repetitive photoisomerization cycles, a phenomenon attributed to photo-
degradation.
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Typically, photoisomerization is accompanied by alteration in the geometrical and electronic
properties of the photoswitch, which in turn leads to ample variation of their physicochemical
properties (e.g. polarity, light absorbance and redox potentials). The extent of these changes depends
on the specific scaffold, providing a high degree of flexibility in selecting desired outcomes.

Given the scarcity of examples utilizing photoswitchable phosphine ligands in transition metal
catalysis [11], this doctoral project focused on development of the novel photoswitchable phosphine
ligands for their incorporation into transition metal complexes, eventually aiming to enable light-
induced modulation of their catalytic properties. Two different approaches were explored toward this
goal, which involved the utilization of two distinct photoswitchable scaffolds: dithienylethenes (DTEs)
and diazocines.

To ensure electron density modulation, dithienylethene (DTE)-based phopshine ligands were
invisioned. DTEs are a well-known class of molecular photoswitches which, in their more
thermodynamically stable open isomer, consist of two thiophene moieties connected through a Z-
ethene bridge (Figure 3a) [26]. This is a particular case of the broader family of DAE photoswitches,
wherein the thiophene rings may be substituted with other aryl groups. Due to the occurrence of free
rotation between the ethene linker and the thiophene rings, the structure of the open-state DTE is
non-planar. Consequently, electronic communication between the two aryl groups is absent, resulting
in strong absorption primarily in the UV, and occasionally violet, regions (Figure 3b) [27].
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Figure 3. a) Ring-closing and ring-opening photochemical reactions of DTEs. b) Typical UV-vis absorption spectra

of the open and closed forms of DTEs (R; = H, R, = R3 = COCF3).

Upon exposure to UV light, the open state of DTEs undergoes a 6m electrocyclization reaction to
produce the corresponding closed isomer, which displays an absorption band in the visible region due
to its extended conjugation path (Figure 3b). The closed state of DTEs typically exhibits thermal
stability, precluding spontaneous back-isomerization in the absence of external stimuli over time in
the dark. The recovery of the open isomer therefore necessitates exposure to visible light, inducing an
electrocyclic ring-opening reaction [27].

Thus, introduction of a diphenylphosphanyl group in one thiophene ring and an electron-
withdrawing substituent in the other was expected to result in two distinct states of the phosphine. In
the open state where the two thiophene rings are fully isolated, no electronic communication should
occur between these two groups and, consequently, the phosphine ligand must have a strong o-donor
character. However, conjugation between the phosphanyl and EWG groups should occur upon
photocyclization, thus decreasing the o-donating ability of the phosphine. To further amplify this
effect, two DTE moieties were devised to be introduced to the same phosphorus atom, whose
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electronic properties could then be modulated by electronic communication to two EWGs
simultaneously.

To explore the potential of the geometry alterations on catalytic activity, the goal of modulating
the coordination mode of bisphosphine ligand upon the photoisomerization was set. Diazocine
scaffold (Figure 4a) was sought of due to its specific properties. First, due to ring strain, the most stable
configuration of diazocines is the Zisomer. Second, because of the non-planar structure of the Zand E
diazocine isomers deriving from the short C; bridge, they exhibit stronger n>n* absorption bands in
the visible region of the spectrum that are fairly separated, which can therefore be used to promote
all-visible reversible photoisomerization (Figure 4b). Thus, Z-to-E photoisomerization takes place by
irradiation with violet-blue light (370-400 nm) with high efficiencies [28].
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Figure 4. a) Z/E isomerization of diazocines. b) Typical UV-vis absorption spectra of the Z and E diazocine isomers.

While two phosphine groups can be in close proximity in the Z geometry, they should be rather
far away in the E state, thus ensuring the switching of their coordination mode between mono- and
bidentate. However, this scaffold is rather underrepresented in the literature and the challenge
involves finding a suitable synthetic route for the preparation of diazocine-based phosphines. For
instance, the electrophilicity of the N=N bond precludes the usage of many organometallic reagents
[29], while the high ring-strain of diazocines can easily result in degradation at harsh reaction
conditions. Consequently, despite reported synthesis of brominated diazocines, there are limited
examples of their further functionalization [5,29,30,31].

Dithienylethene-based photoswitchable phosphines

In a first step, the photomodulation of metal catalysts was pursued by exploring the electronic
effects achieved on phosphine ligands through the photoisomerization of connected DTE
photoswitches.

To validate this concept, the preparation of DTE-based phosphine ligands containing electron-
withdrawing groups (EWGs): trifluoroacetyl — DTE-COCF; and perfluorophenyl — DTE-C¢Fs, and of an
additional compound containing an electronically neutral substituent (phenyl group, DTE-Ph) was first
undertaken (Figure 5). Ligands’ synthesis involved the derivatization of a common dichlorinated DTE
substrate promoted through sequential chlorine/lithium exchange reactions. Introduction of the
phosphanyl and EWG groups was accomplished by quenching the resulting organolithiated
compounds with the required electrophile. As for phenyl ring installation, it was accomplished through
subsequent borylation and Suzuki coupling reactions.
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Figure 5. Synthesis of DTE-based photoswitchable phosphines.

Upon light irradiation in cyclohexane solution, the obtained DTE-based ligands underwent
successful reversible photoisomerization under UV (for ring-closing) and visible light irradiation (for
ring-opening). In addition, TD-DFT calculations at the CAM-B3LYP-D3/6,31G(d,p) level were performed
to further investigate the electronic excitations of these compounds, for which ground state
geometries were first computed. For ligands, only their photocyclizable antiparallel conformation was
considered in the calculations. All open state phosphine ligands were characterized by a strong
absorption in the UV region with maxima around A.ps = 290 nm (Figure 6), which was reproduced in
computations and could be attributed to t-rt* transitions (HOMO - LUMO+1 or HOMO - LUMO) of their
core. In the case of DTE-COCF;, a shallower absorption band ranging up to Aaps ® 400 nm was detected
due to the lowering of the energy of the LUMO caused by the introduction of a strong EWG. For open
state ligands, a broad, red-shifted absorption band emerged in the visible part of the spectrum upon
UV illumination of their cyclohexane solutions, which changed from colorless to deep blue (Asps= 598
nm for DTES-COCF;) or deep pink (Ass = 518 nm for DTES-CgFs and DTE®-Ph) (Figure 6).
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Figure 6. Variation of the absorption spectrum of free ligands DTE°-COCFs; (c = 3.0-10° M), DTE®-CeFs (c = 1.0-10°
> M) and DTE-Ph (c = 5.2-10° M) in cyclohexane upon sequential irradiation with UV (Aexc = 355 or 312 nm) and
green light (Aexc = 520 nm) until the corresponding ring-closing and ring-opening photostationary states (PSSs) are
obtained, respectively.

The equilibrium between the open (o) and closed (c) isomers achieved upon ring-closure was
defined as a photostationary state (PSS), while the cycloreversion proceeds quantitatively. The best
photoswitching performance was observed for the ligand containing a trifluoroacetyl group (DTE-
COCFs;) (Table 1), exhibiting high ring-cyclization quantum yield and conversion (91% c at the PSS@365
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nm) as well as good fatigue resistance. These favorable results were attributed to the effect of the
strong EWG in its structure.

Table 1. Photochemical properties of DTE-based ligands and complexes.
Agps [nm] Agps [nm] PSSo.c

-1 -1 -1 -17\b e c CD°'°d Do
(e (Mt cm™])e (e [Mtcm™])?  composition [%]
268 (35 673),
DTE-COCF; 598 (12 261) 9:91 0.480 0.012
339 (6 431)
271 (34 149),
[PACI,(DTE-COCFs),] 604 (18 870) 10:45:45 0.148/0.048 0.013/0.014
355 (19 065)
DTE-CeFs 272 (28 303) 519 (11 379) 19:81 0.530 0.015
268 (40 394),
[PACI,(DTE-CgFs)2] 532 (19 391) 30:45:25 0.047/0.019 0.015/0.018
357 (14 367)
DTE-Ph 273 (28 117) 518 (13 673) 61:39 0.485 0.011
270 (42 700),
[PACI,(DTE-Ph),] 538 (16 310) 29:44:27 0.060/0.023 0.015/0.014
359 (15 400)

9 Wavelength and molar absorptivity coefficient of the absorption band maxima of the open isomer (for
complexes, oo state) in cyclohexane. ® Wavelength and molar absorptivity coefficient of the maximum of the
visible absorption band of the closed isomer (for complexes, cc state) in cyclohexane. © Composition of the PSS
reached for the photocyclization process in toluene-ds upon irradiation at Ae. = 365 nm (DTE-COCF; and all the
complexes) or 312 nm (DTE-C¢Fs and DTE-Ph). DTE°:DTE® and DTE®°:DTE° :DTE* concentration ratios are given for
free ligands and complexes, respectively. ¢ Photocyclization quantum yields measured in cyclohexane at Aexc =
355 nm (DTE-COCF; and all the complexes) or 312 nm (DTE-CsFs and DTE-Ph). For the complexes, separate @,..
values are given for the oo — oc and oc — cc ring-closing processes. € Photocycloreversion quantum yields
measured in cyclohexane at Aexc = 532 nm. For the complexes, separate @, values are given for the cc — oc and
oc — 00 ring-opening processes.

To estimate the change in electron density on the phosphorus atom of the ligands upon
photoisomerization (Figure 7), phosphine selenides were prepared. The nature of the phosphine-
selenium bond allowed the estimation of each ligand's o-donating ability through NMR measurements.
Experimental results demonstrated that electron density modulation depended on the introduced
substituent, with DTE-COCF; showing the highest modulation.

To further investigate the photomodulation of the electronic features for the prepared DTE-
based phosphines, a set of properties derived from the DFT calculations of their ground state
structures was analyzed. As a first step, the variation of the Mulliken charges on the phosphorus atom
(A°'°(qg"”'”ke”)) and the percentage of s character of the lone pair of electrons at phosphorus (A“°(%sp ))
for open anti-parallel and closed conformations of DTE-COCF3, DTE-CsFs and DTE-Ph were considered
(Table 2). According to the Mulliken charges, photocyclization decreases electron density on
phosphorus, while through NBO analysis [32] an increase in s orbital participation in the phosphorus
lone pair of electrons can be anticipated. More importantly, the variation of these parameters was
found to increase with the electron-withdrawing power of the introduced electron-modulating group,
thus again validating that DTE-COCF; and, to a lesser extent, DTE C¢Fs suffer the largest change in the
phosphine’s electronic properties upon photoisomerization.
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Figure 7. Structure of the DTE-based phosphines prepared, where photoswitching of the dithienylethene
backbone caused a change in phosphine electronic properties that was dependent on the introduced EWG
substituent.

As a second step, the effect of the light-induced modulation of the DTE-based phosphine ligands
on the bond energy in their Pd" complexes was investigated. For this, the difference in phosphine-Pd"
binding energy (A“°(BEp.pq)) between the oo and cc isomers of their 2:1 trans phosphine palladium(ll)
complexes (Table 2) was calculated. As expected, due to the loss of the phosphine’s o-donating ability,
a varying decrease in BEp.p4 for the complexes bearing ring-closed DTE ligands is observed, depending
on the nature of the introduced electron-modulating group. Thus, weakening of the phosphine-
palladium(ll) binding upon photocyclization was observed for the ligands bearing the EWG
pentafluorophenyl and, especially, trifluoroacetyl substituents.

Table 2. Experimental and computed parameters to estimate the photomodulation of the properties of the
phosphine ligands DTE-COCFs, DTE-CsFs and DTE-Ph.

Free ligands Pd" complexes?
Ac-o 1_] )
[; ]Zse) Aco(gpitien)e A(%sp ) A“°(BEp.pq) [kecal-mol™]®
Z
DTE-COCF; 14 0.014 0.79 -1.98
DTE-C¢Fs 7 0.004 0.42 -0.92
DTE-Ph 5 <0.001 0.34 -0.64

“ trans-[PdCl,(DTE-COCF3),], trans-[PdCl(DTE-CsFs),] and trans-[PdCl(DTE-Ph),]. ° Difference in Jpse for the
corresponding selenides measured in CDCls. € Difference in Mulliken charges in electronic units on the phosphorus
atom. 9 Difference in percentage of s character of the phosphorus lone pair of electrons. € Difference in phosphine-
Pd" bond energy (per one bond) between the oo and cc isomers.
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When two equivalents of the phosphine ligands were used to react with trans-[PdCl,(PhCN),],
monometallic palladium(ll) 1:2 type complexes were formed (Figure 8a). Single crystals suitable for X-
ray structure determination were obtained for the three complexes, which revealed that formed Pd
complexes have a square-planar geometry with trans orientation of the phosphine ligands (Figure 8b).
The main difference observed between the crystal structures of these compounds was the
conformation of their DTE ligands. In [PdCl,(DTE®-Ph);] and [PdCl,(DTE°-COCFs);], the ligands are
locked in a distorted parallel open state conformation with a distance of 4.31 A and 5.19 A,
respectively, between the carbon atoms that should react upon ring-closing photoisomerization (C16
— C26). As previously described in the literature [26], this type of conformation cannot undergo the
light-induced conrotatory electrocyclization reaction to produce the corresponding closed isomer and,
consequently, no photochromism was observed in the solid state for [PdCl,(DTE®°-Ph);] and
[PACI(DTE®-COCFs3),]. Contrarily, in the case of [PdCly(DTE®-CeFs).], the DTE ligands are present in an
antiparallel open state conformation with a shorter distance between the reactive carbons (C16 — C26,
3.69 A), two structural features that are compatible with the photoinduced ring-closing reaction [33].
Indeed, irradiation at 312 nm yielded a color change from yellow to red and the process was reversed
with irradiation at 520 nm, thus demonstrating solid state photoswitching for [PdCl,(DTE®-CgFs)].

Irrespective of their behavior in the solid state, all DTE-based ligands and complexes prepared
should photoisomerize in solution upon irradiation. However, while DTE-COCF;3;, DTE-C¢Fs and DTE Ph
should just photoconvert between their ring-open and ring-closed isomers, a more complex situation
is expected for their complexes. Because of their 2:1 phosphine:metal stoichiometry, these
compounds must toggle between three different states where DTE-based ligands are both ring-open
(00), one of them ring-open and the other ring-closed (oc), or both ring-closed (cc). Complexation
detrimentally affected ring-closing quantum yields due to ligand-to-metal charge transfer, resulting in
less efficient photochemical reactions (Table 1). Despite this, photoswitching was not fully hindered
by metal complexation, prompting further catalytic studies for the ring-open and ring-closed states of
the Pd(ll) compounds.

Catalytic tests were conducted for a model Stille coupling reaction between iodobenzene and
tributylvinyltin in THF-ds, which revealed that higher conversions were achieved when using the ring-
closed complexes bearing EWG substituents as pre-catalysts (Figure 3). Therefore, these results
verified the initial hypothesis that the presence of these groups would selectively affect phosphine
electron properties upon DTE photocyclization, thus ultimately modifying the catalytic performance of
their metal complexes. In this case, reaction rate acceleration was expected to take place for the ring-
closed state of the metal catalysts due to the lower binding strength of photocyclized DTE-based
phosphines to palladium(0) species, a situation that was confirmed by DFT calculations of the catalytic
cycle.
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Figure 8. a) Synthesis of [PdCl,(DTE°-COCF3),], [PdCl;(DTE®-CsFs),;] and [PdCl,(DTE°-Ph),]. b) Molecular
structures of [PdCl,(DTE°-Ph),], [PdCl,(DTE°-COCFs);] and [PdCl,(DTE°-CsFs),]. Thermal ellipsoids set at 50%
probability level. For clarity, P-bound phenyl rings are depicted in wireframe style, and co-crystallized solvent and
hydrogen atoms are omitted. Distances between the reactive carbon atoms in DTE photoisomerization are
marked with a dashed red line. c) lllustration of the solid-state photoisomerization of [PdCl,(DTE°-CsFs)>].
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Figure 8. Comparison of the investigated complexes as pre-catalysts in the Stille coupling reaction between
iodobenzene and tributylvinyltin (1.5 mol% [Pd], 0.30 mmol iodobenzene, 0.33 mmol tributylvinyltin, 1 mL THF).
Data is shown for the open ([PdCl,(DTE°-R),], light red, light pink and light blue) and closed state-enriched mixture
([PdCI,(DTE*-R),], dark red, dark pink and dark blue) of the DTE-based complexes tested at rt (a) and 50 °C (b). The
average yields of two repetitions were determined by H NMR using 1,3,5,-trimethoxybenzene as a standard.

As an extension of this strategy toward photoswitchable catalysis, a bisDTE ligand was designed
that features two DTE moieties with trifluoroacetyl groups attached to phenylphosphine. To our
knowledge, this would represent the first example reported of the introduction of more than one DTE
unit to the phosphorus atom of phosphines. The synthesis of the bisDTE ligand Bis(DTE-COCF3) was
conducted similarly as for DTE-COCF3, employing chlorine/lithium exchange reactions and quenching
with an appropriate electrophile to install the desired phenylphosphine and trifluoromethyl ketone

groups (Scheme 2). To study the complexation behavior of this ligand its gold(l) complex was also
synthesized.

_tBuLi, PhPCl, {BuLi.EtCOOCFs
THF, -78 °C TTHF.78°C [ ) [ )
52% 49% PhP™\ g s~ "COCF;

2
Bis(DTE-COCF;)

[AucisMes)
/- [\ CH,Chy, 1t Sau. W 7\
PP s s~ “COCF, go0. P s s” “COCF;
2 Ph 2
Bis(DTE-COCF;) [AUCI(Bis(DTE-COCF))]

Scheme 2. Synthetic route to bisDTE-substituted phosphine Bis(DTE-COCF;) and its gold(l) complex.

Photochemical studies in solution revealed that fully open ligand Bis(DTE®°°-COCF3) can
successfully undergo isomerization into ring-closed Bis(DTE°-COCF3) and Bis(DTE*“-COCF;) states,
though with limited efficacy for the second photocyclization reaction (Table 3). To rationalize this
behavior, the separate oo—oc and oc—cc photocyclization quantum yields were determined for
Bis(DTE-COCF3) (Mgo-0c = 0.435 and Dye.cc = 0.020). On the one hand, Dge-oc Closely resembles the
photocyclization quantum yield of reference DTE-COCF; (®,.c = 0.480), which indicates that the first
ring-closing step in Bis(DTE-COCF;) is not significantly affected by the presence of a nearby ring-open

129



Anastasiia Sherstiuk ESR7

DTE unit. By contrast, a 20-fold reduction in ® was measured for the second ring-closing reaction of
Bis(DTE-COCFs), which proceeds notably less effectively when a close-by DTE unit is already in the
closed state. As reported for many other multiphotochromic systems [34—36], energy transfer from
the photoexcited open DTE group to the closed DTE unit in Bis(DTE**-COCF3;) must account for this
situation, which eventually leads to photoconversion back to Bis(DTE°°-COCFs) instead of full
photocyclization in Bis(DTE*“-COCF;). Complexation with the metal did not preclude the
photoswitching ability of the ligand, although, further lowering the quantum yield of the second ring-
closuring.

Table 3. Photochemical properties of DTE-based ligands Bis(DTE-COCF;) and of gold(l) complex
[AuClI(Bis(DTE-COCF3))].

PSS,
Aes [nm] Zbs [nm] . .
(E [M_l Cm’l])a (E [M_l Cm’l] )b compOSItlon (DOD-OC ®0C-CC (DCC-OCe (DOC-OOE
[%]°

Bis(DTE-COCFs) 273 (32 423),336
(5 820)

[AuCl(Bis(DTE-COCFs))] 262 (47 527), 336
(7727)

7 Wavelength and molar absorptivity coefficient of the absorption band maxima of the open isomer (the oo state)
in cyclohexane. ® Wavelength and molar absorptivity coefficient of the maximum of the visible absorption band
of the closed isomer (the cc state) in cyclohexane. ¢ Composition of the PSS reached for the photocyclization
process in toluene-ds upon irradiation at Aex = 365 nm. DTE®:DTE:DTE concentration ratios are given. ¢
Photocyclization quantum yields measured in cyclohexane at Aexc = 355 nm. € Photocycloreversion quantum yields
measured in cyclohexane at Aexc = 532 nm.

599 (22 000) 7:84:9 0.435 0.020 0.032 0.022

589 (26 542) 10:77:13 0.246 0.007 0.026 0.023

Importantly, the preparation of the corresponding phosphine selenides and their analysis by
NMR demonstrated that the fully closed form of the ligand 1cc experienced the largest modulation of
electron density reported to date for photoswitchable phosphines (A“°° (Ypse) = 19 Hz).

Ypse= 754 Hz Ypse= 762 Hz

lle_Se =743 Hz
Aco0(), o) = 11 Hz Acc0(1), () = 19 Hz

Scheme 3. Photoisomerization-induced variation of 1Jpse in the 0o, oc and cc isomers of phosphine selenide.

To corroborate this experimental result, several descriptors commonly used to assess the
electronic properties of ground state phosphines were computed using DFT calculations at the B3LYP-
D3/6,31G(d,p) level. On the one hand, clear decrements in the Mulliken charge on the phosphorus
atom of Bis(DTE-COCF;) were predicted upon DTE ring-closing (A(qg"“'”ke“), Table 4). While the first DTE

photocyclization process in Bis(DTE-COCFs) should result in a similar A(qg"“'“ke“), value as for monoDTE-
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based phosphine DTE-COCF;, the second ring-closing reaction should lead to further lowering of the
electron density on phosphorus. This effect is typically accompanied by changes in composition of the
the lone pair at the phosphorus atom with an increased participation of the s orbital. Indeed, according
to NBO analysis, the photoconversion from the Bis(DTE°°-COCFs) to the Bis(DTE“-COCF;) state must
lead to a progressive increment of the contribution of the s orbital to the lone pair of electrons at
phosphorus, eventually reaching twice the variation computed for phosphine DTE-COCFs.

Finally, the ligand-metal bond energies of the respective gold(l]) complexes formed with
Bis(DTE-COCF;s) and DTE-COCF; were evaluated. As expected, weaker phosphorus-gold(l) bonds were
predicted after DTE ring-closing in both ligands. More importantly, double DTE photocyclization in
[AuCI(Bis(DTE-COCFs))] should result in almost a two-fold variation in ligand-metal binding energies
compared to the complex with monoDTE-based phosphine DTE-COCFs. This result confirms the
capacity to accomplish large photomodulation in the electronic properties of phosphines by tethering
two photoswitchable DTE units to a central phosphorus atom.

Table 4. Experimental and computed parameters to estimate the photomodulation of properties for
phosphines Bis(DTE-COCF3) and DTE-COCF;.

A(BEp.au)

A(lfplsfg) [HZ]U A(quu”iken)b A((%SP )C [kcal-mol'l]d

00 — 0C 00 — CC 00 — 0C 00 — CC 00 — 0C 00 — CC 00 — 0C 00 — CC

Bis(DTE-COCF;) 11 19 0.011 0.036 0.52 1.58 1.52 2.13

0—>C 0—>C 0—>C 0—>¢C

DTE-COCF3 1426 0.014% 0.79% 1.23

? Difference in Jpse for the corresponding selenides measured in CDCls. © Difference in Mulliken charges in
electronic units on the phosphorus atom. ¢ Difference in percentage of s character of the lone pair of electrons at
phosphorus. 9 Difference in phosphine-Au bond energy.

Diazocine-based photoswitchable phosphine

In an attempt to achieve metal catalyst photomodulation based on geometric effects, the use
of diazocine photoswitches was explored. By introducing two phosphanyl groups to this type of
photoswitchable scaffold, it was envisioned to modify their coordination mode to metals under
irradiation. Through DFT calculations, the preferred substitution pattern of the diazocine core to
accomplish this goal was identified: it involved installing the two phosphanyl substituents at positions
1,10 of the diazocine (Figure 5). For this particular type of ligand structures, variation of the
coordination mode was computationally revealed, as their Z isomer could act as a bidentate ligand
while their E isomer could only monocoordinate metal centers due to the increased separation
distance between the phosphanyl groups.

Encouraged by these results, several synthetic routes were explored to prepare the desired 1,10-
disubstituted diazocine-based bisphosphines. However, functionalization of these positions of the
diazocine core with diphenylphosphine groups could not be accomplished, in contrast to what was
observed for other positions of the photoswitch scaffold. This indicates that the derivatization of
diazocines at the target positions 1,10 is severely hampered by steric hindrance effects.
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Figure 5 — Computed structures of the Z and E states of the free ligands and palladium(ll) complexes of a

E

1,10-disubstituted diazocine-based bisphosphine. A clear change in separation distance between the two
phosphanyl groups occurs upon Z-E photoisomerization, which leads to a variation of the coordination mode to
the metal center.

Conclusions and outlook

A library of DTE-substituted ligands was developed in this thesis to validate two new concepts
for the modulation of phosphine electron properties upon irradiation: (i) switching the communication
between phosphanyl and electron-withdrawing groups installed at the 5 and 5’ positions of the
thiophene rings of the DTE core; and (ii) connecting two of these DTE photoswitches to the same
phosphine. The resulting ligands showed ample variation of phosphine o-donation ability upon DTE
photoisomerization. Aiming to exploit this behavior in photoswitchable catalysis, they were complexed
to metal centers and Pd" complexes were tested as pre-catalysts for a model Stille coupling reaction,
where a change in catalytic activity was observed for the different isomerization states of the system.
These results open new ways for the application of DTE-induced electronic changes on ligands in the
field of photoswitchable catalysis.

As for the attempt to pioneer the use of diazocines to light-control metal-based catalysis, the
synthesis of the target diazocine-based phosphines was not successful. Despite this, valuable
knowledge was gained about how to use this type of scaffold for photoswitchable catalysis and what
challenges must be faced during their derivatization. To ultimately bring this molecular design to life,
further exploration of the synthetic approaches towards diazocine-based ligands is therefore required.
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Ir'(n*-diene) Precatalyst Activation: Role of the Base

Ir' (n*-diene) precatalyst activation by strong bases and formation of monohydrides

The reaction of 1%PP¢ with NaOMe results in the formation of two iridium monohydride isomers,
24P and 39°Pe (Scheme 1). These have been characterized by NMR spectroscopy and demonstrate the
difference in the binding of the COD ligand. The hydride is proposed to form via beta hydrogen
elimination from the alkoxide releasing acetone (formaldehyde in the case of methoxide).

H H
Ph T ' Pr2 | py
h 2 i NaOMe (5 equiv.) __ /:P”""I ‘ Pu,,,
,:Py”-“‘\'g 'PrOH, tt, 1h p rj‘ I:P/Ir
th | Ph2 | th
1dppe 2dppe 3dppe

Scheme 1. Reaction of 1%P¢ with a base containing a 8-hydrogen to form 29P¢ and 39epe,

Following the successful synthesis and characterisation of 29%P¢ and 39P¢, the isomerization
process was tracked via 3'P NMR monitoring (Figure 1), which led to observable kinetic metrics. These
values were used to obtain the Gibbs energy difference of 2.06 + 0.16 kcal mol?, and an energy barrier

of 22.19 + 0.04 kcal mol™ for the isomerization of 29°P¢ to 39PP¢, These values rationalise the preference
for 39PP¢ rather than 297,

1.0 H
N ° 1dPPe
° 2dppe
s 3dppe
o
2 0.5 o
p
{4 L
* o
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0 10000 20000 30000 40000
time/s

Figure 1. Time evolution of the 3'P{*H} data for the 19°P¢ decay and 29PPe-39°P¢ jsomerization. The continuous lines
are the result of the non-linear least-squares fit.

While the kinetic study gives energy metrics, the exact nature of the isomerization process was
unknown, as such a DFT study was performed to elucidate a potential isomerization mechanism. The
results of this study indicate that the isomerization proceeds via a neutral intermediate
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[Ir(CsH13)(dppe)] (19°P¢). Two transition states were proposed one that links 29PP¢ to 19°P¢ (TS,)%PP¢) and
the other linking 19PP¢ to 39PP¢ (TS3,)?PP¢) (Figure 2), the latter of which is observed experimentally.

To evaluate the effect of different bases, NaOMe was replaced by KO'Bu. Consequently, when
KO'Bu was added to 19" in non-polar solvents such as benzene, toluene or THF two previously
unreported complexes were seen (49" and 59¢) (Scheme 2). These products correspond to structural
isomers of an [IrH(CsH1o)(dppe)] complex. Each product was extensively characterized using NMR
spectroscopy, and the isomerization process between 49%P¢ and 59P¢ was also studied using NMR
spectroscopic methods (Figure 3).
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Ph, th

KOBu (5 equiv.) P

P, | \\\\| > C !4
Z ! CeHe, 1t, 1h

- \"E sHe 2

Ph, hy

1 dppe 4dppe 5dppe

Scheme 2. Reaction of 19¢ with KO'Bu in benzene to form 4°PP¢ and 5%re,
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Figure 2. Gibbs energy profile (in kcal mol?) for the isomerization of 29%P¢ to 39°P¢, Relative energies shown with
29pPe g5 the reference point.

The immediate disappearance of 19PP¢ (within the time needed to record the first 3'P{*H} NMR
spectrum after the addition of KO'Bu to 19PP¢) reflects a rapid first step, allowing clean timescale
separation from the second step, such that analysis of the latter by standard reversible first-order
reaction kinetics was possible. By using the experimentally determined rate constants — the energy
barrier associated with the isomerization could then be calculated by applying the Eyring relationship
22.3 + 0.1 kcal mol?, and the energy difference between 49°P¢ and 59¢ of 0.51 + 0.04 kcal mol™* (in

benzene-dg).
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Figure 3. Time evolution of the 3'P{*H} NMR data for the first order kinetics of the 49PP¢ to 59PP¢ jsomerization in
benzene-dg at 298 K.

The exact nature of the formation of 49°P¢ from 19PP¢ without a B-hydrogen containing alkoxide
initially caused much speculation about the exact nature of the reaction. Hence, a DFT study was
conducted both on the formation of a monohydride from 19°P¢ and on the isomerization of 49f¢ to
59PPe |t was proposed that the reaction proceeds first via deprotonation of the COD ligand leading to

a neutral 16-electron [Ir(CsH11)(dppe)

[|dppe ||"dppe
-HOtBu I I
"lldppe |mdppe

Scheme 3. Deprotonation of the COD ligand leading to two different [Ir(CsHi1)(dppe)] (11°PP¢ and 1I’’?PP¢) jsomers
and their respective conformers with a flipped Ir(dppe) moiety (II’PP¢ and II’’"%P¢) (phenyl rings removed for
clarity).

The different pathways from [Ir(CsH11)(dppe)] to [IrH(CsH1o)(dppe)] were all explored, however,
the result that corresponded to the structural data for 49" and indeed the lowest energy isomer was
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Scheme 4. Generation of 49°P¢ from 11°°P¢, The phenyl! groups on the dppe are omitted for clarity. (Relative energy
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Figure 4. Gibbs-energy profile (in kcal mol) for all possible 8-H elimination reactions from intermediate 119,

It is notable that the lowest-energy product obtained from II%P¢ (49PP¢) features the
uncoordinated alkene moiety syn relative to the hydride ligand. No direct pathway is available to
transform intermediate 119FP¢ to isomer 59%P¢, for which, on the other hand, the uncoordinated alkene
moiety is located anti relative to the hydride ligand. Hence, the isomerization must occur through a
different pathway. Exploration of the various possibilities to rotate the CgHio around the metal
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coordination sphere revealed a low-energy pathway linking 49°P¢ to a different structural isomer of
gdpre grdppe grdepe has an ethylene bridge in the equatorial plane, essentially a diastereomer of 59°Fe,
0.7 kcal mol™ higher than 5%P¢ and 0.2 kcal mol™? higher than 4%°P¢ The isomerization of 49PP¢ to 59PPe
proceeds via the rearrangement schematically illustrated in Figure 5. This entails a rotation of the CgHio
ligand relative to the Ir-H axis via TSP with simultaneous displacement toward the Ir atom of the
two CH groups of the uncoordinated alkene, which become part of coordinated 1 moiety, and the
inverse displacement of the two CH groups of the coordinated n® moiety that end up forming the
uncoordinated alkene moiety.
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g !! \‘ Cp;lr T
(L] g 4 Phy e 7
< '] \ =
] \ 488 *
o
/ \ TS5 ™PP
i \ - b
!.’ \\ /./ \\
' v AB ST N
-1.8 , ’ Mo 23
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| e | o |
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> Cp/lf\.. L, =i
Phs % Ph; \ Ph, \_
4dppe 5'dppe 5dppe

Figure 5. Gibbs energy profile (in kcal mol?) for the isomerization of 49°P¢ to 59pe,

The solid-state structure indicates that the cyclooctadienyl ligand is disordered with respect to
C2 and C8. The atomic displacement parameters of the disordered pairs of carbons were constrained
to be equal (C2 & C2A, C8 & C8A). This disorder is due to the two possible positions of the
uncoordinated double bond (C2=C3 or C7=C8A). Separation of the two superimposed structures, leads
to two different structural isomers, that represent 4%P¢ (Figure 6) and 59"¢ (Figure 7). Both of which
correspond remarkably well to the respective optimized DFT structures.

O
DFT 4dppe Solid-state 4drre
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Figure 6. DFT and solid-state structure of 49°P¢. Anisotropic displacement ellipsoids are shown at 50% probability
level. The hydrogen atoms on dppe are omitted for clarity.

fetee - w

.y

DFET 5dppe Solid-state 59rpe

Figure 7. DFT and solid-state structure of 59P¢. Anisotropic displacement ellipsoids are shown at 50% probability
level. The hydrogen atoms on dppe are omitted for clarity.

Characterization of Anionic Ir'" Tetrahydride Complexes and their role in Transfer Hydrogenation

A reproduceable route to form three different anionic Ir'"

tetrahydride complexes from the
chloride containing precursors ([IrCI(COD)(L;)] (L. = dppe, dppf, S-BINAP) under hydrogenation and

transfer hydrogenation conditions were demonstrated (Scheme 5).

Cl T
. K KOBuU (5 equiv.) _ (P/,,,,,I r@\\\H
11, Wy i 0 -
Ll PrOH, 80°C, 1h p™ [~
(P,Ir\l | H
H
1L (O

Scheme 5. Synthetic route towards forming an anionic tetrahydride 62 from the corresponding chloride precursor
12 under transfer hydrogenation conditions. L, = dppe, dppf, (S)-BINAP.

The clean formation of an anionic tetrahydrido product only occurred when a suitable counter
cation is present in the solution (in this case from the base). In contrast, in the absence of a base, under
hydrogenation conditions, a complicated mixture of iridium hydride derived products was observed.
However, the subsequent addition of base to these mixtures results in a single tetrahydride product.
In all cases the cyclooctadiene ligand was selectively removed as cyclooctene to yield what is deemed
as the catalytically active species 62 (Scheme 6).

In the absence of a substrate, and when H, pressure was released, 69" dimerizes to form a
neutral trihydride dimer (Figure 8). The crystal structure obtained is sufficient to support the
dimerization process, however, this structure does not pinpoint the exact positions of the hydride
ligands. Based on other dimeric iridium hydride complexes with diphosphine ligands reported in the
literature such as [Ir(H):(dtbpe)];* (dtbpe = 1,2-bis(di-tert-butylphosphino)ethane) [1] and
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[Ir(H)s(dfepe)], [2] (dfepe = (C2Fs),-PCH>CH,P-(C,Fs)2) [3], a DFT investigation was conducted. Using the
asymmetric unit cell structure of [Ir(dppe)],, six hydride ligands were added to create three different
isomers, with bridging hydride ligands as shown in Scheme 7. Each of these systems were then
computed to find a local minimum. The isomer with two bridging hydride ligands was found to be the
most stable of the three computed, and the only structure that reached a local minimum. However, in
the case of both dppf and dppe, the presence of coordinating DMSO suppressed the formation of the
tetrahydrido species and a neutral trihydride resulted from the reaction (Scheme 8).
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P/ |_) _—— P/ r D p(lr\H
Phy Ph \ j Ph, |
2 \ 2 Hy +Pror !
2dppe 3dppe gdppe

A
., 0
N
Scheme 6. Idealized stoichiometry for the generation of 69°P¢ from 19PP¢ under both hydrogenation and transfer
hydrogenation conditions in isopropanol.

Figure 8. X-Ray structure of [Ir(H)s(dppe)].. Anisotropic displacement ellipsoids are drawn at the 50% probability
level. Hydrogen atoms on dppe are omitted for clarity.
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Scheme 7. Geometries of the different isomers computed. The isomer on the left was found to be the lowest
energy system.
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Scheme 8. Formation of a neutral trihydride from 1'2 via the addition of DMSO. L, = dppe, dppf.

The three different [IrCI(COD)(L;)] complexes were then evaluated for the hydrogenation of
acetophenone, all of which showed negligible ee. The activity for each system increased drastically in
the presence of KO'Bu and was accredited to the formation of the anionic tetrahydrido complexes
(Figure 9).

[Ir] complex (0.2 mol %)
Base (1 mol %) =

Hz (20 bar)
= mN ditive
i ¥
) | + own-6
225 |
B 20 |
= i i
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- | — B -
dppe L:e" S-BINAP

Figure 9. Results of the asymmetric hydrogenation of acetophenone with [IrCI(COD)(L;)] complexes.

A DFT study was conducted to provide a plausible hydrogenation mechanism (Scheme 9), two
key transition states were not found (Figure 10), but the study did give an insight into the importance
of a proper solvation model for the cation.

The input of the correct starting geometry for the model is of the utmost importance. The lowest
energy structure for 79°P¢, is obtained when the cation is placed near the hydride side of the Ir anion
rather than the ligand side, plus an acetone molecule infinitely far apart. When the acetone is closer
to the catalyst, it can be observed that stabilization of the cation is provided by the MeOH molecules,
and one of the hydrides (Figure 11). After the hydride transfer to the substrate, the K-H distance
increases by 0.14 A. At this point stabilization of the cation is provided by the substrate and is reflected
in the close energy difference between 89°P¢ and 99°pe,
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Figure 10. Computed Gibbs energy profiles for the hydrogenation of acetone with 7%¢. Energy profiles is in kcal
mol. The labels shown reference the cycle in Scheme 9, TS(11-12°°P¢ and TS12-13PP¢ could not be located (shown
in red).
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Figure 11. Optimized structures for the hydride transfer step with 6. Distances shown are in A. C-H hydrogen
(except on the alkoxide) atoms have been omitted for clarity.

Ketone Hydrogenation Catalysed by Anionic Tetrahydrido Ir'"' Complexes and the Cation Effect

The role of anionic hydride complexes as active catalysts in hydrogenation and hydrogen
transfer reactions has now become well-established. The present chapter has illustrated one such case
for the active catalyst produced in situ by activation of [IrCI(COD)(P,S®)] (P,S*® = CpFe[1,2-
CsHs(PPh)(CH2S®)]; R =Pr, Ph, Bz, Cy) under H; in the presence of a strong base. The stark dependence
of the catalytic activity on the nature of the base alkali cation (K* > Na* > Li*) and the severe activity
dampening observed when 18-crown-6 is added to the K* system (Figure 12) confirm previous
suggestions of an anionic active complex [4].
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Base (0.5 mol %)
H, (30 bar)
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Figure 12. Results of the asymmetric hydrogenation of acetophenone with [IrCI(COD)(P,SF)] complexes. All
catalysts show a preference for S-phenyl ethanol.
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The proposition, made solely on the basis of DFT calculations in the same contribution,[4] that
such a species is the Ir'' tetrahydrido complex M*[IrH4(P,S®)], has found strong support by the observed
formation of the related (and more stable) K*[IrHs(dppe)]” from [IrCI(COD)(dppe)] in isopropanol and
KO'Bu under hydrogenation conditions (H, gas at 298 K) and even under transfer hydrogenation
conditions (without H; at 353 K) [5]. This hypothesis is further supported by the DFT calculations carried
out in this chapter, where the experimental trend of alkali metal cation-dependent activity has not
only been reproduced but also rationalized, at the condition of using a fully explicit cation coordination
sphere, M(MeOH)s* (Scheme 10, Figure 13).
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Scheme 10. Catalytic cycle of ketone hydrogenation catalysed by 7P" proposed by DFT calculations (M = Li*, Na*,
K*).

Intriguingly, the activity does not appear to depend on any activating effect by the cation on
either the ketone substrate or the iridium hydride species, but rather on the coordination sphere
rearrangement at the alkali metal cation when, in the turnover-determining transition state, the
incipient alkoxide establishes a bond with the alkali metal cation, replacing one or more alcohol
molecules (Figure 13).
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Figure 13. Computed Gibbs energy profiles for the hydrogenation of acetone with 7. All energy profiles in kcal
mol™. The labels shown reference the cycle in Scheme 10.

These results indicate that the inclusion of explicit solvent molecules (and enough of them) in
the DFT calculations is of paramount importance to allow the appropriate interpretation of certain
effects that may be observed in catalytic cycles that involve anionic active species. Contrarily to the
strong alkali cation effect on the catalytic activity, its influence on enantioselectivity is small. To
understand the origin of this behaviour, DFT calculations have been performed on the enantio-
determining hydride transfer step using the real prochiral acetophenone substrate while employing

the (P,S™) ligand.
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8PSPh_Lj TS p.0)"SPh-Li QP.SPh_|j

8PSPh_N3 TS s.)P"-Na gP.SPh_N2a

8PSPh.K TS, 3-9)P'3Ph'K gP.SPhK

Figure 14. Optimized structures for the hydride transfer step for each of the three cations. Li* (top), Na* (middle),
K* (bottom). Distances shown are in A. C-H hydrogen atoms have been omitted for clarity.

For this system, the S enantiomer of the ligand leads to a formation preference for the S
enantiomer of the 1-phenylethanol product consistent with the experimental data, with all three alkali
metal cations yielding essentially the same ee. The pro-R and pro-S transition states TS(;.%"¢ were
computed for the three [M(MeOH)s]* cations. Figure 15 shows the resulting transition state
geometries, and important distances for each cation. The main interaction that discriminates between
the two diastereomeric transition states involves a phenyl group of the phosphine ligand. This group
interacts with the acetophenone methyl group (C-H-m) in the pro-S TS and with the acetophenone
phenyl group (n-i) in the pro-R TS. The cation is in the less crowded space opposite to this key P-phenyl
group. Consequently, the cation nature does not significantly alter the main interactions that govern
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the ee. The calculated Xph-*HCme and Xph--+ Xp distances for all computed systems, together with the
Gibbs energy difference between both transition states (AAGg.s) has been found. The geometrical
parameters describing the substrate-ligand interaction are very similar in all cases, in agreement with
the limited influence of the cation on enantioselectivity.

TS‘M'P.srh_Li
(pro-S)

TS‘M}ESP"-L]
(pro-R)

TS e.o5-Na
(pro-R)

TS(a_g,’-s”‘-K TS{a_g)P’sph'K
(pro-S) (pro-R)

Figure 15. pro-S and pro-R transition states for hydride transfer to acetophenone, in presence of each cation.
Distances in A.

Conclusion

Transfer hydrogenation catalysts are important in the synthesis of fine chemicals. Previous work
has shown that a base is often necessary to achieve high activities for the asymmetric hydrogenation
of polar substrates. New mechanistic views for such systems have emerged to account for the activity
of such systems in which the ligand does not actively participate in proton donation which nevertheless
need a strong base for activity. In this work, the role of the base in the associated chemistry of
[IrCI(COD)(L,)] (L2 = dppe, dppf, (S)-BINAP, P,5™, P,SB, P,SP", P,S%, (P,S® = CpFe[1,2-CsH3(PPh,)(CH,S¥)])
systems was studied.

In the presence of an alkoxide with a B-hydrogen, two monohydride complexes of the form
[IrH(CsH12)(dppe)] resulted from [IrCI(COD)(dppe)], which interconvert and this was supported by
complementary DFT studies which gave a similar result. When no B-hydrogen was present on the base,
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two isomeric monohydride complexes were formed through COD deprotonation, [IrH(1-k-4,5,6-13-
CsHio)(dppe)]. DFT calculations were used to rationalize that the mechanism of interconversion
proceeds via partial rotation of the cyclic CgHio ligand. These model complexes were transformed by
heating in the presence of KO'Bu (or NaOMe) and isopropanol at 80 °C, to yield M[IrH4(dppe)] (M =K,
Na). Similar Ir'" products M[Ir(H)4(L2)] (L. = dppf, (S)-BINAP) were selectively generated from
[IrCI(COD)(Lz)] and demonstrated that anionic tetrahydrido iridium complexes can be formed under
catalytically relevant conditions.

Finally, the alkali metal-dependent hydrogenation activity of these complexes towards
benzophenone was examined. The active catalyst, generated in situ from [IrCI(COD)], and (P,S?) under
H; in the presence of a strong base was the solvated M[Ir(H)4(P,S®)] salt. Their activity increased, for all
R derivatives, in the order Li < Na < K. On the other hand, the nature of the cation did not affect the
ee. DFT calculations revealed that the rate-determining barrier corresponds to outer-sphere hydride
transfer and that the enantio-discriminating interactions are largely unaffected by the cation but rather
through m-m interactions. It was found that the model used to describe the alkali-metal cation
coordination sphere in the DFT studies is critical for reproducing the experimental results.
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Metal Nanoparticles Embedded in Ligand- functionalized Water-soluble Core-
shell Polymers for Application in Aqueous Biphasic Hydrogenation

Introduction

The catalyzed transformation of organic compounds with metal nanoparticles (MNPs) [1] in
micellar systems [2,3] combines the advantages of homogeneous and heterogeneous catalysis,
including high activity, selectivity, and durability [4]. Nanocatalysis [5,6] with well-defined metal
nanoparticle (MNPs) catalysts is a realm bridging homogeneous and heterogeneous catalysis. The
nanoscale dimension of the catalysts provides distinctive properties not attainable with conventional,
non-nanomaterials, thereby allowing for specific reactivity and advantageous properties, such as high
efficiency, selectivity, stability, and ease of recovery/recycling [7-10]. In colloidal dispersions of
ultrafine MNPs, surface energies and morphologies are influenced by the particle size leading to
increased intrinsic surface reactivity [10]. For RhNPs multiple syntheses methods have been developed
for size-control [11,12], including both methods based on the reduction of metal salts and the
organometallic approach with the decomposition of Rh precursors. Typically, the size-control is
achieved by employing various types of capping agents that prevent further growth of the RhNPs,
whereas the following stabilization of the NPs in solution is ensured by the addition of stabilizing agents
like e.g. surfactants (ammonium salts) [13-15], polymers [16—19], dendrimers [9] or ligands [12,20-
26]. These stabilizers also facilitate good recyclability of the NPs when applied for catalysis. The MNPs
provide a high surface-to-volume ratio resulting in a high number of potential catalytic sites [27], and
the metal surface can be stabilized by appropriate ligands, similarly to molecular complexes. The
confinement of MNPs inside a matrix (e.g. metal oxides, carbonaceous or polymeric materials) can
further improve stability and catalytic performance. In particular, polymer-supported MNPs [26] have
received significant attention in catalysis because of facile catalyst recovery and reuse. With such
systems, using water as a solvent or dispersant phase yields aqueous biphasic systems [4,28,29] where
simple phase separation facilitates catalyst recovery and recycling and allows reducing the use of
volatile organic solvents and energy-intensive distillations, with a positive impact on the environment
in the spirit of green chemistry. However, when the catalyst has low solubility in the organic
reactant/product phase and the reactant has low solubility in water, the reaction may be limited to
the organic/water interface and suffer from mass-transport restrictions. The use of surfactants or
micellar systems can improve the mass-transport kinetics in biphasic agueous/organic reactions by
increasing the catalyst and substrate concentrations in the reaction zone [2,3,29,30]. Anchoring the
catalyst in the hydrophobic cores of micelles permits to increase the local concentration of both
catalyst and substrate and reduces the impact of mass transfer, provided the mass transport between
the micellar cores and the bulk organic phase is facile. When the micelles are kinetically inert (slow
exchange with the free surfactant in solution) or when they are rendered unimolecular by shell- or
core-crosslinking, they operate as individual catalytic nanoreactors [31-33]. Some of us have
developed synthetic protocols towards highly modular core-crosslinked micelles (CCMs) [34-41] as
stable aqueous dispersions with a high polymer content (> 20 wt%), by reversible addition-
fragmentation chain-transfer (RAFT) polymerization [42]. The first generation of CCMs displayed a
neutral shell (CCM-N) made of random copolymer blocks of poly(ethylene oxide) (PEO) methacrylate
and methacrylic acid [35]. Analogous CCMs with a polycationic shell (CCM-C) of homopolymer blocks
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of 4-vinyl-N-methylpyridinium iodide (4VPMe'l') were also prepared [36] (Figure 1).
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Figure 1. Cross-linked micelles functionalized with TPP (TPP@CCM) and various shells.

All the developed so far have a polystyrene-based core with diethylene glycol dimethacrylate
(DEGDMA) as crosslinker, but have been functionalized with different core-linked ligands, providing
L@CCM  nanoreactors with L triphenylphosphine  (TPP)  [34,37,40,43], bis(4-
methoxyphenyl)phenylphosphine [33], nixantphos [35], and N-heterocyclic carbene [39]. Molecular
pre-catalysts (e.g. [Rh(acac)(CO).] or [Rh(COD)(u-Cl)];; acac = acetylacetonate, COD = 1,5-
cyclooctadiene) were successfully fixated in the CCM cores by ligand coordination, generating catalytic

nanoreactors for aqueous biphasic olefin hydroformylation [35,41,44,45] and hydrogenation
[37,39,40].

MNPs confined in CCM-C for application in aqueous biphasic hydrogenation catalysis

During investigations into substrate scope, where catalytic hydrogenation of acetophenone was
attempted, the latex [RhCI(COD)(TPP@CCM-C)] turned black [40], suggesting the reduction of the
molecular Rh! complex to Rh® metal. Retrospectively, this method proved highly effective in generating
RhNPs within the cores of CCMs, prompting further investigations into biphasic hydrogenation
involving RhNPs [35]. This objective was at the core of the current thesis project, specifically addressing
significant challenges encountered in previous work. RhNP-TPP@CCM-C demonstrated excellent
performance in the hydrogenation of 1-octene and styrene, with complete conversion and total
selectivity towards the hydrogenation of the olefinic function. Notably, catalytic activity surpassed that
of the Rh! molecular system. RANP-TPP@CCM-C also proved recyclable for styrene hydrogenation over
four cycles without loss of activity, with RhNPs remaining well dispersed when toluene was used for
product recovery/catalyst recycling. However, when diethyl ether was used as the extraction solvent,
a dramatic loss of activity was observed. This phenomenon was attributed to the extraction of RhNPs
from the CCM-C core induced by diethyl ether, an oxygen-based solvent.
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Scope of the thesis work

The discovery described above of the formation of catalytically active RhNPs in the TPP@CCM-
C system forms the basis of the research conducted in the context of this doctoral thesis. The overall
objective of the research was to develop innovative solutions to enhance the confinement of MNPs,
primarily RhNPs, in CCM-C, in order to achieve efficient, stable, and recyclable catalytic systems for
biphasic aqueous liquid-liquid hydrogenation catalysis as the application domain. To achieve this goal,
synthesis tools from CCM polymer chemistry and organometallic nanochemistry were combined, and
several approaches to achieve the sub-objectives described below were explored. The main results of
the research are presented in the following paragraphs. New syntheses of polymers incorporating
TPPO ligands and polycationic shells were developed to improve the confinement of RhNPs with the
aim of refining their activity, selectivity, and scope.

Confinement of Rh nanoparticles in cross-linked micelles with functionalized triphenylphosphine
oxide cores for aqueous biphasic hydrogenation catalysis

Based on the hypothesis presented in the previous section, new nanoreactors L@CCM with
triphenylphosphine oxide (TPPO) ligands as central oxygen-based anchoring functions for RnNPs were
developed. The following describes the synthesis and characterization of the new polymer latex
TPPO@CCM-C, its loading with preformed RhNPs, and the application of the resulting nanoreactors
RhNP-TPPO@CCM-C in the catalytic hydrogenation of styrene under aqueous biphasic conditions.

Synthesis and characterization of the polymer

The synthesis of the new TPPO@CCM-C polymer was carried out following the same strategy
used for the preparation of the closely related TPP@CCM-C polymer (Scheme 1). The target degrees
of polymerization of each block were kept identical to those of TPP@CCM-C, as they were already
optimized to provide stable latexes with a narrow particle size distribution [37,38]. Thus, the first three
steps leading to the synthesis of the amphiphilic diblock macroRAFT agent, Ro-(VPMe*I")140-b-Stso-
SC(S)SnPr, isolated as a stable solid and redispersed in water, were the same as in the TPP@CCM-C
synthesis [38]. They involved the homogeneous RAFT polymerization of 4VP with CTPPA, RoSC(S)SnPr
where Rp = CMe(CN)CH,CH,COOH), as transfer agent, forming Ro-4VP140-SC(S)SnPr (step 1), then chain
extension with a short polystyrene block (average degree of polymerization of 50) forming an Ro-VP140-
b-Stso-SC(S)SnPr diblock copolymer (step 2), and quaternization of the pyridine N-atoms with Mel (step
3).

The fourth step was a further chain extension of the Ro-(VPMe*I")140-b-Stso-SC(S)SnPr macroRAFT
agent with a longer hydrophobic block (average degree of polymerization of 300) consisting of a
statistical copolymer of styrene and a TPPO-functionalized styrene, namely SDPPO (4-
styryldiphenylphosphine oxide) [33,46,47] (90/10 ratio), which was obtained by oxidation of SDPP with
H,0,. This monomer has previously been homopolymerized [33,46,47] and copolymerized with
styrene [48] and 9-(4-vinylphenyl)-9H-carbazole [49] by free radical polymerization, but not using the
RAFT approach. All the polymerization steps were followed to completion (full consumption of
monomers) by 'H NMR and the generated Ro-(VPMe*l")140-b-Stso-b-(Sto.9-co0-SDPPQg.1)300-SC(S)SnPr
amphiphilic macromolecules self-assembled in the form of micelles. The resulting latex remained well-
dispersed over more than five months. The spherical micelles of the amphiphilic diblock copolymer
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produced by step 4 had an average size of ca. 65 nm, as shown by DLS analysis (Figure 2a). These
micelles were then crosslinked in a final step with DEGDMA (15 equiv. per chain), diluted with
additional styrene (135 equiv. per chain), to yield the final product, Ro-(VPMe*I")140-b-Stso-b-(Sto 9-cO-
SDPPOq.1)300-b-(Sto.9-co-DEGDMAg 1)150-SC(S)SnPr (TPPO@CCM-C), with a 10% crosslink density in the
inner crosslinked core. The final TPPO@CCM-C polymer particles had spherical morphology and a
slightly larger diameter (98.5 nm) than the intermediate micelles, as shown by DLS (Figure 2c) and TEM
(Figure 2d) analyses. The size distribution became narrower and the D, of the distribution was slightly
reduced after swelling with CHCls. This size reduction phenomenon upon swelling was also observed
for related CCMs with an anionic shell (TPP@CCM-A) and was attributed to the dominant effect of
micelles disaggregation rather than core swelling, which would cause an increase in average size [43].
Accordingly, the intensity profile in Figure 2b, which is more sensitive to the larger size micelles,

became significantly narrower and shifted to lower values upon swelling.
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Scheme 1. Synthesis route of the TPPO@CCM-C polymer.
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Figure 2. DLS size distributions of aqueous dispersions of (a) the diblock Ro-(VPMe*l)140-b-Stso-b-(Sto.o-cO-
SDPPOQy.1)300-b-SC(S)SnPr micelles and of TPPO@CCM-C (b) before and (c) after swelling with CHCIs. Color coding:
number (blue), volume (green) and intensity (red). d) TEM image of the TPPO@ CCM-C.

Synthesis of RRNP-TPPO@CCM-C

The first attempt to produce RhNP-TPPO@CCM-C consisted in loading the CCM-C with
[Rh(COD)(u-Cl)],, in order to generate a core-anchored [RhCI(COD)(TPPO@CCM-C)] complex that could
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be reduced to RhNPs by H,, following the procedure previously developed to generate RhNPs
embedded in TPP@CCM-C [40]. Mononuclear complexes with the [Rh(n?:n2-diene)CI(L)] stoichiometry
(e.g. diene = COD, norbornadiene) where L is an O-atom donor ligand are rare [50-53], but the
[RhCI(COD)(PhsPO)] complex has been described [54-56]. Nevertheless, this method proved
unsuccessful as the organic phase was observed to remain yellow-colored, even after heating the
reaction mixture at 60°C for 1 h or after stirring at room temperature for 24 h. This indicates that the
formation of a Rh'-TPPO@ CCM-C complex in the polymer core by cleavage of the di-u-Cl-bridge moiety
in [Rh(COD)(u-Cl)]z is not favorable under the applied conditions.

Therefore, an alternative strategy involving ex-situ synthesis of RhNPs and their subsequent
transfer to the TPPO@CCM-C nanoreactors was considered. For this purpose, the RhNPs were
produced by reduction of [Rh(COD)(u-Cl)]; with H; in the presence of pyridine and TPP as stabilizing
ligands. This ligand combination was inspired by previous reports, which showed TPP to be an effective
stabilizer to produce ultrasmall RhNPs [12,20,26,57,58], while pyridine was used for the formation of
RhNPs in ionic liquids [57]. The RhNPs synthesis was conducted in toluene, which has a high swelling
power for the polystyrene-based CCM-C core [59]. The optimized conditions (TPP/Pyridine/Rh = 1/1/1,
60°C, 20 bar H,, 20 h) led to a stable, black colloidal suspension of RhNPs, which displayed a mean
diameter of 1.2 £ 0.4 nm and a narrow size distribution (Figure 3).
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Figure 3. TEM images of RhNPs stabilized by TPP and pyridine (left) and the corresponding size distribution
histogram (dn, = 1.2 + 0.4 nm) (right).

The addition of the RhNPs colloidal suspension to the TPPO@CCM-C latex (P/Rh =4/1) led to a
fast and complete discoloration of the toluene phase while the latex became grey. This indicated the
successful transfer of the RhNPs across the P(4VPMe*I") hydrophilic shell of the CCM-C and their
anchoring to the TPPO functions in the polymer cores, which was corroborated by DLS and TEM
characterization of the final RRNP-TPPO@CCM-C. The DLS analysis showed that the CCM-C polymer
particles had very similar average size and size distribution before and after the loading with the
RhNPs. The TEM analysis confirmed that the RhNPs were located inside the polymer particles and
indicated an average size of ca. 1.5 * 0.4 nm. Despite the presence of the polymer that renders the
measurement more difficult, it can be concluded that the RhNPs had quite similar sizes to the as-
synthesized RhNPs. This result indicates that the RhNPs are not significantly altered by the ligand
exchange in the CCM-C core.

Hydrogenation of Styrene with colloidal suspension of RhNPs in toluene

The catalytic activity of the toluene colloidal suspension of TPP/pyridine-stabilized RhNPs was
evaluated for the hydrogenation of styrene under mild reaction conditions (20 bar H,, 25°C, 0.25 h)
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with styrene/Rh = 10000/1. A styrene conversion of ~90% was observed, corresponding to a TOF of
~36900 h! (cTOF of ~40700 h1), with complete selectivity towards ethylbenzene (EB). This catalytic
performance is superior to those previously described with RhNPs stabilized by TPP (TOF of ~6000 h
1) or diphosphate ligands (TOF of ~24000 h!) under 40 bar H, in heptane at room temperature and
0.25 h [20]. The selectivity in favor of EB is not surprising, because previous investigations have
underlined the tuneable properties of RNNPs [11,12,20-22] and the role of their size in controlling the
selectivity of styrene hydrogenation. For instance, RhNPs with size in the 2-10 nm range exhibited a
propensity for ring hydrogenation [60]. Conversely, selective hydrogenation to EB occurred under mild
conditions using RhNPs with an average diameter of 1.5 nm [61], though benzene ring hydrogenation
was observed under more forcing conditions. The dependence of reaction selectivities on the metal
NP size has also been highlighted in other contributions [17,62—-64].

Hydrogenation with RARNP-TPPO@CCM-C latex under biphasic conditions

Next, the RhNP-TPPO@CCM-C latex was applied to the aqueous biphasic hydrogenation of
styrene under the same temperature and pressure conditions as with the colloidal RhNPs suspension
(20 bar H,, 25°C), with a styrene/Rh ratio of 2000/1, at different reaction times (Figure 4). Since styrene
is a good solvent for polystyrene, no vectorizing solvent was needed and the hydrogenation was
carried out with the neat substrate [37,40] using an agitation of 1200 rpm to ensure a good external
mass transfer.
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Figure 4. Time plot for the aqueous biphasic hydrogenation of styrene using RhNPs-TPPO@CCM-C. Reaction
conditions: Styrene/Rh = 2000/1, 20 bar H,, 25°C.

A nearly complete styrene conversion (~94%) was obtained in only 0.25 h, corresponding to a
TOF of 7733 h'! (cTOF of 9850 h!), with an excellent selectivity (>99%) towards EB (Table 1, entry 1).
This catalytic performance is superior to that previously achieved with RhNPs embedded in the
TPP@CCM-C [20,21,40]. This difference may be related to the smaller size of the ex-situ synthesized
TPP/pyridine-stabilized RhNPs used to get RRNP-TPPO@CCM-C compared to the in-situ synthesized
TPP@CCMC-stabilized RhNPs in RhNP-TPP@CCM-C (1.2 nm vs. < 5 nm). However, additional
experiments indicated that the adsorbed TPP and pyridine stabilizers in the RhNP-TPPO@CCM-C
catalyst also played a role (vide infra). An increase of the styrene/Rh ratio resulted in good and
reproducible conversions within 0.25 h of 53% (styrene/Rh =5000/1) and 24% (styrene/Rh = 10000/1),
corresponding to TOFs of 10547 and 9062 h™! (cTOFs of 14300 and 12440 hl), respectively, again with
full selectivity towards EB (Table 1, entries 2 and 3). Upon stopping the stirring, a rapid phase
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separation (< 3 min) was observed in all reactions, thus facilitating the product separation and catalyst
recovery, as already reported for the RhNNP-TPP@CCM-C nanoreactors featuring the same outer shell

[40].
=%
RhNP-TPPO@CCM-C
HZ

Table 1. Hydrogenation of styrene using RANP-TPPO@CCM-C.°

Product Yield (%)

Molar ratio of

H 0, -11b
Entry styrene/Rh Conversion (%)  Ethylbenzene  Ethylcyclohexane TOF (h™)
1 2000/1 94 94 <0.1 7733 (9850)
2 5000/1 53 52 <0.1 10547 (14300)
3 10000/1 24 23 <0.1 9062 (12440)

@ Reaction conditions: 20 bar H,, 25 %C, 0.25 h. ® Average values over the duration of the reaction, expressed as
moles of substrate converted per moles of Rh in the catalyst per hour (TOF) or as moles of substrate converted
per moles of surface Rh atoms per hour (cTOF, in parenthesis).

The recycling of the catalytic RNNP-TPPO@CCM-C latex was evaluated in two series of
experiments at a fixed styrene/Rh ratio of 5000/1, by extracting the reaction products with diethyl
ether or toluene, respectively, prior to the addition of a new batch of substrate for the next catalytic
run. The extraction protocol was identical to that used in the previously reported recycling studies with
the RhNP-TPP@CCM-C [40] and with the molecular Rh'-TPP@CCM [37] catalytic systems. The first
catalytic runs yielded styrene conversion of 53% in 0.25 h. However, a gradual decrease in conversion,
from 53% to ca. 9-15%, was witnessed after the fifth run for both series of recycles, using either toluene
or diethyl ether for product extraction (Figure 5a). The ICP-MS analyses showed only a cumulative loss
of ~2% of the catalyst inventory after the five catalytic runs when using diethyl ether as extraction
solvent, indicating that the activity decrease was not caused by metal leaching and mechanical loss of
latex. Moreover, after catalyst separation, whether toluene or diethyl ether was used as the extraction
solvent, the organic phase was completely transparent and colorless while the aqueous phase
remained grey, thus indicating the retention of the RhNPs in the CCM-C latex. In both cases, the TEM
images obtained for the RhNP-TPPO@CCM-C catalyst after the fifth run evidenced a preserved
confinement of the RhNPs in the CCM-C cores with well dispersed RhNPs. These results indicate that
the interaction of the RhNPs with the core-linked TPPO ligands is sufficiently strong to retain them
within the hydrophobic CCM-C cores, validating the initial hypothesis of the superior efficiency of
oxygen-coordinating ligands. Though an artifact cannot be ruled out due to the less defined polymer-
embedded RhNPs, a notable change was an increase of the particle size (from 1.5+ 0.4 nmt0 2.2+ 0.9
nm after the fifth catalytic run). This may indicate a slight growth or aggregation of the NPs. However,
given that the standard deviation value is larger than the size change (0.9 nm vs. 0.7 nm), the NPs can
also be considered as to be in a similar size range, thus the interpretation of the activity drop as a result
of a size change does not appear satisfactory.
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Figure 5. Reuse of RANP-TPPO@CCM-C in five catalytic reactions of styrene hydrogenation (a) with intermediate
product extraction by diethyl ether (blue) and toluene (red), (b) with product extraction by diethyl ether under
argon with and without intermediate treatment with H2 (20 bar H,, 25°C, 1 h). Reaction conditions: styrene/Rh =
5000/1, 20 bar H,, 25°C, 0.25 h.

Given that no significant metal leaching was detected and that no substantial NP agglomeration
that may lead to loss of active surface was observed, progressive passivation of the RhNPs surface by
rhodium oxide formation could be responsible for the decrease in catalytic performance over
subsequent recycles. To verify this hypothesis, the catalyst recycling with product extraction by diethyl
ether was completed under an inert argon atmosphere. In addition, the recovered RhnNP-TPPO@CCM-
C phase was treated with H, (20 bar H,, 25°C, 1 h) prior to each catalytic run, to remove any rhodium
oxide layer. Despite these precautions in the recycling experiments, the styrene conversion still
decreased to 10% along the five runs (Figure 5b). The similarity of these results to those achieved
without inert atmosphere and reductive treatment (Figure 5a), suggests that passivation of the RhNPs
was not the unique reason behind the decrease in the activity. A reduction of the anchoring TPPO
ligands to TPP by H,, catalyzed by the RhNPs, is another possible hypothesis to explain the observed
activity decrease, assuming a lower activity for RANP-TPP relative to RhNP-TPPO. To assess this
hypothesis, a toluene solution of TPPO- and TPP/pyridine-stabilized RhNPs (TPPO/Rh = 8/1) was
exposed to H; (20 bar) at 60°C for 22 h. A 3'P NMR monitoring of the solution revealed no detectable
TPPO reduction. This result seems to indicate that the TPPO ligands in the CCM-C core most likely
remained unchanged under the conditions of the aqueous biphasic styrene reduction catalysis. The
absence of TPPO reduction to TPP is also indirectly indicated by the demonstrated ability of diethyl
ether to extract the RhNPs from the RhnNP-TPP@CCM-C [40] whereas the TEM analysis hows that the
RhNPs are well-retained in the micellar core. A final working hypothesis is that the stabilizers used for
the ex-situ synthesis of RANPs (TPP/pyridine) partially remained in the TPPO@CCM-C core after loading
and promoted the catalytic activity of the RhNPs, and that the activity gradually decreased as these
stabilizers/promoters were continuously washed out during the work-up for catalyst recovering and
recycling. This hypothesis was tested by washing the fresh RnNP-TPPO@CCM-C latex, after RhNPs
loading, three times with diethyl ether prior to use in catalysis. A GC-MS analysis of the diethyl ether
extracts showed two peaks with MS spectra yielding molecular ions at m/z 112 and 83, respectively.
These peaks match cyclooctane and tetrahydropyridine, respectively, resulting from the
hydrogenation of the COD ligand from [Rh(COD)(u-Cl)]; and of pyridine during the ex-situ synthesis of
the RhNPs [11,22,61]. Subsequently, five subsequent catalytic runs (all reproduced three times) were
carried out (20 bar H,, 25°C, 1 h) (Figure 6). The first catalytic run provided a low conversion of styrene
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(~6%), whereas a constant styrene conversion of ca. 25% was achieved in the following four runs,
corresponding to an average TOF of ~1025 h? (cTOF ~1440 h!). The low conversion in the first run
might indicate that an induction time would be necessary to deblock the active sites and/or the RhNPs
experienced significant changes under catalytic conditions. Comparison of a series of TEM
measurements performed with the diethyl ether-washed catalyst (prior to catalysis) before/after H,
treatment and after the first and fifth catalytic runs (Fig. S10), confirmed that the RhNPs mean size
indeed changed from 4.2 + 0.2 nm to 2.2 + 0.2 nm before and after H, treatment, respectively, and
was further reduced to a static size of 1.8 + 0.1-0.3 nm after the first catalytic run. Thus, the removal
of the stabilizers likely induced a slight size increase or agglomeration of the RhNPs, resulting in lower
catalytic activity, as also previously reported for RhNPs in styrene hydrogenation [38,47], while the
successive H, treatment prompted reconstruction of the NPs possibly aided by the presence of
TPPO@CCM-C. Notably, although a different reaction time was applied (1 h vs. 0.25 h), the styrene
conversion value of ca. 25% obtained after the initial run is comparable to that obtained in the fourth
and fifth recycles performed with intermediate product extraction by diethyl ether (Figure 6). This
suggests that the diethyl ether washings performed between the consecutive catalytic runs (Figure 5)
have a similar effect to those carried out on the fresh RhnNP-TPPO@CCM-C prior to its implementation
in catalysis. This indicates a possible role of the RhNP stabilizers (TPP, pyridine and tetrahydropyridine,
see GC-MS results above) on the hydrogenation of styrene when they are not eliminated by solvent
washings [66—69]. It is also to be noted that, as shown above, the RhNP-catalyzed styrene
hydrogenation in toluene yields a much higher TOF for the RhNPs stabilized by TPP and pyridine
(~36000 h) with respect to other RhNPs synthesized using other stabilizers, under similar
experimental conditions [58]. This highlights that a careful choice of stabilizers to pre-synthesized
RhNPs for their transfer in the CCM-C, or the integration of co-ligands in the cores of CCM-C could be
a way to boost the catalytic performance, but this is out of the scope of the present work.
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Figure 6. Hydrogenation of styrene with RhNP-TPPO@CCM-C after three washings with diethyl ether (run 1) and
recycling of the catalyst in four additional reaction runs with product extraction by diethyl ether and intermediate
H, treatment (20 bar H,, 25°C, 1 h). Reaction conditions: Styrene/Rh = 5000/1, 20 bar H,, 25°C, 1 h.
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Aqueous biphasic hydrogenation with Rh nanoparticles synthesized in a single step within micelles
with a polycationic shell and a cross-linked core functionalized with triphenylphosphine oxide

Given the previous results, a new one-step synthesis approach is described for the RhNP-
TPPO@CCM-C catalyst, which does not require the use of additional stabilizers. The resulting catalyst
has been carefully characterized and applied in the aqueous biphasic hydrogenation of styrene, as well
as other selected substrates such as alkenes, alkynes, and carbonyl compounds.

One-pot synthesis and characterization of RRNP-TPPO@CCM-C

RhNPs embedded in the hydrophobic cores of a stable latex of TPPO@CCM-C were synthesized
in a single step by heating a biphasic mixture containing the aqueous TPPO@CCM-C latex and a toluene
solution of [Rh(COD)(u-Cl)], under H, pressure. This could be performed without any additional
stabilizer or base additive (Table 2, Entry 1) and without the need for a preliminary ex-situ synthesis of
the RhNPs (as previously reported [70]). Comparative syntheses were also carried out in the presence
of a base such as pyridine or NEt; (Table 2, Entries 2 and 3, respectively), which can assist the reaction
by trapping the HCl produced during the reduction of Rh' to Rh?, in addition to potentially contribute
to the RhNP stabilization [40,70]. After the synthesis and phase separation, all three produced RhNP-
TPPO@CCM-C latexes were black, signaling the successful formation and confinement of RhNPs in the
core of the CCM:s.

Table 2. Synthesis of RANP-TPPO@CCM-C.°

RhNPs average size (nm)

Entry Base Molar TPPO/Rh/Base ratio
Before catalysis After catalysis
1 - 4/1/0 1.7+0.2 1.9+0.6
2 Pyridine 4/1/4 2.910.6 3.1+0.1
3 NEt; 4/1/4 2.1+0.1 1.8+0.2

@Reaction conditions: 20 bar H,, 20 h, 60 °C, toluene, 1200 rpm.

TEM analyses confirmed the successful incorporation of the RhNPs in the TPPO@CCM-C in all
cases (Figure 7). The RhNPs synthesized without base (Entry 1) showed a particularly narrow size
distribution with a mean diameter (d.,) of 1.7 £ 0.2 nm. On the other hand, the RhNPs produced in the
presence of pyridine or NEt; (Table 2 Entries 2 and 3, respectively), were found agglomerated and with
slightly larger average diameters (dm = 2.9 £ 0.6 nm and d, = 2.1 £ 0.1 nm, respectively, Figure 7).

When using only molecular TPPO (i.e. not linked to the CCM support) as a stabilizer under the
same reaction conditions (toluene, TPPO/Rh = 4/1, 20 bar of Hy, 60 °C, 1200 rpm, for 20 h) and no base
additive, a black colloidal suspension of RhNPs was also obtained. These RhNPs were also found to
have a slightly larger average diameter (dm = 2.4 + 0.2 nm) than those embedded in the TPPO@CCM-
C latex obtained without a base and were relatively well dispersed (Figure 8).
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Figure 7. TEM images of the three one-pot-synthesized RhNP-TPPO@ CCM-C latexes (left), and corresponding
RhNP size distribution (right), obtained (a) without base, (b) with pyridine and (c) with NEt;.
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Figure 8. TEM image of RhNPs obtained using only molecular TPPO as a stabilizer (TPPO/Rh = 4/1) with the
corresponding size distribution (d, = 2.4 + 0.2 nm). Reaction conditions: toluene solution, 20 bar H,, 60 °C, 20 h.

Furthermore, when treating a [Rh(COD)(p-Cl)]2 solution in toluene under an H; pressure in the
absence of any polymer, stabilizer, and base, only large agglomerates were produced under the same
reaction conditions (Figure 9).
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Figure 9. TEM image of Rh agglomerates generated in the absence of stabilizers. Reaction conditions: toluene
solution, 20 bar H>, 60 °C, 20 h.

The smaller size of the RhNPs in the TPPO@CCM-C obtained from the base-free one-pot
procedure may result from a more efficient stabilization in the polymer, due to the combined
interaction with the oxygen lone pairs of TPPO ligands in the CCM-C core and n-electrons of the phenyl
groups in the styrene monomers. The confinement effect may also provide an improved rate of
nucleation, resulting in a greater number of NPs and a consequent decrease in their average size
[18,58,71-77]. In principle, the nucleation may predominantly occur either within the CCM cores or in
the bulk toluene phase, followed by migration and anchoring within the CCM cores. Since small-sized
NPs (dm = 2.4 £ 0.2 nm) were generated in the presence of molecular TPPO in the toluene phase, even
without base, whereas large agglomerates were generated in toluene without stabilizer, it seems likely
that faster nucleation occurred within the CCM-C cores that contain TPPO ligands.

TG/DSC analyses of the TPPO@CCM-C and RhNP-TPPO@CCM-C polymers were further
performed under N, to examine their relative thermal stability (Figure 10). The TPPO@CCM-C sample
showed an initial decomposition phase at 239 °C (ca. 20 wt.% loss), followed by a gradual weight loss
at higher temperatures with a peak at 413 °C (total weight loss ca. 88 wt.%). The RhNP-TPPO@CCM-C
sample, on the other hand, exhibited an initial degradation phase at a higher temperature (264 °C, ca.
50 wt.% loss) and a lower total weight loss (77 wt.%) with a second peak at 403 °C, suggesting an effect
of the RhNPs on the decomposition of the Rh loaded polymer. The thermal stability of the RhNP-
TPPO@CCM-C latex was insufficient to perform further investigations of the RhNPs active sites by
conventional techniques such as carbon monoxide temperature-programmed desorption (CO-TPD),
which requires high temperatures for the CO desorption [78,79] and may be affected by the polymer
degradation.

To further corroborate the interaction between the polymer and the RhNPs, ATR-FTIR spectra
of TPPO@CCM-C and RhNP-TPPO@CCM-C were compared to that of molecular TPPO (Figure 11). The
strong P=0 stretching band of TPPO (1182 cm) [80] was quite evident in TPPO@CCM-C, and a P=0
signal was also visible in RANP-TPPO@CCM-C, but this band was broad and redshifted (~1180-1140
cm™). This likely indicates that the P=0 group is bound to the RhNP surface, as also previously observed
for other metal-coordinated TPPO ligands [81,82].
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B L - ~
II | .".' I"f\i- I "
| | /] i | : | |
l. oy | |
| Solid residue after TGA | 1182+ |4 1330 | |
3
e
|— II.h-'lF‘PD_é_ﬂ:_CM-C |
b 1|
) AR YA LNy ,“!
e \\ V | .
TPPOBCOM-C 1aan-—s ||
e | e =
W "'-.!I.:'-,._w_-)-‘J Ilr;qr(\‘__.- -—-'-“—..I. P T '-"'\-_\‘_.—"'\I ",I
g 1182 il 1120 III I'I | i
il
T L] 1
2000 1600 1200 800
cm™?

Figure 11. ATR-FTIR spectra of TPPO@CCM-C (red), RhNP-TPPO@CCM-C (blue), solid residue after TGA (black),
and molecular TPPO (green), in the range of 700-2000 cm™.

In line with this, XPS analyses performed on the TPPO@CCM-C and RhNP-TPPO@CCM-C systems
indicated also a shift in binding energy in the presence of RhNPs in the core of the TPPO@CCM-C
polymer, which is particularly notable for the O1s excitation (AE = 0.58 eV), further supporting the
existence of RhNPs-polymer interactions in RhnNP-TPPO@CCM-C.
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Aqueous biphasic hydrogenation with RhNP-TPPO@CCM-C

Hydrogenation of styrene without base additive

Using the RhANP-TPPO@CCM-C latex produced in the absence of base, an initial series of catalytic
runs with different reaction times were carried out at 25 °C, 20 bar of H; pressure and stirring of 1200
rom to limit external mass transfer, with a styrene/Rh ratio of 5000/1 (Figure 12). A complete
conversion of styrene was reached after 2 h corresponding to an average TOF of 3000 h* (cTOF 4300
h1).

100 -
80+
E 60 - — st
5 ——t8
S 401 ——ECH
20-
0- A

T T T T

00 05 10 15 20
Time (h)

Figure 12. Time plot for the aqueous biphasic hydrogenation of styrene using RhNP-TPPO@CCM-C prepared
without base. Reaction conditions: styrene/Rh = 5000/1, 20 bar H,, 25 °C, 1200 rpm.

Additional catalytic runs with a fixed reaction time of 0.25 h and different styrene/Rh ratios
yielded the results reported in Table 3, Entries 1-3. The system showed excellent selectivity (>99%)
towards the formation of ethylbenzene (EB) with formation of only trace amounts of the fully
saturated product ethylcyclohexane (ECH), as also previously described for styrene hydrogenation
using other RNNP-CCM catalysts [40,70]. Moreover, phase separation was fast in all reactions (< 3 min),
facilitating product separation and catalyst recovery, as already observed for other aqueous biphasic
applications of nanoreactors featuring the same outer shell (CCM-C) [37,40,70].

Hydrogenation of styrene was also performed with the same RhNP-TPPO@CCM-C latex at
higher temperatures (30 °C-55 °C) with a styrene/Rh ratio of 5000/1 (Table 3, Entries 4-7). At 55°C, a
conversion of 83% could be obtained after 0.25 h, yielding a very high average TOF of 16100 h! (cTOF
23600 h).

The more moderate conversions obtained in the 25-35 °C range allowed to estimate an apparent
reaction activation energy (E.) of 69 £ 6 kJ/mol from an Arrhenius plot (Figure 13) which is comparable
to the E, obtained for the gas-phase hydrogenation of styrene [83]. However, at higher reaction
temperatures the apparent E, decreased to 4 £ 1 kJ/mol, indicating diffusion limitations (internal mass
transfer).
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Table 3. Hydrogenation of styrene using RhNP-TPPO@ CCM-C preprared without base.®

Molar Selectivity (%)

Entry  styrene/Rh T¢0) Conversion TOF (c.:':’OF)I°
ratio (%) B ECH (h)

1 2000/1 25 82 >99 <0.1 7800 (11500)
2 5000/1 25 21 >99 <0.1 4500 (6500)
3 10000/1 25 8 >99 <0.1 3000 (4450)
4 5000/1 30 35 >99 >0.1 8000 (11600)
5 5000/1 35 58 >99 <0.1 11200 (16400)
6 5000/1 45 65 >99 <0.1 12900 (19000)
7 5000/1 55 83 >99 <0.1 16100 (23600)

? Reaction conditions: 20 bar Hz, 25 C, 0.25 h, 1200 rpm. ® Corrected TOF (cTOF) calculated by considering only
the surface Rh atoms (see Experimental Part). EB: ethylbenzene, ECH : ethylcyclohexane.
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Figure 13. Arrhenius plot of the hydrogenation of styrene using RhNP-TPPO@CCM-C prepared without base.
Reaction conditions: styrene/Rh = 5000/1, 20 bar H,, 0.25 h, 1200 rpm, accuracy of temperature measured with
+0.5-1 °C.

The RhNP-TPPO@CCM-C latex recycling was further evaluated for a series of runs with a
styrene/Rh ratio of 5000/1 and 0.25 h of reaction time with intermediate product extraction by diethyl
ether (Figure 14). The extraction procedure was similar to that previously applied to recycle the RhNP-
TPP@CCM-C and RhNP-TPPO@CCM-C latexes [37,40,70], as well as the latex of the molecular Rh'-
TPP@CCM [37,40]. A rather constant styrene conversion of ca. 21%, corresponding to an average TOF

169



Chantal Joseph Abou-Fayssal ESR9

of ~4500 h! (cTOF of 6500 h!), was obtained over the six consecutive reaction runs, but only when the
recovered catalyst system was reactivated with H; (20 bar, 1 h, 25 °C) prior to addition of new batch
of substrate. A recycling experiment without this reactivation treatment gave erratic results, possibly
because of passivation of the RhNPs by surface oxide layer formation during the work-up recycling
procedures [58,65,70]. A TEM analysis (Figure 15) on the recovered latex after run six showed that the
RhNPs remained well-dispersed, with a similar size distribution (1.9 + 0.6 nm) as prior to catalysis (see
Table 2).
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Figure 14. Reuse of RhNP-TPPO@CCM-C catalyst in six catalytic runs of styrene hydrogenation with product
extraction by diethyl ether and intermediate H, treatment (20 bar H,, 25 °C, 1 h, 1200 rpom) and product extraction

by diethyl ether. Reaction conditions: Styrene/Rh = 5000/1, 20 bar H,, 25 °C, 0.25 h, 1200 rpm.
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Figure 15. TEM image of RhNP-TPPO@CCM
corresponding size distribution (d, = 1.9 + 0.6 nm) (right).

A reference hydrogenation experiment was carried out under the same conditions using a
toluene phase of the TPPO-stabilized RhNPs as catalyst (20 bar of Hy, 25 °C, styrene/Rh = 10000/1, 0.25
h). This resulted in a styrene conversion of 53% (average TOF ~20000 h, cTOF 21500 h'!) with >99%
of EB selectivity. Using EB as substrate under the same reaction conditions yielded only 0.6% of ECH,
confirming the high selectivity of the TPPO-stabilized RhNPs under these mild reaction conditions. The
cTOF decreased from ~21500 h! for the reaction carried out with the RhNP-TPPO/toluene catalytic
system to ~6500 h! for that conducted with the RANP-TPPO@CCM-C/biphasic system, which indicate
that the latter was influenced by internal mass transport restrictions of the styrene substrate and/or
the EB product.
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Hydrogenation of styrene with base additive

The RhNP-TPPO@CCM-C latexes obtained in the presence of pyridine (Table 2, Entry 2) or NEt;
(Table 2, Entry 3) were also evaluated for styrene hydrogenation, after extensive prewashing with
diethylether prior to the first catalytic run (Figure 16).

I R NP-TPPO@CCM-C with pyridine
I RHNP-TPPO@CCM-C with pyridine®
I RbNP-TPPO@CCM-C with NEt,
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Figure 16. Reuse of the RhNP-TPPO@CCM-C latexes prepared with base additives in styrene hydrogenation with
intermediate H, treatment (20 bar H,, 25 °C, 0.25 h, 1200 rpm) as well as product extraction by diethyl ether.
Reaction conditions: Styrene/Rh = 5000/1 (*6500/1), 20 bar H,, 25 °C, 0.25 h, 1200 rpm.

When using the RhNP-TPPO@CCM-C latex prepared with NEts, the first catalytic run yielded a
styrene conversion of ~10%, but the subsequent runs converged to a stable conversion of ca. 25-30%.
Similar difference between the first and consecutive reaction runs were reported for the RhNP-
TPPO@CCM-C latex obtained by transfer of ex-situ synthesized RhNPs [70] as well as other studies
using NEts [58]. This can be explained by an induction time, possibly resulting from restructuring of the
RhNPs surface under catalytic conditions which produced more catalytically active sites and
consecutive higher conversion. On the other hand, the RhNP-TPPO@CCM-C latex prepared with
pyridine showed much higher activity (conversion of ca. 97%), with an average TOF of ~18200 h™ (cTOF
40000 h) in the first run. However, the activity steadily decreased over the subsequent runs, most
likely as a consequence of the continuous removal of adsorbed pyridine from the RhNPs surface during
the successive recycling treatments that involve diethyl ether extractions. This result is analogous to
that shown by the RhNP-TPPO@CCM-C latex obtained by incorporating the ex-situ synthesized RhNPs
with stabilization by TPP and pyridine as stabilizers [70], and confirms that the presence of pyridine
has a beneficial effect on the RhNPs catalytic activity, that might be due to a cleaner Rh surface as the
result of less chlorides, present in the organometallic dimer, that may be better eliminated. The
intimate reason for this promotion effect is currently unknown. Interestingly, when the catalyst
recyclability was performed with a higher styrene/Rh ratio of 6500/1, the activity dropped in the first
run (as expected) to an average TOF of ~10000 h* (cTOF 23000 h?), and the system proved less stable
compared to the RANP-TPPO@CCM-C synthesized in one-pot without base (Figure 17). A potential
factor that influences the results may be alterations in internal mass transfer limitations, which are

171



Chantal Joseph Abou-Fayssal ESR9

likely to be more significant when the St/Rh ratio is higher (St/Rh = 5000/1 vs 6500/1). Additionally,
TEM analyses of the recovered latexes synthesized in the presence of pyridine or NEt; showed similar
dispersion and RhNPs size distributions after the fifth catalytic runs (3.1 £ 0.1 nm and 1.8 £ 0.2 nm, for
pyridine and NEt; respectively, Figure 17) as prior to the first catalytic runs (2.9 £ 0.6 nmand 2.1+ 0.1
nm for pyridine and NEts respectively) (see Figure 7).
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Figure 17. TEM images and (overlayed) the corresponding size distributions of spent RhNP-TPPO@CCM-C
prepared with (a) pyridine (Table 2, Entry 2) and with (b) NEts (Table 2, Entry 3).

Hydrogenation of styrene in the presence of Hg

To examine whether the RhnNP-TPPO@CCM-C latex (synthesized without base) also contained
catalytically active Rh' species in addition to RhNPs, a styrene hydrogenation experiment (styrene/Rh
=5000/1) was also carried out in the presence of a large excess of Hg (Hg/Rh = 500/1), which is known
to poison and deactivate the RhNPs[84]. No significant styrene conversion was observed (<0.1%) after
0.25 h of reaction, suggesting that no Rh'is present in the TPPO@CCM-C core. A control TEM analysis
of the recovered latex after the catalytic run with Hg (Figure 18) still showed the presence of small
RhNPs in the polymer, but with a larger average diameter (ca. 2.7 £+ 0.1 nmvs. 1.7 £ 0.2 nm) than prior
to catalysis, along with much larger particles (average size 16 + 5 nm) that can be attributed to
nanoscopic Hg droplets. The increase in the apparent size of the RhNPs could result from the formation
of a Hg-Rh amalgam at the surface of the RhNPs [84,85]. This result indicates that Hg is able to cross
the CCM hydrophilic shell.
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Figure 18. TEM images (left) of a) RhNPs and b) Hg particles and the corresponding size distributions (right) RhNPs
(dm = 2.7 + 0.1 nm; left) and Hg particles (dn, = 16 + 5 nm; right) in RANP-TPPO@ CCM-C.

Hydrogenation of other substrates

Lastly, the applicability of the RhnNP-TPPO@CCM-C latex synthesized without base was screened
for the aqueous biphasic hydrogenation of other substrates, including selected aromatics, alkenes,
alkynes and carbonyl compounds (substrate/Rh = 5000/1; performed with neat substrate and not
optimized) (Table 4). The results confirmed a rather high hydrogenation activity (average TOFs of 1000-
1100 ht) and high selectivity towards the reduction of both double and triple carbon-carbon bonds in
phenylacetylene (Entry 1) and 4-vinylpyridine (Entry 3). The catalytic activity was, however,
significantly lower than for styrene under similar reaction conditions (cTOF 4500 h'; see Table 4).
Highly sterically hindered Z-stilbene (Entry 2) and the aliphatic a,pB-unsaturated substrate (E)-hex-2-
enal (Entry 5) were only hydrogenated to a low extent under the applied conditions. Also, the carbonyl
group of the aliphatic compound 5-nonanone (Entry 4) was hardly hydrogenated, whereas the cyclic
(and activated) a,-unsaturated substrate 2-cyclohexen-1-one (Entry 6) yielded a good conversion
(cTOF of 1000 h) with high selectivity (63.7%) to cyclohexanol, and acetophenone (Entry 7) showed
an even higher conversion (cTOF of 3000 hl), with a nearly quantitative selectivity toward
phenylethanol (>99%). Notably, no significant hydrogenation of the aromatic ring was observed in any
the reactions. Overall, the non-optimized results obtained during the screening clearly indicate the
potential of the RNNP-TPPO@ CCM-C catalyst synthesized without base for the hydrogenation of other
types of unsaturated substrates than styrene.
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Table 4. Aqueous biphasic hydrogenation using Rh-TPPO@CCM-C.°

Products / Average
Substrate / ..
Entry . b Selectivity cTOF
Conversion (%) b 1
(%) (h™)
=
= AN
1 1100
30 77.6 22.4 <0.1
“C B
Mehale
<0.1 nd nd nd
7 7
X X
3 | | 3200
~ —
N N N N
79 96.8 nd nd
o] OH
<0.1 nd
M\/ NN AN~ NN
5 o} 0] HO HO )5
<0.1
0] OH OH
27 349 63.7
0]
86 <0.1 <0.1

9Reaction conditions: Substrate/Rh = 5000/1, 20 bar H,, 25 °C, 0.25 h, 1200 rpm. ® Conversions and selectivities
determined by GC-FID. Product identification confirmed by 'H NMR (Entries 4 and 5) and GC-MS (Entry 3). nd
= not detected.

Conclusion and perspectives

The aim of this PhD project was to develop new methods for efficient confinement of metal
nanoparticles (MNPs) in polymeric core-crosslinked micelle (CCM) nanoreactors, with both cationic
and anionic shells, for application of the resulting MNP@CCMs latexes in aqueous biphasic
hydrogenation. To this end, novel core-crosslinked micelles functionalized with triphenylphosphine
oxide and a polycationic shell were developed by extension of a previously optimized RAFT
polymerization approach.
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The first attempt to produce RhNP-TPPO@CCM-C consisted in loading the TPPO@CCM-C
micelles with [Rh(COD)(u-Cl)];, in order to generate a core-anchored [RhCI(COD)(TPPO@CCM-C)]
complex that could be reduced to RhNPs by H,, following the same procedure as previously developed
to get RhNPs embedded in TPP@CCM-C. This proved unsuccessful, indicating that the formation of a
Rh-TPPO@CCM-C complex by cleavage of the di-u-Cl-bridge moiety in [Rh(COD)(u-Cl)], was not
favorable in the polymer core under the applied conditions. Given that, an alternative strategy
involving ex-situ synthesis of RhNPs using TPP and pyridine as stabilizers, affording ultrasmall RhNPs,
and their subsequent transfer to the TPPO@CCM-C nanoreactors was envisaged. This strategy allowed
the successful transfer of the RhNPs to the TPPO-functionalized cores. Although the resulting RhNP-
TPPO@CCM-C latex proved effective in the aqueous biphasic hydrogenation of styrene, with only 2%
of catalyst leaching, a gradual extraction of the TPP and pyridine ligands used for the ex-situ RhNPs
synthesis during the work-up between recycles, induced a steady decrease of the catalytic activity.
Nevertheless, a stable catalyst phase was obtained after preliminary extensive washing and an initial
reaction run, yielding a TOF of ~1025 h'! (cTOF ~1440 h!), over several recycles.

To improve the system, a new approach has been developed consisting of a one-pot synthesis
of RNNP-TPPO@CCM-C catalyst, which does not require the use of additional stabilizers. The produced
RhNPs were smaller in size (1.7+ 0.2 nm) than their analogs synthesized under similar conditions in the
presence of only TPPO as stabilizer (2.4 £ 0.2 nm). This difference underlines the positive confinement
effect on the RhNPs size, which leads to smaller NPs. The new catalyst demonstrated very good
catalytic activity (cTOFs of 4500-16000 h) and full selectivity in the hydrogenation of neat styrene to
ethylbenzene under mild conditions (20 bar H,, 25-55 °C). The catalyst was also applicable for the
hydrogenation of other unsaturated substrates under similar reaction conditions, including alkynes
and carbonyl compounds, making the RhNNP-TPPO@CCM-C latex highly attractive for aqueous biphasic
catalysis including catalyst recycling. The overall obtained catalytic results with RANP-TPPO@CCM-C
showed that the nature of the core-functional ligands of the polymer micelles is a key parameter to
improving the stability and the recycling of the catalytic latex.
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Immobilization of Ruthenium Complexes on Supports. Applications in
Catalysis

Introduction

Immobilized catalysts play a key role in advancing modern and sustainable chemistry, by means
of anchoring a catalyst onto supports to facilitate its recovery, recycling, and reuse [1]. This approach
offers several advantages, including the potential for enhanced catalyst activity, ease of handling and
recovery through straightforward procedures, and the ability to reduce metal contamination in the
final products [2,3]. With the ultimate goal of obtaining novel supported ruthenium complexes for their
application in catalytic reactions, this Thesis has focused on the development of
polyphosphorhydrazone-based (PPH) Janus dendrimers for grafting Ru-complexes and their
applications in catalysis; and the preparation of novel Ru-NHC complexes and their immobilization on
dendrimers and MOFs for olefin metathesis catalysis.

Bearing the previous approach in mind, one of the key objectives of this dissertation was the
development of phosphorus Janus dendrimers as innovative catalyst supports. These novel dendrimers
were expected to bridge the gap between homogeneous and heterogeneous catalysis, leading to the
synthesis of a system that would behave as a homogeneous catalyst but possesses the recoverability
and reusability possibilities of a heterogeneous approach [4]. Specifically, this project also aimed to
immobilize ruthenium pre-catalysts onto the structure of phosphorus Janus dendrimers for
applications in environmentally friendly solvents such as water. To achieve this, novel ruthenium
complexes with unsymmetrical NHC ligands are synthesized, incorporating functionalities that enable
their coupling to phosphorus Janus dendrimers. Simultaneously, these Janus dendrimers are designed
to incorporate polyoxyethylenated chains to enhance water solubility, along with specific functional
groups enabling the immobilization of the desired ligand/metal pre-catalyst. The synthesis of
phosphorus Janus dendrimers is pursued through dendron synthesis and coupling procedures, to
establish a comprehensive protocol for grafting dendrimeric halves. The prepared dendrimers will be
assessed for their ability to immobilize ruthenium pre-catalysts, and the dendritic effect on the catalytic
entity's activity and selectivity will be analyzed.

Furthermore, the versatility of both Ru-NHC complexes and phosphorus Janus dendrimers is set
to be explored in parallel projects. In this context, the dendrimer capacity to graft alternative
ruthenium complexes and their performance in environmentally friendly solvent catalysis will be
evaluated. This evaluation also aimed to compare the catalytic performance —in terms of activity,
efficiency, and recyclability of these systems— with single, non-immobilized versions of the same
catalysts. Concurrently, the immobilization of Ru-NHC metathesis catalysts on heterogeneous supports
(MOFs) was planned to assess their suitability for developing alternative approaches to catalytic system
development.

Synthesis of modified PPH Janus dendrimers for induced solubility in water
The initial part of this Thesis was dedicated to the synthesis of innovative PPH Janus dendrimers
[5], designed to incorporate water-soluble PEG moieties on one side of the structure while featuring

functional -P(S)Cl, groups for ligand/metal pre-catalyst integration on the opposite side (Figure 1). In
this context, the synthesis of dendrimeric structures imparting dual properties to the final structure
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was envisioned to achieve the first-ever reported functional metal@dendrimer system for catalysis
with documented applications. To achieve this, phosphorus dendrimers were crafted employing two
distinct dendron structures. Each dendron bore either an acetylene or azide group at the core level to
enable subsequent coupling. These dendrimers were grown up to the second generation, and the
desired Janus dendrimer was then created through click chemistry, which facilitated the fusion of the
two targeted dendrons by forming a 1,2,3-triazole.

.fN_rJI cl ;
R=INsP3) O—Q—/ P - .
g’ 5 '
0
G, dendron p /@’ ok
#0

: ¢y tailloring to anchor
_F"“r! the target compounds

5

Ligand f pre-catalyst
&  Solubility modulation moiety

Figure 28. Schematic representation of the goal Janus dendrimer, bearing PEG chains to provide water solubility
on one side (right, blue), and a grafting point for the incorporation of ligands/metal complexes (left, orange) for
its use in supported aqueous catalytic reactions.

The synthesis of dendrons commenced with the preparation of the desired azide and acetylene
derivatives, which were developed as phenol-based structures due to the well-documented reactivity
of phenols with PPH dendrimers. In particular, the synthesis of 4-(2-azidoethyl)phenol (2) and 4-(prop-
2-yn-1-yloxy)phenol (3) was performed following previously reported methodologies [6-8]. Having
successfully obtained the two desired azido and acetylenic phenol derivatives, the next step in
synthesizing the dendrons was to introduce 2 and 3 to the hexafunctionalized dendrimer core (N3P3Clg)
to create the monosubstituted cores (Scheme 1, top). Specifically, the methodology explored for
dendron synthesis aimed at preparing ABs-type dendrons, wherein one functionality at the core level
would differ from the remaining five [9]. In the context of the dendritic systems of interest, this meant
that the substitution of the core was carried out in such a way that five functionalities were employed
for dendrimer growth, while the sixth functionality was the azide or acetylene derivative (compounds
2 and 3). This method involved the introduction of the azide/acetylene derivative initially, followed by
the subsequent penta-substitution with 4-hydroxybenzaldehyde in a second step.

In this regard, the synthesis of the azido and acetylenic dendrons was pursued as shown in
Scheme 1. First, the monosubstituted core derivatives 4 and 5 were synthesized by a selective
monosubstitution reaction of one P-Cl bond from the N3PsCls core, and these structures were used as
the starting building block for the creation of the dendron structures following the previously
established methodologies by Caminade and Majoral [9,10]. The methodology consisted of the
reaction of the remaining five P-Cl bonds with 4-hydroxybenzaldehyde to form the Go’ dendrons,
followed by the reaction of the terminal aldehyde groups from the Gy’ dendrons with N-
methyldichlorothiophosphorhydrazide (9), which would lead to the obtention of highly
functionalizable —P(S)Cl, groups. This way, first-generation dendrons were prepared for both azide (10-
[G1]) and acetylene (11-[Gi1]) derivatives, which after stepwise synthesis also were crafted to the
second generation (for the azide derivative 13-[G;], Scheme 1, bottom), leading to the obtention of a
compound with twenty P-Cl surface functionalities.
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Scheme 56. Overview of the synthetic approach performed for the synthesis of PPH ABs-type dendrons bearing
either azide or acetylene groups at the level of the core, up to the second-generation structures.

Upon synthesis of dendrons up to the second generation, the focus shifted towards developing
a dendron that could induce solubility in water, by the introduction of PEG chains. To achieve this
objective, the synthesis of 14 (4-(2-(2-(2-methoxyethoxy)ethoxy)-ethoxy)phenol) was undertaken for
the later surface modification of 10-[G1] azide dendron. PEG-modified phenol 14 was synthesized in
two steps from hydroquinone and 2-(2-(2-methoxyethoxy)ethoxy)ethan-1-ol as previously reported
[11], and later tested for the incorporation onto the dendron structure (Scheme 2). Of interest, phenol
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14 (in slight excess) was dissolved in THF and stirred at 0 °C in the presence of Cs,COs for 2 h before
the addition of 10-[G4], leading to the formation of the desired 15-[G1]-PEG in moderate yields.

Upon synthesis of the desired functionalized dendrons, the preparation of Janus dendrimers was
undertaken by the preparation of a hybrid 13-[G¢’][G1]-PEG dendrimer (Scheme 2) was performed by
reacting the PEG-modified azide dendron 15-[G:]-PEG and the acetylene dendron 8-[Go’] in
stoichiometric amounts by the formation of a 1,2,3-triazole through a “click” copper-catalyzed azide-
alkyne cycloaddition at 45 °C in presence of N,N-diisopropylethylamine (DIPEA) and Cul as catalyst.
Lastly, the final stage in obtaining the desired first-generation Janus dendrimer involved extending the
aldehyde functionalities of 16-[G¢’][G1]-PEG to the full first generation 17-[G1][G1]-PEG (Scheme 2). It
entailed the reaction of 16-[G¢’][G1]-PEG with N-methyldichlorothiophosphorhydrazide 9 in the
presence of anhydrous Na,SO4, as previously described for the growing of dendrons [12]. This led to
the obtention of the targeted Janus dendrimer, bearing ten PEG chains on one side of the structure
and ten P-Cl bonds on the other, ready to be coupled with the corresponding ligand or pre-catalyst of
interest.

10-[G4]
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Cs,CO3 (27.5 equiv.
HO 2CO;3 ( quiv.)

) THF, 0°Cto RT,24 h
14 (11.0 equiv.)

/

o] — N—N

/ \
S TN I a T e S e SN)
5 N s’ 275

8-[G¢'] 15-[G4]-PEG (66%)

DIPEA, Cul
THF, 45°C, 30 h

/
N—N
o Oromoato O o 0oty
N S
Oopare o’ )
) 373 16-[G('][G4]-PEG (66%)

_N.__CI Na,SO,4
CHCI3/THF
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/
N-N
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c NN ﬁN ) 25
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Scheme 57. Overview of the synthetic approach for the synthesis of a first-generation PPH Janus dendrimer 17-
[G1][G1]-PEG by the combination of two dendrons though “click” chemistry.

Synthesis of a Ru(p-cymene)@Janus dendrimer catalytic system

To evaluate the applications of supported ruthenium complexes in catalysis, the next part of the
Thesis was dedicated to preparing a metal@dendrimer system for catalytic applications in water-based
systems. Based on the previous literature knowledge, the idea of preparing a novel Ru@dendrimer
system was conceived. Therefore, the objective was to develop a novel catalytic system through the
immobilization of metal pre-catalysts on the surface of the Janus dendrimer 17-[G:][G:]-PEG.
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Specifically, it was aimed to immobilize [Ru(p-cymene)Cl;]. complexes on the dendrimer surface, based
on the ease of availability of such compound.

The synthesis of the Ru@Janus dendrimer system commenced with the preparation of a
phosphine ligand (4-(diphenylphosphoryl)phenol 21), which would be introduced onto the dendrimer
structure before complexation of the pre-catalyst. This compound was chosen due to the presence of
both a phenol group —which serves as a grafting point for the reaction with 17-[G1][G1]-PEG- and the
phosphine itself, which would be used for the complexation of the ruthenium catalyst. The desired
phenol phosphine 21 was synthesized in three steps from 4-bromophenol (Scheme 3) [13]: first, 4-
bromophenol was derivatized to introduce a silyl protecting group by reaction with TBDMSCI; later,
the conversion into phosphine by a two-step lithiation and phosphination with chlorodiphenyl
phosphine; and lastly, the phenolic OH group was regenerated by deprotection with
tetrabutylammonium fluoride (TBAF) to reach the desired 21 in 84% yield over three steps.

ol
TBDMSCI | J< 1. n-BuLi (1.3 equiv.), S‘I
/©/OH (1.15 equiv.) /©/O‘Si THF, —78°C,2h p
\
Br Et3N (1.15 equiv.) Br 2. CIPPh; (1.0 equiv.)
DCM,0°Cto RT, 3h THF, —78°C to RT, 18 h
18 98% 19 91% 20
(1.2 equiv.)
QT
P TBAF (1.3 equiv.)
THF
0°Cto RT, 18 h

21 94%

Scheme 58. Synthesis of 4-(diphenylphosphoryl)phenol (21) from 4-bromophenol

After the synthesis of 21, the next step involved introducing it to the first-generation Janus
dendrimer 17-[G;1][G1]-PEG (Scheme 4). To prepare the desired phosphine-terminated dendrimer,
standard reaction conditions for the introduction of phenol derivatives to -P(S)Cl,-terminated
dendrimers were employed, allowing the obtention of the desired phosphine-terminated 22-[G1][G1]-
PEG in a moderate 55% vyield after work-up. Lastly, the targeted Ru@dendrimer system was obtained
by anchoring to the phosphine-terminated dendron 22-[G;][Gi1]-PEG a commercially available
ruthenium complex. To accomplish this, [Ru(p-cymene)Cl;], was grafted to the dendrimer through the
complexation ability of the terminal phosphines. As illustrated in Scheme 4, five equivalents of the
ruthenium complex were reacted with one equivalent of dendrimer 22-[G1][G1]-PEG —bearing ten
phosphine groups— in THF at room temperature, following a similar procedure as previously reported
in the literature [14]. The reaction proceeded smoothly, yielding the expected 23-Ru@[G:][G1]-PEG
dendrimer as an orange solid in good yield, which was easily purified by precipitation and further
washings. The newly formed Ru@dendrimer species was fully characterized, with special mention to
the 3'P{*H} NMR, revealing a significant deshielding effect of the terminal phosphine upon
complexation. Furthermore, inductively coupled plasma (ICP) analysis was used for assessing the
ruthenium content in the Janus dendrimer. The analysis demonstrated that the supported 23-
Ru@[G:1][G1]-PEG contained a Ru content of 9.1%, aligning with the calculated theoretical value.
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Scheme 59. Synthesis of a Ru@Janus dendrimer 23-Ru@[G1][G1]-PEG, bearing ten PEG moieties on one side of
the structure and ten Ru(p-cymene) units in the other.

Catalytic tests for the isomerization of allyl alcohols

Dendrimers can have various effects when applied in catalysis, including modifications of
catalytic activity due to the high local concentration of catalysts within dendrimers, effects arising from
catalyst anchoring, potential electronic modifications, and the facilitation of catalyst recyclability and
reusability within dendrimeric systems [15,16]. To properly assess the performance of the novel
immobilized ruthenium complex 23-Ru@[G:][G1]-PEG, it was essential to synthesize analogous
ruthenium complexes for comparison purposes. These novel structures were prepared following the
synthetic approach depicted in Scheme 5, yielding to the obtention of monometallic (26) and bimetallic
(29) structures, designed to mimic the surface of the Ru@dendrimer 23.
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Scheme 60. Synthesis of Ru-complexes 26 and 29, monometallic and bimetallic analogues of the Ru@dendrimer
23, respectively.

Having successfully synthesized a PPH Janus dendrimer system containing Ru(p-cymene)
complexes within its structure (23), along with analogous monometallic and bimetallic species (26, 29),
the next step was to evaluate the catalytic activity of the three prepared complexes. Ru(p-cymene)-
type complexes have been well-documented in the literature for their applications as catalysts in
various processes, including the isomerization of allyl alcohols and the hydration of acetylenes, among
others [17,18]. For the evaluation, the isomerization of allyl alcohols was selected as the target reaction
to assess the performance of the prepared complexes. This reaction typically involves the conversion
of allyl alcohols into ketones or aldehydes through a two-step process that combines oxidation and
reduction, but that is carried out in a one-pot manner using organometallic complexes. The initial
catalytic tests for the novel Ru-complexes were conducted to evaluate their performance for the
isomerization of 1-octen-3-ol to 3-octanone, firstly in conventional organic solvent conditions. In these
experiments, a THF solution containing the substrate S1 (1.0 equiv.), 1,3,5-trimethoxybenzene (used
as an internal standard), and Cs,COs (2 mol%) was prepared (Table 1). The reaction mixture was then
heated to 75 °C, and 1 mol% of the ruthenium catalyst was added. It is worth noting that the same
reaction conditions were applied for all three Ru-catalysts, and the conversion was assessed by gas
chromatography (GC) comparing the crude mixtures with the original samples of substrates and
products.

Table 8. Isomerization of 1-octen-3-ol to 3-octanone at 75 °C catalyzed by complexes 23, 26 and 29 (1 mol%

loading) with Cs,COs (2 mol%) as co-catalyst, under given solvent conditions.
OH [Ru] 1 mol% o

- =
/\/\)\/ Cs,CO;3 (2 mol%) /\/\A/

solvent, 75 °C, t

s1 P1
Entry Catalyst Solvent Time to full conversion [h]?
1 26 - monometallic 3
2 29 - bimetallic THF 1.5
3 23-Ru@[G,][G:]-PEG (10 [Ru]) 1.5
4 26 - monometallic —
5 29 - bimetallic H,0/n-heptane -
6 23-Ru@[G;][G1]-PEG (10 [Ru]) 24

9 Conversion was determined through GC using 1,3,5-trimetoxybenzene as internal standard.
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As anticipated, all three Ru-complexes achieved full conversion within the reported time frames
in the literature (Table 1, entries 1-3) [17,18]. Monometallic complex 26 achieved full conversion after
3 hours of reaction. Remarkably, both the bimetallic complex 29 and the dendrimeric structure 23-
Ru@[G;1][G1]-PEG yielded 3-octanone (P1) in short reaction times (1.5 h). These results were highly
encouraging, as they indicated that the proximity of ruthenium centers could potentially lead to a
cooperative effect, enhancing the efficiency of the reaction.

Following the promising results obtained in organic solvent conditions, the focus was shifted to
utilizing water as the solvent for the catalytic process. Specifically, an n-heptane/water mixture (1:1)
was chosen as the solvent system, considering it a valuable approach to reduce the usage of organic
solvents by incorporation of a sustainable solvent such as water, and benefiting from the possibility of
an easier recovery of the catalyst in biphasic media. Importantly, the presence of an n-heptane/water
mixture resulted in the formation of a biphasic system where: (i) the substrate, product, and the
internal standard resided in the organic n-heptane phase; and (ii) cesium carbonate and the
Ru@dendrimer 23 remained in the water phase making easier its recovering and recycling. Catalytic
tests were conducted following the previously established reaction conditions incorporating the use
of a biphasic solvent system. Aliquots were sampled at specific intervals, and conversion was
determined by GC (Table 1, entries 4-6). The catalytic results revealed that both the monometallic and
bimetallic systems yielded no isomerization product after 24 hours of reaction. Intriguingly, when the
23-Ru@[G:][G1]-PEG catalyst was employed, full conversion was achieved after 24 hours of reaction.

The obtained results were highly positive in terms of the activity of the Ru@dendrimer system.
Notably, a positive dendritic effect was observed for the isomerization of 3-octen-1-ol in both organic
solvent and biphasic mixtures. Particularly intriguing was the use of the biphasic system, where only
23-Ru@[G;][G1]-PEG exhibited catalytic activity for the desired reaction, although activity was
reduced, and long reaction times were required. Lastly, it was decided to investigate the recyclability
of the dendrimeric system, to provide a greener approach to the use of a Ru@dendrimer catalyst. In
this context, a catalytic test was conducted in the biphasic solvent conditions, and the reaction was
allowed to proceed for 24 hours. After reaction time, the organic phase was separated from the
aqueous phase and GC analyses confirmed the full conversion of S1 to 3-octanone in the recovered
phase. Subsequently, a mixture of S1 and 1,3,5-trimethoxybenzene in fresh n-heptane was added to
the water phase containing the Ru@dendrimer catalyst 23. Repetition of this procedure resulted in
the attainment of full conversion of 3-octanone for up to three consecutive runs (Figure 2). Moreover,
the possibility of metal leaching was also investigated. Analysis of Ru content in the organic phase by
ICP revealed no significant leaching, even after full conversion to 3-octenone. ICP results indicated the
presence of less than 0.05% Ru contamination in the sample, confirming the excellent stability of the
catalyst.

Synthesis of unsymmetrical N-heterocyclic carbene (UNHC) ligands bearing a phenol handler

The significance and relevance of olefin metathesis catalysts are closely linked to the
development of N-heterocyclic carbene (NHC) ligands. This connection primarily arises from the
increased stability of Ru-NHC complexes compared to their phosphine counterparts [19]. Additionally,
the ease of adjusting the electronic and steric properties of Ru-NHC complexes by modifying
substituents within their structure further underscores their importance. Consequently, a wide range
of NHC ligands have been developed in the literature, with most featuring symmetrical substituents in
their structure. However, it is worth noting that, while unsymmetrical NHCs (UNHCs) generally exhibit
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lower activity compared to their symmetrical counterparts, they hold promise as an attractive
alternative for applications in non-conventional metathesis processes [20]. In this context, this thesis
focuses on the development of novel uNHC ligands and their corresponding Hoveyda-lI-type
complexes.

100 100 100
100

80

401

Conversion [%]

20

26 29 1 2 3 Runs
23-Ru@[G,][G4)-PEG

Figure 29. Isomerization of 1-octen-3-ol to 3-octanone in n-heptane/water mixture at 75 °C catalyzed by
complexes 23, 26 and 29 (1 mol%), showing a clear dendrimer effect; and recyclability experiments of dendrimer
23 up to three consecutive runs.

Of particular interest is the creation of Ru-NHC complexes featuring functional groups suitable
for attachment to various supports. This includes investigating their incorporation onto dendritic
supports or metal-organic frameworks (MOFs). The selection of appropriate functional groups for the
uNHCs is a critical aspect of this endeavor. To achieve the desired objective, this section aimed to
outline the synthesis of unsymmetrical N-heterocyclic carbenes (UNHCs). These uNHCs were designed
to incorporate a mesityl group on one side and a phenolic group on the other. Furthermore, the
research will explore how the presence of uNHCs influences the reactivity of Ru-NHC complexes, as
well as the impact of temperature and solvent on olefin metathesis catalysis to assess the suitability of
these novel complexes for metathesis catalysis.

The synthesis of the Ru-NHC complexes was started by the synthesis of NHC precursors bearing
the previously mentioned phenolic arm [21]. The synthesis of unsymmetrical imidazolium ligand
precursors 34 and 40 was accomplished using two pathways: through the condensation of N-(2,4,6-
trimethylphenyl)-1,2-diaminoethane with 4-hydroxybenzaldehyde in the presence of a catalytic
amount of formic acid (for 35, Scheme 6), further reduction of the imine 33 to the corresponding
diamine 34, followed by cyclization with triethyl orthoformate to give the NHC precursor 35; or through
simple alkylation of Mes (Mes = 2,4,6-trimethylphenyl)-bearing imidazole with 38 (iodomethyl)phenol
(for 40, Scheme 7).

The synthesis of unsymmetrical N-heterocyclic carbene (UNHC) Hoveyda—Grubbs-type II-
generation complexes involved the exchange of the phosphine ligand of the Hoveyda—Grubbs-type-I-
generation catalyst with a uNHC ligand (Scheme 8). The process included treating the corresponding
ligand precursor (35 or 40) with LIHMDS to generate a carbene in situ, followed by reaction with the
Hoveyda—Grubbs-type-I-generation catalyst. Quenching with 5 equivalents of 4 N HCl in dioxane
"liberated" the OH-group and provided the desired complexes Rul and Ru2 in moderate yields.
Interestingly, in the case of the Ru2 complex, the exchange of CI™ anions at the ruthenium coordination
center to a labile iodide anion from the imidazolium ligand was observed. This phenomenon, known as
"scrambling" [22], resulted in an undefined mixture of Ru2 and Ru3 complexes. To overcome this
obstacle, it was decided to counter-exchange iodide anions to chlorides through treatment with silver
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chloride (1.1 equiv. per Ru2 in DCM at room temperature). This simple transformation yielded the pure
Ru3 complex in practically quantitative yield. The synthesized imidazolium ligand precursors (35, 40)
and catalysts (Rul, Ru3) were fully characterized using a combination of NMR spectroscopy and HRMS
(or elemental analysis), as well as IR spectroscopy. The chemical shifts of benzylidene protons of the
obtained complexes ranged from 16.38 to 16.22 ppm, which is typical for this class of Hoveyda-type

catalysts.
HO
NH, BN~ B HBr (1.1 equiv.)
" 31 (10 equiv) H 6 A0 ¥ P
-0 equiv. N\/\NH N\/\N/\©\
2
toluene :
HCOOH cat), Na;SO4 (2.0 equiv.) OH
reflux, 20 h MeOH, RT,, 24 h
30 32 (71%) 33 (in situ)
2.0 equiv.

NaBH, (5.0 equiv.)
-10°Cto RT, 2 h

TEOF (10.0 equiv.) H
NH4CI (2.0 equiv.)

N\/\N
neat, 110 °C, H/\©\
MW, 100 W, 0.5 h OH
35 (

34

0,
83%) (75% two steps)

Scheme 61. Synthesis of the unsymmetrical NHC ligand precursor 35, bearing a phenolic arm in the structure.

Nal (2.0 equiv.)
@O NaBH, (1.0 equiv.) /@/\OH TMSCI (2.0 equiv.)
_—
HO MeOH, RT, 3 h HO -30°CtoRT, 1h
DCM
54%
6 37 (90%) ’
1 equiv.

o
2) NH4CI (2.0 equl.v.), MW, 85 °C, 150 W T
H2CO(aq,) (2.0 equiv.), toluene, 0.5 h
MeOH, reflux, 1 h
30 3) H3PO4 (1.0 equiv.), reflux, 5 h 39 (38%) 40 (90%)
1 equiv.

Scheme 62. Synthesis of 3-(4-hydroxybenzyl)-1-mesityl-1H-imidazol-3-ium iodide 40.

| OH
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35 Hov-l
1.15 equiv. Ru1 (56%)
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Scheme 63. Synthesis of Ru-NHC complexes Rul and Ru3 bearing a phenolic arm in the structure.
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Following the synthesis and characterization of the phenolic complexes Rul and Ru3, the next
step was to investigate the stability and activity of these complexes in solution. Concerning the stability
studies, complexes Rul and Ru3 were dissolved in deuterated DCM (Cpry =0.02 M) in an argon
atmosphere at room temperature, followed by the addition of 1,3,5-trimethoxybenzene as an internal
standard. The decomposition of the catalysts was quantified using *H NMR spectroscopy with respect
to 1,3,5-trimethoxybenzene, measuring the decrease in the intensity of benzylidene signals in *H NMR
spectra. Unfortunately, the analogous experiment performed in toluene failed due to precipitate
formation. Both synthesized catalysts demonstrated high stability in deuterated DCM at room
temperature, decomposing only 6% and 4% over 10 days (for Rul and Ru3, respectively). Comparing
these results to what was reported previously for structurally related uNHC catalysts shows a positive
effect of the electron-donating OH-substituent in the N-benzyl “arm,” visibly stabilizing the ruthenium
center against decomposition [23].

After the synthesis and stability assessments of Rul and Ru3, the activity and reaction profiles
of these "phenolic" complexes were examined. To do so, the ring-closing metathesis (RCM) reaction of
diethyl diallyl malonate (DEDAM, S2) was evaluated as a model reaction. For this purpose, malonate
$2 was dissolved in DCM or toluene (Cisz; = 0.1 M) and treated with 1 mol% catalyst (Rul or Ru3). The
reaction was monitored through GC to determine the time-dependent conversion of S2. As expected,
similar to the other members of this uNHC catalysts family, both of the studied catalysts were found to
be less active under ambient conditions but sufficiently activated at slightly elevated temperatures
(Table 2). In the case of Rul, the RCM experiment at room temperature in DCM showed a maximum
conversion of 49%, demonstrating a rather moderate activity of the catalyst under ambient conditions.
Similarly, the RCM reaction of malonate S2 was conducted using the unsaturated complex (Ru3). The
outcome of this catalytic run was more positive—the conversion after 24 h reached 79%. When toluene
was used as a solvent at 50 °C, both catalysts showed satisfactory results, driving the reaction to full
conversion. In this case, too, higher activity of Ru3 was observed compared to its saturated congener
Rul.

Table 2. Outcome of the RCM of DEDAM (52) under various conditions (solvent, temperature, and addition of a
Lewis acid) for Rul and Ru3.

Entry [Ru] Solvent Additive Temperature [°C] Conversion [%]?
1 DCM — RT 49
2 Rul DCM B(OEt)s RT 56
3 Toluene - 50 >99
4 DCM - RT 79
Ru3
5 Toluene - 50 >99

9 Conversion assessed by GC using dodecane as an internal standard

Immobilization of Ru-NHC complexes on Metal-Organic Frameworks

Subsequently, we undertook the task of immobilizing the newly synthesized Ru-NHC complexes
onto metal-organic frameworks (MOFs) as heterogeneous supports. For the immobilization of Ru-NHC
on MOFs, the more active Ru3 complex was selected as the candidate for immobilization. Considering
the relatively large size of the Hoveyda—Grubbs-type complexes and the stability of a potential solid
support, (Al)MIL-101-NH; was chosen, which met the aforementioned criteria [24].
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The catalyst Ru3 (approximately 10 w/w%) was dissolved in DCM or toluene (1 mM), followed
by the addition of an appropriate amount of (Al)MIL-101-NH,. After 1 hour of stirring, the mixture was
centrifuged, and the supernatant was examined using spectrophotometric methods to determine the
catalyst concentration in the supernatant. In both DCM and toluene, almost quantitative sorption was
observed (99.2% and 99.4% of the catalyst was absorbed in (Al)MIL-101-NH,, respectively). Since the
catalyst was held inside the MOF by reversible noncovalent interactions, the desorption was the next
step to investigate. To assess the robustness of the catalyst’s immobilization, it was washed the
obtained Ru3@(Al)MIL-101-NH; with toluene and DCM, starting with the less polar toluene. The
material was placed on a G4 filtering funnel with a side argon inlet, and solvents were slowly filtered
through the catalyst@MOF. The supernatants were monitored using UV-Vis. Interestingly, no significant
leaching of the absorbed catalyst from (AI)MIL-101-NH, was observed under these challenging
dynamic conditions—the total amount of Ru3 washed out with toluene (20 mL) and DCM (20 mL) was
less than 10%.

Powder X-ray diffraction (PXRD) studies revealed that the material remained crystalline after
catalyst immobilization, but its porosity, expressed as BET surface area, dropped significantly from 1753
m?/g for pristine MOF to 564 m?/g for Ru3@(Al)MIL-101-NH,.
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-
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'3 | 1
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| 1 - T =
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5 'FTI"D/ Q \\_{; _ o
0. OH; o Nl
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O (ANMIL-101-NH, o RU3I@(ANMIL-101-NH, Rij"c'/i\i
CI".’ =y .

Scheme 64. Approach for the immobilization of Ru3 within the structure of (Al)MIL-101-NH,.

Having successfully immobilized Ru3 within the structure of (Al)MIL-101-NH, and conducted
sorption and leaching experiments, the next step was to test the activity of the newly obtained
heterogeneous catalyst in metathesis, specifically in the model ring-closing metathesis of compound
DEDAM in toluene at 80 °C with 1 mol% of the heterogenized catalyst (refer to Table 3). Based on the
leaching experiment, the less polar medium resulted in negligible desorption from the solid support,
making toluene a more favorable solvent in this case. In comparison to the homogeneous catalysis
discussed earlier, where the conversion was quantitative, the heterogenized system Ru3@(Al)MIL-101-
NH; demonstrated poorer performance. After 24 hours of reaction, only 54% conversion was achieved
under these conditions. Increasing the Ru3@(Al)MIL-101-NH; loading up to 2 mol% did not lead to
increased conversion.

Next, it was decided to test the new system on a set of olefin metathesis substrates with the
standard loading (1 mol%) of Ru3@MOF (Table 4). Surprisingly, excellent results were obtained in the
ring-closing metathesis (RCM) reaction of DATA (S3)—the conversion reached 65% in 3 hours and 91%
in 24 hours. It should be mentioned here that attempts to improve the catalyst performance by treating
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the MOF with dry HCl in Et,O after sorption of the catalyst were attempted. Interestingly, the
conversion of DATA (S3) in the reaction catalyzed with Ru3@(Al)MIL-101-NH,-HCl reached 78% in just
15 minutes, but, unfortunately, did not increase after 24 hours. Disappointingly, the RCM reaction of
the olefin metathesis substrates $3 and S4 conducted in a similar manner (1 mol% of Ru3@(Al)MIL-
101-NH,) resulted in a poorer outcome, giving only 31% and 30% conversion, respectively.

Table 3. Results of the RCM of DEDAM (S2) with Ru3 (homogeneous) and Ru33@(Al)MIL-101-NH;
(heterogeneous) complexes in toluene.

Entry [Ru] Loading [mol%] Time [h] Conversion [%]?

1 3 95
Ru3 1.0

2 24 >99

3 3 53
1.0

4 Ru3@(Al)MIL-101-NH 24 >4

u - -

5 2 3 50
_ 2.0

6 24 51

9 Conversion was determined by GC using tetradecane as internal standard.

Table 4. Results of the RCM reaction of selected dienes $2-S4 using Ru38@(Al)MIL-101-NH, complex (1 mol%)
in toluene at 80 °C.

Conversion [%]?

Entry [Rul@MOF Substrate At solit In filtrate In suspension
spli
P (24 h) (24h)
EtO,C CO,Et
Ru3@(Al)MIL- 26
1 @(Al) s2 26 31
101-NH, N (3h)
|
Ru3@(Al)MIL- i; 65
2 @(Al) - 65 91°
101-NH, 0=8=0 (3h)
N_ S3
/)/ k
Ru3@(Al)MIL- 78
3 @(Al) Y 78 78
101-NH,-HCI 0=8=0 (0.25 h)

e

Ru3@(Al)MIL- 0y©\ 13
4 u3@(Al) Z 14 30
101-NH, N (3h)
S4
)/ k

9 Conversion was determined by GC using tetradecane as internal standard.
b Isolated yield for the compound is 79 %.

In summary, two new unsymmetrical N-heterocyclic carbene (uNHC)-based ruthenium
complexes featuring a phenolic OH function were successfully obtained and fully characterized. The
more active complex was then effectively immobilized on the metal-organic framework (MOF) support.
Desorption studies suggest that the highly porous structure of (Al)MIL-101-NH; provides a favorable
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environment for the non-covalent immobilization of a phenol-tagged ruthenium catalyst. After
immobilization, the Lewis acidic coordinatively unsaturated centers located inside the well-defined
nanoscopic voids in a crystalline framework of the MOF strongly bind the ruthenium complex, resulting
in negligible leaching even in polar solvents, such as DCM. The catalytic activity of this formed
heterogeneous system was unfortunately lower than the activity of the corresponding homogeneous
catalyst in solution; however, it demonstrated catalytic activity in selected olefin metathesis reactions.
We believe that the results reported herein represent a valid proof-of-concept and are the very first
example of catalyst immobilization through phenol-MOF interactions.

Attempts on the immobilization of Ru-NHC complexes on dendrimers

Lastly, we embarked on the challenging task of immobilizing Ru-NHC complexes on PPH Janus
dendrimers. In this regard, the goal was to obtain the first phosphorus Janus dendrimer applicable in
olefin metathesis catalysis, specifically in aqueous media.

To analyze and optimize the reaction conditions for coupling the Ru-NHC complexes and
dendrimers, the initial steps were carried out using a model dendrimer molecule, denoted as MDM 27.
MDM was chosen for its structure, which contains a —P(S)Cl, group that mimics the surface of typical
PPH dendrimers. This characteristic makes MDM an excellent candidate to fine-tune the reaction
conditions for the desired coupling. The synthesis of MDM 27 followed the previously reported
procedure [25], employing conventional conditions for dendrimer systems (Scheme 10). Specifically,
benzaldehyde was subjected to a condensation reaction with N-methyldichlorothiophosphorhydrazide
(9) involving the aldehyde and amino groups, resulting in the formation of 27 as a white solid in 90%
yield.

In line with the extensive research conducted by the group of Caminade and Majoral, it has
been established that MDM 27 can be tailored similarly to dendrimers. Notably, 27 can undergo
reactions with phenols or amines for the substitution of the two chlorides in P-Cl bonds present on its
surface.

|
N N\
©AO . HZN/N‘p:CI N’N‘P:CI
4cl THF/CHCl; gc

0°CtoRT,3h

41 9 27 (90%)
1.0 equiv. 1.5 equiv.

Scheme 65. Synthesis of model dendrimer molecule 27.

The initial attempt to obtain a Ru-NHC@27 complex involved employing the conventional
substitution conditions commonly used for the synthesis of dendrons and dendrimers (illustrated in
Scheme 11a). In this process, model 27 was dissolved in dry THF, and Cs,CO3 and Rul (in a slight excess)
were added. The reaction mixture was stirred at room temperature, and the progression of the reaction
was monitored using NMR spectroscopy. Unfortunately, attempts to obtain the desired product
through this methodology were unsuccessful displaying decomposition products in the NMR mixtures.
Given the preliminary results obtained and considering research conducted by Fogg's group regarding
the bimolecular decomposition of olefin metathesis catalysts when they are in close proximity [26,27],
it was hypothesized that the di-substitution of 27 to Ru4 might have occurred, followed by rapid
decomposition to form dimeric ruthenium species.
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To try to address this issue, the second approach to obtain a Ru@dendrimer structure focused
on the asymmetric substitution of 27 (Scheme 11b). The goal was to incorporate one Ru-complex unit
into 27, resulting in a mono-substituted species 42, and then react it with a nucleophilic agent to
complete the substitution. Model dendrimer 27 was reacted under basic conditions with 1.0 equivalent
of Rul to obtain the corresponding mono-substituted species 42. Subsequently, several nucleophilic
agents (43-45, known to react with dendrimeric structures) were tested for their ability to react with
42 and complete the substitution.

The formation of intermediate 42 was confirmed by NMR spectroscopy, specifically by the shift
of the phosphorus peak in 3'P{*H} NMR to 68.5 ppm, typical for mono-substituted 27-type species.
Following the formation of 42, attempts to introduce the previously mentioned nucleophilic species to
produce the fully substituted model dendrimer were made. Unfortunately, despite using various
compounds as potential nucleophilic agents (such as phenol, isopropylamine, or 2-methoxyethan-1-
amine), none of the attempts resulted in successful formation of the desired Ru@model dendrimer
molecules. Analysis of the reaction mixtures indicated that the introduction of such nucleophilic
species to form disubstituted compounds was not achieved, and the attempts to isolate any
Ru@model dendrimer molecules led to compound degradation.

Cl

(a) Ru=

HOQVN N X/C'

\ ﬁ\ Cs,CO; or Et;N \ C 7 NN

\N’N‘P/Cl . g}C' (5.2 equiv.) \N’N‘P/O \/
1Cl A —_—— o

©/\ S Cl @ THF, RT, 48 h ©/\ S KRS \

27 \< !

. Ru=
1.0 equiv. i
q o
Ru1 Ru4 \(O

2.1 equiv.

(b) 31P{'H} NMR: 68.50 ppm

31p{"H} NMR: 63.41 ppm

\ /
X, ,-N.__CI
| 1 ©/\ N Z\O nucleophile RH
Ru36 (1. v, N 1.0 iv.
< N ol u36 (1.0 equiv.) [)\ o (1.0 equiv.)
©/\N N N7 Sgy=Cl Cs,CO5 or
S Cs,CO; or EtzN 7 0 Et;N (2.5 equiv.)
(2.5 equiv.) ¥ - e
THF or DCM, RT

27 42
1.0 equiv. -

X .N._.R
OH " ©/\N N PSS
2
RH = @ )\ H2N/\/O\ S (\
N
43 44

45

42-disubstituted

Scheme 66. (a) Reaction conditions for the attempt on the synthesis of Ru39; (b) Synthetic approaches
attempted for the preparation of asymmetrically substituted model dendrimer 156 with one unit of Ru36.

195



Joel Cejas Sdnchez ESR 10

The final attempt to prepare Ru@dendrimer structures was inspired by a recent development
described by Grela’s group [28]. In this approach, Ru-NHC complexes were synthesized through the
derivatization a ruthenium complex which already contained a primary alcohol tag in the NHC
backbone.

Therefore, and by applying a similar approach, the synthesis of a Ru-NHC@dendrimer system
involved the reaction of the phenolic Ru-complexes with an acid-terminated model dendrimer. This
acid-terminated model dendrimer, denoted as 48, was synthesized in two steps from 27 (Scheme 12a)
by substitution of 27 with tert-butyl 4-hydroxybenzoate and later hydrolysis of the ester.

The synthesis of Ru-NHC@model dendrimer Ru5 was attempted by combining the approaches
developed for the acid-terminated model dendrimer 48 and the acylation reaction of the "phenolic"
ruthenium complexes. The process is outlined in Scheme 12b. First, acid-terminated model dendrimer
48 was subjected to oxalyl chloride in DCM at -20 °C to generate the acyl chloride derivative 49.
Subsequently, the acyl chloride 49 solution generated in situ was slowly added to a DCM solution of
Ru3, previously treated with an excess of triethylamine for 1 h. The reaction mixture was stirred for a
period ranging from 1 to 16 hours, and its progress was monitored using NMR spectroscopy. The NMR
results indicated the presence of two phosphorus species, as evidenced by two singlets at 60.88 ppm
and 61.24 ppm, which was consistent with the formation of the desired product as well as a second
phosphorus-containing species —either hydrolysis derivatives or decomposition products. However, no
successful means of purification led to the isolation of the desired product. The synthesis of Ru-
NHC@dendrimer Ru5 represented a challenging endeavor, with complications arising during the
purification process. Further optimization and investigation may be required to successfully obtain the
desired product.

x l\‘l _Cl 46 (2.5 equiv.) . TFA/DCM
N ‘ﬁ\CI P H @coztsu
S Cs,CO3 (5.3 equiv.) 2 0°C to RT,
THF, RT, 18 h 18 h
27 47 (76%)

@A\N/N\g{o@w)z

48 (81%)

(COCl), Ru3
48 H Ocom
DCM, Et;N
-20 °c to RT 20 °C, DCM
49

quant.

- “’Nﬁo@%{%*? )
)\

Ru5

Scheme 67. (a) Synthesis of acid-terminated model dendrimer 162 in two steps from 155; (b) Attempt on the
synthesis of Ru42 via acylation reaction from 162 and Ru38.
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Conclusions

The primary aim of this research has been to advance the field of catalysis by developing novel
supported ruthenium complexes. This Thesis has centered on two key objectives: the preparation of
PPH Janus dendrimers to facilitate the grafting of Ru-complexes on their surfaces for catalytic
applications, and the synthesis of innovative Ru-NHC complexes for olefin metathesis, followed by the
immobilization attempts onto dendrimers and MOFs.

In summary, although one of the targeted objectives of this Thesis—immobilization of Ru-NHC
complexes on Janus dendrimers—was not achieved, the development of two unprecedented Ru-
supported systems for catalysis has been unveiled. Specifically, the Ru3@MOF system has been
developed, demonstrating that (Al)MIL-101-NH, offers a favorable environment for the non-covalent
immobilization of a phenol-tagged ruthenium catalyst.

In parallel, the first-ever PPH Janus dendrimer with potential applications in catalysis has been
reported. Specifically, 23-Ru@[G:][G1]-PEG was synthesized, featuring PEG chains on one side of the
structure and Ru(p-cymene) derivatives on the other side, making it a highly promising material for use
in catalysis. The applicability of the Ru@dendrimer 23 in catalysis was tested for the isomerization of
1-octen-3-ol in both THF and biphasic n-heptane/water mixtures, demonstrating a positive dendritic
effect in both scenarios. Notably, in the biphasic solvent system, only the dendrimeric complex 23-
Ru@[G:1][G1]-PEG exhibited activity for the targeted reaction, while monometallic and bimetallic 26
and 29 showed no conversion of S1 (after 24 h). Furthermore, the recyclability and reusability of the
dendrimeric system were assessed, revealing full conversion of S1 for up to three consecutive runs,
with minimal metal contamination in the final product (<0.05%). These findings highlight the potential
of dendrimeric catalysts in catalytic applications, particularly for reactions in agueous or biphasic
systems, and underscore the stability and effectiveness of the developed Ru@dendrimer complex.
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Mono- and Bimetallic Nanoparticles Stabilized by Functionalized lonic Liquids:
Synthesis and Catalytic Applications

lonic Liquids

The most practical definition of an ionic liquid (IL) is ‘a liquid composed entirely of ions’ [1].
There are diverse salts which are liquids at ambient temperature. ILs that are liquid at room
temperature are called room temperature ionic liquids (RTILs). Most ILs are composed of a large
organic cation of low symmetry, and a much smaller inorganic polyatomic anion with the charge highly
delocalized. The liquid state is favored by small lattice enthalpy and large entropy changes, attributed
to the large size and conformational flexibility of the two weakly coordinating ions [2]. While the
structural arrangement of IL resembles that of a salt, the main difference is that the coulombic
interactions between the ions in a salt is much stronger than in ILs as the result of the similarity
between the size and nature of the ions, giving them a strong crystalline structure with relative high
melting point, e.g. the melting point of NaCl is 801 °C [3]. ILs exhibit notably distinct physical
characteristics which includes negligible vapor pressure, high charge density, high polarity, high
dielectric constant, and capability to form supramolecular networks [4]. These properties can be
designed through combination of various cations and anions as presented hereafter. The cationic
center of an IL involves typically a positively charged nitrogen, phosphorus or sulfur atom. Those
described thus far involve mainly ammonium, sulphonium, imidazolium, pyridinium, pyrrolidinium,
phosphonium, oxazolium, etc. cations substituted with alkyl chains. Anions of ILs are usually organic
or inorganic weakly basic compounds with a delocalized negative charge [5].

Task-specific ionic liquids

Task-specific ionic liquids (TSIL) can be defined as ILs which incorporate a covalently linked
reactive functionality [6]. The functional group (FG) like carboxylic acid (-COOH) [7], amine (-NRs) [8]
or nitrile (-CN) [9] can be incorporated either into the anion or cationic part or both [10]. Such
functionalities can impart additional properties to the ILs that can be thus employed for specific tasks,
with several objectives. For instance, ILs with appended amines have been developed to favor the
separation of CO, from gas stream via carbamate formation [11]. ILs modified with a hydroxyl group (-
OH) have been used as a phase transfer catalyst for ethoxybenzene synthesis [12]. Metal-ligating
groups incorporated into ILs can be used for metal-ion extraction from aqueous solution [13]. The
physicochemical properties of these TSILs like solubility in molecular solvents, thermal stability and
chemical properties like reactivity, depend on the nature of the functional groups incorporated [14]. A
TSIL can be a RTIL with covalently attached FG that can act not only as a reaction medium but also as
a reagent/catalyst. A TSIL can also be a binary system of functionalized salts, which may be solid at
room temperature that can be dissolved in a conventional IL [15]. ILs have emerged as versatile
components that can act both as solvent and stabilizers for the synthesis of metal nanoparticles (NPs),
providing an efficient synthesis method. For instance, Guleria and coworkers used an imidazolium-
based RTIL as a solvent, reducing and stabilizing agent to synthesize stable a-Se NPs (dm = 34 nm)
exhibiting antioxidant properties [16]. On a similar note, Garg et al. reported the synthesis of palladium
NPs (dm = 1.4 and 1.7 nm) by employing a choline-based IL [17]. These IL-stabilized Pd NPs exhibited
notable catalytic efficiency in hydrogenation reactions of substrates with various functional groups.
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Thus, previous results show that ILs can be employed for the synthesis of metal NPs. ILs possesses
intriguing physical and chemical properties and presents the advantage to act both as stabilizer and
solvent in the reaction, resulting in reduced utilization of chemicals and limited waste, which
diminishes the environmental footprint. Careful tailoring of imidazolium based ILs with functional
groups has proven a relevant way to improve catalytic performance of metal NPs.

Metal nanoparticles

Nanotechnology is a scientific discipline that deals with the preparation and use of nano-size
particles within the size range of 1 to 100 nm. The term 'nanoparticle' originates from the Greek word
'nano,' meaning 'small' and, when used as a prefix, denotes a size of 10° meter (= 1 nm) [18]. Metal
nanoparticles (NPs) including transition metal NPs find versatile applications in various fields like
molecular biology, medicine, physics, organic and inorganic chemistry, and material science [19,20].
Decreasing particle size to the nanoscale imparts unique and enhanced characteristics like morphology
and particle size distribution, which are not exhibited by larger bulk materials [21]. Electronic
properties of metal NPs are situated at the frontier between molecular species and bulk compounds
[22]. Their surface-to-volume ratio is significantly higher than that of larger particles or atoms, leading
to a high number of potential active sites on the surface [23]. This unique extrinsic property of the
surface area of NPs contributes to them being highly attractive and influences also various intrinsic
properties, including their strong surface reactivity which is size-dependent [24]. The properties
observed at the nanoscale are mainly due to two key factors:

1) Quantum size effect [25]: In bulk metals, the electronic behavior is characterized by the
presence of energy bands. The valence band contains the valence electrons, typically s- and d-
electrons in the case of transition metals. The conduction band of metals partially overlaps
with the valence band and hence is partially occupied by electrons responsible for the
electrical conductivity of metals. In semiconductors the valence and conduction bands are
separated by a specific energy gap, which is considerably larger in insulators. When a metal
particle undergoes continuous size reduction the bands turn into discrete energy levels. At this
stage, the bulk properties of the metal disappear and are substituted by "quantum dot," which
are governed by the principles of quantum mechanics. Such confinement of charge carriers
within a small space, resulting in discrete energy levels, is referred to as the "quantum size
effect." It brings changes in the electronic properties of metals in NPs.

2) Surface/interface effect [26,27]: Metal NPs offer a higher number of potential active sites
compared to bulk catalytic materials due to their high surface-to-volume ratio making them
highly attractive as catalysts. Furthermore, the diverse shapes, crystallographic facets and
different fractions of surface atoms located at their corners and edges can contribute to their
versatility in catalytic applications.

An organometallic approach is generally employed for the synthesis of metal NPs. In this
synthetic approach, metal-organic complexes (metal precursors) with zero or low oxidation state of
the metal are decomposed at mild reaction conditions in the presence of carefully chosen ligands
(Scheme 1). Olefinic complexes are preferred as hydrogenation of such complexes results in the
reduction of the unsaturated ligands within their coordination sphere into their corresponding alkanes,
which are inert towards the metallic surface [28]. For example, (1,5-cyclooctadiene)(1,3,5,7-
cyclooctatetraene)ruthenium, [Ru(COD)(COT)], is easily decomposed under hydrogen (1-3 bar) at
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room temperature [29], bis(1,5-cyclooctadiene)nickel, [Ni(COD),] can be employed for the preparation
of Ni NPs [30] and tetraallyldirhenium(ll), [Rez(CsHs)s], allowed to get pure Re NPs [31]. All these
precursors generate byproducts like propane and cyclooctane which are inert to the metal surface and
can be removed under vacuum. The stabilizing agent introduced at the beginning of the reaction plays
a crucial role, as it governs the characteristics of the resulting nanostructures [28]. Some of the
stabilizers include simple ligands such as alcohols [32], thiols [33], silanes [34], aminoalcohols [35], 3-
aminopropyltriethoxysilane [36], amines [33], diphosphines [37] and ILs [38] as well as polymers [39]
can also be used. Through this method, a wide variety of metal nanostructures can be obtained by
adjusting the choice of metals, reaction conditions, and stabilizing agents.

decomposition growth (coalescence, Oswald ripening) g E ; A@f

H,, RT 009 B

o
d \o solvent + stabilizers OQ Q @® j E

- precursor ligands

nucleation of

metal-organic
g naked metal atoms

complex no stabilzer

uncontrolled agglomeration

% agglomerates/aggregates

Scheme 1. Schematic representation for the synthesis of metal nanoparticles (NPs) by the organometallic
approach adapted from [28].

The organometallic approach for the synthesis of metal NPs provides numerous advantages,
which are primarily centered around the precise control of the reaction conditions (which in-turn affect
the surface of the particles) and the control over particle characteristics (size, size distribution and
shape). Such control allows to obtain monodispersed NPs with desired properties. One potential
challenge lies in the synthesis and handling of organometallic complexes that require inert conditions.
Nevertheless, the advantages gained in terms of controlling the characteristics of NPs make the efforts
involved justifiable. Indeed, having well-controlled metal NPs allow to finely investigate their
properties for applications in different domains, including catalysis among others.

Objectives and outlook

The main objectives of the thesis include:

1) The synthesis and characterization of ILs and functionalized ILs (FILs).

2) Utilization of the synthesized ILs for synthesis of transition metal NPs mainly employing
ruthenium, nickel and rhenium. Complete characterization of these metal NPs/ILs systems
through state of art techniques including TEM, TGA, XPS, NMR, ATR-IR etc.

3) Employment of the series of metal NPs/ILs systems in catalytic hydrogenation of substrates
like styrene, cinnamyl alcohol, 2,3-benzofuran, trans-2-hexen-1-al, hexanal, benzonitrile,
benzylamine, phenylacetylene and (R)-(+)-limonene to study the activity and reactivity of such
systems.
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The first part focuses on synthesizing task-specific (TS) ILs, namely MEM (1-
methoxyethoxymethyl-3-methyl imidazolium bis(trifluoromethanesulfonyl)imide) and MME (1-
methoxymethoxyethyl-3-methyl imidazolium bis(trifluoromethanesulfonyl)imide) (Table 1). This
choice is inspired by the literature data evidence that methoxy functionality can lead to well dispersed
and highly active metal NPs for catalysis. Numerous examples can be found in the literature of metal
NPs that have been synthesized using polyethylene glycol (PEG) as stabilizer and that have shown high
catalytic activity in several reactions. For instance, Pd NPs stabilized by PEG demonstrated remarkable
catalytic activity and recyclability towards styrene and nitrobenzene hydrogenation under mild
reaction conditions. The formed Pd NPs were well dispersed and had an average diameter of 4 nm
[40]. As another non-exhaustive example, Sun and coworkers synthesized homogeneously distributed
PEG-stabilized Rh NPs of 1.7 nm in size by simple reduction of RhCls-3H,0 under hydrogen. The formed
Rh NPs were found as a highly efficient and recyclable catalyst for the hydroformylation of olefins [41].

Table 1. Structure of synthesized imidazolium based ILs.

lonic liquid Structure

H \N&’t‘\/\/\/
[NTf,7]

MEM NN

MME NN

CN SN
N\/\/\CN

Various characterizations of the ILs have been performed, this includes ATR-IR Infrared (IR)
spectroscopy analysis, Thermal gravimetry (TG) and differential scanning calorimetry (DSC) analyses,
Elemental analysis (EA), X-ray photoelectron spectroscopy (XPS) analysis, NMR and Small angle X-ray
scattering (SAXS) analysis. Two of the analysis have been provided in detail below:

a) ATR-IR analysis

Infrared (IR) spectroscopy is one of the most established and standard technique to characterize
ILs [42—-44]. This technique allows to identify the functional groups present. Vibrational studies of ILs
with imidazolium as cation have been widely discussed in literature [45,46]. The region of high
frequencies ranging from 2800 to 3200 cm™ displays a composite arrangement of overlapping bands
that are specific to various stretching modes of C-H bonds. Within the range of 800 to 1600 cm ?,
distinct bands that correspond to the vibrations of the imidazolium ring can be observed. The range of
400 to 800 cm™ also encompasses ring vibrations [47]. The stretching frequency of [NTf,]” anion ranges
between 400 — 2000 cm™ [48]. Figure 1 depicts the IR analyses of the ILs H, MEM, MME, and CN. The
bands at 1050, 1180, 1346 cm™ can be assigned to the stretching frequencies of SN, CFs, SO,
respectively, in [NTf,]". The bands at 1099 and 1098 cm™ correspond to the C-O stretching of MEM and
MMIE, respectively. The CN stretching can be seen at 2248 cm . The bands at the high frequency region
2800 to 3200 cm™ correspond to the C-H bonds of the imidazolium cation. The absence of O-H

stretching mode of water in the range 3400-3800 cm™* confirmed the high purity of all the ILs.
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Figure 1. ATR-IR spectra of ILs.

b) SAXS analysis
Small angle X-ray scattering (SAXS) analysis was performed on all the ILs in collaboration with
Prof. John Slattery and Dr. Naomi Elstone at University of York, UK to study the nature of cation-cation,
anion-anion, and cation-anion ordering (Figure 2). Two primary diffraction peaks can be observed in
the ranges g =~ 8-9 nm™ (peak Il) and g = 12.9 (peak Ill). The g-value is called the scattering vector and
is a function of the scattering angle:

_ 4msinf

, 20 is the angle of deflection

For H, one additional peak at q = 2-4 nm™ can also be seen. Previous studies of imidazolium ILs
with different anions have observed similar diffraction features [49-51]. Peak | depends strongly on
the alkyl chain length and reflects on the structural heterogeneity on the nanometer scale of the ILs.
Peak Il at ~8.8 nm™, which is commonly called the "charge-ordering peak" (COP) is interpreted as
relating to correlations between like charges (anion-anion and cation-cation separations) [52].
Comparing the ILs, the order of intensity of the peak is as follows MME > MEM ~ CN > H which can be
seen by plotting the intensity of the peaks against the different. Peak Ill at ~13.5 nm™ is commonly
referred to as the "contact peak" (CP). The CP is interpreted as relating to correlations between ions
of opposite charges i.e., the typical separation of the anions and cations [53]. The ILs follow the same
intensity order as peak II.

A series of four imidazolium based ILs, one non-functionalized and three functionalized, namely
H, MEM, MME, and CN, were synthesized in good yields by using the standard quaternization and
anion exchange reaction synthesis procedure. A complete characterization including IR, TG, DSC, NMR,
XPS and SAXS analyses was performed for all synthesized ILs. IR analysis allowed to establish the
stretching frequency and the different functional groups of both the anion and the cation (CN, CO, SO,,
CF3, etc.) thus confirming the identity of each IL. TG and DSC analyses gave information on the thermal
behavior of the ILs. They were found to be thermally stable above 200°C for MEM and MME and 450°C
in the case of H and CN. The binding energies (E,) of the elements present in each IL were obtained
through XPS analysis. The purity of the ILs was evaluated from the NMR analysis. The presence of the
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characteristic 'H and 3C NMR peaks also contributed confirming the structure of the ILs. The
interactions and ordering of the cations and anions of the ILs were studied using SAXS technique. These
synthesized and fully characterized ILs have been then used for the stabilization of transition metal
NPs of Ru and Ni. The IL was also tested for the synthesis of Ru-Re bimetallic NPs.
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Figure 2. X-ray diffraction patterns for the series of ILs.

The synthesis and characterization of Ru NPs stabilized by two ether-FlLs, 1-
methoxyethoxymethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, [MEMIm][NTf,] or
MEM, and 1-methoxymethoxyethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) imide,
[MMEIm][NTf,] or MME are reported following the organometallic approach. The novel Ru/FILs NPs
systems (Ru/MEM and Ru/MME) were applied for hydrogenation of styrene and phenylacetylene to
probe the surface reactivity of the Ru NPs. In particular, the influence of the ether functions on the
catalytic performance was studied and compared to two counterpart catalytic systems based on Ru
NPs stabilized by the non-functionalized IL 1-hexyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (Ru/H) and the cyano-FIL [(CH3CH,CH,CH,CN)MIm][NTf,] (Ru/CN),
respectively. The obtained results evidenced a clear influence of the FIL on the hydrogenation
selectivity of the Ru NPs between vinyl and aromatic hydrogenation of styrene, thus demonstrating
the key role of the FIL in the catalytic systems of [Ru(COD)(COT)] in the ILs was achieved in 24 h. Ru/ILs
NPs systems were then synthesized by introducing 3 bar H, to the Fischer-Porter reactor containing
the homogeneous mixture at room temperature except for the nitrile-FIL (CN), where complete
decomposition of the Ru complex required a higher temperature of 60 °C (Scheme 2). During a period
of 22 h, the color of the reaction turbid mixture was observed to change from yellow to black which
indicated the decomposition of the Ru complex. The metal content of each batch of Ru/ILs NPs was
established by ICP analysis and found to be close to the expected value of 0.2 wt.% Ru (Table 2).

R =
H AN
INTf,I"
o O
At 1)40°C, 24 h MEM ~g~-O~
[RucoDycoT)] + “N SNR  ——  ~ RuiLsNPs
\—/ 2) 3 bar Hy, MME ~_O._O_
2560 °C, 22 h

Scheme 2. Synthesis of Ru/FILs NPs.

Table 2. Metal content of the Ru/FiLs NPs and mean size of the formed Ru NPs.
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Ru/FILs NPs lonic liquid Ru content (wt.%) @ Ru NP mean size
with standard
deviation (nm) ®
Ru/H NN~ 0.16 15408
[NTf,]
\N/\\+ 0
Ru/MEM ) 07 0.20 2.2+0.3
[NTf,]
\N/\\ltl
Ru/MME — ¥ 0707 0.17 1.3+0.1
[NTfy]
\N/\\Rl
Ru/CN /N 0.20 1.3+0.2
[NTf,]

@ Determined by ICP analyses. ® Determined from analyses of TEM images.

XPS, TGA, NMR and TEM analyses were performed on the catalytic systems to fully characterize

them. The TEM images of the Ru/FILs systems are provided in Figure 4.
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Figure 4. TEM images of Ru/FILs NPs with their corresponding size distribution (scale bar = 100 nm).
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Catalysis with Ru/ILs

The catalytic performances of the Ru/ILs NP systems were investigated for the hydrogenation of
styrene (S) to form ethylbenzene (EB) and ethylcyclohexane (ECH) using mild reaction conditions (30 °C,
5 bar Hy, S:Ru ratio 200:1) and vigorous stirring (1500 rpm) to avoid mass transfer issues during reaction
with the moderately viscous IL phases (Scheme 3). Table 3 summarizes the catalytic results obtained.
Note that the IL alone did not show any conversion of S when submitted to the same reaction conditions.

©/\ Ru/lLs NPs

5 bar H, ’
30°C,1500 rpm EB ECH

Scheme 3. Hydrogenation of styrene (S) to ethyl benzene (EB) and ethyl cyclohexane (ECH).

Table 3. Hydrogenation of (S) with Ru/FILs NPs catalysts. °

Catalyst system Time (h) Conversion (%)° Selectivity (%)°

EB ECH

Ru/H 0.5 >99 >99 0
Ru/H 24 >99 93 7
Ru/MEM 1 >99 >99 0
Ru/MEM 24 >99 78 22
Ru/MME 15 98 >99 0
Ru/MME 24 98 >99 0
Ru/CN 6 >99 >99 0
Ru/CN 24 >99 >99 0

9 Reaction conditions: 0.02 mmol of Ru, 4 mmol of styrene, 0.3 mmol of octane
(internal standard), 5 bar Hz 30, 1500 rom. ® Determined by GC using internal
standard technique.

As shown in Table 3, all the Ru/FILs NPs systems were active for the catalytic hydrogenation of S
providing full substrate conversion in short reaction times (0.5-6 h). Importantly, the IL alone did not
show any conversion of S when submitted to the same reaction conditions (results not shown). The
highest TOF value (1,332 h™') was reached with the Ru NPs embedded in the non-functionalized IL, namely
Ru/H catalyst. The two methoxy-functionalized IL systems (Ru/MEM and Ru/MME) yielded high rates
(TOFs of 629 h and 212 h, respectively), while the Ru/CN had the lowest activity (TOF of 10 h'l). The
differences observed in terms of reaction rates may be correlated to the variation in polarity of the IL
that can influence the solubility of the substrate, as styrene is expected being more soluble in non-polar
domains than in polar ones. In line with this, the H IL that contains only alkyl chains in its structure
presents the larger non-polar domains of the IL series [54] and interestingly, the Ru NPs stabilized in this
IL led to the highest TOF. Oppositely, the more polar IL is expected to be the CN FIL and the CN-stabilized
Ru NPs displayed the lower activity. The recyclability of each Ru/IL NP catalyst was tested in five
successive catalytic runs at partial conversion. The obtained results are shown in Figure 5. Notably, the
styrene conversion with the Ru/H catalytic system decreased gradually during the five catalytic runs,
whereas the catalytic systems with the three FILs maintained similar styrene conversions upon reuse. ICP
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analysis of the Ru/H phase from the first run to the fifth one showed a decrease in the Ru content from
0.2 to ~0.1 wt.%, thus confirming that Ru leaching from the IL phase during catalyst recycling was
responsible for the lower conversion. In contrast, the Ru content remained essentially unchanged during
the five catalytic runs with the Ru/MEM, Ru/MME and Ru/CN systems, which could indicate that Ru-FIL
interactions improved the confinement of the Ru NPs in these systems compared to the Ru/H system
and that the functionalization of IL had a positive influence on the stability of the catalysts [55].
Interestingly, TEM images of the spent Ru/IL catalysts showed no noticeable change in the mean size nor
size distribution of the Ru NPs compared to the pristine systems, pointing out that the Ru NPs remained
stable under the reaction conditions for all the systems and leaching was not related to Ru NPs instability.
Hence, more likely, the larger non-polar domains in the unfunctionalized IL compared to the FILs
enhanced the catalyst solubility in the non-polar washing solvent (pentane), thus leading to a gradual
catalyst loss during the intermediate washings between the catalytic runs.
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Figure 5. Recyclability tests of the Ru/FILs NPs catalysts in the hydrogenation of styrene performed at partial
conversion: a) H (15 min), b) MEM (30 min), c) MME (30 min) and (d) CN (60 min). Reaction conditions: 0.02 mmol
of Ru, 4 mmol of styrene, 0.3 mmol of octane (internal standard), 5 bar H,, 30 °C, 1500 rpm.

Thus, a series of catalytic systems based on Ru NPs in a non-functionalized IL (H) and three FILs
containing cyano (CN) and methoxy (MEM and MME) groups, have been synthesized, characterized,
and applied for the hydrogenation of styrene. The methoxy-functionalized systems, Ru/MEM NPs and
Ru/MME NPs were novel systems whereas the Ru/H and Ru/CN were reference systems previously
described in literature. The collection of systems allowed to study the influence of the nature of the IL
on the catalytic properties of the Ru NP catalysts. All the Ru/IL NPs were found to be efficient catalysts
for the hydrogenation of styrene under mild reaction conditions (30 °C, 5 bar of H,), providing full
conversion of styrene with full ethyl benzene selectivity in short reaction times (0.5-6 h). Interestingly,
a clear difference in activity (TOFs) was observed as a function of the nature of the IL, following the
order Ru/H (1,332 h!) > Ru/MEM (629 h!) > Ru/MME (212 h!) >> Ru/CN (10 hl). In addition, a total
selectivity for ethyl benzene was also observed at longer reaction time (24 h) for the Ru/MME and
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Ru/CN systems, while some successive hydrogenation to ethyl cyclohexane occurred for Ru/H (7%) and
Ru/MEM (22%) after 24 h. This shows that the Ru/ILs NPs had a strong preference towards
hydrogenation of the vinyl group instead of the aromatic ring under the applied reaction conditions,
which is a reactivity pattern different from typically reported for Ru NPs. Accordingly, this indicates
that less Ru surface was accessible in Ru/MME and Ru/CN than in Ru/H and Ru/MEM, which can be
attributed partly to lower Ru NP sizes in the former catalysts, though a contributing effect may also
derive from metal-IL interactions of the MME and CN FILs via -O-CH,-O- and -CN groups, respectively.
Such interactions may, by steric and/or electronic reasons, influence the surface properties of the
Ru/ILs NPs and hamper the hydrogenation of the aromatic ring. This hypothesis is supported by the
XPS results which evidenced for all Ru/ILs NPs systems a bonding energy of Ru® lower than literature
values for metallic Ru, indicating that the Ru NPs and the ILs closely interact. Finally, recycling of the
Ru/ILs NPs systems in five catalytic runs evidenced that the FIL-stabilized catalysts were more stable
than the non-functionalized Ru/H catalyst system, where Ru leaching likely occurred due to higher
solubility of the Ru/H NPs in the workup solvent of the reaction mixture between catalytic runs.
Nevertheless, the results show that the functionalization of IL had a positive influence on the stability
of the catalysts. In perspective, the work introduces a benign and facile co-solvent free synthesis
protocol to obtain well-dispersed and narrow-sized Ru NPs stabilized by FILs containing methoxy-
functionalities, which present a good balance between stability and catalytic activity. This allows Ru/ILs
NPs to hydrogenate styrene with activity and total selectivity towards ethylbenzene at milder reaction
conditions (5 bar Hy, 30 °C) than previously reported in literature [56,57].

Then novel Ni NPs and Ni-NiO NPs stabilized by two ether-FILs, 1-methoxyethoxy-methyl-3-
methylimidazolium  bis(trifluoromethanesulfonyl)imide, [MEMIm][NTf,] or MEM, and 1-
methoxymethoxyethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, [MMEIM][NTf,] or
MME, were synthesized by the organometallic approach using [Ni(COD),] as Ni precursor, and
characterized. The Ni/FIL NPs systems (Ni/MEM and Ni/MME) were then applied in the hydrogenation
of a,B-unsaturated carbonyl compounds with the aim to probe the surface reactivity in terms of
conversion and selectivity. Ni NPs in the non-functionalized IL 1-hexyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (Ni/H) and the cyano-FIL 1-butylcyano-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide [(CH3sCH,CH,CH,CN)MIm][NTf,] (Ni/CN) were also prepared for the
purpose of comparison. In a second stage, the as-synthesized Ni NPs were exposed to air which led to
Ni-NiO NPs. Hydrogenation of several substrates using these oxidized NPs, including cinnamaldehyde
and 2-cyclohexen-1-one among others, was performed to understand the effect of the NP oxidation
on the catalytic performance.

The synthesis of Ni NPs was performed at 40-45 °C, using a co-solvent (pentane) to dissolve the
lipophilic Ni precursor in the IL, leading to the targeted Ni NPs. Thus, based on this work, the Ni NPs
were here synthesized with few modifications of the procedure. [Ni(COD);] precursor was dissolved in
pentane/IL mixture (1/3 mL) in a Fischer-Porter bottle and the reaction was allowed to proceed for 24
h at 80 °C and 1500 rpm using a magnetic stirrer (Scheme 4). Upon completion of the reaction, a black
colloidal suspension was obtained for the four ILs tested, indicating the successful decomposition of
the precursor under these optimized conditions. The generated cyclooctane and the solvent were
removed under vacuum (~0.05 mbar) overnight. The metal content of each batch of Ni/IL was
established by ICP analysis and found to be close to the expected value of 0.10 wt.% Ni (Table 4).
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Scheme 4. Optimized synthesis of Ni/FlILs.

Table 4. Ni content in Ni/FILs systems and Ni NP mean size.

Ni/FIL lonic liquid Ni content (wt.%) ® Ni NP mean size (nm)®

Ni/H 0.11 56+0.3
Ni/MEM 0.12 44+04
Ni/MME 0.11 6.5+0.3

Ni/CN 0.11 2.8+0.3

? Determined by ICP analyses. ® Determined from TEM analyses.

XPS, TGA, NMR and TEM analyses were performed on the catalytic systems to fully characterize
them. The TEM images of the Ni/FILs systems are provided in Figure 6.
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Figure 6. TEM images of Ni/FILs with their corresponding size distributions (scale bar = 100 nm).
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Catalysis with Ni/FILs and Ni-NiO/FILs

The catalytic performances of the Ni/FILs and Ni-NiO/FILs NPs systems were investigated for the
hydrogenation of 2-cyclohexen-1-one (CH-enon) using the given reaction conditions (130°C, 10 bar H,,
1 h, 1200 rpm, sub:Ni ratio 100:1) (Scheme 5). Table 5 summarizes the results obtained.

o OH
é Ni/FILS NPs
130 °C, 10 bar, 1h
1200 rpm

CH-enon CH-non  CH-enol CH-ol

Scheme 5. Hydrogenation of 2-cyclohexen-1-one (CH-enon) to cyclohexanone (CH-non), 2-cyclohexen-1-ol (CH-
enol) and cyclohexanol (CH-ol).

Table 5. Hydrogenation of 2-cyclohexen-1-one with Ni/FiLs and Ni-NiO/FILs catalysts.°
Selectivity (%)°

Catalyst system Conversion (%)°

CH-non CH-ol CH-enol  TOF(h?)
Ni/H >99 97 3 0 677
Ni-NiO/H >99 98 2 0
Ni/MEM 97 >99 0 0 814
Ni-NiO/MEM 78 >99 0 0
Ni/MME >99 >99 0 0 627
Ni-NiO/MME 89 >99 0 0
Ni/CN >99 >99 0 0 712
Ni-NiO/CN >99 >99 0 0

@ Reaction conditions: 0.01 mmol of Ni, 1 mmol of 2-cyclohexe-1-none (CH-enon), 0.3 mmol of octane (internal
standard), 130 <, 10 bar H, 1 h, 1200 rpm. ® Determined by GC using internal standard technique.

As shown in Table 5, both the Ni/FILs and Ni-NiO/FILs systems were active for the catalytic
hydrogenation of CH-enon in short reaction time (1 h). A complete conversion of CH-enon selectively
towards CH-non was obtained for all Ni/FILs systems. The difference in conversion rate vs. the Ni/FILs
systems plots have been provided in Figure 5. The initial turnover frequency (TOF) was calculated for
all Ni/FILs systems at 0.25 h. The highest TOF (814 h') value was reached by the Ni NPs embedded in
the MEM-functionalized ILs. The non-functionalized system and the nitril functionalization yielded high
conversion (TOFs of 677 and 712 h'}, respectively), while the had MME methoxy functionalized, being
the largest NPs in size showed the lowest (627 h'l). Nevertheless, all the systems showed high activity
at the given reaction conditions with the initial order of the activity being Ni/MME < Ni/H < Ni/ CN <
Ni/MEM. A comprehensive study with all Ni-NiO/FILs systems was carried out under these reaction
conditions. For the Ni-NiO/MEM and Ni-NiO/MME, the activity dropped to 78 and 89% respectively
upon oxidation of the NPs surface. Unlike the methoxy systems, it could be noticed that the Ni-NiO/CN
and Ni-NiO/H systems did not show inferior activity compared to their non-oxidized analogues. The
reason could be a lower oxidation of the NPs surface during air exposure as supported by the XPS data,
making these catalysts more effective in the short reaction time applied. No change is selectivity was
observed upon oxidation. To assess the potential impact of temperature variation on catalyst
selectivity, the hydrogenation of CH-enon was also performed at 150 and 170 °C with the systems,
while keeping all other parameters constant. Notably, the hydrogenation of neither the carbonyl group
nor the aromatic ring was observed at 150 and 170 °C and full conversion of CH-enon was observed.
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Recyclability of all Ni/FILs NPs catalysts was tested in five successive catalytic runs (Figure 7). The
recyclability tests were performed at partial conversions to provide a realistic evaluation of the
catalytic performance and to easily identify the leaching of a catalyst, if any. Notably, the CH-enon
conversion with the Ni/H NPs system remained constant up to three catalytic runs and started to
decrease in the fourth and fifth runs, whereas the three Ni/FILs systems maintained similar CH-enon
conversions upon reuse.

100
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Figure 7. Recyclability tests of the Ni/FILs catalysts in the hydrogenation of 2-cyclohexen-1-one performed at 0.25
h. Reaction conditions: 0.01 mmol of Ni, 1 mmol of CH-enon, 0.3 mmol of octane (internal standard), 10 bar H,,
130 °C, 1200 rpm.

A series of catalytic systems based on Ni-containing NPs in non-functionalized IL (H) and FILs
containing cyano- (CN) and methoxy-groups (MEM and MME) have been synthesized, characterized,
and applied for the hydrogenation of substrates containing different functional groups. The Ni/MEM
and Ni/MME catalysts were novel systems, whereas the Ni/H and Ni/CN were previously reported and
here prepared for comparison purpose. Small Ni NPs were prepared using CN (2.8 nm), compared to
the previous literature (7-8 nm) [58]. All the Ni/ILs systems were found to be efficient catalysts for the
hydrogenation of 2-cyclohexe-1-none under the applied reaction conditions (substrate/Ni ratio of
100/1, 130°C, 10 bar H,), providing full conversion of 2-cyclohexe-1-none with full selectivity towards
hydrogenation of the olefinic bond in short reaction time (1 h). Compared to the previous literature
using Ni NPs synthesized in amine-functionalized ILs [59] (substrate/Ni of 50/1, 90°C, 10 bar Hy, 4 h,
water solvent with isolated NPs redispersed in water), this work uses much less Ni metal content but
slightly higher temperature to provide complete substrate conversion in much shorter time under neat
conditions. Long time air exposure of the catalysts resulted in Ni(OH), layer formation on the Ni/FILs,
which led to deactivation and a significant drop-in catalytic activity. The implementation of recyclability
tests as well as the characterization of the spent catalysts will allow to complete the evaluation of the
catalytic properties of the Ni/FILs. Another perspective could be to deposit the Ni/FILs NPs on a solid
support like silica to obtain supported ionic liquid phase (SILP) systems, which can subsequently be
used for hydrogenation reactions, including CO, reduction. In this context, initial experiments have
been performed for grafting of the catalyst system.

The synthesis of RuRe bimetallic NPs in H and MEM ILs was also studied using the organometallic
approach. For this purpose, the precursors [Ru(COD)(COT)] and [Rez(CO)i0] were used as they are
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commercially available and possess ligands that can be eliminated under hydrogenation or heating
conditions. However, it must be noted that [Re,(CO)i0] is very stable at room temperature and forced
reaction conditions are needed to facilitate its decomposition [60]. The reduction of the Re species
may be promoted by hydrogen spillover from the reduced species of the other metal present, as
previously reported [61,62]. The [Rez(CsHs)s] precursor, which decomposes under milder reaction
conditions [63] than [Rez(CO)10], was unfortunately unavailable.

As mentioned above, RuRe NPs were synthesized in earlier work using [Ru(COD)(COT)] and
[Re2(CO)10] as metal precursors employing the ligands PVP and HAD for the stabilization of the RuRe
NPs (optimized reaction conditions: 3 bar of H,, 120 °C, 48 h and anisole as solvent) [64]. Thus, in a
first attempt the one-pot synthesis of RuRe/ILs was carried out following the same reaction conditions
(Scheme 6). Monometallic Ru/IL and Re/IL were synthesized following the same procedure for
comparative purposes.

(ﬁ\co oo A H; (3 bar) OO Q @ WA FE Sy~ fE
OC—RE—RE—CO + ,,ﬁ 150°C¢ | g Q 9 ) @ e A T,
oc’ | 9 o 404 ILs 090 9 s N FE
c anisale {5 mL) Q = T
48h

Scheme 6. Organometallic synthesis of RuRe/IL from [Ru(COD)(COT)] and [Re(CO)10].

TEM analyses were performed of both the bimetallic (Figure 8) and the monometallic samples.
The TEM images of RuRe/H and RuRe/ME showed both well-dispersed NPs with average size of 1.6 +
0.2nmand 3.3 +£0.4 nm, respectively, while an average size 2.0+ 0.2 nm and 2.1 £ 0.2 nm was observed
for Ru/H and Ru/MEM, respectively. Regarding the Re samples, the TEM images confirmed the lack of
formation of NPs for both Re/H and Re/MEM.

50 nr 1= 2 3, 4 6
' : [ s size ([nm)
Figure 8. a) TEM images and b) the corresponding NPs size distributions of synthesized RuRe/ILs NPs (150 <, 3

bar H,, anisole) (scale bar = 100 or 50 nm).
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Thus, novel RuRe-containing NPs have been synthesized, using a non-functionalized IL (H) and a
methoxy-functionalized one (MEM), and characterized. TEM images show well-dispersed NPs in both
H and MEM ILs. Despite the fact that the Re precursor, [Re;CO10], requires higher decomposition
temperature than [Ru(COD(CQOT)], EDX analysis revealed the formation of bimetallic RuRe NPs with a
Re content of ca. 18% in RuRe/H and ca. 34% in RuRe/MEM. Comparing to previous work done at LCC
[64], the incorporation of Re metal in the RuRe bimetallic NPs increased in the order: RuRe/H <
RuRe/PVP ~ RuRe/HDA < RuRe/MEM. Owing to a incomplete decomposition of [Re»(CO)10] under the
applied conditions, and the difficulty to separate soluble Re species from the formed RuRe NPs, the
alternative Re precursor, [Rez(CsHs)4], is considered for future studies. If successful, the bimetallic RuRe
NPs will be supported on silica to obtain SILP systems for their investigation as catalysts for the
hydrogenation of amides.

The results reported in the doctoral thesis open interesting perspectives for future research:

1) Ru/FILs systems were found to be highly active and selective to ethylbenzene in the
hydrogenation of styrene. These catalysts may be employed in the selective hydrogenation of
other substrates than vinylic substrates, such as other olefinic or alkyne compounds, a,B-
unsaturated carbonyl compounds, nitriles, or even CO,. Initial studies on employing the
Ru/MEM system in the hydrogenation of 2,3-benzofuran (substrate/Ru ratio 1000/1, 120°C,
10 bar of H,, 1,4-dioxane solvent) showed promising results of 20% conversion and >99%
selectivity towards 2,3-dihydrobenzofuran.

2) The substrate screening of Ni-NiO/MEM showed potential scopes for the application of all the
Ni/FILs systems for various hydrogenation reactions, thus opening avenues for their
implementation in catalysis.

3) The RuRe/IL bimetallic system would merit to be studied deeper in the hydrogenation of
amides. Change in the synthesis protocol, for example by using the organometallic precursor
[Rez(CsHs)4] instead of [Re2CO;0] for the synthesis of the RuRe NPs could help to achieve an
active catalyst. Catalytic application of the RuRe/IL system for the hydrogenation of other
substrates than amides, for example as those mentioned above, is another perspective.

4) All the metal NP/ILs systems developed can be immobilized onto a support like silica via a
simple impregnation process to obtain the corresponding SILP systems with a highly accessible
IL film layer. This is a convenient approach to generate materials with improved surface
reactivity that facilitates many molecules to simultaneously react, thus leading to enhanced
reaction rates and efficiencies when applied in catalysis.
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Carboranylphosphines Meet Dendrimers: Electron-deficient Scaffolds for
Ligand Design and Application in Catalysis

Introduction

This dissertation project aimed at preparing, characterizing, and utilizing a new ligand system
for challenging catalytic transformations. The system was built on two chemical building blocks: a PPH
dendritic framework, already known for its catalytic application and carboranylphosphine monomeric
units, already investigated towards their interesting complexation behavior [1,2] and a few catalytic
applications [3]. To combine both constructs, first a synthetic strategy for the suitable functionalization
of the B9 position of the carboranylphosphines for anchoring them to supports, namely dendrimers,
was developed. The second step was the investigation of different methods of linking them to the
dendritic backbone. With respect to the work of CAMINADE and co-workers on PPH dendrimers [4-6],
different dendritic phosphorus-containing scaffolds including symmetrical and unsymmetrical PPH
dendrimers were chosen as the starting point for an anchoring. Based on previous work of HART and
OWEN [7] and the Hey-HAWKINS group [8] on carboranylphosphines and their complexes, 1,2-bis(di-
phenylphosphino)-ortho-carborane was chosen as a suitable monomeric unit for further investigations

(see Scheme 1).

Dendrimer synthesis and
modification of terminal functions

- . . o CO:H, ™
Ligand design, synthesis A, R —— R
R H R=CeHys R =CgHig

and coordination
behavior

30

Preliminary catalytic studies

. [Rh(acac)(CO,)]
[Rus(CO)12l

R'=0O(TBDMS), R? = jPr, Bu, OEt R'=O(TBDMS), R? = Et, iPr, OEt, Ph
=OMe, R?=Ph
=N(CH,Ph);, R? = Ph
=OH,R?=Ph

= (Ph;P)NBoc, R?

R'=O(TBDMS), TM = Rh O(TBDMS)
R'=OMe, TM = Pd, Cu, Au, Rh*

*only calculated, not synthesized

B

Scheme 1. Schematic overview of the major results obtained in the doctoral project. TM = transition metal.
Preparation of the monomers and dendrimers

The synthesis of different dendritic compounds starting from a P(S)Cls (1-S0) or an N3PsClg core
(1-G0) was performed. Several classical dendrimers were obtained in good vyields (62-98%) and

acceptable purities up to generation 1-G2 or 2-S1, respectively (see Scheme 2). The reiterative
synthetic process, which entails a condensation reaction with the phosphorhydrazide H,NNMeP(S)Cl,
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and a substitution reaction with 4-hydroxybenzaldehyde, was applied, but it could be shown that the
established protocols are vulnerable.

Cl Cl

c—pNE=ci cl
Ne N S=R-Cl
A cl
c’ cl
1-GO 1-50
HO HO
6 6
20 20
1 1
o) o)
[NP3] o—@—( S=P o—@—(
H H
6 3
2-G0, 94% 2-80, 62%
S Me S Me
6 CI—P N 6 Cl—P-N
¢l NH, Cl NH;
3 3
Me Me
N-N CI N-N, CI
[N3P3] o—@—(’ F-cl s=p o—@—(’ F-cl
H S H S
6 3
1-G1, 98% 1-81, quant.
HO HO
12 12
-0 .0
1 1
Me Me
N-N 0 N- N
H S H
6
2-G1, 65% 2-81, 62% (with impurities)
S Me
12 CI—P N
¢l NH,
3
Me
N- N CI
1-G2, 62%

Scheme 2. Overview of the synthetic steps yielding various classical dendrimers and dendritic phosphorus-
containing scaffolds in the doctoral project.

Although the terminal functions of polyphosphorhydrazone (PPH) dendrimers are often similar,
having two different types of terminal functions can be advantageous. For this reason, a specific
functionalization of the N3P3; core was targeted, with at least one function different from the others.
Different unsymmetrical ABs monomers and dendrimers, with one function distinct from the others
up to generation ABs-2-G1 (A = 4-(prop-2-yn-1-yloxy)phenol, B = 4-hydroxybenzaldehyde, see Scheme
3) have been prepared. Additionally, to the synthesis of the unsymmetrical ABs dendrimers, also a
specific functionalization of only half of the terminal P-Cl groups in 1-G0 and 1-G1 was targeted to
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obtain further dendritic backbones for the anchoring of different carboranes and carboranyl-
phosphines. Problems were particularly evident during the stochastic monofunctionalization and
purification of typical dendrimers.

cl cl
CI—\I-;"’N‘EI—CI
Ns_.N
/P\
c’ cl

1-GO

HO
5
0
(0] 8, 13% o
H

H

5
5
4, 38% AB;5-2-G0, 49%
S Me
5 ClI—P-N
Cl NH;
3
'Me

N—=N O
~[NgP3] o—@—(’ P o—@—{
H S H A
AB5-2-G1, obtained in trace amounts

Scheme 3. Overview of the synthetic steps yielding various unsymmetrical ABs monomers and dendrimers in the
doctoral project.

Starting from 1,2-dicarba-closo-dodecaboranes(12) (ortho isomer, 14) a selection of different
B9-substituted carboranes has been prepared. An adaption of the synthetic phosphorylation protocol
of ALEXANDER and SCHROEDER [9] that had been used to prepare 1,2-phosphanyl-substituted carborane
derivatives in the past was applied and modified yielding novel 1- or 1,2-phosphanyl-substituted
carborane derivatives in low to excellent yields (7-95%, see Scheme 4).

While isolated side products revealed the highly stoichiometry-dependent nature of the
phosphorylation step, which in the future could be used to more easily access unsymmetrically
substituted phosphines, these crystalline materials frequently allowed for the elucidation of their solid-
state structures (see Figure 1 and Figure 2). The synthesized carboranes and carboranylphosphines
have C1-C2 (Ccage—Ccage) bond lengths that are comparable to other known compounds. The electronic
and steric impact of the substituents on the P atoms causes a considerable increase in bond length in
disubstituted compounds. The mean C—P bond lengths and P---P distances of the carboranylphosphines
are consistent with previously described compounds. The obtained results revealed that various
substituents in the B9 position have only a minimal effect on the C1-C2 and C—P bond lengths, whereas
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the substituents at the phosphorus atom have a significant influence. Only a few examples of the
functionalized B9-position in carboranylphosphines have previously been documented [2]. This project
led to new synthetic protection and deprotection strategies to modify the carborane cage further.

14

i then ii
n=1

R'=OQ(TBDMS), R? = Et (25, 44%) R'=O(TBDMS) (16), OH (17), R'=O(TBDMS), R? = iPr (22, 7%)
R'=0O(TBDMS), R? = iPr (26, 65%) (Ph,P)NBoc (19), OMe (20),  R'=O(TBDMS), R? = tBu (23, 31%)
R'=0O(TBDMS), R? = OEt (27, 24%) N(CH,Ph), (21) R'=O(TBDMS), R? = OEt (24, 24%)
R'=0O(TBDMS), R? = Ph (28, 93%)
R'=0Me, R? = Ph (29, 29%)
R"=N(CH,Ph),, R? = Ph (30, 56%)
R'=0H, R? = Ph (31, 95%)
R' = (Ph,P)NBoc, R? = Ph (32, 11%)*
Scheme 4. Synthesis of B9-substituted carboranylphosphines. (i) n-butyllithium, Et,O or THF, -78 °C to rt;
(i) PR?,Cl, Et,0 or THF, =78 °C/ 0 °C to rt. *The NH group in 19 was also substituted by PPh,.

Figure 1. Molecular structures of carboranylphosphines 25 and 28-31 in the solid state with thermal ellipsoids
drawn at the 50% probability level. Hydrogen atoms other than OH in 31 are omitted for clarity.
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cs
.\/K o1
¢
33 34 ©H

Figure 2. Molecular structures of carboranylphosphines 33 and 34 in the solid state with thermal ellipsoids
drawn at the 50% probability level. Hydrogen atoms other than OH and PH are omitted for clarity.

Coordination behavior

Bearing two phosphorus groups in close proximity, the new carboranylphosphines resemble
already known bidentate phosphines and might be promising ligands for the complexation of different
transition metals useful for homogeneous catalysis. Especially, the tunability of the steric and
electronic properties of the carboranylphosphines allowed the synthesis of new ligands needed for the
complexation of different transition metals (Pd, Cu, Au, Rh, Ru). Prompted by the close proximity of
both phosphorus atoms when directly attached to the carborane cage (similar to an ethylene or ortho-
phenylene moiety), the capability to accommodate different transition metals in a 1:1 coordination
mode was investigated. According to DFT calculations performed with different B9-substituted
carboranylphosphines (29, 31 and 46-49), in most cases the formation of transition metal complexes
from these ligands and different complex precursors should be thermodynamically favored (see Table
1 and Figure 3). More stable complexes can be formed after a CH, linker is inserted between the
carborane cage and the phosphorus atoms. Experiments were carried out to find synthetic proof.
Unfortunately, it was not possible to form any complexes with the ligands 47-49 or 53.

Table 1. Computed Giss energies [kcal mol™] of complexes formed with ligands 29, 31, 46-49 and
different metal complex precursors in THF or CH;Cl, as solvents, relative to the starting materials.

Carboranylphosphine

Metal complex precursor
(solvent for calculation)

[AuCl(tht)] (CH.Cl,) -13.2 -14.3 -14.1

& € [PdCI(MeCN),] (THF) -42.0 -42.1 -20.9

% ;' [Cu(MeCN)4](OTH) (THF) +6.0 +4.5 +4.9

> [CuCI(PPhs)s] (THF) -0.2 +0.4 +0.1
[Rh(acac)(CO),] (THF) -63.0 -62.9 -62.7
[AuCl(tht)] (CH.Cl,) -24.7 -23.5 -25.2

-g 5 [PAClo(MeCN),] (THF) —42.4 —41.9 -42.5

L:i:; sI [Cu(MeCN),](OTf) (THF) +0.5 -0.9 not computed

a= [CuCI(PPhs)s] (THF) -10.3 -9.4 -9.2
[Rh(acac)(CO)a] (THF) ~134.2 -133.3 ~133.5
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29-[Rh] 47-[Rh]
Figure 3 Computed complexes formed from 9-(4-MeO-CsH,)-1,2-bis(diphenylphosphino)- (29) and 9-(4-MeO-
CsH4)-1,2-bis[(diphenylphosphino)methyl]-orthocarborane (47) and different metal complex precursors. All
hydrogen atoms are omitted for clarity. The triflate anion in 29- and 47-[Cu(MeCN),] was optimized separately.
The optimized structures obtained for other B9 substituents are not displayed.
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For this reason, only the monomeric carboranylphosphine derivatives 9-(TBDMS)O-CgH4-1,2-
(PPh;),-CoB1oHs (28) and 9-(4-MeO-CgHa)-1,2-(PPh;)>-C2B1oHs (29) have been used for the first
complexation experiments with a Pd", two Cu', an Au', a Rh!, and a Ru® complex precursor. The silyl
ether protected carboranylphosphine 28 was the most available of all compounds produced
throughout the practical work of the dissertation. The methoxyphenyl substituent in 29 mimics the
phenoxy linker needed in immobilization reactions. It can be considered as the monomeric equivalent
of the carboranyl-substituted dendrimers. Rhodium(l) complex 28-[Rh], gold(l) complex 29-[Au], and
copper(l) complex 29-[CuCl] could be synthesized and characterized by NMR spectroscopy and mass
spectrometry. Additionally, it was possible to proof the formation of Pd" complex 29-[Pd], but due to
its high reactivity, an isolation was not feasible. Instead the dimeric hydrolysis product, Pd" complex
56, was isolated (see Scheme 5).

Cl

1
A
PhoP~"Y

$ _PPh,

R
29-[Au], 99%

T [AuCI(tht)],

CH,Cly 1t, 14 h
PR % _a
_Cu [CUCI(PPhs)s], PPh; [PACI,(MeCN)], onp—Pd” H,0 (in E,0 PRPh PhPh
PhaP™ 7y THF, rt, 72 h Ao P2 THF, rt, 72 h 2 or toluene) o-R ¢ PO
PPh; «—— A > PPhy H Pd Pd H
©=C,CH ¥ 28: R = 4-MeO-CgHy \O—Rt i p-0
«=B BH & 29: R = 4-(TBDMS)O-CqH, Y C—
R R
29-[CuCl] 28/29 29-[Pd] 56

[Rh(acac)(CO),],
toluene, AT, 2 h

Me,
4~
O  )—Me OMe
! _0
php—RN 20
A PPh
>
4
R

28-[Rh], 53%
Scheme 5. Overview of the synthesis of different carboranylphosphine transition metal complexes.

Preliminary catalytic investigations

Using an automated parallel library screening system at BASF SE, preliminary catalytic studies
for the hydrogenation and hydroformylation of oct-1-ene and cyclohexene were conducted with
various rhodium and ruthenium complex precursors and 9-(4-TBDMSO-CgH4)-1,2-(PPh;),-C2B1oHs (28).
The most promising systems were then transferred into an autoclave to test the reactions under
reproducible conditions. Ligand 28 showed the best performance for the hydrogenation of oct-1-ene
with [Rh(acac)(CO),] performing better than already known systems. It further showed a better
conversion in the hydrogenation of cyclohexene with [Ru3(CO):2] than the non-substituted
carboranylphosphine derivative 1,2-bis(diphenylphosphino)-ortho-carborane (dppc, 73), but worked
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not as good as a simple bisphosphine, namely 1,2-bis(diphenylphosphino)-benzene (dppb, 67). Despite
the fact that several of the reactions demonstrated good conversion, the selectivity is not superior to
other known systems; hence these systems were not subjected to additional testing in an industrial
setting. However, to get more significant results, further runs would have been required. Investigation
of the catalytic species produced in situ from the metal complexes and ligands would have been
required as well. It would be essential to repeat several catalytic studies, look into the scope and
limitations of the performed hydrogenation and hydroformylation, and further develop better catalytic
systems in order to better comprehend the results.

Anchoring of carboranes and polyphosphorhydrazone dendrimers

Various dendritic compounds were evaluated for their suitability of being grafted to various new
phenol-linked carboranes and carboranylphosphines. DFT calculations have proven that the reaction
proceeds similar to an Sy2 reaction, with the nucleophilic phenoxide 17* approaching the electrophilic
phosphorus center of the N3P3Clg core opposite to the leaving group CI~. Products of multiple
substitution reactions with 17* were also optimized to computationally check the stability of such
products. It could be shown that the six-fold substitution of 1-G0 forms a product with greater stability
by 194.5 kcal mol™ relative to the starting material (see Scheme 6).
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Scheme 6. Computed GiBss energy values in THF as solvent (in kcal mol™) for the substitution of 1-GO with
n equivalents of 17* relative to the starting material.

As calculations support the possibility of multiple substitution of chloride centers in N3PsClg by
carboranyl groups, this hypothesis was experimentally checked (see Scheme 7). A grafting to the model
molecule 35, to different phosphorus-containing compounds 1-G0 and 1-S0 as well as to dendrimer 1-
G1 was tested. Despite the lack of a full substitution with a carboranylphosphine, novel carborane-
substituted dendritic compounds were synthesized. Further, the selective grafting of a single
carborane per P(S)Cl; function was investigated yielding a monofunctionalized dendrimer 43 (see
Figure 4). Yet, the separation process of differently carborane-substituted dendrimers is still a focus of
investigation. Also, the selective grafting of a single carborane per P(S)Cl, function should be
investigated for other generations of dendrimers because it will open the way to the grafting of
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additional functionalities to replace the remaining Cl, for instance with water-solubilizing functions, in

view of biological experiments [10].
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Scheme 7. Reaction of different equivalents of 17 with the N3PsCls core 1-G0, P(S)Cl; 1-S0 and model molecule 35.
Conditions: (i) 1-G0, K,COs, acetone, 40 °C for 120 h, then rt for 72 h; (ii) 1-GO, C,COs, THF, rt, 25 d; (iii) 1-GO,
K>COs, acetone, rt, 72 h; (iv) 1-S0, Cs,COs, THF, 40 °C, 96 h; (v) 35, DBU, THF, rt, 72 h; (vi) 1-G1, Cs,COs, THF, rt for
72 h, then 40 °C for 23 h. All compounds were analyzed by NMR spectroscopy and ESI-MS. Only one isomer of the
incompletely substituted dendrimers (A3Bs, A;B4) is displayed.
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Figure 4. Full structure of dendrimer 43.

In a nutshell

Several ortho-carboranes bearing a phenoxy or a phenylamino group in the B9 position were
prepared employing various protection and deprotection strategies. Furthermore, the synthetic access
to novel 1- or 1,2-phosphanyl-substituted carborane derivatives was developed in this dissertation
project. The resulting diethyl-, diisopropyl-, di-tert-butyl-, diphenyl- or diethoxyphosphines bearing a
tunable ortho-carborane moiety are intriguing ligands for future applications in homogeneous catalysis
or the medicinal sector. The ligand framework has shown a distinctive coordination behavior to
different transition metals in a 1:1 coordination mode by the chelating carboranylbisphosphines. A
catalyst generated in situ from a mixture of Rh or Ru complex precursors and carboranylbisphosphine
derivative 28 could be used for the hydrogenation and hydroformylation of unsaturated olefins.

Following established protocols, dendritic compounds were synthesized from a hexachloro-
cyclotriphosphazene or thiophosphoryl chloride core, and possible anchoring options for the B9-
substituted ortho-carboranes were investigated experimentally and theoretically (DFT). In spite of the
synthetic challenges, different carborane-containing dendrimers could be obtained and the results
should open the door to the synthesis of carboranylphosphine-containing dendrimers in order to
improve the catalytic performance and exploring new reaction pathways. Following studies on
differently substituted carboranylphosphines as well as other catalytic applications would be highly
interesting. So far, only electron-deficient C—P carboranylphosphines were utilized for the anchoring.
Changing the system to electron-rich B—P carboranylphosphines (similar to the work of SPOKOYNY and
co-workers) [11] linking the carboranes via their Ccage atoms to the dendrimers could be an interesting
switch. It is obvious that the research in this field is not exhausted, and depending on the approach
chosen, a lot of interesting results can certainly be obtained.
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Specifically Functionalized Dendrimers for Catalysis in Special Media

Introduction

Dendrimers, inspired by dendritic patterns in nature, are molecular structures widely utilized in
chemistry and materials science [1,2]. With a tree-like, they offer precise control over size, shape, and

surface chemistry [3]. They are synthesized through divergent [4] or convergent approaches (Scheme
1) [5].

Divergent synthesis
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Scheme 1. Synthesis of dendrimers according to divergent and convergent methods.
Dendrimers come in various structural variations and chemical compositions, including PAMAM

[6], PPI [7], and more (Figure 1). Phosphorhydrazone (PPH) dendrimers, a versatile subclass, find
applications in bioconjugation and metal chelation for catalysis [8-10].
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Figure 1. Representations of 1) PAMAM dendrimers, 2) PPl dendrimers and 3) PPH dendrimers.
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Surface functionalization of dendrimers is a common and powerful strategy to tailor their
properties. Examples include the addition of polyethylene glycol (PEG) chains to enhance water
solubility [11], particularly valuable for biological applications. Another illustrative case involves the
addition of perfluorinated polyether chains to improve solubility in environmentally friendly media
(Figure 2) [12]. Phosphorhydrazone dendrimers, with specific functionalization, have demonstrated
solubility in fluorinated media [13], showcasing their potential in unconventional solvents like
supercritical CO, and thermo-responsive biphasic fluorous/organic systems.

CF;
N N N N 0. (l:F 'C::2 CF
F 3
A)  CiHeN, ¢ e Yo 7
| Fy Fy
F3 s 2/ /4

v v BB B
B) s=p-1-o / \P o / \P o c N TN e e
s// s// Fj Fj Fa Fa

Figure 2. A) G4 PPI dendrimer functionalized with perfluorinated polyether chains; B) G2 phosphorhydrazone

2/273
dendrimer functionalized with phenols containing alkyl perfluorinated chains.

Bifunctionalization of dendrimers represents a versatile strategy in nanotechnology, enabling
the incorporation of two distinct types of terminal functions for diverse applications [14]. While
terminal functions can be uniformly modified to introduce new properties, the desire for dual
functionalities arises in cases where unique characteristics are required for specific applications. For
instance, one terminal function might contribute to solubility, while the other imparts catalytic or
biological properties. Alternatively, one function could be dedicated to grafting onto materials, while
the other provides additional desirable properties (Figure 3).

Figure 3. (A) Schematization of stochastically substituted dendrimers mixture; (B) schematization of precisely
substituted dendrimers mixture.

However, the traditional stochastic approach to bifunctionalization, where two or more
functions are introduced onto the dendrimer surface without precise control, contradicts the goal of
achieving reproducibility in dendrimer synthesis. The stochastic method introduces variability in the
type and location of substitutions, potentially impacting the dendrimer's activity [15]. To address this
challenge, a preferable alternative involves the precise synthesis of bifunctionalized dendrimers,
ensuring a consistent and controlled structure [16]. Three distinct pathways for synthesizing
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bifunctionalized dendrimers in a controlled manner include attaching a compound containing both
desired functions to each terminal function, modifying an existing function on the dendrimer's surface
to generate two functions, or sequentially grafting two different functions onto the dendrimer's
surface (Scheme 2).

LN o
B + @ — > ™y T ———
o R )

Scheme 2. Schematic representation different pathways to synthesize controlled bifunctionalized dendrimers: (A)
grafting of a bifunctional monomer on the surface; (B) modification of an existing function on the surface; (C)
sequential substitution with two different functions.

Notably, phosphorhydrazone (PPH) dendrimers have demonstrated versatility in
bifunctionalization due to their terminal groups, such as aldehyde or P(S)Cl; functions, which can be
easily functionalized through replacement with different moieties. Bifunctional monomer grafting
onto the surface of PPH dendrimers has found extensive applications in biology and catalysis. The
integration of phosphine complexes as terminal functions in catalysis, especially in mitigating
palladium leaching in Suzuki cross-coupling reactions, exemplifies the versatility of these dendrimers
(Figure 4) [17].
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Figure 4. PPH dendrimer functionalized with a bifunctional substituent: a chiral iminophosphine.
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Moreover, modifying a function on the surface of PPH dendrimers, enables the introduction of
a second substituent. This approach, extended up to the fourth generation of dendrimers, results in
dendrimers endowed with stereogenic functions on the surface, equipped with phosphines capable of
coordinating with metals for various catalytic applications (Scheme 3) [18].
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The sequential grafting of two different substituents on the surface of PPH dendrimers is a less
common approach to bifunctionalization. It involves sequential substitution with two different
functional groups, such as amines or phenols. While there are limited examples of sequential grafting
with two phenols, a specific case involving the grafting of a phenol derivative of ethacrynic acid
followed by the grafting of either 4-hydroxybenzaldehyde or the phenol of an azabisphosphonate
demonstrates the potential in this approach (Scheme 4) [19].
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In recent decades, the focus on green chemistry and atom economy has driven research towards
optimizing catalytic processes, especially in organic solvents. Dendrimers, with their precisely defined
structures, substantial surface area, solubility in organic solvents, and tunable chemical functionalities,
have emerged as promising candidates for catalytic applications. Metallodendrimers, in particular,
exhibit various modes of metal interaction, contributing to structural diversity and influencing
reactivity [20].

The dendrimer recovery in catalysis can be accomplished through various methods, each
tailored to specific properties and applications. These methods include nanofiltration, phase
separation, precipitation, and magnetism [21,22].

The dendrimer effect, manifested as the multivalency dendritic effect and the generation
dendritic effect, plays a significant role in influencing the properties and behaviour of functional
moieties attached to dendrimers. This non-linear phenomenon can have both positive and negative
effects, depending on the specific application. In the context of catalysis, the dendrimer effect can
enhance reaction rates, yields, or selectivity and even play a role in improving the stability of metal
complexes, reducing metal leaching, and aligning with the principles of green and sustainable
chemistry [23-25].

Phosphorhydrazone dendrimers, with their solubility in various organic solvents, have gained
prominence in homogeneous catalysis. The use of dendrimers with a metal core or surface-
functionalized with ligands provides control over coordination chemistry, leading to enhanced catalytic
efficiency and selectivity. Phosphorhydrazone dendrimers functionalized with various ligands able to
complex different metals were used to perform a great variety of coupling reactions (Figure 5) [26].
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Figure 5. Phosphorhydrazone dendrimers with SP and N3Ps cores, functionalized on the surface with different
metal complexes.

Exploring unconventional solvents in homogeneous catalysis, such as supercritical carbon
dioxide (scCO,), represents a significant stride towards sustainable practices. Dendrimers have been
employed in catalysis in scCO,, albeit limited examples. For instance, carbosilane dendrimers with
PdCl, complexed with phosphorus at the core exhibited activity in the Heck cross-coupling reaction in
scCO,. Additionally, the control of a PPl dendrimer's solubility in scCO, through surface
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functionalization with perfluorinated polyethers facilitated the Heck cross-coupling reaction with high
selectivity (Scheme 5) [28,29].
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Scheme 5. PPl dendrimer functionalize on the surface with perfluorinated polyethers chains, encapsulating Pd

nanoparticles to perform Heck cross-coupling in scCO,.

Homogeneous catalysis in fluorous/organic biphasic systems, particularly those with
thermoreversible characteristics, offers a unique approach to catalytic methodologies (Figure 6) [30].
The integration of dendrimers into such biphasic systems is a relatively unexplored area. However, a
notable example involves PPl dendrimers surface-functionalized with perfluorinated polyethers and
encapsulated with Pd nanoparticles, demonstrating potential in the Heck cross-coupling reaction

(Scheme 6) [31].
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Figure 6. Representation of the principle of fluorous/organic biphasic systems in homogenous catalysis, in

termomorphic behaviour.
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Scheme 6. Heck cross-coupling performed in a fluorous biphasic system using as catalyst a PPl dendrimer
encapsulating Pd nanoparticles.

In conclusion, the multifaceted applications of dendrimers in bifunctionalization, homogeneous
catalysis, and unconventional solvent systems underscore their versatility in nanotechnology and
green chemistry. The controlled synthesis of bifunctionalized dendrimers provides reproducibility,
while the dendrimer effect enhances catalytic efficiency. The exploration of unconventional solvents
and biphasic systems further expands the potential applications of dendrimers in sustainable and
efficient catalytic processes.

Synthesis of dendrimeric catalysts

The research embarked on a nuanced exploration into the intricate realm of phosphorhydrazone
(PPH) dendrimers, shedding light on their meticulous synthesis and detailed functionalization through
para-substituted phenols [19]. This journey is marked by a meticulous sequence of reactions initiated
from the dendrimer core, ultimately leading to the incorporation of carefully chosen functional groups,
with a specific focus on creating precisely asymmetrically disubstituted dendrimeric catalysts. The
multifaceted nature of this study unfolds in various stages, each contributing to a comprehensive
understanding of the synthesized dendrimers and their potential catalytic applications.

In the early sections of the research, the stage is set by elucidating the meticulous preparation
of para-substituted phenols. These phenols serve as crucial precursors for the subsequent functionali-
zation of PPH dendrimers. Two distinct sets of para-substituted phenols are synthesized, with one set
designed to act as ligands for future metal introduction [32], and the other set endowed with moieties
tailored to impart the desired solubility in non-conventional media. This strategic approach
underscores the intent to create versatile dendrimeric catalysts with specific attributes for enhanced
functionality.

The study introduces two metal ligands, compounds 2 and 3, subjected to detailed exploration
for their catalytic potential. The catalysts are evaluated in Stille cross-coupling reactions in organic
solvents, highlighting their utility and paving the way for broader catalytic applications [32,33]. The
careful selection and subsequent synthesis of these ligands underscore the nuanced considerations
involved in developing effective dendrimeric catalysts (Figure 7).

An essential facet of the research involves addressing challenges associated with the solubility
of dendrimers in non-conventional media. This is achieved through the incorporation of perfluorinated
ligands, with a particular emphasis on creating phenols with alkylpolyfluorinated chains. The synthesis
journey explores different routes, optimizing reaction conditions to achieve the desired products
(Figure 7). This pursuit not only underscores the meticulous nature of the research but also emphasizes
the importance of solubility in non-conventional solvents for the envisioned catalytic applications.
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Figure 7. Representation of phenolic moieties with bidentate ligand (red), phenolic moieties tailored to tune the
solubility (blue).

Moving forward, the study delves into the synthesis of PPH dendrimers, meticulously
progressing from the first generation to subsequent generations. Each generation is synthesized
through a two-step process, with nucleophilic substitutions and condensation reactions carefully
orchestrated to yield dendrimers with distinct structures. The synthesis is tracked through 3P-NMR
spectra, providing a visual representation of dendrimer growth and surface modifications (Figure 8)
[19].

The crux of the research lies in the precise functionalization of PPH dendrimers. The endeavour
to achieve asymmetric substitution while minimizing di-symmetric substitution is a key challenge
addressed in the synthesis. A detailed exploration of reaction conditions, base selection, and
sequential substitution strategies results in the triumphant synthesis of precisely asymmetrically
disubstituted dendrimers, such as prc-G1 and prc-M. The meticulous efforts to control substitution
patterns underscore the fine-tuned nature of dendrimer synthesis (Figure 9) [34].
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Figure 8. Representation of model molecule (M) and PPH dendrimers (Gc;, Gc, and Gcs) synthesized.
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Figure 9. Representation of precise substituted products A) prc-M and B) prc-G1.

Metal complexation, particularly with palladium, emerges as a critical step to enhance stability
and reactivity of the synthesized dendrimers. The successful complexation is a testament to the careful
design and execution of synthetic methodologies. The resulting metal-complexed dendrimers undergo
thorough characterization, encompassing various spectroscopic techniques, ensuring a comprehensive
understanding of their structural attributes. Using this methodology where synthesized different
precisely substituted PPH dendrimers up to the third generation (Figure 10).

A comparative turn in the research introduces stochastically substituted dendrimers,
characterized by a more random distribution of substituents. The stochastic substitution process is
detailed, and resultant mixtures undergo metal complexation, mirroring the methodology applied to
precisely substituted counterparts. This comparative analysis sets the stage for exploring potential
differences in activities between precisely substituted and stochastically substituted dendrimers
(Figure 11).
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As the research narrative unfolds, the emphasis extends to the successful scaling up of synthesis
protocols to gram-scale production. This not only speaks to the reproducibility of the methods but also
positions the dendrimers for practical applications in larger quantities. The comprehensive
characterization of the synthesized compounds encompasses a range of analytical techniques,
including *H-NMR, 3C-NMR, F-NMR, 31P-NMR, IR, and melting point determination, ensuring a robust
understanding of their chemical attributes.

Study of catalytic activity

We have used prc-Gn-[Pd] for different C-C coupling reactions in organic solvents to
demonstrate the activity of the catalyst [32].

e (Catalysts prc-Gn-[Pd] demonstrated a good activity for the Stille cross-coupling in THF,
showing a positive multivalence and generation dendritic effect. We also tried the recycling of
the catalyst prc-G1-[Pd], obtaining a 50% drop of the conversion from the second entry, we
can attribute this loss of activity to the leaching of palladium and the formation of palladium
nanoparticles that probably are less active than the complexed palladium.

e The catalyst prc-G1-[Pd] was showing activity for the Heck cross-coupling giving specific
stereoselectivity for the trans isomer [31]. The catalyst prc-G1-[Pd] was showing a positive
multivalence dendritic effect, while the catalyst prc-G2-[Pd] showed a negative generation
dendritic effect (Scheme 8).
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Scheme 7. A) Scheme of the Stille cross-coupling reaction; B) Graph of the conversion in the Stille cross-coupling
under stirring with different catalysts.
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Scheme 8. A) Scheme of the Heck cross-coupling reaction; B) Graph of the conversion in the Heck cross-coupling
with different catalysts.

e The model molecule prc-M-[Pd] was used to perform the Suzuki coupling showing activity for

this reaction using an inorganic base (Cs,COs3) [35]. In order to translate the reaction in non-
conventional solvents we needed to perform the reaction using organic bases, in these
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conditions prc-M-[Pd] and prc-G1-[Pd] showed a very low activity for this reaction (Scheme

9).
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Scheme 9. A) Scheme of the Suzuki coupling reaction tested in this chapter section; B) graph of the conversion for
the Suzuki coupling using different catalysts.

After verifying the activity of the catalyst in organic solvents we have moved to verify the
solubility and the activity of our catalysts in non-conventional solvents starting from scCO..

e Surprisingly despite the presence of alkylpolyfluorinated chains on the surface of our
dendrimeric catalysts, they were not showing solubility in scCO..

e We have decided to perform catalysis in heterogeneous conditions, optimizing reaction
conditions for the Stille cross-coupling reaction in scCO; in a little reactor (6 mL) without the
stirring. We obtained that the optimal amount of catalyst was 5%, and that the optimal
pressure was 100 bars (Table 1).

Table 1. Table showing the conversion of the Stille cross-coupling reaction in 6 ml scCO; reactor following
conditions in Scheme 4.6.

Cat. Pd mol% Time (h) Conv. (%)

prc-M-[Pd] 5 4 0
5 22 0
5 4 43
5 22 43

prc-G1-[Pd]
10 4 39
10 22 39

(@ Determined by *H-NMR (CDCls, 400 MHz).
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We moved to perform the reaction in a big reactor (29 mL) with the mechanical stirring, where
we performed the Stille cross-coupling reaction using optimal conditions previously found. We
have observed a good activity of catalysts prc-Gn-[Pd] in this reaction, showing a positive
multivalence and generation dendritic effect from the first to the third generation (Table 2).
We have tried to recover the catalyst prc-G1-[Pd], but for the geometry of the reactor used it
was not possible to perform the purification of the catalyst in situ, while after the washing and
purification we have experienced a partial recovery of the catalyst.

We have also performed the Heck cross-coupling in scCO, using as catalyst prc-G1-[Pd]
obtaining a low conversion.

Table 2. Table showing conversion of the Stille cross-coupling reaction in 29 ml scCO; reactor following conditions

in Scheme 4.6.

Cat. Pd mol% Time (h) Conv. (%)

5 4 39
prc-G1-[Pd] > 22 82
1 4 15
1 22 36
prc-G1-[Pd]"” 5 22 51
5 4 18

2prc-G1-[Pd]
5 22 25
prc-G2-[Pd] 5 4 66
prc-G3-[Pd] 5 4 68

(@ petermined by *H-NMR (CDCl3, 400 MHz). ) Reaction performed using 1/10 of concentrations of all reagents.

We have also verified the solubility of our catalyst prc-G1-[Pd] in perfluorinated solvents in order

to perform catalysis in biphasic fluorous/organic systems.

We have tried to solubilize prc-G1-[Pd] in two perfluorinated solvents (perfluorodecalin and
perfluoromethylcyclohexane), our catalyst resulted to be slightly soluble in perfluorodecaline
and partially soluble in perfluoromethylcyclohexane.

Despite the partial solubility of prc-G1-[Pd] in perfluromethylcyclohexane we have decided to
perform the Heck cross-coupling in heterogeneous conditions, obtaining a similar result
obtained in organic solvents, but it was not possible to recycle and to proceed with the reuse
of the catalyst.

Precise versus stochastically functionalized PPH dendrimers in catalysis

In the last part of this work we have focused our attention on the comparison of the activity

between precisely (prc-Gn-[Pd]) and stochastically substituted (rdm-Gn-[Pd]) phosphorus dendrimeric
catalysts.

Catalysts prc-Gn-[Pd] and rdm-Gn-[Pd] were used for the Sille cross-coupling reaction in
organic solvent. In stochastically substituted catalysts (rdm-Gn-[Pd]) we observed a positive
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generation dendrimeric effect, going from the first to the third generation, as we observed
for precisely substituted catalysts (prc-Gn-[Pd]). While we observed for all generations a
higher activity of prc-Gn-[Pd] compared to the activity of rdm-Gn-[Pd] (Scheme 10).

1 Cat. 5% mol Pd
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A) ©/ + Bu3SnJ/ > ©/\
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B) 100
90 u
80 4 . s
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S 40 1 B ] §
O 30 u % rdm-G3-[Pd] |
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| § 4 B prc-G2-[Pd]
10 ® rdm-G1-[Pd]
J m prc-G1-[Pd]
0 T T T T 7 T 1
0 2 4 6 8 10
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Scheme 10. A) Scheme of the Stille cross-coupling reaction; B) Graph representing results of the Stille cross-
coupling using different catalysts.

e Catalysts 3prc-G1 and 3rdm-G1 were complexed in situ with Cul and used for the C-N coupling
[33]. Both showed a higher activity compared to the Cul alone. For this reaction the
stochastically substituted catalyst (3rdm-G1) showed a higher activity compared to the
precisely substituted catalyst (3prc-G1) (Scheme 11). We speculate that this behaviour may
be explained by two catalytical sites in the vicinity working in a cooperative way, but more
research is required to confirm this.

Ligand +
I H A N=
N Cat. 10% mol Cul )
o' -
CH3CN, C52C03
1eq. 1.4 eq. 80°C, 20h
Cat./Ligand Time (h) Conv. (%)
Cul 20 EE
3prc-G1 20 46
3rdm-G1 20 59

Scheme 11. Scheme of the C-N coupling reaction and table of results of the C-N coupling in biphasic
fluorous/organic system. (@ Determined by ‘H-NMR (CDCls, 400 MHz).
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The main objectives of this study were to create new dendrimer catalysts by integrating surface
functionalization with two surface functions, one capable of metal complexation and the other of
rendering them soluble in non-traditional solvents. We succeeded in synthesizing several types of
bifunctionalized dendrimers and studying their catalytic properties. Such work provides valuable
insights for the future and suggests avenues for refining sustainable catalytic processes.
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Coordination of Si—H and Ge—H Bonds to Ruthenium Metal Centres: Structure,
Reactivity and Catalytic Applications

Introduction

This thesis discusses the coordination chemistry and reactivity of ruthenium complexes with
silicon and germanium hydrides. Gaining fundamental insights into new reactivities of E-H bonds (E =
Si, Ge) to transition metals and coordination modes of these hydrides with transition metals is crucial
for developing new selective catalytic systems. This thesis focuses on elucidating the mechanism
governing the activation of Si—H and Ge—H bonds at the ruthenium metal centre.

The first part provides a brief introduction to the importance of investigating the coordination of
silicon and germanium with transition metals. It focuses on the different coordination modes of silicon
and germanium at transition metal centres, including c-complexes and oxidative addition adducts.

Among all the elements in the periodic table, transition metals play the most significant role in
homogenous catalysis due to their unique characteristics. The ability to change their formal oxidation
state and coordinate a wide range of substrates leading to various transition metal coordination
complexes, providing an alternate reaction pathway with lower activation energy makes them the best
candidates for very efficient and selective catalysts for numerous chemical reactions [1]. These catalytic
processes enabled the synthesis of many chemical compounds, materials, and polymers.

Silicon and germanium compounds are an important class of organic compounds with a wide
range of applications in synthesis leading to products ranging from things we handle in a day-to-day life
at household to spacecrafts in the lower earth orbitals [2-6].

Organosilicon compounds have found widespread applications in materials science, synthetic
chemistry, and pharmaceutical synthesis and some of the important applications include the following.
Organosilanes and siloxanes are commonly used to modulate the hydrophobicity and surface
properties of materials [7,8]. Side-chain liquid-crystalline siloxanes are utilized in the manufacturing of
electronic device displays [9]. Organofunctionalized silicates can be used to immobilize peptides and as
supports for metal complex catalysts [10,11]. Organosilanes serve as coupling agents between organic
polymers and silicate materials, leading to applications in dental composites [12] and adhesives [13].
They are also used as precursors for silicon carbide ceramics [14]. In synthetic chemistry, organosilicon
reagents enable mild, selective, and functional group-tolerant transformations. They are widely used
as protective groups in organic synthesis [15]. Additionally, they are also used in stereospecific
oxidations and carbon-carbon bond formations like cross-couplings, olefinations, and allylations [16-
18].

While organogermanium chemistry and applications have been less explored compared to
silicon [5,19,20], germanium compounds have found utility in medicinal and catalytic roles. Certain
germanium compounds exhibit promising bioactivities or medicinal properties. [21] Germylated
steroids have displayed potential as antitumor and antiviral agents [22]. The organogermanium
compounds, Asaigermanium and propagermanium have been reported as pharmaceutical drugs for
use in Japan [21]. Beyond medicine, organogermanes also hold promise as catalysts in the emerging
trend of main group based catalysts. Germanium compounds have been studied as catalysts for the
polymerization of lactide monomers [23]. Additionally, heavier Ge(ll) species can serve as catalysts [24]
for cyanosilylation [25] and hydroboration of carbonyl compounds [26], hydroboration of CO; [27],
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oxidative coupling catalysts for silane functionalization using aldehydes [28]. They are also good ligands
to various transition metals [29].

An efficient transition metal-based catalyst for synthesising useful silicon and germanium
compounds at ambient reaction conditions is highly desirable. A transition metal based catalyst can
selectively activate targeted bonds of the substrates and form new bonds between them leading to
desired products with very high efficiency. Hydrometallation reaction in which a hydrogen-
silicon/germanium bond is added to C—X multiple bonds such as alkynes, alkenes, and nitriles is one of
the best methods to synthesise these organosilicon/germanium compounds using simpler hydrosilanes
and germanes [30]. The selective monohydrometallation reaction of hydrosilanes or hydrogermanes
with more than one hydrogen can lead to the synthesis of organosilicon/germanium compounds of a
higher value that still have at least one Si—H or Ge—H bond, which can be further used as building blocks
in synthetic chemistry. Understanding the bonding between the E—H bond of R,EH, (E = Si, Ge, R = alkyl,
aryl) and the transition metal centre is essential for developing a better homogenous catalyst for
hydrometallation reactions.

The second part details an in-depth spectroscopic and structural analysis of the coordination and
activation of Si—H bonds of diphenylsilane at a ruthenium bis-dihydrogen dihydride complex,
[RuH2(H2)2(PCys)2] (1). A new reactivity leads to the formation of new ruthenium o-silane complexes
such as [Ru(H)2(n*-H2)(m>-HSiHPh,)(PCys),] (2), followed by [Ru(H)a(n3-H.SiPh,)(PCys),] (3) by the
sequential displacement of the H; ligands of the precursor complex is discussed. This reveals unique
bonding interactions and provides greater clarity on secondary silane coordination to the ruthenium
metal centre.

Hydrosilanes, compounds having a silicon-hydrogen bond, can react with transition metals
leading to the formation of different transition metal-silicon products [31]. The interaction of the Si—H
bond with a coordinately unsaturated transition metal can vary from weak interaction to complete
oxidative addition. The weak interaction or o-Si—H coordination can be represented as a three-centred
two-electron bond between the transition metal, silicon, and hydrogen atoms. The complete oxidative
addition of the Si—H bond to the metal centre can lead the transition metal to classical bonding
interactions with the hydrogen and the silicon. The type of coordination can be based on the degree of
activation of the Si—H bond at the transition metal centre. The Si—H bond activation can be represented
as a continuum between the o-Si—-H complex and the oxidative addition product [32]. Hence the
formation of o-Si—-H complex is considered as a result of incomplete Si—-H bond activation by an
electrophilic metal centre [33]. They are usually represented as shown in Scheme 68.

H H H
/
LM +HE == LM—| == LM | === M
~
E E E
c-complex oxidative addition

product

Scheme 68. E-H bond activation at transition metal centre; a continuum between the o-complex and the oxidative
addition product.

Compared to the most widely explored o-dihydrogen ligand, o-silane complexes exhibit an
asymmetry in electronegativity, size, and coordination mode, which makes the Si—H bond more basic
than the H-H bond. The silane o-coordination can be explained by the o-donor property of the Si—H
bond and, at the same time, its better ability to accept mt electrons to the 6*(Si—H) orbital. Hence the
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silane o-coordination is more favoured when compared to the o-dihydrogen analogue [33]. This has
enabled the synthesis of various o-silane complexes from dihydrogen complexes [34,35].

The coordination of silicon-hydrogen bonds to ruthenium metal centre is interesting because of
the silicon coordinated complexes has already proved its potential to steer various catalytic
hydrosilylation reactions. The ruthenium poly hydride complex [RuH(H2)2(PCys).] (1) being a good
candidate complex that has marked its remarkable ability to activate various S-H bonds at ambient
conditions, was chosen as a candidate to study the coordination of secondary silanes to ruthenium
metal centre. Previous studies on the coordination of secondary and tertiary silanes led to the
redistribution reaction of silane and the in-depth knowledge on the coordination of silicon compounds
with more than one hydride to ruthenium complex 1 have been lacking up to now. In this study, an
investigation of the reaction between diphenylsilane and the ruthenium complex [RuH;(H2)2(PCys),]
under controlled, low temperature conditions has been carried out. The reaction of the ruthenium bis-
dihydrogen complex 1 with diphenylsilane was investigated using NMR spectroscopic monitoring, X-ray
crystallography and DFT calculations. The step-by-step pathway for silane coordination and activation
has been studied using variable temperature NMR. The reaction was found to coordinate silane Si—H
bonds to the ruthenium metal centre via -bonds. It led to the formation of new ruthenium c-silane
complexes such as [Ru(H)2(n?—H2)(n?~HSiHPh;,)(PCys),] (2), followed by [Ru(H)2(n3-H,SiPh,)(PCys),] (3)
by the sequential displacement of the H; ligands of the precursor complex.

The addition of diphenylsilane to a THF solution of 1 at 233 K, followed by slow warming to room
temperature, resulted in the formation of o-Si-H complexes [Ru(H)2(n?—H2)(n*~HSiHPh,)(PCys),], 2,
and [Ru(H)2(n3-HSiPh,)(PCys)], 3 (Scheme 69).

PCYs PCYs RT, vacuum, 10 min Cy3H
H;,,..R Ry i - Hs Hr,,.Ru"‘\H T -H, Ht,,‘.Lu.“‘\S_/Ph
u + Ph,SiH, __‘_—""‘ . _— i
H\H/l \H/H 233 K, THF H\{ | ?/Sl\‘hph 298 K, pentane H/ :/ \Ph
PCy; PCys Ph vacuum, 10 min PCys
1 2 3

Scheme 69. Reversible coordination of Ph,SiH, to complex 1 to form complexes 2 and 3.

The molecular structures of 2 and 3 were established by detailed NMR spectroscopy
experiments. Complex 3 was subsequently isolated and its structure was also confirmed by single
crystal X-ray diffraction. Crystals of 3 suitable for study by single crystal X-ray diffraction were obtained
by the slow cooling of a pentane-THF solution of 3 to 233 K. The ORTEP view of the molecular structure
obtained by X-ray diffraction analysis of 3 is shown in Figure 1.

DFT calculations assisted to confirm the spectroscopic and X-ray elucidated molecular structures.
The new reactivities and description of binding modes observed have expanded current knowledge of
secondary silane interactions with ruthenium. It is important to note that the stepwise
dehydrogenation of the dihydrogen ligands with the coordination of each of the Si—-H bond can be
utilized for selective catalytic reactions. The fundamental insights gained from this reactivity and
coordination study can guide future development of silane coordinated transition metal systems for
the development of selective catalysts.
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Figure 30. X-ray molecular structure of complex 3, [RuH(17°-H,SiPh;)(PCys),] drawn at 50% probability as ellipsoids
(PCys and phenyl groups are shown in wireframe for clarity).

The third part demonstrates the efficacy of the ruthenium bis-dihydrogen dihydride complex for
selective monohydrosilylation of nitriles to N-silylimines. A range of nitriles and silanes are used in the
catalytic scope study, and a close look at reactivities between silane, nitrile, and ruthenium centres is
discussed. The identification and structural characterisation of a new ruthenium o-N-silylimine complex
(4), along with a possible new mechanism involving this complex, is described. Mechanistic
investigations provide critical insights into the activation of the Si—H and C=N bonds.

The mechanism and role of ruthenium o-complexes in catalytic hydrosilylation of nitriles were
evaluated, leading to the identification of complex 1 as a highly efficient catalyst for
monohydrosilylation of nitriles using secondary silanes. This reaction exhibited exclusive selectivity for
the formation of N-silylimines. A comprehensive understanding of the interactions between the nitrile
group and the silicon and hydrogen atoms of the silane was developed.

Catalytic hydrosilylation of nitriles with a series of secondary silanes and nitriles was observed
with 2.5 mol% of 1 (Table 9). The results showed that the catalyst was found to be highly active and
efficient, achieving near-complete conversion and excellent yield for the desired reaction at room
temperature. The complete conversion was typically observed in 15 minutes with a maximum turnover
frequency (TOF) of 400 and an impressive 99% yield (Table 9, entry 3), highlighting the extraordinary
effectiveness of 1 in catalytic hydrosilylation reaction.

The detailed mechanistic and spectroscopic data show how the initial addition of the nitrile to
the complex occurs at silicon rather than ruthenium and provide pathways for C—H and N-Si bond
formation, leading to the selective formation of N-silylimines. The direct detection of N-silylimine
bound to the ruthenium also demonstrates the synergy between the transition metal and main centres
in the formation of the new Si—N and C-H bonds. To gain a deeper understanding of the reaction
mechanism, selected stoichiometric reactions were conducted under controlled temperature
conditions, and key ruthenium o-complex involved in the catalytic reaction was identified.
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Table 9. Catalytic hydrosilylation of nitriles with secondary silanes.®

2.5 mol % (1) H\ SiHR,
R,SH, + R—C=N — C=N
Benzene-dg R
RT
itri , e oMV yielgta
Entry Nitrile Silane TON TOF [h'] sionl¢ Product
(min) (%)
185 >99%
1 PhCN Ph,SiH 4 9
C 2SiH; 0 (100%) (13) 96%
. 171 >99% .
2 PhCN Et,SiH, 40 (100%) (14) 97%
0,
3 PhCN PhMeSiH, 40 400 (100%) >?:)A’ 87%
[v)
4 Ph,SiH» 40 240 (100%) ﬁ%f’ 89%
[v)
5 Ph,SiH, 40 240 (100%) 7i%f’ 96%
: 53 >99% .
6 Ph,SiH, 38 (44.5 %) (150) 85%
[v)
7 Ph,SiH, 40 200 (100%) >(iif’ 86%
0,
8 Ph,SiH, 40 160 (100%) >(91if 99%
[v)
9 Ph,SiH, 40 160 (100%) Tigsf’ 89%
. 160 >99% .
10 PhCN 2 Ph,SiH, 40 (100%) (15) 100%

No further reaction after
heating 60 °C for 1 day.

11 CH3CN Ph,SiH, 0 0 0 0 No catalytic reaction

[a] General procedure — 2.5 mol % of [RuHa(n?—H.)2(PCys).] was added to a solution of nitrile and silane in CeDs.
[b] Calculated at the conversion shown in parentheses. [c] Calculated from *H NMR data. [d] Yield is determined
by H NMR.
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The reaction of the ruthenium bis-c-Si—-H complex 3 with benzonitrile gives a quantitative
formation of a ruthenium o-N-silylimine complex 4. Complex 4 stands as the first example for the direct
evidence of N-silylimine coordinating to ruthenium metal centre. The molecular structure of 4 were
established by detailed NMR spectroscopy experiments, and the compound was isolated and
characterised by X-ray diffraction.

The stoichiometric reaction of ruthenium bis 6-Si—H complex 3 with an equivalent of benzonitrile
was thoroughly examined, with a specific emphasis on the potential for the addition of the activated
Si—H bond to the benzonitrile. This reaction was of great interest due to the prospect of new Si—N and
C—H bond formation. It was found that the reaction led to the formation of a new ruthenium complex,
designated as 4, which contains an N-silylimine ligand resulting from the selective addition of only one
Si—H bond of diphenylsilane to the nitrile group (Scheme 70).

PCY3

H 233Kt RT  H
H 2
g o " THF "R --““\ ~

i + g
/|u?/s\Ph PhCN ~ ————= H/| AN

N
PCys PCys Xy H
3 4

Scheme 70. Reactivity of complex 3 with benzonitrile.

H

The molecular structure of 4 in solid state was determined by single crystal X-ray diffraction
analysis (Figure 31), which demonstrated the unique coordination mode of N-silylimine to the
ruthenium metal centre. Specifically, the N-silylimine moiety coordinates to the ruthenium atom via
an n2-Si—H bond and the nitrogen atom, resulting in a pseudo-octahedral environment and is located
in a plane along with Si, N, and hydrogen atoms.

Figure 31. X-ray molecular structure of complex 4 [RuH,(n?-HSiPh,NCHPh(PCys),] drawn at 50% probability as
ellipsoids (PCys; and phenyl groups are shown in wireframe for clarity).

Complex 4 features a unique o-Si—H interaction alongside the nitrogen atom of the imine
coordination to the ruthenium centre. The successful isolation of complexes 3 and 4 and the
demonstration of their active participation in catalysis helped to understand the mechanism of the
catalytic reaction better. Two possible mechanisms were studied using DFT calculations, and along
with the experimental pieces of evidence, a favourable mechanism developed using DFT is proposed.
The ruthenium-based system of o-Si—H complexes has proved its competence for the challenging
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transformation of nitriles to an imine level selectively but also enables low-energy pathways for Si—H

bond cleavage and C—H bond formation.

With THF as Solvent

AGin kl.mol™? PCys
(Ein kJ. mol?) [ )
Ha, | oM ogop,
Ru--—""+""2
H “y Y
ol
FCya PCya \“
*h
Ha,. l -"H““s-ph TS2a
Nl T £ 90.0(+28.6)
==ph —
PCya
TS1a
1523(-7.6) It1a
+37.4
(=20.5)
—
PCya
0.0(0.0)
— H""'R "‘H\“S‘Ph
u iPh,
L YN
" P Ns ~15.2(-87.9)
PCYa PCys S It2a
H : . ———
i 583 (— PC;
:;H“.l“\s\'lhz + PhCN 58.3(-146.9) :3
H — Hop | o
PCy; ’Ru',‘ Sz
3 PCys H N H
H
Hy, | S siPh, PCys  Ph
“Ru’. N 4
W s
-91.0(170.7)
PCya pny ——

Scheme 71. DFT calculated the steps of the catalytic hydrosilylation process at 298K, involving the nitrile

coordination to the silicon centre.
Based on the experimental and DFT observations, we propose an overall representation of the
pathway of the catalytic reaction, which involves the coordination of the diphenylsilane before the

coordination of the nitrile and, thus, the catalytic cycle (Scheme 72).

PC‘:’B Ph,SiH; PCys
He RO i H
N —— N s PR RN
L Ru SiHPh,
H I H” H” H ‘
PCy, PC;';,
PCys
PhCH=NSiHPh; ‘ H
H:.R ..n\\s Ph
u iPhy
-
Ph,SiH; 7 : PhCN
PCys PCys PCys
3
H H?. I .\H-.. .
Hi. o o™ gipn, H"Rd\ ,Slshz
- .
H7 | SN H G "
N
F’Cva\gh PCys Bh
It1a
PCys PCys
T~
Ha, 1 &7SiPhy He., Hﬁs.ph
Uy Ru-="5""2
H ]6'4 ~/ H™
PCys ~
Ph PCys le
TS3a PCys Ph
[Hs Ts2a
Ho b SsiPh,
. A"
P
H | H‘“"-n/ N
F'Cygph
It2a

Scheme 72. Representation of the overall steps of the catalytic hydrosilylation process
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The fourth part examines the reactivity of the ruthenium bis-o-silane complex (3) with amines
and alcohols. The new reactivity study of complex 3 with benzylamine and benzylalcohol disclosed new
ruthenium amino (5) and alkoxy (6) functionalised silane complexes. The role of these reactivity studies
that led to a highly efficient ruthenium-catalysed dehydrogenative coupling reaction of silanes with
amine and alcohol is explained.

In summary, this work has conducted an in-depth investigation into the reactivity of the silane
coordinated complex 3 with benzylamine and benzylalcohol under controlled reaction conditions.
Through extensive NMR spectroscopic analysis at low temperature conditions and structural
elucidation, the coordination of these substrates to the silicon centre has been explained. This has
provided a better mechanistic insight into the dehydrogenative coupling reaction of silane with amine
or alcohol. The molecular structures of new ruthenium complexes 5 and 6 formed after the reaction
with amine and alcohol have been characterized using multinuclear 1D and 2D NMR spectroscopic

techniques.

PCy, PC

v | R 213K H v

N THF-d8 M0
i u 4

H’l \H/ \Ph + NH,CH,Ph  —T H\( | \/SI\\Ph

PCys H pcy HN— CH,
\

3 5 Ph

Scheme 73. Reactivity of benzylamine with [Ru(H)s(1P-H2SiPh;)(PCys);] to form new aminosilane coordinated
ruthenium complex.

TCysH 213K PCys
Ph 3 H
,"Ru/\Si/ T I"Ru/H i
H/| \H, Nen +  HOCH,Ph ~ ————3 H o7 | . Si—Pnh
PCys H poyl O—CH,
3 6 Ph

Scheme 74. Reactivity of benzylalcohol with [Ru(H) (1P-H2SiPh;)(PCys):] to form new alkoxysilane coordinated
ruthenium complex.

Leveraging the understanding of this new fundamental reactivity, the [Ru(H)2(H2)2(PCys).]
complex has been proved to be an efficient pre-catalyst for the dehydrogenative coupling of silanes
with amines and alcohols. The catalytic products have been thoroughly characterized by NMR
spectroscopy, confirming the formation of new Si—N and Si—O bonds. By systematically investigating
the stepwise reactivity of silanes, amines, and alcohols at the ruthenium centre, more insights into the
mechanism of the catalytic dehydrogenative coupling reaction was developed which helped to propose
a mechanism for this catalytic reaction. Overall, this study has opened a new strategy and methodology
to synthesise new organosilicon compounds with Si—N and Si—O bonds efficiently at room temperature
conditions.

Ph
2.5mol % 1 s|i’ H
PhoSiH, + Ph”” SNH, ————  pn” N7 pn M2
THF-dg , -40 °C to RT |!|

Scheme 75. Catalytic dehydrogenative coupling reaction of benzylamine and Ph,SiH..
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Ph
2.5mol % 1 Sli/H
THF-dg , -40 °C to RT

Scheme 76. Catalytic dehydrogenative coupling reaction of benzylalcohol and Ph;SiH.,.

These stochiometric reactions with benzylamine and alcohol demonstrated the electrophilic
nature of silicon in the ruthenium bis-c-Si—H complex 3. The similar results and spectroscopic signals
across the series of these new ruthenium complexes 5 and 6 implies they have analogous molecular
structure and probably similar mechanism for catalysis. Based on the above discussed reactivity studies
between the ruthenium precursor, silane, amine/alcohol substrates, a mechanistic pathway for the
dehydrogenative coupling catalysis is proposed a shown below in Scheme 77.

-H,
PCYs P
H, | H H Hy, | H\ Ph
| + H2 '~Ru/ /
/ '\ Si—ph NS
/ "\
Y H H Ph
PCYa Ph PCy,
PhCH,XH X =NH, O
Ph,SiH,
PC‘/s PCV3 / PCys
PCy; H, | Ph
H, | WH _HL —_— -~ Ph
- H‘_ (l\D y (l\&‘Ph . wm— H(l Si
+H '\Ph
" | \ 2 PCys PCYs  X—CH, PCy
H - Ph,SIHXCH,Ph 3
PCy,H \Ph X ~cCH
2
\

Ph

Scheme 77. Proposed mechanism for catalytic dehydrogenative coupling of silanes with amines and alcohols using
[RU(H)Z(HZ)Z(PCV3)2] Complex.

The fifth part details the isolation and reactivity studies of a ruthenium germylene complex
[Ru(=GePh;)(H)2(H2)(PCys):] (8). The germylene complex 8 is shown to undergo a substitution reaction
with amines and alcohols, elucidating new amino and alkoxy germylene complexes (9-13). The
structure of new functionalised germylene complexes is elucidated with the help of NMR spectroscopy,
X-ray diffraction and DFT calculation. This study expands the coordination chemistry of ruthenium-
germylene species.

This work has undertaken an extensive investigation into the reactivity study of the ruthenium
germylene complex [Ru(=GePhy)(H)2(H2)(PCys).] (8) formed from [RuHa(H2)2(PCys).] and
diphenylgermane. Through a scaled-up synthesis and isolation of this key intermediate complex, new
reactivity studies of this complex with benzylamine and benzylalcohol have been conducted. The
reaction was closely monitored using low-temperature NMR spectroscopic techniques. The new
ruthenium germylene complexes (9-13) have been characterized by NMR spectroscopy. The molecular
structure of aminogermylene complex 9 has been obtained by X-ray analysis.
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PCy; PCy;
Hio | WH 40°C, THE  H,, | . n
Hgr RU==6oPh, + N7 Sph ——>  y _Ru=ce + Cofl
i RT. 24h Y HN— CH
PCys, H Pcy, \ 2

Ph
(8) (9)

Scheme 78. Synthesis of ruthenium aminogermylene complex.

Figure.32. X-ray structure of aminogermylene complex 9.

The Ru—Ge bond length of 2.347 A along with DFT calculations confirmed the Ru—Ge double
bond character, a ruthenium germylene type of coordination. Low T; relaxation time values confirmed
the presence of dihydrogen ligand in this complex. DFT calculations were performed to figure out the
possible intermediates and transition states formed during the reaction between benzylamine and the
ruthenium germylene complex. A possible mechanism was proposed based on the calculations and the
NMR spectroscopic evidence. The reaction was found to procced through a complex 10 in which
benzylamine nitrogen atom is coordinated to the germanium centre.

-40°Cto RT

PCy.
° pn overnight PCY3 Ph
H, WHy H H
"Ruz=g A THF fapye/
Ho~ | R *f HN Ph ———— H / i=ce
H  Pey, Yo - CeHs *H PCY, AN— Cti
(8) ) Ph
\ PCy3 /
Ru—GePh2

H
\/ |
H  pPcy, NH,CH,Ph
(10)
Scheme 79. Proposed structure for intermediate complex 10 formed in reaction before aminogermylene 9.
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Scheme 80. Proposed energy profile for the reaction of benzylamine with ruthenium germylene complex. B3PW91
functional, 6-31G** basis set. Pseudo potential SDDALL for Ru and Ge.

It was found that the aminogermylene complex 9 further reacted with an additional equivalent
of benzylamine to form the diaminogermylene complex 11. It was unfortunate that decomposition of
the reaction occurred in parallel due to heating reaction conditions, due to an existing competition
between the diaminogermylene formation and decomposition reaction. Even though isolation of the
product from the reaction mixture containing the liberated byproduct phosphine was not achieved,
the diaminogermylene complex 11 was fully characterized using various NMR spectroscopic
techniques. This study has successfully demonstrated the stepwise reactivity of the electrophilic
germanium centre in 8 with benzylamine to synthesise new amino functionalised ruthenium germylene
complexes.

PC il
PCy, Y3 _
Hy, | wH PD _~_  THF,-40C  H,, | HINTCH:
RUEN L7+ HN Ph — “Ruz= g2
H/Ru=Ge 2 H U=Ge + CGHG
\ \ 60 °C, 10 days \ )
H  pcy, HN—C\H2 ’ H poy, HN—CH,
Ph
(9) Ph (1)

Scheme 81. Reaction with the second equivalent of benzylamine

The reaction of benzylalcohol with diphenylgermylene was also investigated and resulted in the
formation of the new alkoxygermylene complex 12. Similarly to the amine reactivity, the addition of
the second equivalent of benzylalcohol resulted in the complete transformation to the
dialkoxygermylene complex 13. These new ruthenium alkoxy germylene complexes were also
characterised by multinuclear NMR spectroscopy. This reactivity further supported the electrophilic
nature of the germanium centre in the ruthenium germylene complex.
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PCys PCy,
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H/Ru:Geth + HO Ph ———» H/Ru:Ge + CgHg
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Scheme 82. The reaction of diphenylgermylene with benzylalcohol
PC /Ph
PCys Y3
H,,. | _nH /Ph P -40°C, THF Hy,. | _nH /o CH,
H IU—Ge * HO Ph ——» 4 /RIU=Ge\ + CgHg
\ \ \
— RT, 24 h —
Ph Ph
(12) (13)

Scheme 83. The reaction of alkoxy-germylene with the second equivalent of benzylalcohol

Overall, this work has significantly expanded the chemistry of ruthenium germanium
coordinated complexes which paves new paths for applications of these new germylene complexes in
future.

Finally, the sixth part explores the reactivity of cationic ruthenium half-sandwich diphosphine
complexes with diphenylgermane. This reveals initial Ge—H bond activation at various coordinatively
unsaturated ruthenium complexes, leading to new ruthenium germanium complexes (24, 26-29). A
stoichiometric Markonikov hydrogermylation of phenylacetylene was achieved, and the involvement
of the new ruthenium germanium complexes and ruthenium vinylidene complexes in the course of the
hydrogermylation reaction is described.

This study has successfully investigated the reactivity of GePh,H, with a number of half-sandwich
ruthenium diphosphine rcomplexes. To examine the interaction of Ge—H bonds to the activated alkyne,
ruthenium vinylidene complexes were synthesised and characterized. Extensive investigation into the
reactivity of these complexes with diphenylgermane has revealed new insights into the interaction
between Ge—-H bonds and the metal centre. Further detailed spectroscopic and structural analysis
enabled the pathways between diphenyl germane and cationic complexes [CpRuP,0OTf], P, = (PPhs),,
dppe leading to the instantaneous formation of a ruthenium dihydride complex 23 or Ge—H sigma
complex 26 to be established. This complex was later found to transform to a germanium-coordinated

complex 24.
(©]
oTf
| + TMSOTf | + 5 Ph,GeH, ® | -H, | yPh
— .-R - Ru— — S
Ph Pu--Ru\ Ph3P“ u\ —_— Phgp“ U\ H ~ Phsp“,.—Ru Ge
3 cl  .Tmscl ort DCM-d H Hy /| Ph
" -d
PhsP DCM-d, PhsP RT. 10 min PhsP 1.3 bar PhyP OTf
14 20 23 24

Scheme 84. Overall reaction of bis-triphenylphosphine ruthenium complex with TMISOTf and diphenyl germane.
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This work has shed light on the mechanism by which the germanium-hydrogen bond is activated
at the ruthenium centre. Importantly, bidentate phosphine ligands such as dppe and dppm have shown
different reactivity profile compared to bis-PPhs ligands.

(S]
_ _ OTf _ -
o = W = .
\
R| Zoere ® F|{ | P ; ®| &
»Ru _— vwRu e .Ru—Ge
p\\\\ P\\\\ N Rt u
\CI _TMSCI ‘ H/ \Ph heat 50 °C Py l \Ph
P DCM-d, P 2.5 days s ot
RT - - - =
15 - DPPE 26- DPPE 27 - DPPE
25 - DPPM 28 - DPPM 29- DPPM

Scheme 85. Reactivity of ruthenium bidentate diphosphine complexes with diphenyl germane.

Finally, a detailed spectroscopic analysis of the reaction between the vinylidene complex with
excess of diphenylgermane enabled the identification of a hydrogermylated product. Thus, a
stoichiometric Markonikov hydrogermylation of phenylacetylene was achieved using the ruthenium
vinylidene complexes 18 and 19.

_ _0
oTf ©)
@RI 5 Ph,GeH @ Ph Ph,HG H
-Ru 2 2 e
@', .« . ol s TN _/
7 +-Ru=Ge + c=c
c CD,Cl, N\ \
| Ph Ph/ H
Ph 50°C,5d
P = PPh, (18), DPPE (19) P = PPh; (24, DPPE (27)

Scheme 86. Reactivity of ruthenium vinylidene complex with diphenyl germane.

This stepwise investigation represents a significant advancement in understanding the
mechanism of metal vinylidene complex-mediated, transition metal-catalysed hydrogermylation of
alkynes. While catalytic hydrogermylation was not directly accomplished under the reaction conditions
examined, the fundamental coordination chemistry principles established here provide a critical
foundation for future efforts.

Even though the bonding of the ruthenium c-germane complexes (26, 28) and germanium-
triflate bound complexes (27,29) were identified and characterised by NMR as discussed, further
evidence were required to establish the bonding between ruthenium, germanium and triflate moieties
in these complexes. Hence, DFT calculations were carried out to optimize the molecular structures of
ruthenium dppe germanium complexes 26 and 27 (Figure 33). The major bond lengths provided insight
into the bonding interactions.
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Figure 33. DFT calculated molecular structures of complexes [CpRu(dppe)H,][OTf] (left), [Ru(Cp)(dppe)(n-
H,GePh,)][(OTf) (26) (centre) and [Ru(Cp)(dppe)( GePh,0Tf)] (27) (right). Phenyl groups drawn in wireframe and
CH hydrogens omitted for clarity.

In summary, this thesis has significantly expanded the fundamental coordination chemistry of
ruthenium complexes with silicon and germanium hydrides through extensive spectroscopic, structural
and computational analysis. The insights gained on the activation of Si—H and Ge—H bonds using the
reactive ruthenium systems provide a basis for expanding the scope of new catalytic transformations.
For instance, the extension of the scope of ruthenium-catalysed hydrosilylation of nitriles and the
dehydrogenative coupling is an interesting target for the synthesis of diverse organosilicon compounds
at room temperature conditions.

Changing the ligands on the ruthenium centre with different steric and electronic properties can
definitely lead to complexes with different properties and reactivities and such influence can be studied
on the ability of the metal centre to activate Si—H and Ge—H bonds. Furthermore, new reactivity studies
of this electrophilic silicon and germanium centres with other nucleophiles like ketones and ammonia
would be interesting. It is important to note that both Si—H and Ge—H bonds were activated using these
ruthenium complexes under ambient conditions, still their bonding interactions with similar metal
centres was found different, especially in the case of [RuH,(H;)2(PCys).] complex, diphenylsilane led to
bis-o-Si-H complex, meanwhile diphenylgermane led to germylene complex. This difference arises
curiosity in bonding of heavier analogues, Sn and Pb coordination to ruthenium centre in these
complexes. Also, similar reactivity studies with other Group 14 hydrides such as Sn—H could be
interesting to synthesise inaccessible organotin compounds. In the case of ruthenium half-sandwich
diphosphine complexes, the Si—H bond activation of hydrosilanes and the addition of the activated
alkynes through ruthenium vinylidene complexes is an interesting future study.
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Single Electron Reduction of NHC-CO, and NHC-CO,-BR; Adducts

Introduction

The carbon dioxide radical anion [CO,]*" is a highly reactive species of fundamental and synthetic
interest. However, the direct one-electron reduction of CO, to generate [CO]*” occurs at very negative
reduction potentials, which is often a limiting factor for applications. My doctoral work concerns the
synthesis of NHC-CO, and NHC-CO,-BR3 adducts (BRs: borane) and the evaluation of their one-electron
reduction chemistry through a combined experimental and theoretical study. Firstly, a brief literature
review is given followed by a theoretical study on the one-electron reduction of NHC-CO, and NHC-
CO,-BR3 adducts with the aim of understanding how these species behave after the addition of one
electron. This study would guide us towards the choice of adduct/s that may exhibit most accessible
reduction potential for its further synthesis. We show that NHC—CO,—BR3 species undergo single
electron reduction at a less negative potential than free CO,. A net gain of more than one volt was
notably measured with a “CAAC—CO,—B(CsFs)s adduct, which was chemically reduced to afford [CAAC—
CO2—B(CsFs)s]*". This room temperature stable radical anion was characterized by EPR spectroscopy
and by single-crystal X-ray diffraction analysis. A theoretical analysis is presented, where the
computational method is initially validated based on previous experimental results, and then various
properties related to the one-electron reduction of these adducts are rationalized using quantum
chemistry-based tools. Of particular interest, DFT calculations showed that, thanks to the electron
withdrawing properties of the Lewis acid, significant unpaired spin density is localised on the carbon
atom of the CO, moiety. Finally, these species were shown to exhibit analogous reactivity to the carbon
dioxide radical anion [CO;]*” toward DMPO. This work demonstrates the advantage provided by FLP
systems in the generation and stabilization of [CO;]*" like species. For more information about this
work, see [1].

Bibliographic section

In this first section, the subject of this work will be contextualised with relevant examples
reported in the literature. The two pathways for generating the radical anion of CO,, [CO,]*", will be
briefly described. Then, we will provide two key examples of its reactivity towards open-shell and
unsaturated species as alkenes. The second part will focus on the one-electron reduction of NHC-CO;
adducts through electrochemical and chemical means. Finally, the synthesis of NHC-CO,-BR3 adducts
reported in the literature will be also summarised.

Generation of CO; radical anion and formation of C-C bonds
As shown in the diagram below, the generation of the CO, radical anion can originate from two
main sources: either from CO; gas or from a formate salt through electrochemical and photochemical
means (on the left, Scheme 1). It has been demonstrated that it can then react either with an open-
shell species via radical-radical coupling or with alkenes via radical addition (on the right, Scheme 1).
The direct one-electron reduction of carbon dioxide is the most straightforward process to

generate the CO; radical anion, [CO,]*". However, this approach is challenging as it requires particularly

+/0

high negative potentials, Ereq = -2.2 V in DMF and -3 V in CH3CN in respect to Fc*’® redox couple [2-5].

In the literature, the use of organic dye species such as p-terphenyl as a photocatalyst to achieve this
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transformation using ultraviolet (UV) light has been reported. As a key example, Jamison and
collaborators [6] disclosed a photoredox strategy for the synthesis of a-amino acids in continuous flow
under UV light through the carboxylation of the C(sp®)-H bond of tertiary benzylamine derivatives (-
benzylpiperidine derivatives) in the presence of a base, KCO,CFs. Open-shell species are generated as
follows: upon irradiation of the photocatalyst, its singlet excited state undergoes a reducing quenching
with the amine, resulting in the oxidised form of the amine and the reduced photocatalyst. Then, the
oxidised amine is deprotonated by a base, producing a carbon-centred radical. After the formation of
the carbon dioxide radical anion via one-electron transfer with the reduced form of the photocatalyst,
a new C-C bond is formed through radical-radical coupling, ultimately resulting in a-amino acids with
yields of up to 99% and a regioselectivity of 52:1 in just 10 minutes (Scheme 2).
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Scheme 1. Generation of CO; radical anion [CO,]*~ and its use in C-C bond formation.
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Scheme 2. Photoredox activation of carbon dioxide for amino acid synthesis in continuous flow by Jamison’s
group.
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Scheme 3. Hydrocarboxylation of alkenes derivatives with formate salts catalysed by either an organic or an Ir-
based photocatalyst.

Furthermore, formate salts have been used instead of CO; in order to avoid highly reducing
potentials required for the generation of the CO; radical anion. The radical anion of carbon dioxide can
be generated through hydrogen atom transfer (HAT) from formate using a suitable HAT agent or by
single-electron oxidation. As a key example, Li and colleagues [7] described the fselective
hydrocarboxylation of substituted alkenes using either Eosin B or an iridium-based photocatalyst
(Scheme 3). The authors suggested two plausible mechanisms. In strategy A, the excited state of the
photocatalyst oxidises the formate salt to form a formyloxyl radical capable of trapping one hydrogen
atom from the formate salt and producing [CO,]*~ and formic acid. Subsequently, [CO,]*” undergoes a
radical addition to the alkene, resulting in a Giese-type species that it is subsequently reduced. This
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latter species is protonated to yield the desired product. In strategy B, the reduced form of the catalyst
can be excited again and reduce the alkenes to form an alkene radical anion, which could react with
the CO; generated in situ from the formate salt. Finally, the resulting functionalized alkene radical
anion is reduced and protonated as in strategy A to yield the desired carboxylate product (Scheme 3).

Reduction of NHC-CO; adducts

Examples of one-electron reduction in NHC-CO, adducts is rather limited in the literature
(Scheme 4). During the reduction of these adducts, it can lead to the formation of formate (Scheme
4A) and methane (Scheme 4B) in the presence of a proton source. In the absence of any proton source,
its radical anion (product of one-electron reduction) is generated either through electrochemical
(Scheme 4C) or chemical means (Scheme 4D).

A) Generation of formate ion

JU

) I

IMeH O

R

B) Generation of methane +le, +H* R = H (ANT); Br (9,10-DBA)
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C) Electrochemical reduction CAAC-CO, adduct

Scheme 4. Reduction of NHC-CO,-based adducts. A) Generation of the formate ion. B) Generation of methane. C)
Electrochemical reduction of CAAC-CO; adduct. D) Chemical reduction of CAAC-CO; adduct.

Synthesis of NHC-CO,-BR; adducts.
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Over the past decade, Tamm and colleagues [8,9] have described three examples of NHC-CO,-
BR3 adducts in the context of Frustrated Lewis Pair (FLP) chemistry. These systems consist of two
components: a classic bulky diamino-carbene with tert-butyl groups as N-substituents and a bulky
boron-based Lewis acid, tris[3,5-bis(trifluoromethyl)phenyl]lborane (abbreviated as B(m-XyF¢)s) and

tris(pentafluorophenyl)borane, (B(CeFs)s).

/tBu /tBu
N 1) B(m-XyF N+ CF;
[ > : ) B( Y 5)3 | N\
N 2 N o ),
tBu Bu
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t t
/BU /BU
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'Bu Bu 3
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t t t
/ BU / BU / BU
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CF, CFy F F
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F
B(m-XyFg); B(CeFs)3

Scheme 5. Synthesis of NHC-CO,-BRs adducts.

Computational study on reduction potentials of NHC-CO, and NHC-CO,-BR; adducts.

Firstly, we investigated the influence of the N-Heterocyclic Carbenes (NHC) in the one-electron
reduction of NHC-CO, adducts. In this work, we aimed to estimate the reduction potential of a
collection of NHC-CO; adducts bearing different N-substituents, as well as other types of NHC-based

compounds (1-8) (Scheme 6).

277



Agustin MORALES AGUILAR ESR 15

Using the "direct approach," the Gibbs energy associated with the one-electron reduction of
NHC-CO; adducts allowed us to estimate an absolute reduction potential for each adduct. The next
step is to refer it to a reference electrode or redox couple. The most commonly used reference
electrodes are the Standard Hydrogen Electrode (SHE) and the Saturated Calomel Electrode (SCE). In
the literature, the absolute reduction potential of SHE, Es*", has been theoretically determined in
various ways. However, it can vary from 4.05 V to 4.44 V depending on parameters used, such as the
Gibbs energy of H and the surface potential, among others [10-13]. The theoretical reduction potential
of SCE depends on SHE, which can complicate the assessment of precise reduction potentials.
Therefore, we used the ferrocenium/ferrocene (Fc*/°) redox couple as a reference as it does not
depend on the SHE. The absolute reduction potential used for this redox couple was 4.780 V [14].

In NHC-CO; systems where N-substituents are alkyl groups such as methyl (1), tert-butyl (2), and
adamantyl (3), their reduction potential is more negative than the reduction of a free CO, molecule
(approximately -3 V vs. Fc*/?). In the case of adducts based on diaminocarbene with aryl derivatives as
N-substituents (4-6, Scheme 6), the reduction potential of these species is more favourable than the
reduction potential of the previous NHC-CO, adducts (1-3, Scheme 6). Only adduct 6 has a reduction
potential less negative than in the case of free CO,. The use of NHCs with N-substituents as aryl groups
allowed for more accessible reduction potentials than in the case of adducts with alkyl groups. In other
specific cases such as Enders' and “/CAAC carbene adducts, their reduction is more accessible than in
the case of free carbon dioxide (Scheme 6).

[\ [\
el O > NINK Eﬁ ﬁ
0”0

(0] (0]

(1) (2) (3)

-3.25 -3.42 -3.44
! £/ R
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(5) (6)
-2.84 -3.00 -2.30

\

c
Enders and 9CAAC-type NHCs ©/Nim\ : N
0”0 0”0
(7) (8)
-2.65 -2.38

Scheme 6. The studied NHC-CO, adducts with their calculated theoretical reduction potential in dichloromethane
using the M06-2X-D3 functional (in blue). Potentials are expressed in volts (V) in respect to Fc*/.

Next, the influence of adding a borane was studied. We wondered if a borane (BRs) would
facilitate the reduction of NHC-CO, adducts to less negative reduction potentials. We considered the
use of three different boranes with different Lewis acidities: the simplest borane BH3 and two more
acidic boranes, BCls and B(CgFs)s.
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As shown in Scheme 7, the trend of the reduction potential remains unchanged compared to
the adducts without borane (1-8, Scheme 6). The addition of a borane has a beneficial impact on
facilitating the one-electron reduction of NHC-CO; adducts (1-8, Scheme 6). With the addition of a
borane, these adducts ((1-8)-BHs, Scheme 7) exhibit less negative reduction potentials than NHC-CO,
adducts (1-8, Scheme 6). At this stage, the reduction potential of the adducts (1-8)-BHs is less negative
than in the case of the free CO; molecule.

After observing that there is an impact on the reduction potentials of NHC-CO,-BR; adducts, we
also wondered about the impact of the Lewis acidity of the borane on the reduction potentials. The
results are shown in Scheme 8. By increasing the Lewis acidity of the borane, we can access even less
negative reduction potentials (Scheme 8) than in the case of free CO,, NHC-CO, adducts, and NHC-CO,-
BH3 adducts (Scheme 8).

After evaluating NHC-CO,-BR3 adducts by increasing the Lewis acidity of the borane ((1-8)-BCls),
we were interested in using highly acidic boranes to experimentally synthesise adducts with these
properties. According to the literature, there is experimental evidence that NHC-CO,-B(CsFs); adducts
can be synthesised with moderate yields. We questioned if these adducts (1-8)-B(CsFs)s exhibited
similar behaviour to their analogues, (1-8)-BCls. The reduction potential of NHC-CO,-B(CsFs)s adducts
(1-8)-B(CsFs)s is slightly lower than the reduction potential of NHC-CO,-BCls adducts. Despite this fact,
the reduction potential of (1-8)-B(CsFs)s is more accessible than in the case of NHC-CO; adducts (1-8)
and the free CO, molecule (Scheme 9).
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Scheme 7. The studied NHC-CO,-BH; adducts with their calculated theoretical reduction potential in
dichloromethane using the M06-2X-D3 functional (in blue). Potentials are expressed in volts (V) in respect to Fc*°.
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Scheme 8. The studied NHC-CO,-BCl; adducts with their calculated theoretical reduction potential in

dichloromethane using the M06-2X-D3 functional (in blue). Potentials are expressed in volts (V) in respect to Fc*/°.
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Scheme 9. The studied NHC-CO,-B(CsFs); adducts with their calculated theoretical reduction potential in
dichloromethane using the M06-2X-D3 functional (in blue). Potentials are expressed in volts (V) in respect to Fc*.
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Experimental approach to one-electron reduction in NHC-CO,-BR; adducts.

We conducted an exploratory study with the ultimate goal of understanding the behaviour of
NHC-CO,-based species upon the addition of a single electron to avoid the synthesis of a large
collection of NHC-CO; and NHC-CO,-BR3 adducts. Nevertheless, to validate whether the computational
methodology accurately describes reduction in NHC-CO, and NHC-CO,-BR3 adducts, a significantly
smaller collection of NHC-based adducts was experimentally tested. According to theoretical results,
DFT analysis suggests that NHC-CO,-BR3 adducts would result in less negative reduction potentials
compared to NHC-CO; adducts. According to DFT analysis, the addition of boranes with higher Lewis
acidity (such as BCl3 and B(CsFs)3) should more easily promote one-electron reduction compared to
cases where the borane is less acidic (like BH3) or absent (NHC-CO, adducts).

In the literature, reports have confirmed the experimental isolation of NHC-CO,-BRs adducts
where the NHC and highly acidic borane are sterically hindered, inspired by a Frustrated Lewis Pair
(FLP) approach in the presence of CO,. Following the work of Tamm [8,9], we considered the synthesis
of NHC-CO,-B(CsFs)s adducts. To confirm if our theoretical methodology is suitable for predicting
reduction potentials in NHC-CO, and NHC-CO,-BR3 adducts, regardless of the electronic properties of
the NHC, we tested several types of NHC. We synthesised I'Bu-CO,-B(CsFs); (2-B(CsFs)s, previously
reported by Tamm [9]) and IAd-CO,-B(CsFs)s3 (3-B(CeFs)3), with adamantyl groups as N-substituents, IPr-
CO,-B(CsFs)3 (5-B(CsFs)3) with substituted aromatic groups as N-substituents, and finally, “CAAC-CO,-
B(CeFs)s (8-B(CeFs)s) inspired by the previous works of Machan and Gilliard (YCAAC-CO, 8) [15,16]. This
allowed us to test our theoretical methodology in a diverse group of systems.

After the synthesis and characterisation of NHC-CO,-B(CsFs)s adducts (2-, 3-, 5-, 8-B(C¢Fs)s), we
measured their reduction potential. Measurements were performed by cyclic voltammetry. Due to the
stability of the compounds in dichloromethane (NMR spectra were recorded in CH,Cl,), this solvent
was used for measuring the reduction potential of the synthesised adducts.

After defining the experimental conditions, we tested the reproducibility of our system for
determining the reduction potential of NHC-CO, and NHC-CO,-BR3 adducts. To our knowledge, there
is only one example where the reduction potential of NHC-CO, adducts has been successfully
determined experimentally. Machan, Gilliard, and their colleagues jointly reported the reduction
potential of YCAAC-CO; adduct (8) as -2.08 V (in CHsCN) and -2.15 V (in THF) vs. Fc*/° [15]. We measured
a reduction potential of YCAAC-CO, at -2.13 V vs. Fc’®in CH,Cl,. Next, we measured the reduction
potentials of all studied adducts (2-, 3-, 5-, 8-B(CsFs)s) (Figure 1).

In the case of adducts with alkyl N-substituents, tert-butyl (2-B(Ce¢Fs)s) and adamantyl (3-
B(CsFs)s), an irreversible behaviour with a reduction potential at -2.30 V (2-B(CeFs)s) and -2.44 V (3-
B(CsFs)s) vs. Fc’°, respectively, was observed. This may indicate a potential instability of the
monoreduced NHC-CO;-B(CsFs)s generated. For the compound 5-B(CsFs)s, which has aryl derivatives as
N-substituents, its reduction potential is -2.08 V vs. Fc*/° (Figure 1, brown curve). It is slightly less
negative than in the previous cases (2- and 3-B(CsFs)s). Finally, the compound 8-B(CsFs)s, with the NHC
moiety based on CAAC exhibits a "duck-shaped" curve associated with a perfectly reversible process.

The reduction potential of this adduct was determined to be -1.34 V vs. Fc*/°

. Among all synthesised
adducts, 8-B(Ce¢Fs)s presented the most accessible reduction potential. In this example, one-electron
reduction is more favourable than in other synthesised adducts (8, 2-, 3-, 5-B(CsFs)s). As predicted by

our preliminary theoretical studies, the presence of B(Cg¢Fs); in a NHC-CO,-B(CsFs)s adduct enable the
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assessment of less negative reduction potentials. For example, the addition of B(CsFs)s to the “/CAAC-
CO; adduct (8) results in a difference of 0.79 V compared to adduct 8.

-

2-B B9,y =-2.30V (=E2,, = -2.27V)
3-B(C.Fo)y: EP,q=-2.44 V (=EV2 = -2.41V)
5-B(CyFy);: E¥2,, = -2.08 V

8:EV? 4=-2.13V

8-B(CF,)y: EY2, ,=-1.34V

' 4 T T T ¥ T ' T ' 1
3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

E (V vs Fc*9)

Figure 1. Determination by voltammetry of the reduction potentials of the adducts 2-, 3-, 5-, 8-B(CsFs)3 in CH,Cl,
in respect to Fc*°.

We also considered the formation of the corresponding monoreduced species by chemical
means. To our knowledge, only the groups of Machan and Gilliard have jointly reported the one-
electron reduction of NHC-CO, adducts by chemical means.

Until now, chemical reduction of NHC-CO,-B(CsFs);s adducts has not been reported in the
literature. In our study, chemical reactions were conducted at room temperature in THF using a
stoichiometric amount of KCs, the reducing agent to avoid the possibility of forming dianionic species.
Potassium graphite (KCg) is a powerful reducing agent capable of reducing systems with low reduction
potentials to -2.73 V vs. SCE in THF (-3.29 V vs. Fc*/°) [17,18]. Therefore, the reduction of the studied
adducts (2-, 3-, 5-, 8-B(CsFs)s) is thermodynamically favourable using KCs.

In the case of 2- and 3-B(CsFs)s, no colour change was observed 10 minutes after the addition of
KCs. The transparent solution turned into a black heterogeneous mixture after 12 hours. In contrast,
marked colour changes were observed for initially colourless solutions of 5- or 8-B(CsFs); after the
addition of the reducing agent. The adduct [8-B(CsFs)s(K)]° was isolated by recrystallisation from a
saturated solution of THF-pentane at -37 °C, yielding orange crystals suitable for X-ray diffraction
analysis.

In the case of [8-B(CsFs)3(K)]°, the “CAAC part is completely planar (0.1°) with respect to the CO,
moiety, unlike its neutral form (8-B(CeFs)s) (79.2°). After reduction, the carbon atom of CO; exhibits a
closer sp? hybridisation than in its neutral form. Additionally, the C-O bonds are elongated, while the
C-C bond between the NHC part and the CO; moiety is shortened. The potassium cation coordinates
to the terminal oxygen of the CO, moiety and interacts with the aromatic t system and two THF
molecules. However, despite several attempts, the isolation of the adduct [5-B(CsFs)s3(K)]° in its
crystalline form was unsuccessful.

To prove the formation and electronic structure of the resulting monoreduced NHC-based
systems, Continuous-Wave X-band Electron Paramagnetic Resonance (CW-EPR) spectroscopy was
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performed in diluted THF solutions at room temperature. As expected, no signal was observed
following the reduction of 2- and 3-B(CsFs)s adducts (Figure 2), as previously indicated; no signal was
observed. The irreversibility in the CV curves is related to the instability of monoreduced forms during
reduction. Despite several attempts, this might explain the difficulty in measuring an EPR signal for the
monoreduced adducts, [2-B(CsFs)3(K)]® and [3-B(CsFs)s(K)]°, respectively. Regarding the other adducts
([5-B(CsFs)s(K)]® and [8-B(CsFs)s(K)]°), an EPR signal was obtained. In the case of monoreduced adducts
based on CAAC, [8(K)]® (Figure 2, violet curve) and [8-B(CsFs)s(K)]°® (Figure 2, green curve), the EPR
signal consists of a triplet corresponding to the coupling interaction between the unpaired electron
and the nitrogen atom of the CAAC part. Regarding the EPR coupling constant (an), the addition of
B(CsFs)s has a minor effect on this constant.

We also considered the use of a less powerful reducing agent, decamethylcobaltocene (CoCp™,),
which has a less negative reduction potential (-1.94 V vs. Fc*/° in CH,Cl,) [18]. Nevertheless, it is still
thermodynamically capable of transferring an electron to the adduct 8-B(CeFs)s (-1.34 V vs. Fc*”° in
CH,Cl;) and generating the corresponding monoanionic radical, [8-B(CesFs)3(Co)]°. The EPR experiment
showed a very similar signal to the previous measurement using KCg as a reducing agent (Figure 2, red
curve). The addition of B(CeFs)s allows the use of less strong reducing agents to obtain monoanionic
radicals.

—— [8-BiCgFs)3(Co)]”

— [8-BiCgF513(K)I’

— [8(K)]"

r T T T T 1
1.990 1.995 2.000 2.005 2.010 2.015
g-factor

Figure 2. Continuous-wave X-band EPR spectra of [8(K)]* and [8-B(CsFs)3(K)]® taken in a THF solution, as well as
[8-B(CsF5)3(Co)]* in a CH,Cl, solution at room temperature.

—— [5-BiCeF513(K)]"

T T T T T T T T T 1
1980 1985 1990 1.995 2.000 2.005 2.010 2015 2.020 2.025 2.030
g-factor

Figure 3. Continuous-wave X-band EPR spectrum of [5-B(CeFs)3(K)]® taken in a THF solution at room temperature.

In the case of the adduct based on NHC IPr, [5-B(CsFs)3(K)]°, the EPR signal exhibited a quintuplet
corresponding to the interaction between the unpaired electron and the two equivalent nitrogen
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atoms of the NHC part (Figure 3). Regarding the coupling constant, it has the lowest value among all
the studied adducts (4.45 G). Following the previous explanation for adducts [8(K)]° and [8-
B(CsFs)s(K)]°, one can extrapolate that the spin density at the carbene carbon decreases with the
addition of borane and the change in the NHC part. This fact could allow the localisation of spin density
at the carbon of the CO; moiety.

Theoretical analysis of the one-electron reduction of NHC-CO, and NHC-CO,-BR; adducts.

Finally, we evaluated other parameters of interest using DFT-based tools that would ultimately
allow us to rationalise the behaviour of these adducts after their one-electron reduction after the
validation of the computational methodology. Among these parameters, we can highlight the
distribution of spin density in the one-electron-reduced NHC-CO, and NHC-CO,-BR; adducts,
particularly at the carbon of the CO, moiety and the orbital description of these adducts in their neutral
and one-electron-reduced forms, among others. In this summary, we will only address the spin density
distribution.

In addition to determining the reduction potentials of NHC-CO, and NHC-CO;-BR; adducts, we
investigated whether their one-electron-reduced species mimic the behaviour of the CO, radical anion.
For this reason, we studied how the spin density (additional electron) is localised in their one-electron-
reduced species. During the reduction of NHC-CO, adducts, the additional electron will likely be
localised in the vacant p-orbital of the carbene carbon atom (I, Scheme 10). Through resonance, some
of the spin density could also reside at the carbon of the CO, group (ll). We wondered if the addition
of a Lewis acid enhances the spin density at the carbon of the CO, group (lI-BRs3, Scheme 10).

NHC-CO,
JR HR !R
_N+ 0 i (0] ~N+ o~
)l(:\ \; /< +1e )(:L j! /< )(:L \; Lt
X o X (o) X o)y
R R R
| I
NHC-CO,-BR,
.fR fR fR
x-N& 0 +1e x-N@O P x-N& ()0
L >—< B —_— L ~ - l:\ _
X OBR, X OBR, X OBR,
R R R
I-BR; 1I-BR;
X:C, N

R: alkyl and aryl derivatives
BR,: BH; BCly B(C4Fs)s

Scheme 10. Resonance structures in the monoreduced form of NHC-CO, and NHC-CO,-BR3.

According to the computational analysis, their reduced forms in the absence of a highly acidic
borane exhibit more than half of the total spin density localized in the carbene carbon, between 0.56
and 0.66. The common feature for all NHC-CO; adducts is that none of them displays spin density at
the carbon of the CO; group. In comparison with the free CO; radical anion, the one-electron-reduced
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NHC-CO; adducts seem to be far from reproducing the spin density distribution of the free CO, radical
anion.

In the case of one-electron-reduced NHC-CO,-BHsz adducts, the addition of BH3 does not
significantly alter the spin density at the carbon of the CO, moiety. Using more acidic Lewis acids such
as BCl; or B(CeFs)s, we observed that spin density can also reside at the carbon of the CO; group but
with a greater effect. The use of more acidic boranes, such as BCl; and B(CsFs)s, has a beneficial effect
on the spin density at the CO; group. Among all the studied one-electron-reduced NHC-CO,-BR;
compounds, [5-B(CsFs)3]°~ has the highest spin density at the carbon of the CO, moiety (0.42).

The accessible reduction potentials found for NHC-CO,-BRs; adducts allow the use of milder
conditions to generate their reduced form than in the case of CO,. Furthermore, the presence of spin
density on the carbon atom of the CO, moiety in their reduced form is also one of the beneficial
properties of these molecules that could make them good candidates as C1 synthons to construct new
C-C chemical bonds.
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