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Abstract

The present thesis describes computational and experimental studies used to drive the reactivity of allylic and enol substrates
towards new transformations. These synthetic methods give access to a number of organic molecules that may serve
as important moieties in synthetic organic chemistry. Additionally, this thesis describes the synthesis of Metal-Organic
Frameworks (MOFs) and their use in catalytic organic reactions.

The introductory chapter (Chapter 1) gives an overview of the concept of catalysis and its typologies, emphasizing those
that have been used in the thesis. Moreover, synthetic procedures for the formation of MOFs and their use in catalysis
are described. The importance and reactivity of allylic substrates are also presented. The chapter follows with a short
introduction to hypervalent iodine and their reactivity. Finally, a brief description of computational studies and those used
in this thesis are presented.

In Chapter 2, an umpolung protocol for the cross-nucleophile coupling of silyl enol ethers with heteronucleophiles
mediated by an hypervalent iodine reagent has been explored (Paper I).

The mechanistic study of the reaction has been carried out employing DFT calculations and kinetic investigations.
Together with deuterium labelling studies and kinetic simulations, DFT calculations have been used in Chapter 3 for the
examination of the base-catalyzed [1,n]-proton shift in conjugated polyenyl ethers (Paper II).

Chapter 4 describes the synthesis of the family MIL-101(Cr) and MIL-101(Cr)-NH2 employing microwave-assisted
methods. The method has been compared to the common solvothermal synthetic pathways using common characterization
techniques for heterogeneous materials (Paper I1I).

Finally, Chapter 5 of this thesis describes the synthesis of a UiO-67 MOF containing a phosphazene superbase to study
the effect of spatial confinement within a MOF on the stereospecific isomerization of allylic alcohols (Paper IV).
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Abstract

The present thesis describes computational and experimental studies
used to drive the reactivity of allylic and enol substrates towards new
transformations. These synthetic methods give access to a number of
organic molecules that may serve as important moieties in synthetic or-
ganic chemistry. Additionally, this thesis describes the synthesis of
Metal-Organic Frameworks (MOFs) and their use in catalytic organic
reactions.

The introductory chapter (Chapter 1) gives an overview of the con-
cept of catalysis and its typologies, emphasizing those that have been
used in the thesis. Moreover, synthetic procedures for the formation of
MOFs and their use in catalysis are described. The importance and re-
activity of allylic substrates are also presented. The chapter follows with
a short introduction to hypervalent iodine and their reactivity. Finally,
a brief description of computational studies and those used in this thesis
are presented.

In Chapter 2, an umpolung protocol for the cross-nucleophile cou-
pling of silyl enol ethers with heteronucleophiles mediated by an hyper-
valent iodine reagent has been explored. The mechanistic study of the
reaction has been carried out employing DFT calculations and kinetic
investigations.

Together with deuterium labelling studies and kinetic simulations,
DFT calculations have been used in Chapter 3 for the examination of
the base-catalyzed [1,n]-proton shift in conjugated polyenyl ethers.

Chapter 4 describes the synthesis of the family MIL-101(Cr) and
MIL-101(Cr)-NHz employing microwave-assisted methods. The
method has been compared to the common solvothermal synthetic path-
ways using common characterization techniques for heterogeneous ma-
terials.

Finally, Chapter 5 of this thesis describes the synthesis of a UiO-67
MOF containing a phosphazene superbase to study the effect of spatial
confinement within a MOF on the stereospecific isomerization of allylic
alcohols.



Populdrvetenskaplig sammanfattning

Forskningsarbetet inom filtet for organisk kemi har visat sig ha stor
paverkan pa samhiéllet. Organiska kemister har bidragit genom att ut-
veckla nya foreningar samt hittat nya tillvigagangssitt for att synteti-
sera befintliga sédana. Dessa foreningar finns 6verallt. Manga moderna
material bestar av organiska foreningar sa som brénsle, ldkemedel och
plaster. Dessutom kan dessa foreningar designas med datorsimuleringar
for att béttre forstd deras struktur och egenskaper. Darfor handlar denna
avhandling bdde om berékningsméssiga och experimentella forsknings-
studier pa transformationen av allyliska delar och enolderivat till hog-
funktionaliserade molekyler som kan fungera som byggstenar i ldkeme-
delsindustrin.

En annan del av kemins grenar handlar om att designa och syntetisera
material med intressanta strukturer och egenskaper. De potentiella an-
viandningsomradena for dessa material dr bland annat som katalysato-
rer, gasforvaring, ldkemedelstillforsel och avkdnningsoptik. I detta av-
seende kan en kombination av organisk och oorganisk kemi tillimpas
for att syntetisera enastaende material som forbéttrar resultaten av vissa
omvandlingar. I denna avhandling sammanfattas syntesen av pordsa
material (metall-organiska ramverk) i Kapitel 4 och 5.

Sammanfattningsvis presenterar denna avhandling tva nya syntes-
metoder som kan vara anvéndbara verktyg for syntes av komplexa or-
ganiska molekyler och for syntes av material med ménga potentiella
anvandningsomraden.
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1 Introduction

1.1 Organic chemistry and catalysis

Organic chemistry is the study of the structure, properties and reactivity
of carbon-containing compounds. It is a creative branch of chemistry
that allows to synthesize new molecules or to develop better methods
to access existing molecules.! One of the current challenges of the field
is the development of more efficient and environmentally friendly syn-
thetic methods.?? Catalysis may contribute by replacing the use of stoi-
chiometric reagents and enabling reactions under milder reaction con-
ditions, and even new reactions.*>

A catalyst increases the reaction rate of a chemical reaction by low-
ering the activation energy barrier, without altering the overall thermo-
dynamics (AG) associated to the reaction (Figure 1.1). The reaction
pathway may follow a completely different mechanism than that fol-
lowed by the uncatalyzed reaction, as shown in Figure 1.1 below. The
catalyst is regenerated after a turnover, allowing it to be used in sub-
stoichiometric amounts.

Energy

! 1
18G¥cayzeq
Reactants

Products

Reaction coordinate
Figure 1.1. An example of the energy profile of an uncatalyzed (black)
versus a catalyzed (blue) reaction.

According to the nature and the physical state of the catalysts, catal-
ysis can be divided into three main classes: homogeneous, heterogene-
ous and biocatalysis.® Catalysts may contain one or more transition
metal centers within their cores (transition metal catalysts). Alterna-

tively, they are referred to as “organocatalysts”.’-!°



1.1.1 Organocatalysis

It was during the 90s when the field of organocatalysis was first offi-
cially recognised.”- ' However, the use of organocatalysts started years
before without that recognition. The group of Parrish!'? reported in the
1974 the use of (S)-(—)-proline for the asymmetric synthesis of bicyclic
intermediates. Later on, a number of research groups contributed sig-
nificantly to this field. The groups of Shi, Denmark and Yang described
the use of enantiomerically pure ketones as catalysts to mediate alkene
epoxidations in an enantioselective manner.!>!*> In this period, the
group of Jacobsen and Corey reported the first chiral bases for hydro-
gen-bonding catalysis, and their use in asymmetric Strecker reactions.'®:
17

Hydrogen-bonding catalysis'® has proven to be excellent for activat-
ing molecules by either enhancing the electrophilicity or the nucleo-
philicity of the reagents, through intra-'> or intermolecular?® H-bond
formation (Scheme 1.1). This type of organocatalysts has been used for
the synthesis of organic molecules of importance in medicinal chemis-
try. 2122

Key step proposed

F‘Ph3 (30 mol%) R
/\ ‘) EIOHITHF, (1:1, v 1t @
1 O
R'=H, Me RHX
R? = aryl PPhg
X=0,NTs
up to 98% yield
upto 9:1 d.r.

Scheme 1.1. Hydrogen-bonding catalysis for the activation of alde-
hydes for aldol-type reactions.?

N-Heterocyclic carbenes (NHC) have been widely studied as organo-
catalysts for transformations involving the construction of C-C
bonds.?* An example is the benzoin condensation catalyzed by NHCs
that was first investigated in 1943.2° It was not until 1958 when Bres-
low?% proposed a mechanism for this transformation, where the active
species is a carbene (thiazolino-2-ylidene), formed irn-situ after depro-
tonation of a thiazolium salt (Scheme 1.2).



R
®N

RZ\&?/ H

R3 P

Ph)K(OH & \NEO inPh
Ph V F:} \
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)
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Scheme 1.2. Catalytic cycle of the NHC-catalyzed benzoin conden-
sation reaction.?®

Two noteworthy publications contributed to the field of organocatal-
ysis by the groups of Benjamin List and of David MacMillan in
enamine and iminium catalysis (Scheme 1.3). In 2021, the Nobel prize
in Chemistry was awarded jointly to both of them for their contribution
to the field of asymmetric organocatalysis.?”> 28

D—COZH
0 o
)J\ A @omo)
(R)
Tomso.ah

68% yield, 76% ee

NO,

N
Y HCl
N
b) o H (5 mol%)
PN ¢ B S
MeOH-H,0, rt CHO

(endo:exo): 1.3:1
99% vyield, 93% ee

Scheme 1.3. Selected examples for (a) enamine and (b) iminium ca-
talysis.?”> 28

Brensted base catalysis has been used as an efficient process due to
its excellent results in the formation of C—C or C—X (X = heteroatom)
bonds.?” Brensted base catalysis is the process by which a species ca-
pable of accepting protons increases the rate of a given chemical reac-
tion by enhancing the nucleophilicity of the bonding species.?’ Espe-
cially, chiral Brensted bases can be excellent catalysts for enantioselec-
tive transformations.?’ During the 70s the use of Bronsted bases was
broadly developed as a result of a better mechanistic understanding.’!



Cinchona alkaloids are one of the first Bronsted base catalysts that
can act as bifunctional organocatalysts showing high activity in im-
portant asymmetric reactions such as Mannich reactions (Scheme
1.4).%2

CN BOC‘N chiral amine catalyst COan
. | (DHQD),PYR (5 mol%)
A /kCOZBn kcosz >\/002Rz
-78 °C, CH.Cl, HN.

“Boc
up to 99% yield
up to 98:2 d.r. and 98% ee

OMe

Scheme 1.4. Cinchona alkaloid-based organocatalysts for Mannich
reaction.*

Organic superbases have also been explored as catalysts in asym-
metric reactions. They have better solubility in organic media and lower
pKa compared to inorganic bases. An organic molecule is considered as
a superbase when the pKgn" value is higher than the one of Proton
sponge® (pKgu* = 18.6 in MeCN; Figure 1.2).3> Amidines,** guani-
dines*> and phosphazenes®¢ are the functional groups most commonly
present in organic molecules showing super basicity.

P4-t-Bu

N(CHg)2
(HsC)2N—P-N(CHj),
Proton sponge - E e ”;‘(CN":gi')
u~—! 3)2
(CHgeN  N(CH)> 8D N N(CHg),
(HyC)oN— P N(CHg)p
OO fxﬁ it
a0 | > PKan+
N(CHs)z
Bu-N=P-N(CHy),

N(CHs)z
Py-t-Bu
Figure 1.2. pKgu"™ of some organic superbase examples. Values
given in MeCN as solvent.’’

Remarkably, these commercially available superbases have re-
cently been used in a large number of new synthetic methodologies.?®
41 Tn 2013, the group of Shibata reported the effectiveness of the Ps-z-
Bu superbase for the addition of a trifluoromethyl anion generated from



fluoroform to a carbonyl group. The key of this reaction is the formation
of a stabilized ion pair between the protonated base and the deproto-
nated trifluoromethyl anion that prevents the decomposition of the tri-
fluoromethyl carbanion (“CF3) to the fluoride anion and difluorocar-
bene (:CF,).#

1.1.2 Heterogeneous catalysis

Heterogeneous catalysis has emerged as an important area of research,
both in academia and industry during the last decades.****> However,
heterogeneous processes have been on-going for more than a century.
An important process in this area is the development of the hydrogena-
tion process by Paul Sabatier in 1897. The process consists of the metal-
catalyzed hydrogenation reaction of m-bonds such as alkenes, using het-
erogeneous catalysts containing palladium, platinum or nickel.*® Now-
adays, a huge number of synthetic organic routes involve heterogeneous
catalytic hydrogenations. This reaction is well-established as a type of
heterogeneous catalysis, defined as surface chemistry catalysis. Surface
catalysis proceeds through chemical and physical reaction steps: Phy-
sisorption or physical adsorption, chemisorption, surface reaction, dif-
fusion and desorption.*”- 48

However, heterogeneous catalysis does not necessarily involve sur-
face chemistry. Indeed, a closer look to the literature gives an overview
of the heterogenization of homogeneous catalysts that has been a focus
of research more recently.*-3! The major advantage of the heterogeni-
zation of well-established homogeneous catalysts is the easier separa-
tion of the catalyst from reactants and products, and its regeneration.
The ongoing work on this type of heterogeneous catalysis is focused on
the construction of new heterogenous catalysts with tunable reactivity,
and with higher stability and selectivity than that of their homogeneous
version.*% 32 In this type of heterogeneous catalysis, the accessibility of
the substrates to the active site is considered of great significance. Dif-
fusion becomes important in the reactivity of the system, since fast dif-
fusion leads to an increased number of catalytic turnovers. Therefore,
the shape and size of the reactants and the catalyst contribute to the ef-
ficiency of the catalytic system. For example, materials on the na-
noscale have demonstrated to have a high impact on influence the effi-
ciency of the heterogeneous system.>3



In order to gain a better insight of the heterogeneous catalysts before
and after a reaction proceeds, there are a number of characterization
techniques that can be used: X-Ray Powder Diffraction (XRD), Scan-
ning Electron Microscopy (SEM), Transmission Electron Microscopy
(TEM), Thermal Gravimetric Analysis (TGA), Infrared Spectroscopy
(IR), gas adsorption analysis, Elemental Analysis (EA) or Ultraviolet-
visible (UV-vis) spectroscopy, among others.>* Remarkably, it is pos-
sible to get deeper understanding of the mechanism of a heterogeneous-
catalyzed reaction while the catalyst is in operando. In order to achieve
that, in-situ characterization techniques can be applied. This kind of
characterization may require high-energy synchrotron radiation. The
Martin-Matute group contributed in 2018 to this field with the study of
the evolution of palladium species during the Heck coupling reaction
using a heterogeneous catalyst by operando X-Ray Absorption Spec-
troscopy (XAS) and X-ray Diffraction (XRD) techniques.>>

Porous materials are among the most widely used heterogeneous cat-
alysts with high surface areas. The porous materials can be classified in
three types according to the diameter pore size: microporous (<2 nm),
mesoporous (2-50 nm) and macroporous (>50 nm). Metal-Organic
Frameworks (MOFs) have risen over the past three decades as one the
most popular porous materials used in the scientific community among
zeolites, silicates and activated carbons.’¢-3

1.2 Metal-organic frameworks

A Metal-Organic Framework consists of a coordination network be-
tween organic linkers and metal ions or clusters in two- or three- di-
mensions, containing potential voids (Figure 1.3).

metal  organic MoF Q=@

cluster linker o’ "'
QO+t am —
O‘-,O
0%=0
Figure 1.3. General 3D coordination network of a MOF-.

MOFs have emerged as potential hybrid materials>® for gas storage,
biosensors,®! drug delivery®? and importantly, for catalysis®® due to their
tunable porosity, structural chemical versatility and high surface area.



An extraordinary application of MOFs has been developed by the
group of Yaghi and co-workers in order to solve tremendous worldwide
problems. They have contributed to the study of how to get water from
the air in a landscape like the deserts, where precipitation barely oc-
curs.%4% The group of Yaghi demonstrated that MOF-801, based on
Z1r604(OH)4(fumarate)s and MOF-303, Al(OH)(HPDC)(H20) types
(Figure 1.4) are highly promising for sorbent-assisted water harvesting
without using electricity. On average, MOF-303 was able to produce
0.7 L kgMOF-! day"!. Thus, the group of Yaghi have envisioned the
design of MOFs as sorbent materials for the production of several tons

of liters of water per kilogram of MOF per day.®
. oy

Figure 1.4. MOF-801, atom color scheme: C, black; O, red; Zr, blue
polyhedral. Yellow, orange and green spheres indicate the space within
the framework. Figure reproduced with permission from ACS.%

1.2.1 Synthesis of MOFs

MOFs can be synthesized following different methods. Solvothermal
and hydrothermal synthesis, electrochemistry, microwave-assisted,
mechanochemistry and sonochemistry methods have been employed
over the years.%”- % Importantly, different synthetic methods afford the
same MOF in different yields, reaction times, particle size, morphology,
phase-selectivity and crystallinity. This thesis focuses on the traditional
heating and microwave-assisted methods.

In conventional synthesis, the reaction mixture is usually placed in
an autoclave controlling pressure, temperature, solvent and concentra-
tion. When the reaction temperature is above the boiling point the pro-
cess is called solvothermal (ST, for organic solvents) or hydrothermal
(when water is employed). If the temperature is lower than the boiling
point of the solvent, it is called non-solvothermal synthesis.®



Conventional methods often require long reaction times, autoclaves
and high energy consumption. To overcome some of these limitations,
microwave-assisted methods (MW) have shown to be a more efficient
alternative,’”® empowering the reduction of reaction times, the crystalli-
zation of the process and crystal size and the selective synthesis of pol-
ymorphs.”!"”> However, the use of microwave heating lacks reproduci-
bility when different instruments are used due to the intrinsic differ-
ences of each reactor’s settings (e.g. irradiation power).

1.2.2 MOFs as catalysts

As a consequence of the hybrid nature of MOFs, they offer the possi-
bility of having the catalytic sites on different parts of their network
(Figure 1.5).7476

Figure 1.5. Schematic representation of the three catalytic sites in
MOFs.

Firstly, the oxo-metal clusters of the MOF can act as a Lewis acid
due to the availability of open coordination sites. Labile ligands, such
as solvent molecules or any ligand present in the synthesis of the frame-
work can be displaced from the metal cluster in a reversible way, creat-
ing a coordinative unsaturated site.””>7® Secondly, the catalytic active
sites can be present at the organic linkers either per se or anchored to
another organic or transition metal moieties.”-#! Lastly, another cata-
lytic site in a MOF could be the generation or encapsulation of enzymes,
molecular complexes or metal nanoparticles (MNPs) at the voids of the
material without being covalently attached to the host framework.®?

This thesis is focused on the use of MOFs as catalysts where the cat-
alytic site is introduced into the surrounding linkers. There are several



routes to introduce linkers into MOFs by direct synthesis, post-synthetic
exchange (PSE) and post-synthetic modification (PSM, Figure 1.6).

olhe”
—+| - -
&=e”

Post-Synthetic
Exchange

Direct “7‘ .’ ’o Post-Synthgmic o 7 " o

@
Synthesis S

QO+ e — ) @ + —_— )
Z=e” %=e”

Figure 1.6. Synthetic strategies for MOFs. Pink spheres (metal clus-
ters), purple and blue bars (organic linker counterparts), green bar (or-
ganic linker modifications).

Cohen and co-workers reported these three strategies for the func-
tionalization of the UiO-67 MOF with (bis(2,2-bipyridine)(5,5-dicar-
boxy-2,2-bipyridine)ruthenium(Il). Low loadings of Ru were observed
when using direct synthesis and PSE. Importantly, PSM enhances the
Ru loading up to 10% providing a robust heterogeneous catalyst for the
photocatalyst aerobic oxidative hydroxylation of arylboronic acids.?3
Martin-Matute and co-workers also contributed to the synthesis of a
MOF with an Ir-NHC complex for the isomerization of allylic alcohols
via direct synthesis and PSE. The latter route was shown to be a poten-
tial approach that can lead to higher metal loadings when comparing to
direct synthesis routes.?*

1.3 Allylic alcohols

1.3.1 Relevance and general reactivity

Allylic compounds are molecules constituted by a double bond attached
to a saturated carbon which bears a functional group (Figure 1.7). Im-
portantly, natural products and biologically active organic compounds
such as terpenes and steroids present on their structure allylic systems
(e.g. androstenediol, a weak steroid that controls certain hormone pro-
cesses and carveol, a monoterpenoid found in spearmint commonly
used as flavoring in food and tea).®> Steroids and terpenes are important
scaffolds for the synthesis of significant pharmaceutical molecules.
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Figure 1.7. General representation of allylic substrates.

The reactivity of allylic moieties is due to the presence of an olefin
which strongly activates the functional group allowing the system to
undergo a variety of substitution reactions.?’” For example, Claisen re-
arrangements® that might give access to complex molecules such as
stereodefined polysubstituted olefins.®® Importantly, the activating ef-
fect of the hydroxyl group in the allylic alcohol in olefin metathesis has
been found to be an important strategy for the synthesis of natural prod-
ucts (Scheme 1.5).%°

s A~OH S
/[ T (10 equiv.) /[ " N0oH
AcHN™ “CONH, [Ru] (8 mol%), AcHN™ “CONH,
'BUOH/H,0, 2.5 h, 68% yield
32 °C, air °

Scheme 1.5. Cross-metathesis of S-allylcysteine.

1.3.2 Isomerization of allylic alcohols

Traditionally, the transformation of allylic substrates into saturated car-
bonyl compounds requires a two-step process for stoichiometric oxida-
tion/reduction reactions. Therefore, high amounts of waste are gener-
ated after the processes. From an atom-economical perspective this is
not desirable. Therefore, during the last 50 years the use of transition-
metal catalysts’' have become an attractive pathway to overcome this
issue. One of the first reports, Fe(CO)s was used as catalyst for this
transformation although low yields and selectivity were obtained
(Scheme 1.6a).°> Subsequently, a considerable amount of articles have
been published to enhance the efficiency of this transformation compare
to the previous reports (Scheme 1.6b).”>*” Recently, the group of Mar-
tin-Matute contributed to the isomerization of primary and secondary
allylic alcohols using a commercially available Ir(IIl) catalyst under
very mild conditions in aqueous solvents (Scheme 1.6¢).°%
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a)

R, OH R, O

Fe(CO)s (10-20 mol%)
" /ﬁ/km 5 A AL
R3 octane or pentane, 2-6 h, Rs
110-125 °C
b)
Ry R, O i
[If] (0.25-10 mol%) ‘| .-pHH
R/ﬁﬁm Ry H P e
Ra THF, 1t, 0.5-22 h Rs N7 Lo
0)
R, OH R O
[Cp*IrCl,], (1 mol%)
Ry Ra 22 > Ry Rs
Rs Acetone/H,0 (2:1), rt or 60 °C Rs

Scheme 1.6. Transition metal-catalyzed isomerization of allylic al-
cohols.?% 93 98

The enantioselective isomerization of allylic alcohols into the corre-
sponding chiral ketones has been widely studied. However, these pro-
cesses rely on the use of sophisticated transition-metal catalysts con-
taining chiral ligands (Scheme 1.7a), and with a very few exceptions,
it is limited to primary allylic alcohols.”® 1919 Another approach to
access chiral ketones from allylic alcohols is the use of enantiomerically
pure substrates that are then isomerized via a stereospecific mechanism

using non-chiral catalysts (Scheme 1.7b).!05-197
a)
OH [Rh(COD)s]BF, (2 mol%) H O
\/k (R)-BINAP (5 mol%) j\Hk
RN R? R! R3
R2__.~ Ag,CO3, 24 °C, 20 h R
up to 94% yield
b) up to 90% ee
R2 OH R2 O

[RUCI,(PPhg)3] (1 mol%)
oA, F A,

. . ... Toluene, Cs,CO3,30°C, 2 h . .
High enantioselecitivity High stereospecificity

Scheme 1.7. a) Enantioselective'%? and b) stereospecific isomeriza-
tion of allylic systems. !
1.3.3 Transition-metal-free isomerization of allylic
alcohols

The isomerization of allylic alcohols has also been reported without the
presence of transition metals. In 1928'%® the use of Brensted bases for
this transformation was published for the first time, although the field

11



has not progressed substantially since then. The protocols usually re-
quire stoichiometric amounts of strong bases and the reactions are lim-

ited to the substrate structure because of functional group compatibil-
ity. 109, 110

Recently, protocols for the base-catalyzed isomerization of allylic al-
cohols have been reported in the literature. A combination of phenan-
throline and zert-butoxide as radical initiators was developed by the
group of Tang in 2015 (Scheme 1.8a) for this purpose.'!! And the group
of Pan developed an organocatalytic redox strategy for the isomeriza-
tion y-hydroxy enones using DABCO as a catalyst under mild condi-
tions (Scheme 1.8b) in 2016.!!2

RS X Phen-'BuONa (cat.) RR O ! phen:
™ - '
RZ&/ER‘ Toluene, 80-90 °C RZJE’,\)]\FU ; </ ; 2 \>
X =0 orNTs : =N N=
R, R2, R3: (Het)Aryl, alkyl, H

a)

© DABCO:
by ¢ DABCO (0.2 equiv.) Q 3 N
R)J\/\/OH RJ\/\70 E [Sj
DMSO, 90 °C, : N
R =Ar, alkyl 2_o4h '

Scheme 1.8. Examples of base-catalyzed isomerization of allylic al-
cohols and amines.!'!!- 12

In 2016, Martin-Matute and co-workers described the organocata-
lytic isomerization of electron-poor allylic moieties using a simple
guanidine-type base, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD).!"® It
was the first time that the base-catalyzed isomerization of allylic alco-
hols and ethers was reported to be stereospecific. Importantly, the reac-
tion follows a stereospecific pathway due to the formation of a chiral
ion-pair intermediate (Scheme 1.9). The stereochemical information is
transferred with high levels of chirality transfer (c.z., up to 97%) when
apolar solvents such as toluene are used. The base-catalyzed protocol
has been applied to conjugated allylic alcohols and ethers and to other
allylic substrates such as allylic halides and allylamines. The metal-free
isomerization was also extended to other conjugated polyenyl alcohols
and ethers (vide infra, Chapter 3).!14-116
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R2 OR . o R2 OR R2 O 5 N
g WH TBD (2.5-10 mol%) Hr./.V\/\ or H’M Noy
FsC R"  toluene, 60-80 °C, FsC R' FsC R' | F3Cu R’
on-96 h up 10 97% c.t. : R2 ©OOH
ion pair

Scheme 1.9. Base-catalyzed isomerization of allylic alcohols and
ethers through ion-pair organocatalysis.

Yamazaki and co-workers reported in 2017 a similar protocol for the
isomerization of CF3-containing allylic alcohols to saturated ketones
using 1,8-diazabicylo[5.4.0Jundec-7-ene (DBU) as the base, and under
reflux conditions.'!” Recently in 2020, the group of He reported a pro-
tocol for the asymmetric allylic substitution-isomerization to axially
chiral enamides. This approach first follows an iridium-catalyzed al-
lylic substitution and then base-catalyzed stereospecific isomerization
with high central-to-axial levels of chirality transfer.!!$: 11

1.4 Hypervalent iodine reagents

1.4.1 Structure and reactivity of hypervalent iodine
reagents

According to the IUPAC, the term hypervalency is defined as “the abil-
ity of an atom in a molecular entity to expand its valence shell beyond
the limits of the Lewis octet rule. Hypervalent compounds are common
for the second and subsequent row elements in groups 15-18 of the pe-
riodic table”.'*® One of the most useful and explored class of such com-
pounds are hypervalent iodine reagents (Figure 1.8) due to their ability
to adopt several oxidation states (from I to VII) upon oxidation pro-
cess.!21"123 Thus, they have been employed in oxidation reactions. 23123

AcO OAc E
F;C—I—O N
AcO—I—O0O F\! /F
o] F~ |?F
F
Togni’s reagent Dess-Martin lodine Heptafluoride

Periodinane (DMP)
Figure 1.8. Selected examples of hypervalent iodine reagents.

The hypervalency of the iodine(III) reagents is a consequence of the
T-shaped geometry (L—-I-L) where the two lone pairs of the iodine and
the R group reside on the equatorial position while the two ligands are
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in the axial position (Figure 1.9a). In accordance with the molecular
orbital theory, the hypervalent bond in the iodine(Ill) reagents is de-
fined as a linear 3-center 4-electron bond (3c-4e) (Figure 1.9b). One
pair of the bonding electrons is delocalized with the two ligands and as
a result, the central iodine is described with a partial positive charge
while the external ligands accumulate a partial negative charge.!?

a) b) coc@> —

L .

R QD O +H
g POOC -
L L—I—L

Figure 1.9. a) T-shaped structure of hypervalent iodine molecules.
b) Molecular orbital description of the three-center-four-electron bond
in hypervalent iodine molecules.

As mentioned above, the central iodine bears a partial positive charge
which makes this atom very electrophilic as a consequence of the nature
of the hypervalent bond. Therefore, nucleophiles are prompt to react
with the electrophilic iodine, replacing one of the two ligands during
the ligand exchange process. A new T-shaped intermediate (X) is
formed which will undergo through a reductive elimination or a con-
certed ligand coupling of the two ligands (Figure 1.10).!?” Hence, using
hypervalent iodine compounds is possible to introduce a number of
functional groups at the a-carbon of carbonyl compounds through the
formation of enolonium intermediates by switching the polarity of one
of the substrates. For example, enol derivatives that are nucleophiles by
nature can react with other nucleophiles mediated by hypervalent iodine
reagents through an umpolung reaction.!28-131

S) Reductive
0®
Nu Y Eliminaton  Nu L

- N
e B
L L RI

,3 CLigan N
Nu—! oupling u—L
L RI

Figure 1.10. General reactivity of hypervalent iodine reagents.
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1.5 Computational chemistry

Nowadays, computational studies are an essential tool for a better un-
derstanding of the mechanism operating in chemical reactions.'3> Com-
putational chemistry provides information of the energy of a system in
terms of the position of the atoms that is defined as potential energy
surface (PES). In this way, geometries and electronic properties of all
molecular entities involved in the energy profile, kinetic simulations
and enantiomeric excess can be obtained.

1.5.1 Density Functional Theory (DFT)

In the past decades, DFT has emerged as one of the most popular meth-
ods in quantum mechanics (QM).!3* One of its main benefits is the ac-
curacy to computational cost ratio, which is much higher than that of
other methods. The fundamentals of DFT were first drawn by
Thomas'** and Fermi'?® but it was the work of Hohenberg and Kohn
that set the grounds of modern DFT. In 1998 the Nobel Prize in chem-
istry was awarded to Walter Kohn for his reformulation of the theory
and to John A. Pople for developing computational methods in quantum
mechanics. 36 137

In 1964 Hohenberg and Kohn proved two theorems to demonstrate
the correlation between the total energy of the system and the electron
density E[p(r)].138 The first theorem proves that the density of any sys-
tem determines all ground-state properties of the system uniquely. The
second theorem asserts that the ground state energy of the system can
only be obtained with the exact electronic density, and that the energy
obtained from other calculated electronic densities are an upper bound
to it. Instead, DFT-calculated energies depend only on the three spatial
coordinates of the electron density. The main drawback of this method
is the difficult analysis and resolution of the complex equations at the
base of DFT.

For this reason, most of current methods used nowadays in DFT cal-
culations are based on the Kohn-Sham theory, which approximates the
kinetic energy of the ground state of the system to the kinetic energy of
a non-interacting gas.'*® Thus, the Kohn-Sham expression can be writ-
ten as described in Equation 1, in which all terms are known except for
the exchange-correlation energy (Exc). This term is divided into the ex-
change term (Ex), which representing the interactions between same
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spin electrons, and the correlation term (Ec), representing the interac-
tions of electrons with opposite spin. The approximations used to ac-
count for these terms in the DFT methods determine the accuracy of the
final energy and electron density of the calculations.

Enx [p(1)] = Eni [p(1)] + Vne [p()] + J[p(1)] + Exc [p(1)]

Equation 1. Kohn-Sham theory expression where Ey; is the energy
of the non-interacting system, Ve is the nuclei-electron attraction, J is
the Coulomb term, and Exc is the exchange-correlation energy.

1.5.2 Computational details

The DFT calculations presented in this thesis were performed with
Gaussian 16 software. '

Geometry optimizations and frequency calculations in Chapter 2 were
performed with the B3LYP functional and 6-31G(d,p) basis set for all
the atoms with the exception of I and Br in which SDD basis set was
used. The energies showed in the manuscript have been refined by sin-
gle-point calculations on the previously optimized structures, by apply-
ing the M06 functional and Def2-TZVPP!*! basis set in a solvent model
(IEFPCM, solvent = DMF).

The calculations presented in Chapter 3 were performed using the
M06-2X'#? functional. For the geometry, optimizations were carried out
by using the 6-311G (d,p) basis set for all the atoms. All final energies
were corrected to the Def2TZVPP basis set with single-point calcula-
tions in a polarizable continuum solvent model using the integral equa-
tion formalism variant (IEFPCM),143-145

In chapter 3 all the stationary points were characterized by frequency
calculations in order to verify that they have the right number of imag-
inary frequencies, and the intrinsic reaction coordinates (IRC) were fol-
lowed to verify the energy profiles connecting the key transition.!#® In
chapter 2 the IRC were followed for TS1a-1a>. All the Gibbs free ener-
gies values are given in kcal/mol and all reported energies are relative
to the initial mixtures of reactants.
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1.6 Aim of the thesis

The aim of this thesis is study the mechanisms of new organic transfor-
mations of allylic substrates and enol derivatives. For this, DFT in com-
bination with experimental studies will be used to get an understanding
of the mechanisms in the reactions in Chapter 2 and 3. Further, a goal
in this thesis is also to develop new heterogeneous catalytic transfor-
mations and develop an understanding of how the materials (MOFs)
can influence on the outcome of the reactions.

The functionalization of ketones with a heteroatom at the a-position
requires the use of highly reactive heteroatom-based electrophiles,
which also have strong oxidizing properties. In the second chapter, we
aim to develop an umpolung method that enables to substitute these
highly electrophilic species by nucleophilic counterparts. This will
broaden the scope of the reaction, at the same time as provide more
efficient alternative reaction pathways, without formation of unwanted
side products.

The mechanism for the isomerization of electron-deficient poly-
enylic alcohols and ethers with a base catalyst is presented in the third
chapter of this thesis. The mechanism has been studied employing DFT
calculations and deuterium labelling experiments.

MIL-101-type MOFs have been synthesized employing different
methods. However, the use of hydrofluoric acid or long reaction times
make the protocols undesirable. In the fourth chapter of this thesis, we
present an expedient protocol using microwave-assisted for the synthe-
sis of MIL-101(Cr) and MIL-101(Cr)-NH> with excellent yields, phase
selectivity and short reaction times.

In the fifth chapter of this thesis, our goal is to synthesize a MOF
bearing a superbase within its structure. Moreover, we aim to demon-
strate that the confinement effect conferred by MOFs enhances the lev-
els of chirality transfer in the isomerization of electron-deficient allylic
alcohols.
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2 An expedient method for the umpolung
coupling of enol nucleophiles with
heteronucleophiles. Paper 1.

2.1 Background of the project

a-Substituted carbonyl compounds are very important motifs in syn-
thetic and medicinal chemistry.'47-!30 Indeed, there is a considerable
number of a-functionalized compounds that have important biological
activities (Figure 2.1).'5! Amfepramone is used as a stimulant drug to
suppress the appetite, while glutathione plays an important role for
building and repairing tissues.'4’- 152

o

SH
o
H
w HOOC\;A)J\N/L’(N\/COOH
M NH, H o

Amfepramone Gluthanione

Figure 2.1. Examples of relevant organic a-functionalized carbonyl
compounds in synthetic and medicinal chemistry.

The classic synthesis of a-functionalized ketones is based on the re-
action of the nucleophilic a-carbon of the carbonyl compound with an
electrophile. When it comes to heteroatomic electrophiles leading to
formation of C—heteroatom bonds, the reaction usually results in for-
mation of by-products. This is because heteroatomic electrophiles are
also strong oxidants'*3 13* Further, in some instances, the limited avail-
ability of the heteroatomic electrophile requires to prefunctionalize the
reagents before use.!3-13% An alternative approach is the use of nucleo-
philes rather than electrophiles. However, this route is not straightfor-
ward due to the polarity mismatch between the two nucleophilic rea-
gents.

Corey and Seebach originally developed the umpolung concept in
the 70s reversing the intrinsic reactivity of acyl carbon atoms that has
led to unexplored molecular.!>® The inversion of polarity of carbonyl
compounds could be accomplish by the use of transition-metal cata-
lysts, 6% 16! Lewis acids'®? and hypervalent iodanes'®> 1% (Scheme 2.1).
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a) Tandem umpolung b) Hypervalent iodanes

1. a) R*MgX, Et,0, ° HTIB o)
OCb Copper source b) H* o] 2
Rl geP B I re MeCN, A R R
SOR , O R oTs
R L me meOCh
RS "R®
c) Lewis acid
o isoxazolidine (2 equiv.) { N/O\ RsAl (2 equiv.) o
3-5h,rt

M
L e n 1
R' R’
CH,Clp, 16 h, 1t R‘J\

R? R?
R2

Scheme 2.1. Reported strategies for the synthesis of a-functional-
ized ketones following an umpolung event. a) Hoppe'®® b) Koser!®3 ¢)
Miyata.!62

Numerous examples of the o-functionalization of carbonyl com-
pounds using hypervalent iodine reagents have been reported, including
tosyloxylation, hydroxylation, acetoxylation, halogenation, amination,
alkynylation, alkylation and arylation.!95-!%° By taking advantage of this
reactivity, the o-functionalized ketones give access to many natural
products, pharmaceuticals and other organic functional compounds by
forming C—C and C—X bonds (X = heteroatom).!’%!7> Martin-Matute
and co-workers contributed recently to this field with an umpolung
strategy using allylic alcohols as enolate synthons, in a reaction cata-
lyzed by iridium.'3°

More recently, the Martin-Matute group developed an unprecedented
protocol for the synthesis of a-carbamoyl compounds from CO; using
hypervalent iodine compounds as mediator of the transformation. Dur-
ing the investigations, an o.-bromoketone was identified as a key inter-
mediate.'”?

By taking advantage of the formation of this a-bromoketone, we pre-
sent in this chapter the investigation of the generality of the reaction by
introducing new heteronucleophiles as partners for their cross-nucleo-
phile coupling with enol derivatives mediated by iodine (III) reagents.
We also present mechanistic investigations.
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2.2 Substrate scope

After evaluating different parameters and screening different hyperva-
lent iodine reagents, the optimal conditions were found (Scheme 2.2).
Thus, two methods were employed, and its choice was dependent on
the nucleophile (vide infra). Using Method A 1-Bromo-3,3-dimethyl-
1,3-dihydro-1A3-benzo[d][1,2]iodaoxole (2), the corresponding nucle-
ophile (NuH) and sodium hydride are placed in a pressure tube. Then,
a solution of  (Z)-tert-butyldimethyl((1-phenylprop-1-en-1-
yloxy)silane (1) in DMF was added and stirred overnight at room tem-
perature. While when using Method B, the reagents 1 and 2 were placed
in a pressure tube with DMF and stirred overnight at room temperature.
After that, a suspension of the NuH and sodium hydride was added and
the mixture is stirred for additional 4 h. The difference between the
methods is that Method A is one-pot one step and Method B is one-pot

two steps.
Method A
NuH, NaH, DMF,

1,18 h
OTBS Br—I—O NU 3aq
X . NuH, NaH, DMF[ 1,18 h
1 2 Method B (e}
DMF, rt, 30 min

Br4

Scheme 2.2. Optimized reaction conditions for the a-functionaliza-
tion of silyl enol ethers following Methods A and B.

After the application of Method A for the formation of a.-carbamoyl
carbonyl compounds (Scheme 2.3), we moved onto the evaluation of
the generality of the cross-nucleophile coupling of TBS-enol ethers
with a variety of nucleophiles (Scheme 2.4). Unless otherwise noted,
the scope was performed following Method A. However, for the cases
where a complex mixture of unidentified by-products was obtained
Method B was applied. This slight modification was needed in order to
preform the key intermediate (o-bromo ketone, 4) before adding the
other nucleophilic reaction partner.
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HNR*RS+ CO, (1 bar)

\ NaH, THF, 60 °C

X
® O
Na O~ “NR*R?| o

osiRd Br—I—0 s
ZJ\/R‘ + - > RQJH/O\H/NR R
R DMF, 1t, 18 h RO

Scheme 2.3. Method A applied for the synthesis of a.-carbamoyl car-
bonyl compounds.

Initially, several para-substituted benzoic acid derivatives were in-
vestigated as nucleophiles. Both electron-withdrawing and electron-do-
nating groups gave a.-carboxylate carbonyl compounds 3a-3¢ in very
good to excellent yields (80-98%). Method B was applied when phenol
was used as nucleophile, yielding the corresponding a-phenolate 3d in
moderate yield. Thiols were then evaluated, thiophenol provided 3e in
60% yield following Method A. The yield of the reaction was increased
to 82% using Method B, which gave also quantitative yield for ‘BuSH
(3f). Interestingly, alkyl- and cyclo-substituted amines were also well
tolerated when applying Method B. Benzylamine gave the product 3g
in 67% yield and cyclopropylamine functionalization 3h could be ob-
tained following both procedures, although Method B resulted in higher
yields. Piperidine and morpholine derivatives (3i and 3j) were obtained
in good yields of 77% and 80%, respectively. Importantly, 1,3-dicar-
bonyl compounds as carbon nucleophiles reacted smoothly and 3k was
formed in 72% yield when using Method B. Finally, azides were also
very well tolerated and the 31 was provided in a good yield (73%) fol-
lowing Method B, and in 50% yield following Method A.

Different natural products and pharmaceuticals containing carbox-
ylic acids motifs in their structure were tested as nucleophiles in their
umpolung reaction with TBS-enol ether 1. When using a simple Boc-
protected amino acid derivative, 3m was obtained in a moderate yield
of 55%. Biotin gave compound 3n in 40% yield, as an equimolar mix-
ture of diastereomers. Acetyl salicylic acid 30 and ibuprofen 3p yielded
the corresponding a-carboxylate carbonyl compound quantitatively,
98% and 89%, respectively. When using oleic acid (3q), the corre-
sponding product was obtained in very good yields 70%.
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(1 mmol scale: 79%)tl 3f R3 = Bu: 99%!! 3h R®=H, R =%—<] : 60%[°°1 (40%)

3b R® = OMe: 89%

3¢ R3 = CFy: 80% ©/“\I(
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Scheme 2.4. Scope of the umpolung strategy for the cross-nucleo-
phile coupling of heteronucleophiles with enol derivatives. Method A:
1 (0.1 mmol, 1 equiv.), 2 (0.15 mmol, 1.5 equiv.), NaH (0.15 mmol, 1.5
equiv.), nucleophile (NuH, 0.2 mmol, 2 equiv.), DMF (0.1 M), rt, 18 h.
Method B: 1 (0.1 mmol, 1 equiv.), 2 (0.15 mmol, 1.5 equiv.), DMF (0.1
M), rt, 18 h. After completion, NaH (0.15 mmol, 1.5 equiv.) and nucle-
ophile (NuH, 0.2 mmol, 2 equiv.) were added. [2): Reaction was run on
1 mmol scale. [ The reactions were carried out following Method B.
¢: The reactions were run without NaH. Isolated yields.

2.3 Mechanistic investigations

To gain some insights into the mechanism of the transformation, the
reaction was monitored by '"H NMR spectroscopy (Figure 2.2).! The

! Kinetic study performed by Victor Garcia Vazquez.
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reaction profile showed that after 10 min, the mixture contained unre-
acted silyl enol ether 1 in 47% yield, together with o.-carbamoyl product
5 in 10% yield and a-bromoketone 4 in 43% yield. The reaction pro-
gressed with increasing concentrations of 5, until a maximum of 68%
after 180 min. It can be concluded that the reaction proceeds through
formation of a key brominated intermediate 4, which is consumed via
Sn2 of the bromide atom by the heteronucleophile, affording the o-

functionalized ketone.
HNEt, + CO, (1 bar)

NaH, THF, 60 °C

o Key intermediate:
@ ol ‘
Na O” "NEt) :
OTBS Br——0 ; o
PN - = 3 Br
Ph ©/k DMF, rt, 18 h : Ph)Kf
1 2 5 ‘ 4

Kinetic studies
100
80
°0 ——1
40 \,, et
20 §:§\‘ 5
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NMR Yield (%)

Time (min)

Figure 2.2. NMR profiling of the a-functionalization of silyl enol
ether 1 upon reaction with diethylcarbamate in the presence of 2.

We then performed a number of control experiments to gain more
insights into the reaction mechanism. First, when silyl enol ether 1 and
the benzoiodoxole 2 reacted in DMF in the absence of the second nu-
cleophile, o-bromoketone 4 was obtained in quantitative yields
(Scheme 2.5a). Then, the anionic carbamate generated in-situ was re-
acted with 4, giving the o-carbamoyl carbonyl compound S in high
yields (Scheme 2.5b). This type of transformation has been previously
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studied by other groups as a way to avoid using strong electrophilic
reactants in the context of poor functional group tolerance.'’#17® We
then tested other brominating reagents, replacing 2 by NBS and Br; un-
der the optimized reaction conditions (Method A). However, they both
led to the formation of overbrominated and unknown by-products,
whereas the desired a-carbamoyl carbonyl 5 compound could not be
observed in significant yields (Scheme 2.5¢). In an attempt to under-
stand the selectivity of the reaction, we then tested the effect of excess
of sodium hydroxide. Water has been reported to be a good nucleophile
for the displacement of I(III) in the enolonium intermediates to give o.-
hydroxyketone 6. However, in our case the formation of a-bro-
moketone 4 in quantitative yields was observed (Scheme 2.5d). These
control experiments suggest that the mechanism proceeds with an elec-
trophilic bromination of the enolonium intermediates followed by a nu-
cleophilic substitution reaction, giving the desired a-functionalized ke-
tones.

a) Br——O o
OTBS Br
——— Ph
Ph)\/ * DMF, 1, 18 h )kr
1, (1 equiv.) 2, (1.5 equiv.) 499%
b) NaH (1.5 equiv.), o
o] CO; (1 bar), o, NEt
Et;NH (1 equiv.) 2
Ph)l\(sr _EtNH (1 equiv)  ppy N
DMF, tt, 18 h o
4, (1 equiv.) 569%
c)
NaH (1.5 equiv.),
oTBS CO; (1 bar), 0o 0o o OTBS
Et;NH (1 equiv.
)\/ + NBS/Bry % Ph)KrOTNEtZ + Ph)J\(Br + Ph)J\rOH + Ph)\
Ph DMF, t, 18 h o
1, (1 equiv.) 2a/2b, (1.5 equiv.) 5 4 6 1
2a: 5/4/6/1/other =1 :4.4:1.5: 1.4 : not determined
2b: 5/4/5/6/other = 0:3.8 : 1: 0 : not determined
d)
oTBS Br—I—0 1,0 (4 equiv) o] 0
- + OH
o, NaH (OH") Ph)&(sr Ph)ﬁ/
Ph DMF, rt, 18 h
1, (1 equiv.) 2, (1.5 equiv.) 499% 6 Not observed

Scheme 2.5. Control experiments.

With all the experimental results on hand, we then set out to calculate
the mechanism operating in this transformation. The structure of the
silyl enol ether has been reduced to the enolate motif 1a, as it is likely
to be formed under basic conditions in DMF.!”7"'7° Furthermore, it is
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plausible to suggest that an intramolecular silyl transfer'8%-!83 could oc-
cur between the oxygen of 1a and that of 2. The starting point of this
calculations is the sum of the energies of enolate 1a and the benzoio-
doxole 2.

There are three pathways (A, B and C) that might be operating in this
transformation. In Pathway A (Figure 2.3), the reaction starts with the
attack of enolate 1a to the iodine (III) center, forming the O-enolonium
intermediate-1a (2.0 kcal/mol). Formation of the enolate-iodane
bond takes place in the frans position to the Ar—I substituent leading to
a lengthening of the I-Br bond (from 2.90 to 3.17 A). It has been re-
ported that structures with I and Br atoms can present halogen bond
distances up to 4 A.!8% 185 After the formation of the intermediate, the
reductive coupling between the enolate and the Br occurs via TS1ao-4
with an activation energy of 20.5 kcal/mol.

Ts1ao-4
—
/18.5,
Pathway A \
8 =2.9A
Br—&l-—0 G=0
—— =20/
2 1a-2 '
O-enolonium-1a \
+ \
Ph |
00 N ! D o° o

o PN Ol Ph)H/
— R 14.9 -

8 =3.17 A

Figure 2.3. Energy profile for Pathway A.

In Pathways B and C (Figure 2.4), the enolate attacks the iodine
atom through the carbon of the enolate leading to C-enolonium-1a (0.2
kcal/mol) and C-enolonium-1a’ (-3.0 kcal/mol). After the attack, the
I-Br halogen bond is elongated to 3.20 A in the case of pathway B, and
even more for pathway C, where it reaches 3.29 A. Pathway B follows
with a reductive elimination giving the key intermediate 4 via TS1a-4
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with an energy of 18.5 kcal/mol. Intringuingly, for C-enolonium-1a’
the rotation of the enolate substituent takes places through a low energy
transition state, TS1a>-1a> of 16.2 kcal/mol. The enolate moves from the
trans to the cis position in relation to the Ar—I bond, giving C-
enolonium-1a’’ intermediate. As a consequence of the rotation, the Br
atom goes out from the coordination sphere of the iodine atom and there
is no halogen bond in this case, as the I-Br distance is long, of 5.16 A.
From here, two transitions states have been found. On the one hand, the
backside attack of the bromide on the ai-carbon of the enolate, that re-
sults in the lowest activation energy values (TS1a7-4, 15.8 kcal/mol). On
the other hand, the bromide could perform a syn attack to the o-carbon.
However, this option seems to be unfeasible under the reaction condi-
tions (TS 1a>-4, 35.7 kcal/mol).

C-enolonium-1a’

[o}

W/U\ Ph
314.0;
-l \ J

-f2—o

Br---
C-enolonium-1a” \—
Sara=3.29A o Ph
o 7 4
G o)

Figure 2.4. Energy profile for Pathways B (black lines) and C (gray
lines).

dgr= 5.16 A

According to the experimental results and the calculations, the [-Br
halogen bond seems to be the reason for the absence of by-products in
the reaction mixture. This will be the case for the pathways A and B
that after formation of the enolonium species, they will follow a ligand
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coupling step to provide a-bromoketone 4 in an intramolecular manner.
This high selectivity towards 4 under mild conditions is not reported in
the literature for the studies of cross-nucleophile coupling mediated by
I(TIT) reagents, since dimerization of the enolate and the attack of other
nucleophiles, such as water, are observed.'?* On the contrary, Pathway
C undergoes a rearrangement of the ligands bonded to the I(III) center
of C-enolonium-1a’’. Therefore, the halogen bond interaction does not
happen in this case and the bromide attacks at the very electrophilic
carbon of the enolonium intermediate via intermolecularly leading to 4
as well. However, by-products will be observed if this would be the
case. We would expec C-enolonium-1a”’ to react with other nucleo-
philes present in the reaction mixture, such as enolate 1a or hydroxyl
anions (TOH). Therefore, DFT calculations suggest that just pathways
A and B are feasible.

2.4 Conclusions
A general umpolung protocol mediated by I(III) reagent 2 for the cross-
nucleophile coupling has been described in this chapter, affording o-
functionalized carbonyl compounds.

The results obtained for the formation of a-carbamoyl carbonyl com-
pounds encouraged us to develop an umpolung bromination/nucleo-
philic substitution for the coupling of silyl enol ethers with a broad va-
riety of nucleophiles. The scope with other nucleophiles has been eval-
uated showing the generality of the protocol. Alcohols, thiols, azide,
1,3-dicarbonyl compounds and primary and secondary amines has re-
acted. A large number of carboxylic acids can be used under our reac-
tion conditions. This methodology could be applied to natural products
and pharmaceuticals as nucleophiles.

Finally, the mechanism of the reaction has been studied experi-
mentally and computationally in this thesis. The experimental investi-
gations and the DFT calculations performed indicates that the high se-
lectivity of this method is due to the formation of a key intermediate
(4). According to the calculations, pathway A and B are similar involv-
ing the O-enolonium-1a and C-enolonium-1a, respectively, with a hal-
ogen interaction between the bromide and the I(IIT) center. Both of
these pathways can be operating. An alternative pathway C, which in-
volves the formation of C-enolonium-1a’’ can be ruled out. Therefore,
the plausible pathways involve first the formation of O- or C-enolonium
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intermediates, followed by a nucleophilic substitution affording the de-
sired a-functionalized carbonyl compounds.
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3 Base-catalyzed [1,n]-proton shift in
conjugated polyenyl alcohols and
ethers. Paper I1.

3.1 Background of the project

Polyenyl alcohols and ethers are prevalent moieties in natural products,
as well as important motifs in organic chemistry.'36-1% Conjugated tri-
enes are important examples of compounds containing polyenyl alco-
hols and ethers that presents biological activity, such as in the antibac-
terial and immunosuppressive agent Rapamycin'®? or in the antitumoral
agent Leukotriene B4'*!(Figure 3.1).

OH OH o
AN N—= OH
O x
Rapamycin Leukotriene B4

Figure 3.1. Examples natural products containing conjugated poly-
enol moieties.

The transformation of polyenyl alcohols and ethers into the corre-
sponding carbonyl compounds or into conjugated vinyl ethers has not
been extensively explored in the literature. Indeed, the metal-catalyzed
isomerization of conjugated systems is very challenging, since for-
mation of very stable metal-diene intermediates takes place.!®> For-
mation of these n*-complex restrains the hydride shift, and poisons the
catalytic system.'?? This issue can be solved by applying metal-free pro-
tocols.!1% 112.193 Ag mentioned in Chapter 1, the Martin-Matute group
reported the first stereospecific [1,3]-proton shift isomerization of elec-
tron deficient allylic alcohols and ethers using TBD'!? Although unex-
plored, we set out to investigate the feasibility of this methodology on
polyenyl systems (Scheme 3.1).
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Scheme 3.1. Isomerization of polyenyl alcohols and ethers using
TBD as a catalyst.

Due to the fact that the reaction can proceed via different [1,n]-
proton shifts, different isomeric products could be formed. Thus, in this
chapter, the mechanistic investigation of the migration of the proton
shift in the isomerization of conjugated polyenyl alcohols and ethers is
presented. This proton shift migration follows a “chain walking” pro-
cess. Experimental mechanistic studies? and computational are dis-
cussed.

3.2 Overview of the reaction conditions

In order to test the protocol on polyconjugated systems, the Martin-
Matute group started the investigation with dienyl alcohols. For these
cases, the corresponding carbonyl compound was formed in moderate
to high yields, but without formation of side-products (Scheme 3.2a).
The [1,3]-proton shift product was obtained exclusively when a dienyl
alcohol was used as a substrate. On the other hand, dienyl ethers could
be isomerized under milder conditions, yielding a mixture of [1,5]-pro-
ton shift products (Scheme 3.2b). The catalyst loading and the temper-
ature could be decreased to 10 mol% and 85 °C, respectively. The major
isomeric product is (17, 3E), for all the cases studied in the reaction
scope. Finally, the protocol was studied in a more extended conjugated
polyenyl ethers yielding the products via [1,9]-proton shift, using a
slightly higher base loading (Scheme 3.2c¢).

2 The experimental part presented in this chapter has been performed by Dr. Nagaraju Molleti,
Dr. Samuel Martinez-Erro and Dr. Amparo Sanz-Marco. I have participated in the discussion
regarding the mechanism of the reactions.
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a) Isomerization of conjugated dienyl alcohols

R* R2 OH R R2 O
H TBD (20 mol%)
5 5\ 3 X 1 R

R? Toluene, reflux, 16 h R

R
[1,3]-proton shift

b) Isomerization of conjugated dienyl ethers

R* R2 OR® R* R2 OR® 2 6
« H TBD (10 mol%) H 3 T
RS SR I N - L /H A R
R Toluene, 85 °C, 16 h R RS R4
(1Z 3E) (12,32

[1,5]-proton shift
c) Isomerization of conjugated polyenyl ethers

OMe H OMe
. H TBD (20 mol%)
N5 YOR! NN NP Rt
3 R2
R R Toluene, 85 °C, 16 h R® RP

[1,9]-proton shift

Scheme 3.2. An overview of the TBD-catalyzed isomerization of
conjugated dienyl alcohols, dienyl ethers and polyenyl ethers.

3.3 Experimental mechanistic investigations

Experimental mechanistic studies were performed in order to under-

stand the transformation. Kinetic isotope effect studies were carried out

for both dienyl alcohols and ethers (Figure 3.2), obtaining KIE values

of 2.4+ 0.5 and 3.8 + 0.5, respectively. Following the reported mecha-

nism for the isomerization of allylic alcohols,'!3 these KIE values sug-

gest that the rate-determining step involves breaking of the C—H bond.
OH OMe

l\\“’ !\\H/

7/7a 9/9a

Figure 3.2. Kinetic isotope effect studied with compounds 7, 7a, 9
and 9a.

Deuterium labelling studies were performed in the study of both con-
jugated systems. Deuterated 7a-d" (89% D) afforded the corresponding
unsaturated ketone with 24% of D at C*. No deuterium was found at
(3 indicating that this transformation occurs through a [1,3]-proton shift
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mechanism (Scheme 3.3a). In contrast, in the case of dienyl ethers dif-
ferent positions of the system were deuterated (C!, C* and C°). Deuter-
ated 9a-d' (92% D) transferred the deuterium to both C* and C3
(Scheme 3.3b), with 20% and 28% deuterium content, respectively.
Thus, the deuterium labelling suggest that the mechanism involves two
consecutives [1,3]-proton shift. Then, in order to justify our hypothesis
deuterated compound 9a-d® (98% D) was subjected to isomerization
reaction conditions (Scheme 3.3¢). A 20% deuterium content was trans-
ferred to C° which confirms a proton transfer from C3 to C. Finally,
starting from a deuterated compound at C°, namely 9a-d° (92% D), a
45% of the deuterium content ends up in that position (Scheme 3.3d).
This result suggests that the final deuteration at C°is irreversible.

H H/D
a) Q D TBD (20 mol%) H Q
X
RO Ol SLOE
Toluene, reflux, 16 h
7a-d' (89% D) 8a-c® (24% D)
M H/D H/D OM
b) QMe TBD (20 mol%) H OMe
X N
O™ "0 e 77T
Toluene, 85 °C, 16 h
9a-d' (92% D) 10a-d (20% D at C® and 28% D at C5)
c)
D M H/D H/D OM
OMe TBD (20 mol%) H OMe
N ™ = =
O™ 0 i T70
Toluene, 85 °C, 16 h
9a-cf (98% D) 10a-d (47% D at C® and 20% D at C5)
d)
D OMe H/D OMe
TBD (20 mol%) H
NN O~
U0 e 0770
Toluene, 85 °C, 16 h
9a-cf (92% D) 10a-c® (45% D at C®)

Scheme 3.3. [somerization of deuterated dienyl alcohols and ethers:
a) 7a-d', b) 9a-d', ¢) 9a-d® and d) 9a-d°.

3.4 Computational mechanistic investigations

To gain a comprehensive understanding of the reaction mechanism op-
erating in this transformation, DFT calculations were carried out. The
study was performed using dienyl ether I as a model substrate (Figure
3.3). This substrate can interconvert easily to conformer I” by rotation
of a o—bond, with an energy barrier calculated to be 6.4 kcal/mol. The
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reaction starts with the deprotonation of both conformers I/I” by TBD
with relative activation free energy barrier of 22.2 (TSrn) and 22.5
(TSr-1r) kecal/mol, respectively. This is the relative energy for the con-
formations favored by a hydrogen bond between the oxygen of the
dienyl ether and the hydrogen of the base.

?Me
o p
TSI'-II'LZS\ J
-|-S|-|I/'I,22—\'2 ::\\\ Ph . L 20.3 -|-S||’.|||b"I 5-additi
¥ g V203 TSy, 1o acditon
: o151 -2 W
H OMe S — "
14.0 -TBD-H
/\/\/\Ph I )
PhJ 297 I /\/—\\)P\ME ;
Ph” PN ph L TBD H
TBD 0 . y
— | Common intermediate for | OMe
H OMe protonation at C’, C® and C° »-2.0 z_
N — s
2.7 lb” 1
) H™ “Ph
conformers /I’ in Mp H OMe
equilibrium conditions NE L
Ph 7 Ph
Thermodynamic distribution

N N ) )N\ W
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Figure 3.3. Energy profile of the isomerization of dienyl ethers. The
Gibbs free energy values are given in kcal/mol.''#

After the deprotonation step, an ion pair is formed between the dienyl
anion and the conjugated acid of the base (II and II"). These two inter-
mediates cannot be interconverted easily due to calculated energy bar-
rier of +16.9 kcal/mol. Each of these dienyl anion can be protonated in
a reversible manner at C' (TSu1), at C? (TSi-nma) or at C3 (TS and
TSu-mmw'). The protonation energy barriers for this transformation have
quite similar relative activation energies: +22.2 for TSm.1 , +22.5 for
TS, +22.0 for TSima, +20.3 for both TSy and TS,
kcal/mol. These suggest that all the pathways are reversible. Therefore,
all possible products formed in the reaction are under thermodynamic
equilibrium. Thus, the more stable product will be the major product of
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the reaction: I, I’, IIla, ITIb and ITIb". The isomeric product IIb and
IIIb" are the most stable species of this transformation with calculated
energy values of —2.7 and —2.0 kcal/mol respectively. Therefore, the
stereoisomeric ratio depends on the relative energy difference between
the products. The (1Z, 3E) stereoisomer IIIb is 0.7 kcal more stable
than the (17, 3Z7) stereoisomer IIIb’. Importantly, these results are in
agreement with the results found experimentally where the major prod-
uct observed in the reaction is a mixture of IIIb/IIIb" with a stereoiso-
meric ratio of [78:22].

The KIE has also been studied computationally, replacing a hydro-
gen by deuterium in the reaction profile. An increase in the activation
energy barrier for the deprotonation step (TSr.m and TSr.ir) was calcu-
lated to be 0.6 and 1.2 kcal/mol, respectively. These results are in agree-
ment with the KIE value obtained experimentally for the dienyl ether
system, 3.8 £ 0.5, suggesting that the rate-determining step is the depro-
tonation at C! position.

DFT calculations suggest that the reaction proceeds via [ 1,n]-proton
shift until formation of the most thermodynamically stable product.
This agrees well with the experimental deuterium labelling studies that
showed the irreversibility of the formal [1,5]-proton shift (vide supra,
Scheme 3.3d).

Additionally, the reaction kinetics were simulated in order to under-
stand the ratio of the stereoisomers IIIb:IIIb" = 78:22 using COPASI
(Complex Pathway Simulator 4.24). The rate constant (k) of the reac-
tion, either forward (kr) or backward (k;), is calculated from the Gibbs
free energy obtained by the DFT calculations using the Eyring equation
(Equation 2).

" kgT -Gt
= — RT
n e

Equation 2. The Eyring equation. T = temperature (358 K); kg =
Boltzmann constant (1.3806¢23 J/K); h = Planck’s constant (6.6261¢*
Js); AG* = Gibbs free energy difference between the intermediates in-
volved (J/mol); R = ideal gas constant (8.3414 J/K's).

For the simulation, all the steps were considered reversible. The plot-
ted simulations were obtained performing a Time Course calculation
(Figure 3.4). The reaction proceeds quickly at the very beginning of the
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plot to the formation of the most thermodynamically stable product
IIIb. However, since the starting material I could interconvert easily to
provide conformer I’ the reaction also forms the corresponding IIIb’,
slightly less stable than IIIb. A simulated stereoisomeric ratio between
IIb:IIIb" = 71:29 can be calculated from this data, in strong agreement
to the one experimentally observed (IIlb:IIIb" = 78:22).
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Figure 3.4. Plot of the simulated concentration of IIIb (dark blue)
IIIb’ (light blue) stereoisomers and Illa (pink) versus time.

3.5 Conclusions

In this chapter, the mechanism of the metal-free protocol for the isom-
erization of polyenyl ethers into dienyl ethers has been studied by DFT
calculations and kinetic simulations. These studies revealed that the re-
action starts by a rate-determining deprotonation at the C!. After that,
an intimate ion pair is formed between the dienyl anion and the proto-
nated TBD. Later, follows the protonation at C!, C* or C° giving the
corresponding products.

The replacement of hydrogen by deuterium in the reaction profile

confirmed that the rate determining step of the reaction is the deproto-
nation at C! which is also in agreement with the experimental studies.
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The computational results revealed that the reaction is under thermody-
namic control. Thus, the ratio of the stereoisomers depends on the rela-
tive energy difference between them. A simulated kinetic profile was
performed based on the AG* values obtained in the theoretical calcula-
tions using the COPASI software. Indeed, the simulated ratio of the ste-
reoisomers was found to be almost identical to the one obtained exper-
imentally.

Experimental and computational studies suggested that the reaction
proceeds via two consecutive proton shifts, a [1,3] followed by a [3,5],
alongside the studied conjugated system or by a direct [1,5]-proton
shift. In other words, the proton shift “chain walk” continues until the
formation of the most thermodynamically stable product. Therefore, the
proton shift walking will depend on how long the chain is.
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4 A novel microwave-assisted synthesis of
amino functionalized chromium (III)
terephthalate MIL-101-NH,. Paper III.

4.1 Background of the project

In 2005 the group of Feréy and co-workers developed the ideal combi-
nation of computer simulation and targeted chemistry to synthesize a
new powdered solid, MIL-101 (MIL stands for Material of Institut La-
voisier; Figure 4.1).!* The material was synthesized following a con-
ventional hydrothermal method that consisted of the reaction of tereph-
thalic acid (TA) with Cr(NO3)39H20, hydrofluorhydric acid and H>O
for 8 h at 220 °C in an autoclave. The result is a green powder with the
molecular formula [CrF(H20)>O(TA)3]nH20O. The resulting zeotype ar-
chitecture led to two large cages with internal diameters of 29 and 34 A
and a high surface area of 4100 m?g’! that makes it an excellent candi-
date for gas storage or drug delivery. It was Férey and co-workers who
defined a general methodology for the assembly of the organic and in-
organic units within the framework using the concept of secondary
building blocks (SBU).!>17 For example, MIL-101(Cr) and MIL-
88B(Cr)'*® are polymorphic materials since they share the same formula
but the combination of the SBU is different. Consequently, the diverse
interconnection of the SBU results in two MOFs with different topolo-
gies and features.

Figure 4.1. Computational simulation of the two cages of the MIL-
101(Cr) MOF. Figure from Férey and co-workers, used with permission
from Science AAAS.!*
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To this date, a number of groups have reported the synthesis of MIL-
101(Cr) either by minor modifications of the traditional method or em-
ploying other methods such as microwave-assisted, sonochemical or
mechanochemical.!9%-202

A post-synthetic modification of MIL-101(Cr) for the introduction
of an amino group was described years later by the group of Stock lead-
ing to MIL-101(Cr)-NH,.2% This material has raised as a potential het-
erogeneous catalyst. The unusual large pore volume offers the possibil-
ity of immobilization of transition metal catalysts or organic species and
makes it the perfect host for metal nanoparticles.?** 2% The resulting
MOF can be synthesized either via direct synthesis of the MIL-101(Cr)-
NO; using 2-nitroterephthalic acid (2-NTA) and subsequent reduction
by SnCl>2H>0, or by the direct synthesis of plain MIL-101(Cr) fol-
lowed by an electrophilic aromatic substitution (MIL-101(Cr)-NO,)
and subsequent reduction of the nitro to the amino group MIL-101(Cr)-
NHo:. Unfortunately, the direct synthesis from 2-aminoterephthalic acid
(2-ATA) leads to the decomposition of the material under hydrothermal
methods. This is due to the high affinity of the amino groups to chro-
mium, interfering with the 3D coordination of both the metal cluster
and the organic linker to yield the desired MOF under the mentioned
reaction conditions.?’® Nonetheless, the direct synthesis of the MIL-
101(Cr)-NH2 under hydrothermal conditions has been reported leading
to a material with moderate crystallinity.!*® The yields are unfortunately
not reported in this work. Furthermore, under solvothermal conditions
the crystallinity improves but requires longer reaction times and non-
environmentally friendly solvents (i.e. DMF).?7

Microwave-assisted methods have gained interest in the recent years
within the MOF community due to a number of advantages compared
to the traditional methods, such as faster reaction rates, high yields and
remarkable phase selectivity, size control from microcrystals to na-
nosized particles, and lower costs in terms of energy.’®”! In this chap-
ter, we present a single step synthesis of chromium(III) terephthalate
MIL-101(Cr) and amino-functionalized chromium(IIl) terephthalate
MIL-101(Cr)-NHz, directly from 2-ATA, using microwave-assisted
method in water.

38



4.2 Optimization of the microwave-assisted
protocol

We started our investigations by screening the effect of different reac-
tion parameters, such as the effect of the modulator and its concentra-
tion, temperature, reaction time, nature of the chromium salt and the
number of equivalents of all the species in the mixture. The reaction
mixture contains a chromium(III) source, 2-ATA, the modulator and
H20 in a 20 mL microwave vial.

Modulators are used in MOF synthesis in order to control defects,
crystallinity and to obtain bigger crystals.?”® The modulator is any spe-
cies that could either deprotonate the organic linker or compete with it
to form bonds with the metal cluster [i.e. hydrofluoric acid for the direct
synthesis of MIL-101(Cr)].2%° Consequently, the rates for the nucleation
and crystal growth processes decrease allowing for a better control over
the size and morphology of the crystals.

We tested a series of acids and bases, TFA, HCI, DMF, NH4F,
4DMAP, NH4OH and NaOH. In all cases, characterization by PXRD
showed that amorphous materials were obtained. Interestingly, when
using salts such as LiF, NaF, KF and CsF crystalline materials were
obtained (Figure 4.2). The PXRD patterns at larger 20 showed the
peaks of the corresponding salts for the case of CsF and KF, together
with other impurities. This could be a result of the retention of the cati-
ons within the framework due to a poor efficiency in the diffusion dur-
ing the washing, as a consequence of the large size of the cations. Using
NaF, aclearer PXRD pattern was observed when comparing to the the-
oretical diffraction pattern of the MIL-101(Cr) than the one obtained
with LiF. Importantly, when running the reactions with the modulators
following the hydrothermal method no crystalline material was ob-
tained, unveiling the in-situ generation of hydrofluoric acid when ap-
plying microwave heating.
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Figure 4.2. PXRD patterns (20 = 4-17 deg) of Chromium(III)-2-
ATA polymers; a) using NH4OH, NaOH and 4DMAP as modulators.
b) using LiF, NaF, KF and CsF as modulators and ¢) PXRD patterns
(26 = 1540 deg).

The results obtained showed NaF as the best salt to promote the for-
mation of the porous material. This is achieved by an optimal deproto-
nation of the benzoic acid linkers, producing fluoride and hydroxy ani-
ons that coordinate to the Cr metal, and by promoting a slow nucleation
and crystal growth.

Then, we studied the effect of the temperature when using 1.35 mmol
of Cr(III) chloride, 1.35 mmol of 2-ATA and 3.3 mmol of NaF in 10
mL of water for 1 h. When running the reaction at 160 °C for 1 h, an
amorphous material was obtained, as shown by the broad diffraction
signals in the PXRD pattern. When the temperature was increased to
175 °C, the reaction yielded a pure crystalline MIL-101(Cr)-NHz, while
at 190 °C the crystallinity was much lower (Figure 4.3a). The next pa-
rameter to be evaluated was reaction time. The reaction was studied
employing the same quantities of the reactants for different reaction
times: 30, 60, 120, 300 and 900 min. In all the cases, crystalline porous
polymers were obtained (Figure 4.3b). At longer reaction times, the
reaction conditions favor the formation of hydrofluoric acid. Conse-
quently, other unknown species are obtained what turned out to give
lower crystallinity of the material. Moreover, when running the reaction
at shorter times (30 min), the crystals did not have considerable amount
of time to grow. The optimized reaction time for high crystallinity was
found to be 60 min.
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Figure 4.3. a) PXRD patterns (20 = 5-19 deg) of Cr(III)-2-ATA pol-
ymers obtained at different temperatures (160, 175 and 190 °C). b)
PXRD patterns (20 = 5-19 deg) of Cr(I1I)-2-ATA polymers obtained at
different reaction times (30, 60, 120, 300 and 900 min).

Later, we examined different amounts of NaF in the reaction mixture.
The reactions were studied using 1 equiv. of CrCls, 1 equiv. of 2-ATA
and NaF (0.0, 1.25, 2.50 and 5.00 equiv. compared to the amount of
chromium(I)) in 10 mL of H>O at 175 °C for 1 h. For this study, well-
defined crystals were obtained only when using 2.5 equiv. (3.36 mmol)
of NaF (Figure 4.4a). Different chromium sources (1 equiv., 1.35
mmol) were also investigated at 175 °C for 1 h in 10 mL with 1 equiv.
of 2-ATA and 2.5 equiv. of NaF. Only when using chromium(III) chlo-
ride, nitrate and sulfate the desired MIL-101(Cr)-NHz was formed (Fig-
ure 4.4b). However, the optimal crystallinity was obtained with chro-
mium(III) chloride hexahydrate.

a) b) [

—Kr0,
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—CrPO,
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Figure 4.4. a) PXRD patterns (20 = 5-19 deg) of Cr(II1)-2-ATA pol-
ymers when using different amounts of NaF (0.0, 1.25, 2.50 and 5.00
equiv.). b) PXRD patterns (20 = 5-19 deg) of Cr(III)-2-ATA polymers
obtained using different Cr sources (CrCls, Cr(NO3)3, CrK(SOs),,
Cr2(S04)3, CrPOs4, K2CrO4 and CrOs).
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Lastly, the concentration of all the species was analyzed in order to
study the scale up of the method using microwave heating. Different
dilutions of Cr(IIl)/2-ATA/NaF were studied in the reaction (0.2, 0.3,
0.6, 1.2 and 2.4 M, Figure 4.5a). The initial molar ratio of the substrates
was kept (1.35 mmol of chromium(III) chloride, 1.35 mmol of 2-ATA
and 3.36 mmol of NaF at 175 °C for 1 h). Decreasing the total concen-
tration to 0.2 M resulted in the obtention of poor crystallinity of MIL-
101(Cr)-NH». However, when increasing the concentration to 0.3 M the
mass of the material obtained was decreased when compared to the
amount obtained with 0.6 M. Interestingly, 1.2 M gave better defined
crystallinity and the amount of MOF obtained was higher than the one
obtained when using 0.6 M (Figure 4.5b). A four-fold increase of the
total concentration led to both polymorphs, MIL-101(Cr)-NH, and
MIL-88B(Cr)-NHaz, revealing that increasing the concentration of the
system favors the interconnection of the SBU for the design of the other
polymorph which is thermodynamically more stable than MIL-
101(Cr)-NHoa.

AL g 60
el N TR om0 2.4 M
=
JKN\A—————J—'\J‘ 540 12 M
J)LM g 0.6 M
A e 20 03 M
A 10 0.2M

6 8 0 12 14 16 18
26 (deg)

Figure 4.5. PXRD patterns (20 = 5-19 deg) of Cr(III)-2-ATA poly-
mers obtained using NaF at different total concentration of reagents
(0.2, 0.3, 0.6, 1.2 and 2.4 M). b) Yield of the obtained polymers at dif-
ferent concentrations.

After the evaluation of the effect of all the parameters the final cho-
sen conditions for the synthesis of MIL-101(Cr)-NH> were: 1.35 mmol
of chromium(III) chloride, 1.35 mmol of 2-ATA, 3.36 mmol of NaF in
10 mL of water at 175 °C for 1 h (Scheme 4.1), resulting in a yield of
73%.
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Scheme 4.1. Optimal reaction conditions for the synthesis of MIL-
101(Cr) and MIL-101(Cr)-NH;: by microwave heating.

4.3 Characterization of MIL-101(Cr) and MIL-
101(Cr)-NH;
PXRD was applied as the main tool for the characterization of the ma-
terial during the optimization of the reaction conditions, since it was
used to determine the crystallinity of the MOF and the presence of the
desired polymorph.

Importantly, there are a number of characterization techniques that
have been employed for the full characterization of the material such as
nitrogen adsorption, TGA, SEM, ICP and FTIR.* The PXRD patterns
of the MOFs obtained using solvothermal and microwave-assisted
method were compared to the simulated pattern of the MIL-101(Cr) in
order to verify the morphology of the polymer (Figure 4.6).

—— MW-MIL-101(Cr)-NH,
—— MW-MIL-101(Cr)

ST-MIL-101(Cr)-NH,
—— ST-MIL-101(Cr)
—— MIL-101

e Mo

U
M

6 8 10 12 14 16 18
20 (deg)

Figure 4.6. PXRD patterns (20 = 5-19 deg) of solvothermal (ST)
and microwave-assisted (MW) methods compared to the simulated
MIL-101(Cr) pattern.

3 Characterizations were performed by Dr. Sergio Carrasco except for PXRD.
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Scanning electron microscopy (SEM) images revealed that the MW-
MOF protocol produces MIL-101(Cr) and MIL-101(Cr)-NH: in the na-
nometric scale with a smaller particle size compared to the traditional
methods, (Figure 4.7). Microwave heating favors the process of nucle-
ation, providing almost twice as much yield for MIL-101(Cr)-NH>
compared to the traditional solvothermal method. However, a much
smaller crystal size was observed when employing microwave condi-

tions.
o %

- ‘:‘

,

KV X40000 100nm WD 106mm SE 50KV X40,000  100nm WD 10.7mm

Figure 4.7. SEM images for MIL-101(Cr) (left) and MIL-101(Cr)-
NHg: (right) by microwave-synthesis.

Elemental analysis by ICP-OES was performed in order to calculate
the molecular formula per unit cell of the obtained MOFs using the MW
protocol. The formulae for MIL-101(Cr) and for MIL-101(Cr)-NH:
were derived to be Cr3F(H20)20[(02C)-CsHas-
(CO2)]3(CH3CH,0H)4(HF); and Cr3F(H20):0[(0,C)-C¢H3NH;3 F--
(CO2)]3(CH3CH20H)4(HF)3, respectively. This was confirmed by TGA
analysis, which showed three weight losses (Figure 4.8). For tempera-
tures between 50 °C to 200 °C, the guest molecules within the pores are
removed. Afterwards, in the range of 200-350 °C the water molecules
coordinated to the clusters are detached. Finally, the linker starts to de-
compose at 350 °C until around 600 °C. This means that following the
MW protocol the MOF is stable until 350 °C.
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Figure 4.8. Thermogravimetric (TGA) curves of MW-MIL-101(Cr)
(blue) and MW-MIL-101(Cr)-NH2 (green).

Finally, the surface area of the MW-MIL-101(Cr) and MW-MIL-
101(Cr)-NH> were studied by nitrogen adsorption isotherm at 77 K,
which resulted in 2651 and 2014 m?g ! (Figure 4.9), respectively. These
values matched with those found in the literature.!'”* A significant de-
crease on the surface area value for the MW-MIL-101(Cr)-NH; com-
pare to MW-MIL-101(Cr) confirms the occupancy of the framework
voids by the amino moieties.

The surface area values when employing the conventional solvother-
mal method are lower compared to the ones obtained in this project.
Therefore, it can be concluded that the smaller crystal size favors the
diffusion of other species through the cavities of the material resulting
in larger BET surface area values.
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Figure 4.9. Nitrogen adsorption isotherms at 77 K of MW-MIL-
101(Cr) in blue and MW-MIL-101(Cr)-NH: in green. Circles indicates
adsorption and crosses indicate desorption.
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4.4 Conclusions
The syntheses of the MIL-101(Cr) and MIL-101(Cr)-NH> have been
described in this chapter using microwave-assisted heating and avoid-
ing the direct handling of hazardous reagents as hydrofluoric acid.

The full optimization of the protocol has been described and ana-
lyzed focusing on the PXRD patterns. Other characterization tech-
niques have been used to compare the characteristics of the MW-
materials with those synthesized using conventional methods. The pre-
sented MW methodology has been shown to give higher yields in less
reaction time, better phase-selectivity and use of more environmentally
friendly solvents when compared to ST methods.
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S Enhancing the chirality transfer in the
isomerization of electron-deficient
allylic alcohols. Paper IV.

5.1 Background of the project

Ruthenium-, iridium- and rhodium-based transition metal catalysts
have been demonstrated to be efficient catalysts for the redox neutral
isomerization of allylic alcohols into saturated carbonyl compounds.
When it comes to accessing chiral ketones from allylic alcohols, the
most common approach is to use a chiral transition metal complex. An
alternative to this was presented in 2012, when the group of Cahard
presented a new approach to synthesize enantioenriched (98% ee) tri-
fluoromethylated carbonyl compounds, by subjecting a chiral enanti-
opure allylic alcohol to a stereospecific isomerization mediated by a
non-chiral ruthenium catalyst (Scheme 5.1a).!%!- 105

In this regard, the Martin-Matute group contributed to this area of
research with a stereospecific isomerization of electron-deficient allylic
alcohols and ethers using a metal-free catalyst, namely the base TBD
(Scheme 5.1b). Other guanidine type bases were studied under the op-
timized reaction conditions, but none of them gave the desired product
when the based was used in catalytic amounts. Another important fea-
ture found in this study was that the presence of an N-H bond was cru-
cial for the reaction to occur, since the yield obtained using MTBD (7-
methyl-1,5,7-triazabicyclo(4.4.0)dec-5-ene) was negligible (less than
5% yield). During the years, the Martin-Matute group expanded the
scope of the reaction to other allylic systems such as allylic halides
(Scheme 5.1¢) and allylic amines (Scheme 5.1d).''> 116
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RZ OH 1 mol% [RuCly(PPhg)s] R2 O
NS

F4C R, Toluene, Cs,CO3 F4C R,
b)
R? OR® TBD [cat.] RZ O R2 OR?®
or
N
R4 R! Toluene, 80 °C R4J\)J\ R! FI“J\/kR1
o R3 =H or arlkyl
R2 Cl TBD [cat.] R2 ClI
FsC X R? Toluene, 60 °C FsC Z =
d)
R? NReR* TBD [cat.] R? NRSR*
F4C X R! Toluene, 60 °C F4C Z R!

Scheme 5.1. Stereospecific isomerization of y-trifluoromethylated
allylic systems: a) alcohols!% b) alcohols and ethers''> ¢) halides''® and
d) aliphatic amines.''¢

The group also studied the mechanism operating in this type of trans-
formation for the first transition metal-free, base-catalyzed stereospe-
cific isomerization of electron-deficient allylic alcohols (Scheme 5.2).
The calculations showed that the mechanism starts with the deprotona-
tion of the C' leading to the formation of a tight ion pair between the
allylic anion and the protonated base. This step has been calculated to
have an activation energy barrier of 19.6 kcal/mol. The combination of
both experimental and computational results suggested that the depro-
tonation is the rate determining step. After formation of the tight ion
pair, the protonation at C3 takes place, and for this to happen, the calcu-
lations showed that it could occur either in an intermolecular or intra-
molecular manner, with activation energy barriers of 17.1 and 16.9
kcal/mol, respectively.
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Scheme 5.2. Reaction profile for the base-catalyzed isomerization of
electron-deficient allylic alcohols. The energies are given in kcal/mol.
(Calculations performed by Mérten S. G. Ahlquist).

The loss of chirality transfer could happen for two reasons. First, the
polarity of the solvent used in the reaction plays a role on keeping tight
the ion pair. Indeed, excellent levels of chirality transfer may be ob-
tained in apolar solvents such as toluene, whilst using more polar sol-
vents (e.g. THF) results in lower levels of chirality transfer. Secondly,
experimental studies revealed that the presence of an electron-with-
drawing group on the phenyl ring at C? resulted in lower levels of chi-
rality transfer (Scheme 5.3). The reason for this could also be related to
an lower stability of the ion pairing of the allylic anion and the cationic
conjugated acid of TBD (TBD-H")

X

X

TBD [cat] O o

Toluene, 80 °C H

FsC O

FaCToX

11a, X = H (99% ee) 12a, X =H (95% c.t.)
11b, X = CF3 (97% ee) 12b, X = CF3 (61% c.t)
11¢, X =Cl (97% ee) 12¢, X =CI (89% c.t.)

Scheme 5.3. Stereospecific isomerizations with lower chirality trans-
fer.

It was hypothesized that to increase the levels of chirality transfer it
was required to maintain the ion pair as tight as possible in order to
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prevent the racemization of intermediates. To do so, we proposed the
synthesis of a porous material where the cavities could limit the disso-
ciation of the ion pair and, as a consequence, the transfer the chirality
would take place in a highly efficient manner. As porous materials, we
aimed to investigate polymeric materials and MOF's bearing superbases
on their structures.

In this chapter, we explore the synthesis of a new heterogeneous ma-
terial containing a base capable of performing the isomerization of elec-
tron-deficient allylic alcohols. Importantly, DFT calculations have been
carried out in order to correlate the stability of the ion-pairs with the
experimental levels of chiral transfer upon reaction with TBD.

5.2 Ion pair stability

A number of allylic alcohols bearing an electron-donating and electron-
withdrawing group at the para position of the aryl group at C* were
chosen to study the ion pair energy dissociation by DFT (Figure 5.1).

Ep=38.5 Ep =357 Ep=28.6
99% c.t. 96% c.t. 61% c.t.
11d 11a 11b

Figure 5.1. Dissociation energies (Ep) of the ion pair and experi-
mental chirality transfer values.!"® Ep values given in kcal/mol (Calcu-
lations performed by Dr. Li Man).

From these results, it can be concluded that when placing an electron-
withdrawing group in that particular position of the allylic system (C?),
the stability of the ion pair is significantly affected. Therefore, the more
EWG Xis, the less tight the ion pair is, and the lower the levels of chi-
rality transfer are.
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5.3 Heterogenization study

Before moving onto the heterogenization of the homogeneous counter-
part, we first carried out several experiments in order to have an over-
view of the different superbases that could perform the transformation
of allylic alcohols into saturated carbonyl compounds, Table 1. The su-
perbases chosen for this study were TBD (pKa=26.02 in MeCN), DBU
(pKa = 24.34 in MeCN) and a phosphazene (pKa = 30.25 in MeCN).
Compared to the previous work (Table 1, Entry 1)''3, when increasing
the temperature of the reaction to 120 °C, DBU was able to isomerize
substrate 11a with the same level of chirality transfer (Table 1, Entry
2). However, when using a stronger base, the chirality transfer was in-
efficient (Table 1, Entry 3).

Table 1. Isomerization of 11a catalyzed by organic superbases.

Organic superbase (10 mol%) O o

OH H
Toluene, 60-120 °C, 16 h
® AR e

11a 12a

Entry T (°C) Superbase (0.1 equiv.) Yield 12a c.t. (%)

(%)
1 60 TBD* 85 91
2 120 DBU 81 97
3 120 Phosphazene P4-#-Bu 78 45

11a (0.1 mmol, 1 equiv.), superbase (0.01 mmol, 0.1 equiv.), toluene
(0.1 M), from 60-120 °C, 16 h. * Reaction carried out for 6 h.

To start our investigations with heterogenous materials functional-
ized with a base, we used commercially available functionalized poly-
mers. DBU, TBD and P4 phosphazene immobilized on polystyrene
were tested on allylic alcohol 11b, a substrate which gave lower levels
of c.t. in our previous work!'3 (Scheme 5.4). TBD-PS (13a) did not give
good yields. This was expected, as it is the case of MTBD, there is no
NH functionality. The amino groups are bound to the polystyrene.
Phosphazene-PS (13b) afforded the desired ketone 12b in very good
yields. However, the chirality transfer was essentially the same as that
obtained with the homogeneous TBD (60% c.z.). Pleasingly, DBU-PS
(13¢) afforded quantitative yields of the desired product, with levels of
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c.t. much higher compared to those obtained with TBD, 95% vs 52%
yield, respectively.
CFs3 CF3

Polymer 13a-13c (0.1 mol %)
or TBD o

H

Tol ,120°C, 16 h l
oluene FiC

12b

Polymer 13a-13c

(1) C @
®O

TBD-PS, 13a Phosphazene-PS, 13b DBU-PS, 13¢
20% yield 85% yield >95% yield
c.t. undetermined c.t. 63% c.t. 79%

Scheme 5.4. [somerization reaction of 11b using PS immobilized su-
perbases compared to TBD. Reaction run with TBD (5 mol%) at 80 °C
for 48 h, 12b was obtained in 52 % yield and 61 % of c.z.

We went on by evaluating other base-functionalized materials. How-
ever, all our attempts to access heterogeneous superbases containing
DBU or TBD subunits failed in our hands due to intrinsic synthetic
problems observed in the different routes that we explored. Therefore,
we decided to focus on the phosphazene-type superbases, which have
been recently explored by the group of Dixon, and that are synthesized
from easily accessible azides (Figure 5.2).2'% 2!! The superbases re-
ported by Dixon’s group have pK, values between 22 and 25 in MeCN
depending on the electronics of the triarylphosphine motif. Therefore,
according to the results presented in Table 1 and Scheme 5.4, we ex-
pected that the Dixon’s iminophosphoranes would provide high levels
of chirality transfer. As shown previously, strong bases with pKgu" val-
ues above 30 displayed poor performance (vide supra Table 1, entry 3).
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Dixon’s bifunctional iminophosphorane organocatalysts: pKpy* studies on derived iminophosphorane superbases:
X X =H or OMe : X
: X = H, pKgy* = 22.7

Agﬁ (; Q X = OMe, pKgy* = 25.0
: ®

ic®
NH ;
Fch I | !

Figure 5.2. Examples of Dixon’s BIMP (Bifunctional Iminophos-
phorane) organocatalysts and their basicity study in MeCN.

To test our hypothesis, we first attempted to use MIL-101(Cr), as
we had developed a scalable and reproducible method for its prepara-
tion (vide supra, Chapter 4). However, our preliminary attempts failed.
We then focused our attention on the use of UiO-67%!2 derivatives, and
studied the activity of this hybrid system towards the transformation of
allylic alcohols into saturated carbonyl compounds. This family of
MOFs was chosen due to their high chemical and thermal stability.?!*
213 MOFs are not stable under strongly basic conditions. However, the
synthetic route applied enabled us to synthesize BIMP-functionalized
MOFs. To the best of our knowledge, this is the first example of a MOF
functionalized with such a basic motif.

5.4 Synthesis of the MOF

The synthesis of the targeted iminophosphorane-functionalized struc-
ture (Hobpdc-az, Scheme 5.5) can be achieved in four synthetic steps.
First, Suzuki-Miyaura cross-coupling afforded the unsymmetrical me-
thyl-functionalized diaryl intermediate.?'* Then, benzylic radical bro-
mination followed by displacement of the bromide by the azide anion,
and basic hydrolysis of the ester yielded the desired linker, Hobpdc-az.

| | |
0Oy O Oy O [OXge] Oy _OH

. Pd(PPhg), CsF O ABN, NBS O NaNg O KOH O
80 °C, on, THF 80 °C, on, CCly 70 °C, on, DMF THF, H,0, t, 72 h
Br Ny Ng
Br B(OH),

89% yield 76% yield 95% yield >99% yield
o” "o [ e) [Oe) HO™ ~0O
[ I I Hobpdc-az

00 0y 0O

Scheme 5.5. Synthesis of the organic linker Hobpdc-az.
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UiO-67-bpdc-az was then synthesized in DMF at 130 °C, using
benzoic acid as modulator and water as additive, according to a slightly
modified reported procedure used for the synthesis of the plain MOF
Ui0-67.213 The resulting MOF UiO-67-bpdc-az, was reacted following
the Staudinger reaction conditions with tris(4-methoxyphenyl)phos-
phine in anhydrous diethyl ether and stirred overnight at room temper-
ature (Scheme 5.6). The subsequent crystalline solids of UiO-67-bpdc-
ip were filtered and washed with Et;0O, and the solid was dried under

vacuum overnight.
7-bpdc-az 7-bpdc-ip

P(p-OMePh)g
R = (p-OMePh),

oo oo
O O ZrCly, benzoic acid,
+ .
| | DMF, 130 °C

o Sou

Et,0,24h

bpdc-az bpdc

Scheme 5.6. Schematic representation of the synthesis of MOFs
UiO-67-bpdc-az and UiO-67-bpdc-ip.

5.5 Characterization of the MOFs

Examination by 'H NMR spectroscopy of both MOFs, UiO-67-bpdc-
(bpdc-az) and UiO-67-bpdc-(bpdc-ip) was done by first digesting them
upon treatment with NaOH in 1 M D0, to identify the amount of func-
tionalized linker incorporated in each of the MOFs. In the case of UiO-
67-bpdc-(bpdc-az) MOF, a 43% of the MOF linker was observed to be
the azide one, which was then transformed completely into the corre-
sponding iminophosphorane linker UiO-67-bpdc-(bpdc-ip). This trans-
formation was confirmed by observing the amount of amine-substituted
linker present in the UiO-67-bpdc-ip MOF after the digestion. The ratio
for both MOFs was confirmed by elemental analysis which revealed
that the molecular formula of UiO-67-bpdc-az is Zrs(bpdc)s.42(bpdc-
az)».sg with a molecular mass of 1916 g/mol. The molecular formula for
the UiO-67-bpdc-ip is Zre(bpdc)s 42(bpdc-ip)2.ss with a molecular mass
of 2756 g/mol and was also confirmed by elemental analysis. The re-
producibility of the obtained ratio was confirmed by several synthesized
batches.

Powder X-ray diffractions of UiO-67-bpdc-az and UiO-67-bpdc-ip
were done to confirm their isoreticular nature and high crystallinity
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compared to the plain MOF UiO-67 (Figure 5.3). The patterns indi-
cated that the 3D architecture is retained after incorporation of the bpdc-
az linker and upon Staudinger reaction. Therefore, each cluster contains
six zirconium(I'V) atoms forming an octahedron, and each of these zir-
conium atoms are 8-coordinated in a square anti-prismatic geometry.

—— UiO-67-bpdc-ip
—— UiO-67-bpdc-az
—— Ui0-67

A A ‘ N UYS TOPY PSSV O

4 “ [T T O

ot bt bt
10 20 30 40 50
2theta (°)

Figure 5.3. PXRD patterns of UiO-67, UiO-67-bpdc-az and UiO-67-
bpdc-ip MOFs.

Importantly, the analysis by scanning electron microscopy disclosed
that both UiO-67 derivatives form a single and pure phase with an oc-
tahedral homogeneous crystal particle size of approximately 1 um, Fig-
ure 5.4.4

Figure 5.4. SEM images of UiO-67-bpdc-az on the top (5 kV, left:
3000 and right: 10000) and UiO-67-bpdc-ip on the bottom (5 kV, left:
7000 and right: 10000).

4 SEM images were performed by Dr. Gurpreet Kaur.
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Additionally, the porosity of the MOFs was determined by nitrogen
adsorption isotherms with a BET surface area of 1846 m? g'!' for UiO-
67-bpdc-az and 850 m? g! for UiO-67-bpdc-ip (Figure 5.5). The re-
ported surface for the UiO-67 is 2700 m? g'!. Therefore, these results
indicate that the decrease in surface area for the MOFs UiO-67-bpdc-
az and UiO-67-bpdc-ip is due to the invasion of the new organic linkers
in the cavities of the MOF.

UiO-67-bpdc-az

1 Ui0-67-bpdc-ip

10 4 —“nwmm
4

o a
Figure 5.5. Nitrogen isotherm for UiO-67-bpdc-ip. Colored circles and
squares indicate adsorption and uncolored circles and squares indicates

desorption.

TGA analyses between 50 to 600 °C were performed for both UiO-
67 derivatives to determine the total organic content in the hybrid ma-
terials (Figure 5.6). For both UiO-67 derivatives the first loss that takes
place near 100 °C is due to the dehydration in the MOF. Two main
weight losses were observed for the UiO-67-bpdc-az; near 300 °C
agrees with the removal of the azide motif and near 500 °C corresponds
to the combustion of the remaining organic components of the material.
However, UiO-67-bpdc-ip shows one weight loss near 450 °C that cor-
responds to the combustion of the organic components. At 600 °C it is
assumed that only ZrO» remains and this is in accordance for both UiO-
67 derivatives.
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Figure 5.6. TGA analysis from 50 to 600 °C for UiO-67-bpdc-ip
(red) and UiO-67-bpdc-az (gray).

The pKa. of the homogeneous counterpart was calculated follow-
ing a reported procedure according to the literature.?'® The synthesized
homogeneous iminophosphorane shows a pKgu" of 24.45 in acetoni-
trile.

5.6 Proof of concept

With UiO-67-bpdc-ip in our hands, we focused our attention on the ef-
ficiency of the system in the isomerization reaction. First, we tested the
catalytic activity of the homogeneous counterpart, as well as the effects
of heterogenization into a MOF. Unless otherwise noted, reactions were
carried out at 120 °C in toluene (0.1 M) for 48 h with different loadings
of the determined ZrsO4(OH)4(bpdc)s.42(bpdc-ip)2.ss formula. The reac-
tion was followed using '°F NMR spectroscopy. As seen in Table 2 the
homogeneous counterpart is capable of isomerize substrate 11b in a
30% conversion after 48 h (Table 2, Entry 1) with a 40% of c.z.. Unfor-
tunately, UiO-67-bpdc-ip was not able to promote this transformation
in a catalytic fashion (Table 2, Entries 2-5), but afforded 12b quantita-
tively when stoichiometric loadings were used (Table 2, Entry 6). The
c.t. obtained was higher than the results obtained in the previous work.
Changing other parameters such as the concentration or temperature of
the reaction did not have any effect on the isomerization reaction (Table
2, Entries 7 and 8). When the isomerization reaction was tested with
phosphine and phosphine oxide catalyst (Table 2, Entries 9-10), ketone
12b was not observed in any case. The reaction was also examined with
the UiO-67-bpdc-az and UiO-67 MOFs (Table 2, Entries 11 and 12),

57



and we confirmed that these non-basic MOFs do not catalyze the reac-
tion.

Table 2. Optimization of the reaction conditions.

CFg CF3

Catalyst] O

[Catalyst] , o
Toluene, 120 °C, 48 h

@ 0

12b

11b
96% ee

Entry Catalyst (mol%)

YF NMR Conversion ct

(%) (%)
Homogeneous
1 counterpart (10) 30 40
UiO-67-bpdc-ip
2 (10) <10 n.d.
UiO-67-bpdc-ip
3 20) 10 n.d.
UiO-67-bpdc-ip
4 (50) 22 n.d.
UiO-67-bpdc-ip
5 (75) 50 78
UiO-67-bpdc-ip
6 (100) >99 78
a UiO-67-bpdc-ip
7 (10) 10 n.d.
gb UiO-67-bpdc-ip 0 i
(100)
9 P(p-OMe); (100) 0 -
O=P(p-OMe);
10 (100) 0 -
UiO-67-bpdc-az
11 (100) 0 -
12 Ui0-67 (100) 0 -

Unless otherwise noted: 11b (0.1 mmol, 1 equiv.), catalyst (1 mmol,
1 equiv.), toluene (0.1 M) at 120 °C, 48 h. n.d.: not determined. *:
Reaction carried out at 1 M. °: Reaction ran at 60 °C.
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Post-reaction, UiO-67-bpdc-ip was washed and filtered and charac-
terized by PXRD, showing that the 3D framework was maintained (Fig-
ure 5.7a). However, '"H NMR of the supernatant revealed the decom-
position of the iminophosphorane to the corresponding amine deriva-
tive and phosphine oxide (Figure 5.7b). This explains the inferior re-
sults obtained with substoichiometric amounts of the heterogeneous
base. Furthermore, the stability of the MOF under hydrothermal condi-
tions was explored. The MOF was placed on a pressure vial at 120 °C
for 48 h using water as a solvent. A '"H NMR spectrum of this experi-
ment showed that decomposition of the iminophosphorane takes place
under hydrothermal heating. Therefore, this suggests that the moisture
within the MOF results in the decomposition of the base catalyst.

Ui067-bpdc-p-ai b)
a) Ui067 OMe

b L

._“[IJ.._J--.NK.L‘JIA‘.J.L.\A'w'.x'.zw‘,“m‘n. J

~!
...‘.JLJ.J.J_.».»MLW‘MM | ]

10 20 30 40 50
2theta (*)

Figure 5.7. a) PXRD of UiO-67-bpdc-ip-ai (black) taken after isom-
erization compared to UiO-67 (red). b) 'H NMR spectrum showing de-
composition of the base into phosphine oxide after isomerization reac-
tion.

Additionally, we studied the recyclability of the hybrid material and
its activity in sequential reactions. UiO-67-bpdc-ip was reused up to 4
times (Table 3). The material can be reused for two runs without ob-
serving a dramatic decrease in the chirality transfer (Table 3, Entries 1
and 2). However, after the second run a significant loss of yield and
chirality transfer is observed, likely related to the decomposition of the
iminophosphorane functional group in the reaction (Table 3, Entries 3
and 4). In order to evaluate any change in the morphology of the mate-
rial, the MOF was analyzed by SEM after the recycling studies. The
comparison of the SEM analysis reveals that there is no modification of
the morphology observed (Figure 5.8).
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Table 3. Recyclability studies of the UiO-67-bpdc-ip.

CFg CFy

Ui0-67-bpdc-ip (100 mol%) O o

OH H
Toluene, 120 °C, 48 h
® 0

11b 12b
94% ee

Entry 19F NMR Conversion 12b (%) at (%)

1 >99 78
2 55 69
3 37 58
4 12 58

11b (0.1 mmol, 1 equiv.), UiO-67-bpdc-ip (1 mmol, 1 equiv.), toluene (0.1
M), 120 °C, 48 h.

Figure 5.8. SEM images: before (left) and after 4 consecutive runs
(right).

For a better understanding of the mechanism operating in this trans-
formation, another allylic system was studied (Scheme 5.7). When us-
ing an allylic halide (14) the reaction did not give the corresponding
vinyl halide 15. In other words, the proton source after deprotonation
could come from another proton source of the reaction mixture rather
than from the iminophosphorane superbase. As mentioned before, (vide
supra, Scheme 5.2) the proton shift could take place in an intramolec-
ular manner for the case of the allylic alcohols. Therefore, this could
explain the different results of the isomerization transformation when
employing different allylic systems, alcohols versus halides.
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Scheme 5.7. Isomerization of allylic halides catalyzed by UiO-67-
bpdc-ip.

At this stage, it cannot be concluded whether the reaction is taking
place either on the outer sphere of the MOF or within the pores.

5.7 Conclusions
To the best of our knowledge, we have synthesized the first heteroge-
neous superbase MOF, UiO-67-bpdc-ip. The heterogeneous material
has been fully characterized using several techniques: PXRD, nitrogen
adsorption analysis, TGA, SEM and '"H NMR. Elemental analysis has
been also carried out. The characterization of the MOF revealed that the
crystallinity and the morphology are preserved upon functionalization
with the superbase. The surface area decreases since the pores are partly
occupied by azide or iminophosphorane groups on the organic linkers.

In this study, we have shown that heterogeneous materials such as
polymers and MOFs enhance the chirality transfer of some electron-
deficient allylic alcohols when compared to its homogeneous version.

This investigation is in a preliminary stage. Other MOFs with higher

pore size and superbases with lower pK, should be considered for the
synthesis of a heterogeneous superbases with better catalytic properties.
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6 Concluding remarks

In the present thesis, computational studies for the mechanism of two
newly developed organic transformations have been performed. These
studies involve the transformation of allylic substrates and enol deriva-
tives. This thesis also describes the synthesis of MOFs using micro-
wave-assisted and conventional methods, together with their use in ca-
talysis.

In the second chapter of this thesis the reaction of silyl enol ethers
with heteronucleophiles through an umpolung protocol mediated by a
hypervalent iodine reagent is described. After optimizing the reaction
conditions, a number of nucleophiles has been tested yielding the de-
sired a-functionalized ketones in good to high yields. The mechanism
of the reaction has been studied by DFT calculations and it is suggested
that high selectivity of the reaction is due to the formation of a key
enolonium intermediate with a halogen-bonded bromide.

The synthesis of the MIL-101(Cr) and MIL-101(Cr)-NH> employing
microwave radiation has been described in the third chapter of this the-
sis. The described method is faster, highly efficient, phase selective and
avoids the use of hydrofluoric acid compared to other methods. The
method can be scaled to obtain up to 1 g of the desired MOF in a short
reaction time.

In chapter 4, the base-catalyzed [1,#]-proton shift in conjugated pol-
yenyl ethers has been studied computationally. The calculations and
mechanistic experiments revealed that after a rate-limiting deprotona-
tion step, the guanidine base is able to go through a number of consec-
utive [1,n]-proton shifts until formation of the most thermodynamically
stable product. Deuterium studies confirmed the KIE values obtained
experimentally. Kinetic simulation of the reaction has been performed
in order to understand the ratio of the stereoisomers obtained in the re-
action, which agreed with the ratio obtained experimentally.

Last chapter describes the synthesis of a UiO-67 derivative contain-
ing a superbase to study the effect of the MOF in the stereospecific
isomerization of allylic alcohols. An improvement on the chirality
transfer has been obtained. However, it cannot be concluded that the
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levels of chirality transfer are due to the confined environment. The ma-
terial has been fully characterized employing techniques such as PXRD,
'"H NMR, SEM, N sorption analysis and TGA.
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7 Appendix A: List of Contributions

Paper I Contributed equally to Victor Garcia Vazquez in the experi-
mental part reflected in the article. Amparo Sanz-Marco developed the
concept, and together with Victor performed the optimization. I per-
formed part of the experimental studies and fully contributed to the
computational analysis. I contributed to the writing of the manuscript
for the scope of the nucleophiles that are not carbamates and the DFT
part.

Paper II Participated in the computational study of the reaction. Per-
formed the theoretical kinetical and deuterium studies. Wrote the DFT
contribution of the manuscript and the supporting information.

Paper III Performed the optimization of the method and participated in
the characterization analysis using PXRD. Participated on writing of
the first draft of the manuscript.

Paper IV Performed the synthesis of the organic linker together with
Victor Garcia Vazquez and Pablo Martinez Pardo. Performed the syn-
thesis of the MOF and the major characterization of the material. Per-
formed the optimization of the reaction. Wrote the preliminary manu-
script and wrote the supporting information.
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Abstract: In this paper, we present an unprecedented and
general umpolung protocol that allows the functionalization
of silyl enol ethers and of 1,3-dicarbonyl compounds with a
large range of heteroatom nucleophiles, including carboxylic
acids, alcohols, primary and secondary amines, azide, thiols,
and also anionic carbamates derived from CO,. The scope of
the reaction also extends to carbon-based nucleophiles. The

reaction relies on the use of 1-bromo-3,3-dimethyl-1,3-
dihydro-12%[d][1,2]iodaoxole, which provides a key a-bromi-
nated carbonyl intermediate. The reaction mechanism has
been studied experimentally and by DFT, and we propose
formation of an unusual enolonium intermediate with a

halogen-bonded bromide.

Introduction

The introduction of functional groups at the o carbon of
carbonyl compounds is a common transformation in synthetic
organic chemistry. a-Functionalized ketones are substructures
found in many natural products, pharmaceuticals, and other
functional organic compounds."”’ The functionalization reaction
relies on the inherent nucleophilicity of the a carbon of the
enol (or enolate) derivative of the carbonyl compound, which
reacts with an electrophilic reaction partner in this process.
Many carbon-based electrophiles can be used, leading to the
formation of C—C bonds,? but the use of heteroatom electro-
philes becomes challenging. This is due to the high reactivity,
and therefore limited functional-group compatibility of these
species. They are typically strong oxidants, and this can lead to
the formation of by-products, such as overfunctionalized or
oxidized compounds.” The structural variety of these species is
also limited, and it is difficult to reconcile this with the idea of
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producing structurally diverse target compounds. Nevertheless,
there are a number of heteroatom electrophiles that can be
used in such reactions, designed for specific transformations
and with specific functional-group tolerances.” Alternatively,
organocatalytic methods have overcome some of these
difficulties.””

An alternative approach is to use nucleophiles rather than
electrophiles to react with enol derivatives. lodine(lll) com-
pounds have been used in this context to mediate the coupling
of the two nucleophilic reactants through two-electron oxida-
tions, thereby inverting the polarity of one of the reagents.”
This strategy has recently been termed “cross-nucleophile
coupling”.” This area has evolved significantly®® since the first
report”” When it comes to heteroatom nucleophiles, the
reaction usually requires a Lewis acid, as well as a low reaction
temperature, in a one-pot two-step procedure, to avoid
formation of by-products (Figure 1a)."” First the I(lll) reagent
and the enol derivative react at low temperature to form an
enolonium intermediate."* This ensures that the enol nucleo-
phile is consumed before the second nucleophile is added at
higher temperature (Figure 1a). In this way, side reactions such
as homocoupling of the enol derivative or a-functionalization
with other nucleophiles derived from the I(lll) reagent (e.g.
OAc) are minimized."® Using this protocol, Szpilman et. al
elegantly observed O-enolonium species for the first time using
C NMR spectroscopy.’® The formation of by-products is
closely related to the outstanding leaving ability of the I(lll)
functional group (10° better than triflate)."”

In general, the nature of the second nucleophile is some-
what limited, but excellent results have been reported for
arylations,"%<¢2 azidations,®? cyanations,® and
acetoxylations.®**'¥ The somewhat narrow scope is partly due
to the fact that the nucleophile may need to be incorporated
into the structure of the I(lll) reagent.®®'>'¥ General methods
for the intermolecular reaction of ketones or enol derivatives
with a variety of nucleophiles, using a non-designer I(lll)
reagent, are scarce. The Wirth group developed an effective

8d,9,13]
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Figure 1. Strategies for the umpolung a-functionalization of ketones and enol derivatives. a) Cross-nucleophile coupling of silyl enol ethers with nitrogen
nucleophiles.® b) Intramolecular cross-nucleophile coupling of nucleophile-functionalized silyl enol ethers.* c) Cross-nucleophile coupling of pyridyl

ketones."" d) Cross-coupling of allylic alcohols with nucleophiles."® e) This work:

nucleophiles.

approach to the formation of nitrogen- and oxygen-a-sub-
stituted ketones through an internal umpolung strategy
mediated by PhI(OAc), (Figure 1b).®” Their strategy relied on
the use of a tethered nucleophile, i.e., the nucleophile was
attached to the silicon center of the enol ether substrate
(Figure 1b). Importantly, they were able to extend the scope of
the reaction to the synthesis of chiral a-substituted ketones
when using chiral I(lll) reagents. More recently, the Gulder
group reported another elegant approach aimed at expanding
the range of nucleophiles that can be used in such reactions.
Here, 2-pyridyl ketones react by an umpolung coupling process
mediated by a A>fluoro iodane (Figure 1¢)."" It was proposed
that a noncovalent interaction between the F atom in the
iodane and the pyridine moiety in the ketone substrate plays a

Chem. Eur. J. 2022, 28, €202201000 (2 of 10)

general method for the cross-nucleophile coupling of silyl enol ethers with

key role in this reaction. Although this reaction is quite limited
in terms of the ketone structure, a large number of nucleophiles
could be coupled.

Considering the ketone component, the majority of re-
ported examples, with the exception of the pyridyl ketones
used by Gulder,"”” rely on the use of silyl enol ethers.®<1%b¢l
Our own group contributed to this area of research with an
umpolung protocol using allylic alcohols as enol synthons, in a
reaction mediated by iridium catalysts (Figure 1d). This method
gave o-methoxy ketones from allylic alcohols, or 3(2H)-
furanones from carbonyl-functionalized allylic alcohols. For all
the examples, 1-fluoro-3,3-dimethyl-1,3-dihydro-1A>-
benzo[d][1,2]iodaoxole was used as an oxidant."®!
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In this paper, we report the results of our investigations into
the development of a method for the general reaction of
unbiased silyl enol ethers (1) with a wide variety of hetero-
nucleophiles, including carboxylic acids, thiols, alcohols, amines,
azides, and even CO, in the form of carbamate anions for the
first time. Conveniently, in all instances, the same I(lll) reagent is
used. Thus the synthesis of substrate-specific iodanes is
avoided, which contributes to the generality and applicability of
the method. The mechanism of the reaction has been studied
experimentally and by DFT calculations, and an unusual
enolonium intermediate with a halogen-bonded bromide atom
is proposed. From this enolonium, an a-brominated carbonyl
intermediate is formed, which is key for the high efficiency and
the broad scope of the umpolung reaction.

Results and Discussion

Initially, we focused on the coupling of silyl ethers (1) and CO,
derivatives, by using carbamates formed in situ from amines (3)
and CO,. This umpolung strategy would give access to a-
carbamoyl carbonyl compounds, which are important scaffolds
in medicinal chemistry.'” Reported methods for the synthesis
of a-carbamoyl carbonyl compounds from CO, are very scarce,
and typically require the use of high pressures of CO, and high
temperatures."® We started by generating carbamate anions by
treating amine 3 with NaH under 1 atm of CO,, a modification
of a procedure described by Trost for the synthesis of
carbonates."” A variety of hypervalent iodine reagents (2a-f)

were tested (Scheme 1) for the coupling of silyl enol ether 1a-
TIPS with carbamate 4. Surprisingly, only those benzoiodoxoles
bearing a halide atom on the I(lll) (2a, 2¢, and 2d) yielded
some amounts of a-carbamoyl carbonyl product 5a. Of these, it
was 1-bromo-3,3-dimethyl-1,3-dihydro-1)’[d][1,2]iodaoxole (2c)
that gave the best result (27 % yield of 5a). Togni reagent 2b,
commonly used in radical additions of CF;,?” left the starting
silyl enol ether 1a-TIPS untouched. The use of Koser's reagent
2e led to the formation of by-products, and with phenyl-A3-
iodanediyl diacetate (PIDA) (2f) again the starting enol ether
1a-TIPS was recovered.

Further optimizations were carried out with reagent 2c
(Table 1). When the number of equiv. of NaH was lowered to
1.5, the yield increased substantially (59%, Table 1, entry 3 vs.
entries 1-2). Lowering the amount of NaH further, or lowering
the amount of amine 3 did not have a significant effect on the
yield (Table 1, entries4 and 5). On the other hand, with
1.5 equiv. of 2¢, a yield of 68% was obtained (Table 1, entry 6).
Importantly, when the triisopropylsilyl group (TIPS, 1a-TIPS) was
replaced by a tert-butyldimethylsilyl group (1a-TBS, Table 1,
entry 7), product 5a was obtained in 77% yield. The less
hindered trimethylsilyl group (1a-TMS, Table 1, entry 8) gave a
lower yield. We also tested toluene, THF, 2-meth-
yltetrahydrofuran, and acetone as reaction solvents, but the
desired product was not observed (Table 1, entry 9).

We then applied the optimal conditions (Table 1, entry 7) to
a number of TBS-enol ethers (Scheme 2a). With electron-
donating groups at the para position of the aryl group at R', the
corresponding carbamates 5b and 5c were obtained with high

/\H/\ + CO, (1 bar)

3

NaH, THF, 60°C, 1 h
then —20 °C, 20 min

[0}

L—I—-L |® :O"lkNEtg o)

OTIPS
SHNe

1a-TIPS 2a-2f
F—I—0 CF3—|I—0
2a: 2% 2b: 0%
TsO—I—OH

2e: 0%

Na 4 0. etz
DMF, RT, 18 h 0

5a

Br—I—0 Cl—I—0o0
2¢: 27% 2d: 6%
AcO—|—0Ac
2f: 0%

Scheme 1. Screening of hypervalent iodine(lll) reagents. Reaction conditions: 1a-TIPS (0.1 mmol, 1 equiv.), 3 (0.2 mmol, 2 equiv.), iodine(lll) reagent 2
(0.12 mmol, 1.2 equiv.), NaH (0.3 mmol, 3 equiv.), DMF (0.33 M), RT, CO, (1 bar), 18 h. Yields determined by 'H NMR spectroscopy using 2,3,5,6-

tetrachlorobenzene as internal standard. *Various products observed.
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Table 1. Optimization studies.”

/\H/\ + CO, (1 bar)

3
(X equiv.)

—I—0

©”©*

R'= TIPS, 1a-TIPS
R'=TMS, 1a-TMS
R'=TBS, 1a-TBS

(0]
4 O WNEtZ
Solvent RT, 18 h O
5a

NaH (X equiv.), THF
60°C,1h
then -20 °C, 20 min

NEt2

Entry® R' NaH [equiv.] 3 [equiv.] 2c [equiv.] Yield of 5a [%]"™
1 TIPS 3 2 1.2 27
2 TIPS 2 2 1.2 43
3 TIPS 1.5 2 1.2 59
4 TIPS 1 2 1.2 51
5 TIPS 1.5 1.5 1.2 43
6 TIPS 1.5 2 1.5 68
7 TBS 1.5 2 1.5 77
8 T™MS 1.5 2 1.5 52
99 TBS 15 2 15 -

[a] Reaction conditions: 1 (0.1 mmol, 1 equiv.) DMF (0.33 M), RT, CO, (1 bar). [b] Yields determined by 'H NMR spectroscopy using 2,3,5,6-tetrachlorobenzene
(0.1 mmol, 1 equiv.) as an internal standard. [c] In toluene, THF, 2-methyltetrahydrofuran, or acetone (0.33 M).

efficiency (80% and 60% yields, respectively). Also, F-substi-
tuted silyl enol ether 2d gave 5d in 52% yield. Thiophene 1e
gave the corresponding carbamate 5e in a good yield of 64%.
Unsuccessful examples are shown in Scheme S5. Thus, with an
ethyl group at R?, 5f was obtained in a lower yield (49%). For
aliphatic tert-butyldimethylsilyl enol ethers 1g and 1h, yields of
51% and 46%, respectively, were obtained. To assess the
generality of the reaction, we tested different secondary amines
to form the carbamate. Symmetrically and unsymmetrically
substituted dialkyl amines reacted smoothly to give good yields
(5i-5k, 60%-80%). Moreover, pyrrolidine substituted
carbamate 51 was also obtained under the reaction conditions
in 58% yield. However, carbamates derived from primary
amines gave a mixture of unidentified products (not shown),
which represents a major limitation of this approach. Signifi-
cantly, this umpolung strategy is not limited to silyl enol ethers,
but could be extended to the use of 1,3-dicarbonyl compounds.
A P-ketoester 6a reacted smoothly under the same conditions
to give 7a in 82% yield. 1,3-Dicarbonyl compound 6b reacted
with carbamate 4 to give 7b in good yield (56%). The less
nucleophilic f-amidoester 6 c and malonate 6d gave carbamoyl
derivatives 7c¢ and 7d in good yields (68% and 78%,
respectively).

We went on to examine the generality of the cross-
nucleophile coupling of silyl enol ethers with a variety of other
nucleophiles (Scheme 2b and ). Using both electron-poor and
electron-rich benzoic acids as nucleophiles, a-carboxylate-
carbonyl compounds 8a-8c were obtained in excellent yields
(80%-98%). When alcohols were tested as nucleophiles under

Chem. Eur. J. 2022, 28, €202201000 (4 of 10)

otherwise identical reaction conditions, complex mixtures of
unidentified by-products were formed. However, these difficul-
ties were overcome by modifying the protocol; first silyl enol
ether 1a was treated with I(lll) reagent 2 c. This was followed by
the addition of the alcohol nucleophile (Method B). Using this
procedure, a-phenolate 8d was obtained in 66% yield. Thiols
were also well tolerated, and thiophenol gave 8e in 60% yield
using the standard procedure described above (i.e., Method A),
and in 82% yield using Method B. An alkyl-substituted thiol
gave a quantitative yield (8f, Method B). Importantly, primary
amines are also well tolerated, and benzylamine derivative 8g
was obtained in 67 % yield when using Method B. Cyclopropyl-
amine reacted smoothly to give 8h in 40% yield, which could
be improved to 60% by using Method B. Piperidine gave a-
aminoketone 8i in 53 % yield, and morpholine derivative 8j was
obtained in 60% yield. Interestingly, carbon nucleophiles such
as malonates also reacted smoothly, and 8k was formed in 50%
yield. a-Azido carbonyl compound 81 was obtained in 50%
isolated yield.

We went on to test a number of natural products and
pharmaceuticals as nucleophiles in the reaction with 1a-TBS.
These compounds all contained carboxylic acid moieties in their
structures (Scheme 2c). A BOC-protected glycine derivative
gave 8m in 55% yield. With biotin as the nucleophile,
compound 8n was obtained in 44 % yield. Acetyl salicylic acid
gave 80 in quantitative yield (98% isolated yield), and
ibuprofen gave 8p in 87% yield. With the aliphatic oleic acid,
8q was formed in 70 % yield.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry

Research Article Europe
. . European Chemical
Chemistry—A European Journal doi.org/10.1002/chem.202201000 Socetes usianng
Br—I—O o}
Method A OR3 NaH, o 1JH/Nu
2 + ——— R
R1J\VR DMF, RT, 18 h R2
R®=TBS: 1a-1h 2¢ 5a-5L (from 1 é
3 _ 1 Ba. 7a-7d (from 6)
R*=H: 6a-6d 8a-8c, 8e, 8g-8q (from 1)
b]
Method B! - Br——O0 o
1) DMF, RT, 18 h N
R 1J\/R2 * 4>® RAK( u
2) NaH, Nu R?
R®=TBS: 1a 2c DMF, RT 4 h 8d-8l
a) Nu = Carbamates o
o) (0] (o] 34
0. _NEt 0. _NEt O NRR
O\H/NEtz ~ e 2 g e 2 il
\ 2 Me O
Me O S Me O RZ O
RS
5aR3 = H: 69% 5e: 64% 5fR' = Ph, R? = Et: 49% 5i R® = Me, R* = Bn: 80%
5b R® = OMe: 80% 5g R' ="Pr, R = Et: 51% 5j R®=Bn, R* = Bn: 79%
5c R® = Me: 60% 5h R' ="Bu, R? ="Pr: 46% 5k R® = 'Bu, R* = 'Bu: 60%

5d R® = F: 52%

(0]
o) R! O\H/ NEt,
O_ _N o
hig 07 "R®
Me O

7a R" = OEt, R? = Ph: 82% (from 6a)
51: 58% 7b R' = Me, R? = Me: 56% (from 6b)
7c R' = OMe, R? = NEt,: 68% (from 6c)
7d R" = OMe, R? = OMe: 78%? (from 6d)
b) Other Nucleophiles

o R® o] o] o]
op OR3? SR® NR®R*
Me O Me Me Me
8a R® = H: 98% 8dR®=Ph:66%"  8e R®=Ph: 82%1(60%) 89 R®=H, R*=Bn: 67%"!

(1 mmol scale: 79%)9 8f R = Bu: 90%""! 8hR’=H, R =§_<] - 60% (40%)
8b R® = OMe: 89%

8cR®=CFy 80% x o OxOMe o
N\) OMe N3
Me Me O Me

8i X = CH,: 77%! (53%) 8k: 72%! (50%) 81: 73%! (50%)
8j X = 0: 80%! (60%)
c) Natural Product Nucleophiles

H H
N
S| o
N>: Me
I HH
o 0 o O
o
O\HANHBOC 0
Me O Me O Me O
8m: 55% 8n: 40% 80: 98%

dr.=1:1

o) . o
o] —
©)J\Mr o] Y\/\/\/—\(CHZ)GCH?,
e Me O
8p: 89% 89: 70%
dr.=1:1

Scheme 2. Substrate scope. Method A: 1a-1h or 6a-6d (0.1 mmol, 1 equiv.), 2¢ (0.15 mmol, 1.5 equiv.), NaH (0.15 mmol, 1.5 equiv.), nucleophile (0.2 mmol,
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(0.1 mmol, 1 equiv.), 2¢ (0.15 mmol, 1.5 equiv.), DMF (0.1 M), RT, 18 h. After completion, NaH (0.15 mmol, 1.5 equiv.) and nucleophile (0.2 mmol, 2 equiv.) were
added. [c]: 1 mmol scale.
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Next, we focused our attention on studying the mechanism
of the reaction. In an attempt to understand the dramatic effect
of DMF as the reaction solvent, a variety of other polar aprotic
solvents were tested. When the reaction of 1a, CO, and
diethylamine with 2c¢ was run in MeCN, 2-bromo-1-phenyl-
propan-1-one (9) was detected as the sole product (Scheme 3a).
a-Bromo carbonyl compound 9 was also formed from 1a and
2c when the reaction was run in DMF in the absence of the
nucleophile, in quantitative yield (Scheme S2b). We found that
a-bromo carbonyl derivative 9 reacted with the carbamate
anion to give 5a in quantitative yield (Scheme S3). Therefore, it
is reasonable to suggest that the reaction might proceed by
umpolung bromination followed by a nucleophilic substitution
step with the second nucleophile, in this instance the
carbamate generated from CO,. The formation of a-substituted
carbonyl derivatives as intermediates that can react with
nucleophiles in Sy2-type reactions has been previously studied
by Maulide®" and Jorgensen® among others,*! as a way to
circumvent the inconvenience of using electrophilic reactants.
Therefore, 2.c seems to be an unusually mild brominating agent
for the bromination of silyl enol ethers and 1,3-dicarbonyl
compounds. Other brominating agents such as NBS or Br, lead
to formation of polybrominated products in their reactions with
silyl enol ethers.” Moreover, the low compatibility of NBS or

Br, with functional groups such as alkynes, alkenes, and
electron-rich aromatics hinders their use in the direct a-
functionalization of enol derivatives with nucleophiles in a
single umpolung step, resulting in a limited scope, and
requiring multiple purification steps.?” Not even with simple
unfunctionalized substrates these brominating agents afforded
results comparable to those obtained with 2c (Scheme S4).
Therefore, the use of the mild brominating agent 2c is key for
this successful umpolung coupling. Note also that 2c is
compatible with unsaturated functional groups, such as the
double bond in 8q.

In the presence of radical scavengers, silyl enol ether 1a
gave 5a in yields similar to those obtained in their absence
(Scheme 3c and d vs. Scheme 2), suggesting a non-radical
pathway. We then tested the selectivity of the reaction towards
the formation of a-bromoketone 9 by adding OH", as another
potential nucleophile, to the reaction mixture (Scheme 3e). It
has been shown before that water is able to displace I(lll) in the
enolonium intermediates, and form a-hydroxy ketones (i.e., 10).
However, when adding a large excess of OH™, under otherwise
identical reactions conditions, only o-bromoketone 9 was
formed in 99 % yield.

To further understand the mechanism of the cross-nucleo-
phile-coupling reaction mediated by bromobenzoidoxole 2c,

a) Br—|—O o) o
oTBS
y O. _NEt, + B
< . NaH, CO,, Et,NH Ph)J\( S NE Ph)H/ r
. MeCN, rt o)
1a 2¢ 18h 5a 0% 934%
b)
or8S Br——O o
DMF, rt, 18 h B
Ph)\/ + —_— Ph)l\( '
1a 2 9 99%
©) JL (1 equiv.)
Br—l—O  Ph
OTBS NaH, co2 Et,NH )1\( 7 _NEt,
NN +
Ph DMF, rt
1a 2c 18h 5a57%
d)
Br—|l—0O TEMPO (1 equiv.)
oTBS NaH, CO,, Et,NH )K( YNEtQ
N +
Ph DMF, rt
1a 2¢c . 5a 68%
e)
Br—I—0 H,O0 (4 equw)
OTBS NaH (OH") )H/Br + Ph)K(OH
o +
Ph DMF, rt
18 h
1a 2c 999% 10 Not observed

Scheme 3. Control experiments and mechanistic investigations.
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we turned to DFT calculations at the B3LYP**' and MO06™
functional levels using the Gaussian 16 software® (see
Supporting Information for more details). The calculations were
initiated from enolate | as the model substrate. Formation of |
from silyl enol ether 1c is likely to occur under basic conditions
and in DMF, in agreement with previous reports®® Additionally,
oxygen-oxygen silyl transfer reactions have also been observed
in intramolecular process,” so it is reasonable to propose that
a similar process can be operating between 1a and the oxygen
atom of 2c (see Scheme S6). Therefore, the calculations were
carried out using the sum of the energies of enolate species"? |

TSiv

Br

=
de=320A

— C-enolonium-II’

PathwayA ) G =0

s | — -

=20 -7 k2
— '
O-enolonium-Il H
Ph H
o |
oo ;
‘/\/ ¥

ool

o 1/‘g:; Ph

- —

C-enolonium-l 0O

and iodine(lll) reagent 2c as the reference point (G=0 kcal/
mol) of the energy profile (Figure 2, middle). The enolate can
attack the iodine atom either through the oxygen or through
the carbon of the enolate, leading to formation of at least three
possible low-energy enolonium intermediates (O-enolonium-II
(-2.0 kcal/mol), C-enolonium-Il (—3.0 kcal/mol), and C-enolo-
nium-II' (0.2 kcal/mol). In all cases, the formation of the enolate-
iodine bond occurs in the position trans to the phenyl-l
substituent, inducing an elongation of the Br—I bond. In the
starting compound 2¢, the Br—| bond is short, i.e,, 2.9 A. This
bond length is increased in O-enolonium-ll (3.17 A), and even

b
TS y-iv r\C I\.Q%S
bt i '
,.,E/Q J-q P TS \°4
8 I ;
o M
TSy-m I’{ K

/132;

" "Ph

a=317A
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Figure 2. Top: Reaction mechanisms for the umpolung cross-nucleophile coupling of enol derivatives mediated by hypervalent iodine(lll) reagent 2 c. Values

are given in kcal/mol. Bottom: 3-D Structures of enolonium intermediates.
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more so in C-enolonium-II' (3.20A) and C-enolonium-II
(3.29 A). These distances are similar to those found in structures
with a halogen bond between iodine and bromine atoms.*”
The three calculated intermediates are almost isoenergetic and
they could, therefore, be in equilibrium. The direct reductive
ligand coupling of the bromine and enolate fragments of these
enolonium intermediates was calculated to be feasible. For
example, TS, and TS,,_,, have calculated activation energies of
18-19 kcal/mol from their respective enolonium intermediates,
0O-enolonium-Il (-2.0 kcal/mol) and C-enolonium-II' (0.2 kcal/
mol). Interestingly, a transition state was found for the isomer-
ization of the enolate substituent, which rotates from the trans
to the cis position relative to the phenyl-l bond, displacing the
bromine atom from the coordination sphere of the iodine. This
transition state (TS, AAG*=16.2 kcal/mol) is low in energy,
and leads to enolonium intermediate C-enolonium-Ill. From
here, backside attack by the bromide (TS,,_y) on the a-carbon in
C-enolonium-Ill has the lowest calculated energy for C—Br
formation (AAG*=15.8 kcal/mol). In contrast, the syn attack
represented by TS\~ is too high energy to take place under
these reaction conditions (AAG* =35.7 kcal/mol). Thus, our DFT
calculations show that the formation of the a-bromo ketone
intermediate INT-IV is feasible under the reaction conditions
starting from the enolate and iodine(lll) reagent 2c. This
pathway is possible in the absence of any external nucleophilic
anion. After that, intermediate a-bromoketone 9 evolves via a
nucleophilic displacement upon reaction with the heteronu-
cleophiles (Scheme S2).

Both DFT calculations and experimental studies support the
formation of a-bromoketone 9 as an important intermediate in
this cross-nucleophile coupling. This umpolung event is medi-
ated by benzoidoxole 2¢, and can occur by three possible
mechanisms. Pathway A and pathway B are analogous mecha-
nisms involving O-enolonium-Il and C-enolonium-Il, respec-
tively, in which bromide interacts with the I(lll) through a
halogen bond (3.17 and 3.20 A, respectively).2®” These species
then undergo a reductive coupling step to give a-bromoketone
9. These Br—I interactions might explain the lack of by-products.
As mentioned above, the formation of by-products such as
dimers (Nu’=1) or a-hydroxy ketones (Nu?’=OH", Scheme 3e)
has been a major limitation in similar I(lll)-mediated umpolung
approaches. We have also observed by-product formation when
using other I(lll) reagents, for example, with 2a in our previous
work,"® and with 2e in the optimization experiments described
in this paper (Scheme 1). Alternatively, pathway C can occur via
C-enolonium-lll, which is formed by ligand rearrangement
around the I(lll) center of C-enolonium-Il. In pathway C, the
bromide atom is not interacting with the I(lll) center (Br—I
distance is 5.16 A) of C-enolonium-IIl. From here, a nucleophilic
attack of the Br~ on the very electrophilic” a-C of C-
enolonium-lll also leads to a-bromoketone 9 (16.2 kcal/mol for
isomerization and 15.8 kcal/mol for the S\2 step). The DFT
calculations do not show a strong preference for any of the
three pathways explored. However, if C-enolonium-lll is
involved (pathway C), we would expect the highly electrophilic
enolonium™™” (C-enolonium-Ill) to react also with any of the
nucleophiles present in the reaction mixture, such as starting
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enol 1 or HO™ (Scheme 3e) to form by-products. The control
experiment in Scheme 3b also shows that a-bromoketone 9 is
the sole product formed in the absence of the heteronucleo-
phile (Nu?. The absence of by-products may be explained
through a reaction pathway in which an intramolecular reaction
results in formation of the C—Br bond formation (pathways A
and B), rather than through an intermolecular nucleophilic
displacement of I(lll) on the enolonium intermediates (pathway
Q).

Conclusion

We have developed an umpolung method for the cross-
nucleophile coupling of enol derivatives with a variety of
nucleophiles, using a single iodine(lll) reagent. The reactions
occur with good efficiency, and by-products are not formed.
Using the method described here, CO, has been used, in the
form of anionic carbamates, in their reaction with silyl enol
ethers for the first time. Additionally, benzoic acids, alcohols,
thiols, primary and secondary amines, malonate and an azide
have been used as nucleophiles in the transformation. We have
also used this approach to derivatize natural products and
drugs. Compound 2c has been demonstrated to be an efficient
mild brominating agent that allows the umpolung functionali-
zation of enol derivatives in a single step, with higher group
functional tolerance than most common electrophilic brominat-
ing reagents. Mechanistic evidence and DFT calculations have
shown that a-bromoketones are formed as reaction intermedi-
ates. DFT calculations indicate that the mechanism may
proceed via enolonium species containing I-Br halogen bonds.
This may be key for the generality and high selectivity of the
reaction.

Experimental Section

General procedures for the cross-nucleophile-coupling
reaction

Method A: A solution of the nucleophile (0.2 mmol, 2 equiv.) in
DMF (0.33 mL or 1 mL, 0.33M or 0.1 M of 1) was added to a vial
containing 1 (0.1 mmol, 1 equiv.), NaH (0.15 mmol, 1.5 equiv.), and
2c¢ (0.15 mmol, 1.5 equiv.). The reaction mixture was stirred at room
temperature for 18 h. After this time, the mixture was extracted
with EtOAc (3 x 5 mL). The organic phases were combined and
washed with water three times. The organic phase was then dried
(MgSQ,), and the solvent was evaporated under reduced pressure.
The residue was purified by flash column chromatography using
silica gel as the stationary phase, eluting with a pentane/EtOAc
mixture (5 to 100% EtOAc), to give the desired products.

Method B: DMF (0.5 mL, 0.2 M) was added to a vial containing 1
(0.1 mmol, 1 equiv.) and 2c (0.15 mmol, 1.5 equiv.). The reaction
mixture was stirred at room temperature for 18 h. After this time,
the formation of 9 was complete. A solution of the nucleophile
(0.2 mmol, 2equiv) and NaH (0.15 mmol, 1.5equiv.) in DMF
(0.5 mL, to reach 0.1 M of 1) was added to the mixture. The reaction
mixture was stirred at room temperature for a further 4 h. After this
time, the mixture was extracted with EtOAc (3 x 5mL), and the
organic phases were combined and washed with water several

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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times. The organic phase was then dried (MgSO,), and the solvent
was evaporated under reduced pressure. The residue was purified
by flash column chromatography using silica gel as the stationary
phase, eluting with a pentane/EtOAc mixture (5 to 100 % EtOAc), to
give the desired products.

All other experimental data and characterization is provided in the
Supporting Information and the raw data can be found at https://
zenodo.org/record/6638288
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ABSTRACT: The isomerization of dienyl alcohols and

polyenyl alkyl ethers catalyzed by TBD (L,5,7-
triazabicyclo[4.4.0]dec-S-ene) under metal-free conditions is
presented. Two reaction pathways have been observed. For
dienyl alcohols, the reaction proceeds by a [1,3]-proton shift

H \ OMe

N OO
R

to give y,0-unsaturated ketones exclusively. On the other hand, ‘ R
the reaction with polyenyl alkyl ethers gives the corresponding / Gt RS R mes
conjugated vinyl ethers in good yields (up to 85%), with T T 9% A :::Mky‘
regioselectivities up to >20:1. Experimental and computational R bt =l
investigations suggest that the mechanism proceeds through 7=/
consecutive “chain-walking” proton shifts (“base walk”) > Organocatalytic process
mediated by TBD. BT o sotope abellng studies
KEYWORDS: base catalysis, mechanism, superbase, isomerization, proton shift, base walk
he isomerization of allylic alcohols into carbonyl Scheme 1. Isomerization of Unsaturated Alcohols and
compounds is a fundamental and powerful tool in Ethers
organic synthesis. The reaction results in a functional-group a ; (functi ion) of allylic alcohols
interconversion; thus, allylic moieties may be treated as R OH  [Mpor[Base ® o
carbonyl equivalents." Since the pioneering work of Logan et SR W :MR‘
al,” some effort has gone into the development of more P €)
efficient catalytic systems for this transformation.”> Our own b) Base—catalyzed isomerization of allylic alcohols and ethers®
group has reported the use of a family of complexes with the o o v o o .
ge}neral structure [Cp*Ir(III')X] for the isomerization of g =] [TBDJcar :MR‘ or QMR‘ Q)\D
primary and secondary allylic alcohols as well as for the - . N
synthesis of a-functionalized carbonyl compounds from allylic This work:
alcohols under very mild conditions (Scheme 1a).* Although ¢)_Base—catalyzed [1.nl-proton shift (n = 3, 5. or 8) of conjugated dienyl alcohols and ethers
the isomerization of allylic alcohols has traditionally been R&i e
accomplished using metal catalysts, a few examples of R-n_ R R33 TR
transition-metal-free isomerizations are also known.® In 2016, RO RORL  [TBDa < Selective [1,3]-Proton Shift
we reported that the isomerization of electron-poor allylic RSWW
alcohols and allylic ethers could be mediated by a simple base, m=1or3 RO = alkyl w R R?OORS
1,5,7-triazabicyclo[4.4.0]dec-S-ene (TBD), through a stereo- REm” TR
sPeCiﬁC [113J’Pr0t°n shift (SCheme 1b)~6 SelecriveR[f,n]-Pmmn Shift
Extended conjugated systems such as dienyl alcohols and m =gy
dienyl ethers (Scheme 1c) are common structural motifs in
biologically active natural products.” Compounds containing
these structures are also extensively used as key intermediates formation of stable diene—metal complexes that prevent
in organic synthesis." "' Despite the importance of these hydride migration.">
structural motifs, their isomerization into carbonyl compounds
or enol ethers has proved challenging. A reason for this is that Received: June 13, 2019
transition-metal-catalyzed approaches are ineffective for the Revised:  August 22, 2019
isomerization of such complex conjugated systems due to the Published: August 26, 2019
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In this paper, we describe the first examples of the
isomerization of conjugated allylic alcohols and ethers using
a base catalyst (Scheme 1c). The process is reminiscent to the
recently explored metal-catalyzed “chain-walking” or “metal-
walk” processes, which refer to the ability of certain metal
complexes to perform a series of consecutive [1,2]- or [1,3]-
hydride shifts along a hydrocarbon chain.'® This formal alkene
migration might be terminated by an enol tautomerization."*"
The work presented here consists, in contrast, of a formal
proton migration alongside a polyenylic chain, constituting the
first example of a “base-walk” process in these type of
substrates.'® The reaction is regioselective: the isomerization of
conjugated allylic alcohols proceeds through a [1,3]-proton
shift. On the other hand, the analogous ethers follow a formal
[1,n]-proton shift where n = 3, 5, or 9. The substrate scope,
experimental, and computational mechanistic investigations are
presented.

We started by investigating the isomerization of conjugated
dienyl alcohols, and we selected dienol 1a as a model substrate.
As the catalyst, we used the base TBD, as 1t gave excellent
results in the isomerization of allylic alcohols.® A first attempt
conducted with 10 mol % of TBD in toluene at 60 °C
overnight did not give any product, and la was recovered.
When 20 mol % of TBD was used in refluxing toluene
(Scheme 2), dienol la was converted completely and

Scheme 2. Substrate Scope of the Isomerization of Dienyl
Alcohols”

TBD .
R' R? OHH (20 mol%) R H R2 O
B N
R5WH‘ toluene, reflux, RSWH‘
R® overnight R3
1a-1i 2a-2i
M MC‘ %
2a, 45% (42%) 2b, 32% 2c, 40% (36%)
Me H
. M M M
2d, 46% (41%) 2e, 82% (76%) 2f, 66% (63%)
Me H O Me H O

oMo o HMedMe

2g, 72% (69%) 2h, 65% (58%) 2i, 91% (86%)

buggho .

2j, 82% (77%) 2k, 74% (70%)

21, 90% (87%)

“Compounds la—11 (0.1 mmol) and TBD (20 mol %) in toluene
(1.0 mL). Isolated yields in parentheses.

exclusively into y,5-unsaturated ketone 2a, albeit in a moderate
yield of 45%. The introduction of a chloride group in the para
position of the aryl ring at R' was detrimental to the reaction,
and a yield of only 32% of 2b was obtained. Decomposition
was also observed when a terminal dienol 1c was tested, and 2¢
was obtained in a low yield of 40%. Dienyl alcohol 2d bearing a
trifluoromethyl group in the para position of the aryl ring at R®
was converted to the corresponding y,6-unsaturated ketone
with a yield of 46%. In contrast, the introduction of

9135

substituents onto the terminal alkene (ie, R® and R*)
prevented the decomposition of the starting dienyl alcohols
and significantly enhanced the yields of the products (2e—2lI).
For instance, compounds 1le and 1f; bearing a methyl group at
either R® (le) or R* (1f), were converted into the
corresponding y,0-unsaturated ketones in good yields. Both
electron-donating and electron-withdrawing substituents in the
para position of the aryl ring at R® were tolerated ,and ketones
2g and 2h were obtained in good yields (72% and 65%,
respectively).

Similarly, when the second alkene was part of a cyclic
structure (1i—11), very good yields were obtained. The
presence of a bromide or an alkyne was tolerated, and
compounds 2i and 2j were formed in 91 and 82% yields. The
introduction of a trifluoromethyl group at R* was also found to
be beneficial, and 11 gave the product in an excellent yield of
90%. Products derived from [1,5]-proton shifts were not
detected in the isomerization of dienyl alcohols 1la—11.

Next, we turned our attention to the isomerization of dienyl
ethers. When ((1E,3E)-S-methoxypenta-1,3-diene-1,5-diyl)-
dibenzene (3a) was treated with TBD (20 mol %) in toluene
at 60 °C overnight, interestingly, and in contrast to the
reaction of conjugated dienyl alcohols, diene 4a formed as the
major product as a result of a formal [1,5]-proton shift ([1,5]:
[1,3] > 20:1). Compound 4a was obtained in 70% yield as a
mixture of stereoisomers [(1Z,3E)/(12,3Z) = 78:22] (Table 1,

Table 1. Base-Catalyzed Isomerization of 3a“

OMe 8D H OMe
H =
PR toluene, Ph” ™2 Z l
2 overnight 4a x
entry TBD (mol %) T (°C) 4a (%)/(12,3E)/(12,32)"°
1 TBD (20) 60 70/78:22
2 DBU (20) 60 <S/—
3 DBU (40) 60 <5/—
4 DABCO (40) 60 <5/-
s DBU (100) 80 52/77:23
6 TBD (10) 85 83 (80%)%/78:22
7¢ TBD (10) 85 83/78:22
8 85 <§/—

“Unless otherwise noted, 3a (0.1 mmol) in toluene (1 mL). “Yields
determined by 'H NMR spectroscopy using an mtemal standard. “E/
Z ratios were calculated by "TH NMR spectroscopy. “Isolated yield in
parentheses. “Run for 24 h. "Without TBD.

entry 1). We also tested other bases and found that 1,8-
diazabicyclo[$5.4.0]Jundec-7-ene (DBU) and 1,4-
diazabicyclo[2.2.2]octane (DABCO) did not catalyze the
reaction under similar reaction conditions (i.e., substoichio-
metric amount of base, 60 °C, entries 2—4). A stoichiometric
amount of DBU (1.0 equiv), on the other hand, gave 4a in
52% yield (entry S).

As the best results were obtained with TBD, we carried out
further optimization experiments with this base. We found that
the catalyst loading could be lowered to 10 mol % when the
temperature was raised to 85 °C; under these conditions, 4a
was formed in 83% yield (entry 6). Increasing the reaction
time did not have any significant effect on the formation of the
product (entry 7). In all instances, the stereoisomeric ratio of
the product 4a, ie., (1Z,3E)/(1Z,3Z), remained essentially
constant, at ca. 78:22, suggesting that a thermodynamic
equilibrium was reached. A complete list of the optimization

DOI: 10.1021/acscatal.9b02478
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Scheme 3. Substrate Scope of the Isomerization of Dienyl Ethers™

b

REORSORY TBD R! RZ OR®
PN (10 mol%) H
R5WR1 . RNt
R3 toluene, 85 °C 3
3 overnight R% 4
H OMe H OMe
N
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experiments can be found in the Supporting Information
(Table S1). The reaction did not take place in the absence of
the base catalyst (entry 8).

We went on to study the substrate scope of the reaction
under these optimal reaction conditions. We tested substrates
bearing electron-donating and electron-withdrawing substitu-
ents on the phenyl groups at R' and R® (Scheme 3). Dienyl
ethers bearing electron-withdrawing groups in both aryl rings
(4b—4c) were converted into the products in good yields. The
introduction of electron-donating substituents in both aryl
rings in the para position decreased the rate of the reaction
(3d—3e), but good yields were still obtained at 110 °C. The
presence of a methoxy group at the meta position of the phenyl
ring had no effect on the rate, and 4f was obtained in 75% yield
under standard conditions. A chloride group at the ortho
position was well tolerated, and 4g was obtained in 72% yield.
Dienyl ether 3h, bearing two heterocyclic thiophene-yl
substituents at R' and R® gave 4h in 57% yield. Fluoride,
chloride, and methyl groups at the para position of the aryl
ring at R were all well tolerated, and 4i—4k were obtained in
good yields. Dienyl ethers with additional substituents on the
double bonds of the conjugated system, ie., at R® or R* (31—
30), underwent the isomerization reaction to give the products
in moderate to good yields (60—75%). Interestingly, 4m, 4n,
and 40 were obtained with a high (1Z,3E)/(1Z,3Z) ratio of

9136

>95:5. We also tested substrates bearing different substituents
at R% The [1,5]-proton shift worked well for ethyl (3p),
isopropyl (3q), benzyl (3r), and 2-methoxyethyl (3s) ethers
under the optimized conditions. Next, we investigated the
introduction of an aliphatic substituent at R® (3t). Surprisingly,
the reaction gave a mixture of products (3:1) in a total yield of
20%. The major product was derived from the [1,3]-proton
shift pathway (4t’); the product of the [1,5]-shift (4s) was the
minor product. However, when the catalyst loading was
increased to 20 mol % and the temperature to reflux
temperature, 4t was formed in a better yield of 53%. Notably,
compound 3u, with a CF; substituent at R?, gave only the
product derived from the corresponding [1,3]-proton shift
(4u) in 71% yield. From (E)-6-phenyl-4-styryl-3,6-dihydro-
2H-pyran (3v), the reaction proceeded smoothly and gave 4v
in very good yield with an excellent E/Z ratio (96:4).

To test the generality of the method, more extended
conjugated polyenyl ethers were tested (Scheme 4). Tetraenyl
ether 3w afforded 46% yield of 4w as a result of an overall
[1,9]-proton shift. A tetraenyl ether with additional sub-
stituents along the conjugated chain (3x) also reacted in a
[1,9]-proton shift yielding 4x in an isolated 69% yield.

Deuterium-labeling studies were carried out with dienyl
alcohol 1a-d" and dienyl ether 3a-d' (Scheme 5). The KIEs'~
were found to be 2.4 + 0.5 and 3.8 + 0.5 for the dienol and
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Scheme 4. Isomerization of Tetraenyl Ethers”
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dienyl ether, respectively. These results suggest that in both
cases the reaction starts with a rate-determining deprotonation
at C-1. In the reaction of la-d', 24% deuterium content was
found at C-3 (54% of deuterium transfer) and no deuterium

was found at C-$ in the product; this indicates that this
substrate reacts exclusively through a [1,3]-proton-shift
mechanism (Scheme Sa). The presence of deuterium (12%)
at C-2 in the product is due to keto/enol tautomerization.
These results are consistent with our previous work.® In the
reaction of 3a-d', the deuterium content at C-5 was 28% which
corresponds to 61% of deuterium transfer to that position
(Scheme Sb). The deuterium content at C-3 was found to be
20%, suggesting that the mechanism follows, at least partially, a
pathway involving two consecutive [1,3]-proton shifts, ie., a
[1,3]-shift followed by a [3,5]-shift. To test this idea, 3a-d° was
subjected to the reaction conditions; the product of this
reaction had 20% deuterium at C-5 (41% of deuterium transfer
from C-3 to C-S), which confirms that the [3,5]-proton shift
does take place (Scheme Sc). Crossover experiments
performed with substrates 3a-d' and 3s at different
concentrations suggest that the proton shift does not occur
exclusively by an intramolecular pathway (see Scheme S2).
To better understand the reaction, DFT calculations (Figure
1) were carried out on dienyl ethers using the Gaussian 16
software (see the Supporting Information for details).
Substrate 3a was chosen as a simplest model compound for
the calculations. This compound exists as an equilibrium
mixture of conformers I/1" (Fi§ure 1), interconverting by easy
rotation around a 6-bond (AG* = 6.4 kcal/mol). The reaction
starts with the rate-limiting deprotonation of the C-1—H bond
in I or I’ by the TBD base with activation energies of 22.2
keal/mol (TS;_y;) and 24.4 kcal/mol (TS;_y), respectively.
After this step, an intimate ion pair consisting of the dienylic
anion and the protonated base is formed; the two
intermediates II and II' cannot interconvert easily (AG* =
16.9 kcal/mol). Each anion, for example, II, can undergo then
protonation at C-3 (TSy_yy), at C-S (TSy_y), or at C-1 (in a
reversible TS;_;) to form the three possible adducts IIL, IV,
and I, respectively, with similar energies (22.0 kcal/mol for

—
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Figure 1. Calculated energy profile of the reaction. Values correspond to Gibbs free energies in kcal/mol.
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TSy mp 20.3 kecal/mol for TSy py, and 22.2 kcal/mol for
TS;_y1)- The low activation barriers seem to indicate that all
possible adducts might be in equilibrium under the reaction
conditions. The fact that the energies of the transition states
for the transformations of I into the (1Z,3E) product (IV) and
of I into the (1Z,3Z) isomer (IV’) are very similar for both of
the two steps (22.2 vs 22.5 and 20.3 vs 20.3 kcal/mol)
confirms that the stereoselectivity of this reaction is not
expected to be under kinetic control. Rather, the observed
experimental selectivities are in good agreement with the
relative stabilities of all of the possible products. This indicates
that thermodynamic equilibrium is reached between I, I, III,
IV, and IV’, with the latter two species being the most stable
(=2.7 and —2.0 kcal/mol). Thus, the stereoisomeric ratio
depends exclusively on the relative stabilities of the products.
The (1Z3E) stereoisomer (IV), which is the major isomer
observed experimentally, is 0.7 kcal/mol lower in energy than
the (1Z,3Z) isomer (IV’). The reaction kinetics was also
simulated with COPASI software;'® we calculated a ratio of
stereoisomers of 71:29, which is in perfect agreement with the
experimental selectivity, 78:22 (Scheme 3), and a >20:1 ratio
of [1,5]- vs [1,3]-proton shift. We were also able to explain the
results obtained in the deuterium-labeling experiments using
DFT calculations. The calculated energies of the rate-
determining transition states (TS, and TSy, Figure 1)
increase by 0.6—0.9 kcal/mol when H is replaced with D (see
the Supporting Information for further details). This explains
the KIE and also the lower rates observed for the deuterated
substrate 3a.

To summarize, we have described the first method for the
remote transfer of protons through extended conjugated allylic
ethers. As a catalyst, the base TBD was used. The method was
found to be remarkably general, and the proton was
successfully transferred as far as to eight carbons away,
resulting in a formal [1,9]-proton shift. In the case of extended
conjugated allylic alcohols, the proton selectively transfers only
to C-3 through a [1,3]-proton shift, yielding the corresponding
7, O-unsaturated carbonyl compounds. On the basis of
deuterium-labeling studies, it was established that the rate-
determining step is the deprotonation at C-1. For polyenyl
ethers, DFT studies suggest that the rate-determining
deprotonation is then followed by a consecutive number of
proton shifts until the last carbon of the conjugated system.
The “base walking” stops when the most thermodynamically
stable product is formed. Thus, a simple base enables the
isomerization reaction, which cannot be accomplished with
transition-metal catalysts due to formation of stable coordina-
tion complexes. To the best of our knowledge, this is the first
example of a proton being transferred alongside a polyenylic
hydrocarbon chain via iterative proton shifts.
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One-Step Microwave-Assisted Synthesis of Amino-Functionalized
Chromium(lll) Terephthalate MIL-101-NH,
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A new single-step microwave (MW)-assisted protocol for the
synthesis of MIL-101(Cr) and of MIL-101(Cr)-NH, is described
herein, based on the addition of NaF as the modulator instead of
HF to obtain the corresponding polymers in only 1 h with high
crystallinity and yields (>70%, >0.5 g).

Metal-organic frameworks (MOFs) are porous coordination polymers
based on metal ions or clusters and organic polycomplexant linkers.t
Owing to their outstanding physicochemical properties these hybrid
materials have been widely applied in different fields such as
separation,? gas storage,3 energy,* biomedicine,> water treatment,®
sensor development’ and catalysis,® among the most relevant.

Because of its kinetic stability and high charge to radius ratio, Cr(lll)
has been used recurrently as the ion for the construction of the metal
cluster constituents in MOFs.? However, the number of Cr(lll)-based
MOFs is still scarce, mainly due to the lability of distorted octahedral
Cr(lll) complexes under synthetic conditions and the large amount of
coordination modes to different organic linkers,10 resulting in
difficult crystal growth. As a consequence, the real potential of Cr-
based MOFs remains underdeveloped. Among the few available
Cr(lll)-based MOFs, MIL-101 (from Materials Institute Lavoisier)
called the attention of the scientific community because of its
outstanding stability and physicochemical and textural properties.i!
After its activation, two coordinatively unsaturated open metal sites
per Cr(lll) cluster are generated,'2 essential for the capture of target
molecules in environmental applications, and acting as open metal
sites for catalytic purposes. The organic linker in MIL-101 consists of
terephthalic acids,

and a broad variety of post-synthetic

modifications on the aromatic ring has been reported.13.14
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Since 2005, several publications have demonstrated that the
topology and crystal size of MIL-101 strongly depend on synthesis
factors, i.e. temperature, time, pH, solvent, and reagent
concentration.’®> Thus, matching the optimal synthetic conditions is
sometimes a non-negligible time-consuming effort, requiring a
precise equilibrium between all these parameters. In 2011, Stock and
coworkers-described the post-synthetic modification of this MOF to
quantitatively introduce the -NH, moiety within the framework,6 to
yield MIL-101(Cr)-NH,, which has emerged as a prominent porous
material in the area of catalysis. Thus, a broad variety of
organometallic species have been introduced onto this NH,-
functionalized framework,17-20 and metal nanoparticles, stabilized by
the amino functionalities, have been grown within its voids.2- 22

The direct synthesis of amine-functionalized MIL-101(Cr) from the
NH,-functionalized linkers, i.e. from 2-aminoterephthalic acid,
avoiding post-synthetic modifications of MIL-101(Cr), is challenging.
In addition to the crystallization issues already mentioned,® the NH,
moieties have high affinity towards Cr(lll),22 complicating the spatial
rearrangement of both organic and inorganic components. The first
attempt for the direct synthesis of MIL-101(Cr)-NH, was reported by
Lin and coworkers,24 who obtained the material in a solvothermal
synthesis (150 °C, 12 h) using NaOH as deprotonating agent, resulting
in nano-sized MOF particles with moderate crystallinity and showing
broad diffraction peaks in the X-ray diffraction pattern. Crystallinity
has demonstrated to be a key aspect in MOFs for catalytic purposes
because of the better exposure of the metal active sites,?s the higher
porosity and surface area,2® and the higher stability?” compared to
amorphous materials. In that sense, other authors have improved
the crystallinity of MIL-101(Cr)-NH, synthesized directly from the
NH2-functionalized linker by using DMF as the solvent,?® which can
also act as a base for linker deprotonation, but this procedure is still
long-time consuming (72 h) and the solvent is not eco-friendly.
Although these methods achieved the synthesis of MIL-101(Cr)-NH;
directly from the amino-functionalized terephthalic acid, the best
yield obtained did not exceed 42% (see Table S1 in ESI).



Cr Cr Cr Cr Cr Cr
coon MO | 00 oI
.
220°C, 16h H,SO4/HNO, NO; sncl, EtoH
.
10°C,6h 70°C,6h
CooH NaF, H,0
175°C, 1h QT 0 o} D
Crliin—] ¢ Cr ¢ Cr & 6
COOH MIL-101(Cr) MIL-101(Cr)-NH,
NH
. 2 NaF, H,0 I
175°C, 1h
COOH

Scheme 1. Synthetic procedure to obtain MIL-101(Cr) (blue) and MIL-101(Cr)-NH, (green) MOFs, under solvothermal (top, black arrows)
and microwave conditions (bottom, red arrows). Classical solvothermal synthesis of ST-MIL-101(Cr)-NH, requires 3 steps via ST-MIL-101(Cr)

and ST-MIL-101(Cr)-NO,.

Microwave-assisted MOF syntheses have emerged as an elegant
alternative to conventional solvothermal methods,? enabling faster
higher efficiency, phase selectivity, easier

reactions, and

morphological control.3® A few publications have appeared
describing the microwave-assisted synthesis of MIL-101(Cr), even in
the absence of HF as mineralizing agent with yields up to 37%.31 32
However, the direct synthesis of MIL-101(Cr)-NH, has not been
reported to date following this approach. Here a novel one-step HF-
free microwave assisted synthesis of MIL-101(Cr) and MIL-101(Cr)-

NH;in water is presented.

We firstly evaluated the effect of different modulators in the pre-
polymerization mixture. The use of LiF, NaF, KF and CsF resulted in
well-defined diffraction patterns of MIL-101 (Figure S2a). It is well
known the use of these salts as bases in catalysis,33 although until
now they have not been exploited as bases in MOF syntheses.
Microwave heating of aqueous solutions of NaF generates in situ
HF,34 that could explain the high crystallinity of the final material
compared to reported examples (see also Table S$1),16 as chromium
clusters of MIL-101 are easily stabilized when F~ or HO™ groups are
coordinated to Cr(lll).12 Thus, alkali fluorides accomplish both roles,
as deprotonating agents and as a convenient source of fluoride ions
for cluster stabilization. Diffraction peaks were sharply defined when
using NaF compared to the other fluoride salts, with a better
matching between the theoretical and experimental patterns. In
addition, some impurities were found when using KF and CsF (Figure
S2b).

The effect of the temperature on the crystallinity (Figure S3) was
analyzed by fixing the reaction time to 1 h. At 175 °C pure MIL-
101(Cr)-NH, crystals where obtained, while this crystallinity was
much lower at lower (160 °C) or higher temperatures (190 °C),
despite the similar yields obtained (68-70%). The effect of time was
tested at the optimal temperature, 175 °C (Figure S4), and we
observed that optimal crystallinity was obtained after 1 h of reaction
time. Although well-defined crystalline materials were also obtained
after 2 h and 5 h, yields linearly decreased from 69% (1 h) to 64% and
53%, respectively. Thus, at 175 °C the crystal growth process
competes with other non-related crystallization events,3> such as
MOF degradation due to the increasing amounts of HF generated in-
situ over time.36

2 | J. Name., 2012, 00, 1-3

The amount of NaF was then evaluated at 175 °C in reactions run for
1 h (Figure S5), obtaining the optimal results when 3.3 mmol (2.4
equiv. with respect to the organic linker) were used. Different
chromium sources were tested at this stage (Figure S6). Cr(Ill)
chloride, nitrate and sulfate resulted in MIL-101(Cr)-NH; showing
different degrees of crystallinity, being the first salt (CrCl3:6H,0) the
one providing the most intense diffraction peaks. Cr(VI) sources
resulted in amorphous materials.

Finally, the concentration of all the species, i.e. Cr(lll) salt, 2-
aminoterephthalic acid (2ATA) and NaF (1.35:1.35:3.3 mmol, in 10
mL in the original composition used for optimization, i.e. 0.6 M), was
tested to probe the scalability of the process in the same monomodal
microwave reactor. Decreasing the concentration to 0.3 M resulted
in similar diffraction pattern and yield to those observed at 0.6 M
(67% vs 69%, Figure S7c), but the total amount of material decreased
from 250 to 121 mg (Figure S7b). Under more diluted conditions, i.e.
0.2 M, polymers were barely crystalline (Figure S7a). The synthesis
performed at 1.2 M provided similar yields (69%) and more intense
diffractions compared to 0.6 M producing 505 mg of MOF (i.e. 73%
yield), being these the final conditions chosen for material
fabrication. On the other hand, the synthesis performed at 2.4 M
resulted in a mixture of MIL-101(Cr)-NH, and MIL-88B(Cr)-NH,
phases, evidencing that increasing the concentration slightly shifted
the polymorphism equilibrium to the thermodynamically more
stable polymorph.37.38

Different terephthalic acid linkers substituted at ortho position were
evaluated, although only the use of 2ATA resulted in crystalline
materials (see Figure S8a ESI) The absence of substituents at ortho
position resulted in pure MIL-101(Cr). Thus, this methodology
(Scheme 1) can be extended for the fabrication of this MOF with
remarkable higher yields (97%) and lower reaction times (1 h) than
those typically described in the literature under solvothermal
conditions, without the need of handling HF, and competitive to
similar microwave-assisted syntheses in terms of polymerization
extent (Table $1).3°

For comparison purposes, solvothermal MIL-101(Cr) and MIL-
101(Cr)-NH,, henceforth named ST-MIL-101(Cr) and ST-MIL-101(Cr)-
NH,, were prepared according to classical procedures.? 16 Yields for

This journal is © The Royal Society of Chemistry 20xx
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these materials were 41% and 43%, respectively, that can be
compared to 97% and 69% corresponding to MW-MIL-101(Cr) and
MW-MIL-101(Cr)-NH,. Interestingly, the aminated MW-MOF was
obtained in one single step just by mixing CrCls, 2ATA and NaF in
water after 1 h, while ST-MIL-101(Cr)-NH; firstly requires the
synthesis of ST-MIL-101(Cr) using HF (16 h) and two additional
steps.16

—— MW-MIL-101(Cr)-NH,
—— MW-MIL-101(Cr)
—— ST-MIL-101(Cr)-NH,
—— ST-MIL-101(Cr)

—— MIL-101 A

g

|

Mo

S
T -

6 8 10 12 14 16 18
20 (deg)
Figure 1. PXRD diffraction patterns (26 = 4-19 deg) of both
solvothermal (ST-) and microwave (MW-) MIL-101(Cr) and MIL-
101(Cr)-NH, MOFs compared to the simulated MIL-101(Cr) pattern.

All polymers were characterized by powder X ray diffraction (PXRD)
and compared to the simulated pattern of MIL-101(Cr) (Figure 1).
The first remarkable difference between ST- and MW-MOFs
concerns the signal-to-noise ratio of diffraction patterns. As all of
them were measured under the same instrumental conditions,
crystal quality was evidently enhanced under microwave conditions.
In fact, we have observed such worse quality when long reaction
times and/or high temperatures were considered in solvothermal
syntheses, evidencing that the reaction conditions for ST-MOFs
compromised their structural integrity. This aspect supported our
previous claim: the synthesis of this kinetically stable MOF is a
delicate equilibrium between crystallization, degradation, and
polymorphism.40. 41

On the other hand, a peak broadening effect is observed in MW-
MOFs compared to ST- materials, merging the characteristic
diffraction twin peaks of MIL-101, those at 8.44 and 8.60 deg, and at
8.90 and 9.06 deg. This phenomenon has been broadly studied in
crystallography, related to small crystal sizes,*2 in agreement with
scanning electron microscopy (SEM) observations (Figure 2). After
data treatment (Figure S10), we observed a negligible variation of
the unit cell size (+0.12%) in both MW-MOFs compared to the
reported value (a = 88.869 A).11

This journal is © The Royal Society of Chemistry 20xx

COMMUNICATION

Figure 2. Scanning electron microscopy (SEM) images of: a) ST-MIL-
101(Cr), b) ST-MIL-101(Cr)-NH,, c) MW-MIL-101(Cr) and d) MW-MIL-
101(Cr)-NH,.

SEM images (Figure 2) showed the shape of octahedral crystals
within the micrometric range for ST-MOFs. Crystal size of ST-MIL-
101(Cr)-NH; particles was remarkably smaller (36090 nm) than the
parent counterpart ST-MIL-101(Cr) (1000+200 nm), some of them
lacking the octahedral shape because of the crystal attrition during
the nitration and reduction steps.22 The control over the dispersity in
the case of MW-MOFs is higher, producing nanometric crystals with
narrower particle size distributions (Figure S11), for both MW-MIL-
101(Cr) and MW-MIL-101(Cr)-NH, (130+30 and 80+10 nm,
respectively). MW heating resulted in nano-sized MOF particles
compared to ST methods, with higher control over polydispersity as
a consequence of favoring nucleation instead of crystal growth that
increased, in return, the amount of material obtained.43

The combined results of elemental analysis by ICP-OES (Table S2) and
TGA (Figure S12) suggested that the new unit cell formula of MW-
MIL-101(Cr) and MW-MIL-101(Cr)-NH, was Cr3F(H,0),0[(0C)-CeHa-
(COz)]g'(CHgCHzOH)AHFb (102940 g/mol) and CrgF(Hzo)zO[(OzC)-
CeH3NH3*F-(CO2)]3:(CH3CH,OH)3(HF); (1022.1 g/mol), with water
being replaced by ethanol and HF during both washing and synthesis
steps. In the case of MW-MIL-101(Cr)-NH, the F content was twice
the value found for MW-MIL-101(Cr), ascribed to the presence of -
NH, moieties that appeared in the form of -NH5*F-. Experimental C/Cr
and Cr/F ratios and Cr,0s residues were in good agreement with the
proposed compositions (Table S2).

Both MW-MIL-101(Cr) and MW-MIL-101(Cr)-NH, showed a type-I
nitrogen sorption isotherm with 2651 and 2014 m2/g of BET surface
area (Figure S13).11.24 These results evidenced that the presence of -
NH,, or -NHs;*F moieties within the framework significantly
decreased the porosity of the material. This aspect also supports the
BET surface area values found for ST-MIL-101(Cr) and ST-MIL-
101(Cr)-NH; of 2328 and 1778 m?/g (Table S3). The surface areas
found in this work (2000-2700 m?/g) matched those reported by
other authors.#* Remarkably, because of the smaller crystal size of
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MW-MOFs, the narrower particle size distribution and the better
accessibility and diffusion of species throughout the internal pores,
BET surface areas were larger than those of ST-MOFs.

Finally, MW-MOFs were characterized by ATR-FTIR (Figures S14 and
$15). Upon ligand binding to chromium clusters the absorbance of
C=0 and C-O stretching vibrations (ca. 1650 and 1250 cm?)
dramatically decreased and a new Cr-O band could be observed at
585 cml, demonstrating the interaction between them. The C-H
stretching vibrations from ethanol (2975 cm) supported the
location of this solvent as guest molecules within the pores. The
presence of NH3*Fin MW-MIL-101(Cr)-NH was probed by the band
observed at 730 cm! in this MOF, characteristic of F attached to NH,
in aromatic ammonium salts.*®

This work provides an efficient, elegant, fast, green and non-toxic
microwave-assisted synthesis of MW-MIL-101(Cr) and MW-MIL-
101(Cr)-NH,. The methodology stands over classical solvothermal
protocols, that either require at least two long time consuming post-
synthetic modifications or only one single step but compromising
both the crystallinity and yield. It is competitive as well towards other
microwave assisted syntheses of MOFs from the MIL family,
providing the highest crystallinity, phase selectivity, yields and
amounts obtained to date for both polymers in one single step (0.5-
0.7 g, yields > 70% in 1 h). Alkali fluorides have revealed to be
essential for cluster stabilization and as a convenient source of F
atoms for Cr(Ill) coordination. We believe that the use of NaF as
modulator in MW-assisted reactions will pave the way for the
stabilization, nucleation and growth of other different MOFs that
cannot be obtained otherwise.
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SUPPORTING INFORMATION

Chapter V. Enhancing the Chirality Transfer in the Isomerization of Electron-
deficient Allylic Alcohols

General Information

All reagents were utilized without any further purification as obtained from commercial
sources. Flash chromatography was performed with 60 A (35-70 um) silica gel (GC 60A 35- 70
Micron, DAVISIL). Analytical TLC was performed on aluminum plates pre-coated (0-25 mm)
with silica gel (Merck, Silica Gel 60 F254). 'H, 13C and °F NMR spectra were recorded at 400
MHz, 100 MHz and 376 MHz respectively on a Bruker Advance spectrometer. Chemical shifts
() are shown in ppm, using as a reference the residual peaks of CDCl3 (0n 7.26 and &¢ 77.00)
and CD3CN (81 1.94 and 6¢ 128.06). Coupling constants (J) are given in Hz. High resolution mass
spectra (HRMS) were recorded on Bruker microTOF mass spectrometer using APCl ionization.
Enantiomeric excesses were determined using HPLC analysis on an Agilent 1200-series
instrument with an autosampler and UV detection and using Chiralcel OD-H and IF columns.

Powder X-ray diffraction (PXRD) patterns were acquired in a PANalytical PROMPD
diffractometer using Cu (Ka1) as radiation source in the ranges 4-50 deg., with a scan ratio of
0.0445 deg./s, in terms of 20. Elemental analysis was performed by duplicate on a Carlo Erba
Flash 1112 elemental analyzer and the metal content was determined by inductively coupled
plasma-optical emission spectrometry (ICP-OES) on a Varian Vista MPX ICP-OES at Medac Ltd,
Chobham, UK. SEM images were acquired with a JEOL-7000F field-emission scanning electron
microscope operating at 5 kV. Thermogravimetric analysis (TGA) was performed under an air
flow between 25 and 600 2C with a heating rate of 5 2C/min on a thermogravimetric analyzer
(TA Instruments Discovery TG) in Al,O3 cups using ca. 10 mg of each polymer. N2 sorption
isotherms of UiO-67-bpdc-az and UiO-67-bpdc-ip (ca. 100 mg) were obtained at 77 K
(p/p0=0.001—-0.98) on a Micromeritics ASAP2020 analyzer. Specific surface areas were
calculated from the data in the adsorption branch at p/po=0.05-0.20. All the samples were
previously degassed by heating at 150 2C for 3 h before the sorption measurements.
Centrifugation was performed in a Eppendorf 5452 Minispin centrifuge set at 14000 rpm. 2
min were used as centrifuging time unless other conditions stated.



Procedure for the synthesis of H,bpdc-az
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a) Dimethyl 2-methyl-[1,1'-biphenyl]-4,4'-dicarboxylate (4)

In a round bottom flask 4-(methoxycarbonyl) phenyl boronic acid (2.8 g, 15.3 mmol, 1 equiv.),
methyl 4-bromo-3-methylbenzoate (3.5 g, 15.3 mmol, 1 equiv.),
tetrakis(triphenylphosphine)palladium(0) (3.5 g, 3.1 mmol, 0.2 equiv.) and cesium fluoride (9
g, 59.2 mmol, 4 equiv.) were added in a 500 mL round bottom flask. Dry THF (0.1 M, 153 mL)
was added under Ar atmosphere and the reaction was stirred under reflux in an oil bath for
18 hours. The crude was filtered with celite and the solvent was evaporated under vacuum.
The product was isolated by flash column chromatography (FCC) using silica gel as stationary
phase and a mixture of pentane:EtOAc as eluent (5% of EtOAc) and a salmon solid (4) was
obtained (3.85 g, 13.54 mmol, 89 %).

1H NMR (400 MHz, DMSO-ds): & 8.05 (d, J = 8.4 Hz, 2H), 7.93 (d, J = 1.4 Hz, 1H), 7.86 (dd, J =
8.0, 1.4 Hz, 1H), 7.54 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 8.0 Hz, 1H), 3.88 (d, J = 4.5 Hz, 6H), 2.29 (s,
3H).

13C NMR (400 MHz, DMSO-ds): 6 166.0, 166.0, 145.0, 144.9, 135.5,131.1, 129.9, 129.3, 129.2,
129.0, 128.7,126.9, 52.2, 52.1, 20.0.

For complete characterization see': A. D. Burrows, C. G. Frost, M. F. Mahon and C. Richardson,
Chem. Commun., 2009, 4218-4220.

b) To a round bottom flask charged with a stirrer and dimethyl 2-methyl-[1,1'-biphenyl]-4,4'-
dicarboxylate (4) (3.85 g, 13.54 mmol, 1 equiv.), AIBN (0.241 g, 1.47 mmol, 0.11 equiv.) and N-
bromosuccinimide (2.6 g, 14.7 mmol, 1.1 equiv.) were added and purge with Ar. Carbon
tetrachloride (76 mL, 0.18M) was added and the reaction was stirred under reflux for 18h in
an oil bath. The reaction was followed by TLC until consumption of the starting materials. After
the reaction was completed, the solvent was evaporated and the crude mixture was purified



by flash column chromatography (FCC) using silica gel as stationary phase and a mixture of
pentane:EtOAc (10 % EtOAc) as eluent. The product was obtained as a white solid (5) (3.7 g,
10.3 mmol, 76% yield).

'H NMR (400 MHz, CDCl3) § 8.22 (d, J = 1.7 Hz, 1H), 8.14 (d, J = 8.4 Hz, 2H), 8.02 (dd, J = 8.0,
1,7 Hz, 1H), 7.53 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.0 Hz, 1H), 4.42 (s, 2H), 3.96 (s, 6H).

13C NMR (400 MHz, CDCls-de): & 166.7, 166.2, 145.3, 143.8, 135.6, 132.3, 130.41, 130.37,
129.8,129.7, 129.5, 128.8, 52.33, 52.25, 30.8.

For complete characterization see: Burrows, A. D., Frost, C. G., Mahon, M. F., Richardson, C.,
Chem. Commun., 2009, 4218-4220.

c) Dimethyl 2-(bromomethyl)-[1,1'-biphenyl]-4,4'-dicarboxylate (5) (3.7 g, 10.3 mmol, 1
equiv.) and sodium azide (0.736 g, 11.3 mmol, 1.1 equiv.) were placed in a round bottom flask,
DMF (0.125M) was added and the reaction was stirred at 60 2C in an oil bath for 18h. The
reaction was diluted with EtOAc and washed with H.O several times to yield the pure azide
compound (6) (3.35 g, 10.3 mol, 99%).

'H NMR (400 MHz, DMSO-ds): & 8.15 (d, J = 1.8 Hz, 1H), 8.06 (d, J = 8.3 Hz, 2H), 8.02 (dd, J =
8.0, 1.8 Hz, 1H), 7.56 (d, J = 8.3 Hz, 2H), 7.49 (d, J = 8.0 Hz, 1H), 4.51 (s, 2H), 3.90 (s, 3H), 3.88
(s, 3H).

13C NMR (400 MHz, DMSO-dg): & 166.9, 165.7, 145.0, 143.6, 133.7, 130.7, 130.5, 129.3,
129.20,129.17,129.1, 52.4, 52.3, 51.3.

HRMS (ESI): m/z calculated for [C17H15sN304Na]* 348.0971, found: 348. 0955.

d)Dimethyl 2-(azidomethyl)-[1,1'-biphenyl]-4,4'-dicarboxylate (3.35 g, 10.3 mol) was dissolved
in THF (80 mL) then a solution of KOH (3.67g, 206 mmol) in H,O (80 mL) was added. The
reaction was stirred at room temperature for 72 hours. Upon completion, all volatiles were
removed in vacuo and the remains were acidified with 1M HCI. The precipitated was then
filtered through and the residue was washed with H,O before drying in vacuo at 50 oC to afford
a white solid (7) (3.00 g, 10.09 mol, 98 %).

1H NMR (400 MHz, DMSO-ds): 8 13.14 (bs, 2H), 8.12 (d, J = 1.8 Hz, 1H), 8.04 (d, J = 8.3 Hz, 2H),
8.00 (dd, J = 7.9, 1.8 Hz, 1H), 7.53 (d, J = 8.3 Hz, 2H), 7.47 (d, J = 7.9 Hz, 1H), 4.50 (s, 2H).

13C NMR (400 MHz, DMSO-ds): & 167.0, 166.8, 144.8, 143.4, 133.5, 130.7, 130.6, 130.5, 130.3,
129.5,129.2, 129.1, 51.4.

HRMS (ESI): m/z calculated for [C1sH11N304Na]* 320.0631, found: 320. 0642.
e) To dimethyl 2-(bromomethyl)-[1,1'-biphenyl]-4,4'-dicarboxylate (6) (500 mg, 1.21 mmol) in

Et,O (3.0 mL, 0.40 M) wunder an argon atmosphere was added tris(4-
methoxyphenyl)phosphine (426 mg, 1.21 mmol) at room temperature. The reaction was



stirred for 24 h. The solvent was evaporated and the phosphazene (8) was used without
further purification.

1H NMR (400 MHz, THF-ds): & 8.45 (s, 1H), 7.94 (d, J = 8.2 Hz, 2H), 7.83 (dd, J = 7.9, 1.5 Hz, 1H),
7.58 = 7.50 (m, 8H), 7.22 (d, J = 7.9 Hz, 1H), 6.92 (dd, J = 8.7, 1.8 Hz, 6H), 4.12 (d, J = 15.4 Hz,
2H), 3.87 (s, 3H), 3.86 (s, 3H), 3.80 (s, 9H).

13C NMR (101 MHz, THF-ds): § 167.5, 167.2, 163.1 (d, Jc—pr = 2.8 Hz), 146.9, 145.7, 145.5, 145.1,
135.1 (d, Je—p = 9.9 Hz), 132.2, 130.1, 130.4, 130.0, 127.4, 125.0 (d, Jcp = 101.7 Hz), 114.7 (d,
Jep=12.6 Hz), 55.7, 52.2, 52.0, 47.9.

31p NMR (162 MHz, THF-ds): § 5.95 (s).
HRMS (ESI): m/z calculated for [C3sH3sNO7P]H* 650.6202, found: 650.2302.

f) A solution of 2 M HCl in ether (4.60 mL, 9.20 mmol) was added to a solution of 8 in dry
diethyl ether. The resulting solution was stirred at rt for 1 h. After evaporation of the solvents,
the resulting crude was purified by flash column chromatography (CH,Cl,/MeOH 20:1) to
obtain 8'HCl as a colorless foam (300 mg, 0.4 mmol, 30%).

1H NMR (400 MHz, CDCls): § 9.09 (s, 1H), 8.48 (d, J = 1.7 Hz, 1H), 7.95 (d, J = 8.3 Hz, 2H), 7.83
(d,J=8.0, 1.8 Hz), 7.48 (dd, J = 12.3, 8.9 Hz), 7.06 (dd, J = 8.2, 2.5 Hz, 3H), 6.91 (dd, /= 8.9, 2.6
Hz, 6H), 4.25 (d, J = 15.0 Hz, 2H), 3.92 (s, 3H), 3.90 (s, 3H), 3.82 (s, 9H).

13C NMR (400 MHz, CDCls): 8 166.68, 166.67, 164.1 (d, Jc—p = 2.9 Hz), 144.0, 143.5, 136.8 (d,
Jep=3.2 Hz), 135.3 (d, Jc-p = 12.7 Hz), 130.4, 129.9, 129.4, 129.29, 129.27, 129.1, 128.0 115.1

(d,J=14.3 Hz), 112.3 (d, J = 110.9 Hz), 55.6, 52.2 (d, J = 3.6 Hz), 42.2.

31p NMR (162 MHz, CDsCN): & 36.89 (s).

HRMS (ESI): m/z calculated for [C3gH37NO7P]* 650.2302, found: 650.2312.

pKgu+ measurement of 8 HCI in CD3CN?

8'HCI (30 mg, 0.046 mmol) and tetramethylguanidine (5.77 ul, 0.046 mmol) were dissolved in
CDsCN. The 3C NMR was measured and the chemical shift of the CH-N=P(ph-p-OMe)s was
used to estimate the equilibrium ratio and the equilibrium constant of the reaction.? The
equilibrium constant was then used, with the known pKgu. of tetramethylguanidine in CD3CN
(pKen+ = 23.3)* to determine the estimated pKgn. of salt 8-HCI. The experiment was repeated
three times.

Estimated pKgnu+ of 8HCl in CD;CN
Using *C NMR

Experiment 1 24.42
Experiment 2 24.45
Experiment 3 24.50
Average 24.45




General synthetic procedure for UiO-67-bpdc-az and UiO-67-bpdc-ip

Ui0-67-bpdc-az®. Zirconium chloride (1.3 g, 5.6 mmol) was added to the mixture DMF (65 mL)
and distilled water (0.602 mL) at room temperature on a stirring plate. Then, benzoic acid (4.1
g, 33.6 mmol) was added to the solution and stirred until dissolved. This solution was poured
to round bottomed flask containing 1,4-bezenedicarboxylic acid (H.bpdc) (0.675 g, 2.8 mmol)
and 2-(azidomethyl)-[1,1'-biphenyl]-4,4'-dicarboxylic acid (H;bpdc-az,0.8 g, 2.8 mmol). This
solution was heated at 130 °C, overnight with stirring and water condenser. Thus, obtained
powder was filtered and washed with hot DMF (~80 °C) and afterwards acetone, followed by
drying at 120 °C, overnight. The white solid MOF was obtained in 89% yield (1.6 g, 0.83 mmol).

The UiO-67-bpdc-az was further used for performing Staudinger reaction. UiO-67-
bpdc-az (1.6 g, 0.7 mmol) and tris(4-methoxyphenyl) phosphine (0.26 g, 0.7 mmol) were
weighed in a pressure tube under Ar atmosphere. Dry diethyl ether (0.4 M, 3 mL) was added
and the reaction was stirred at room temperature for 24 hours. After the reaction was
complete, the MOF was collected by filtration. The MOF was further washed first with diethyl
ether and later with acetone. Afterwards the white solid was dried under vacuum. Finally, the
UiO-67-bpdc-ip was obtained in 92% yield (1.8 g, 0.65 mmol).

General procedure for the allylic alcohols 11a, 11b

For the racemic compounds the procedure to follow was as follows:

The corresponding enone (1 mmol, 1 equiv.) was dissolved in dry CH,Cl; (2 mL) and DIBAL-H
(1 Min hexane, 1.2 mmol, 1.2 mL, 1.2 equiv.) was added at 0 °C under argon atmosphere. The
reaction was stirred for 1.5 h and quenched with NH4Cl (aqg) sat. and HCl (aqg, 0.1 M). The
mixture was extracted with CH,Cl, (3 x 15 mL), dried with MgS04 and the solvent was removed
under vacuum. Silica gel column chromatography was performed using pentane:EtOAc (9:1)
as eluent.

The enantiomeric allylic alcohols have been synthesized following the procedure
reported in 2012 by Cahard group (Bizet, V.; Pannecoucke, X.; Renaud, J.-L.; Cahard, D. Angew.
Chem. Int. Ed. 2012, 51, 6467.)°

The corresponding enone (5.31 mmol) and [RuCl-(p-cym){(R,R)-Tsdpen}] (33.8 mg,
0.05 mmol, 1 mol%) were placed in a pressure tube under an argon atmosphere. Then an
azeotropic mixture of EtsN/HCO;H (5 mol:2 mol) was added and the reaction was stirred at
room temperature for 24 h. The mixture was quenched with H,0 and extracted with EtOAc (3
x 15 mL). The combined organic layers were washed with brine and NaHCOs (aq) sat. and then
dried over MgSQOa. After evaporation of the solvents, the crude was purified by silica gel
column chromatography with pentane:EtOAc (9:1) as the eluent. The ee was determined by
HPLC.

General procedure for the isomerization of allylic substrates using UiO-67-bpdc-
ip:

The corresponding allylic substrate (0.1 mmol, 1 equiv.) and MOF UiO-67-bpdc-ip (0.1 mmol,
105 mg, 1 equiv.) were placed in a pressure tube. Toluene was added (1 mL) and the mixture



was allowed to react at 120 °C during 48 hours. The reaction was centrifuged in an Eppendorf
and washed three times with toluene and another three times with acetone. The solvent was
removed under reduced pressure to yield the product.

Dimethyl 2-methyl-[1,1'-biphenyl]-4,4'-dicarboxylate (4)
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Dimethyl 2-(bromomethyl)-[1,1'-biphenyl]-4,4'-dicarboxylate (5)
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2-(Azidomethyl)-[1,1'-biphenyl]-4,4'-dicarboxylic acid (7)
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Dimethyl-2-(((tris(4-methoxyphenyl)-I>-phosphaneyl dene)amino)methyl)-[1,1'-biphenyl]-

4,4'-dicarboxylate (8)
Less than 5% impurity of unreacted triphenylphosphine
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pKan.+ of salt 8'HCI
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HPLC Chromatograms of allylic substrates 11a, 11b, 11c, 14 and recyclability study

(R,E)-4,4,4-Trifluoro-1,3-diphenyl-2-buten-1-ol (11a)
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(R,E)-4,4,4-trifluoro-1-phenyl-3-(4-(trifluoromethyl)phenyl)but-2-en-1-ol (11b)
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(R)-4,4,4-trifluoro-1-phenyl-3-(4-(trifluoromethyl)phenyl)butan-1-one (12a)
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The materials were characterized as follows:

Powder x-ray diffraction (PXRD)

Samples were prepared using 20 mg of the sample on a silicon plate XRD sample holder by
spreading it evenly and stabilizing with 2-3 drops of isopropanol. PXRD patterns (Cu Ko
radiation, A = 1.5418 A, 26 range = 5-50 °) were collected in reflectance Bragg-Brentano
geometry with a Panalytical PRO MPD diffractometer. The PXRD patterns (Figure S1) were
compared to the theoretical diffraction pattern of UiO-67 (CCDC: 7033336). No significant
differences were observed between UiO-67-bpdc-az, UiO-67-bpdc-ip and UiO-67. Thus,
ensuring the purity of the phase obtained.

———Ui0-67-bpdc-ip
—— Ui0O-67-bpdc-az
— Ui0-67
A A L. VTS PY PPV DR WO TR
U ‘ lllImlA sk 1A na A
|l " lAlnA']Am.J gttt s,
10 20 30 40 50

2theta (°)

Figure S1. PXRD (4-50 def., in terms of 20) UiO-67-bpdc-az (red) and UiO-67-bpdc-ip (blue)
with the theoretical pattern (black, CIF in CCDC: 7033336).

Thermogravimetric analysis (TGA)

TGA demonstrated the weight losses for both MOFs synthesized in this work (Figure S2).
Before applying 50 °C water from the surface of the graings is detached. Afterwards, in the
range 50-150 2C, internal water from pores is removed. UiO-67-bpdc-az showed a significant
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decrease around 400 °C. UiO-67-bpdc-ip two main decompositions, first at 210 °C and the
second one at 450 °C.

350 £ — Ui0-67-bpdc-az
— Ui0-67-bpdc-ip

Normalised weight (%)

. \ . . .
100 200 300 400 500 600
Temperature (°C)

Figure S2. Thermogravimetric curves of UiO-67-bpdc-az and UiO-67-bpdc-ip in air from room
temperature to 600 °C (5 °C/min).

Scanning electron microscopy (SEM)

The morphology of the new UiO-67 was analyzed under low acceleration voltages (5 kV) to
avoid the damage of the polymer structure with the electron beam. Both MOFs crystallized in
the shape of diamonds revealing the crystallization space group Fm-3m.

U-7000F £l

Figure S3. SEM images of UiO-67-bpdc-az (top) and UiO-67-bpdc-ip (bottom).
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Elemental analysis

Table S1. Elemental analysis of UiO-67-bpdc-az and UiO-67-bpdc-ip synthesized in this work.

MOF C H N P Zr
Theoretical 54.48 | 297 | 584 |- 12.52
UiO-67-bpdc-az
Experimental | 44.02 | 2.58 | 3.90 | <0.01 | 22.71
Theoretical 62.66 | 4.11 | 1.55 | 3.44 | 10.02
Ui0O-67-bpdc-ip
Experimental | 52.51 | 3.41 | 1.05 2.25 16.12

Nitrogen sorption isotherms, pore size and bet surface area

UiO-67-bpdc-az and UiO-67-bpdc-ip were analyzed by acquiring the whole nitrogen sorption
isotherm at 77 K (Figure S4) with a BET surface area of 1846 m? g for UiO-67-bpdc-az and
850 m? g for UiO-67-bpdc-ip The pore size distribution of the MOF UiO-67-bpdc-ip was
evaluated using Density Functional Theory model from experimental data, obtaining a median
pore size of 7 A and 10 A for UiO-67-bpdc-ip, Figure S5.

UiO-67-bpdc-az

UiO-67-bpdc-ip
WW

4

0 0,5 1
plp°

Figure S4. Nitrogen sorption isotherms at 77 K of UiO-67-bpdc-az (left) and UiO-67-bpdc-ip

(right).

200 4

Incremental Pore Volume (cm %/g)
2
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UiO-67-bpdc-ip

Pore Width Size (Nanometers)

Figure S5. Pore size distribution of MOF UiO-67-bpdc-ip.

Recyclability studies

In a pressure tube, (E)-4,4,4-trifluoro-1-phenyl-3-(4-(trifluoromethyl)phenyl)but-2-en-1-ol
(11b, 1 mmol, 34 mg) and UiO-67-bpdc-ip (105 mg, 100 mol% based on the organic
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counterpart) were mixed in toluene 0.1 M (1 mL). The tube was seaed with a Teflon lined cap
and was purged with argon and stirred at 120 °C for 48 hours. After that, the crude was
transferred to a propylene centrifuge tube, centrifuged and washed with toluene (3 x 1.5 mL)
and acetone (3 x 1.5 mL). Supernantans were concentrated and analyzed by H and **F NMR,
c.t. was determined by HPLC and the cycle was repeated.

The yield and the chirality transfer are decreased after the first run (Figure S6).
Therefore, crystallinity and morphology were studied by PXRD and SEM analysis. The PXRD
pattern shown that the crystallinity of the material is maintained after the 4 runs (Figure S7).
SEM images depict the octahedral shape of the crystals of the typical UiO-67 MOF, although
there is partial decomposition of the material is observed by '"H NMR, Figure S8.

NMR
=
Chirality transfer (%]

Figure S6. Study of recyclability of MOF UiO-67-bpdc-ip in the isomerization of electron-
deficient allylic alcohols.

Ui0-67-bpdc-ip-ai
Ui0-67
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Figure S7. PXRD pattern (left) and SEM images (right) of the UiO-67-bpdc-ip after 4 runs.
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Figure S8. 'H NMR of the decomposition of the iminophosphorane after recyclability studies.
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