UNIVERSITA’ DEGLI STUDI DI PADOVA
Dipartimento di Scienze Chimiche

Corso di laurea magistrale in Chimica Industriale

TESI DI LAUREA MAGISTRALE

Sustainable synthesis of coumarins catalyzed by Au(I)/Au(IIl) complexes in

ionic liquids

Relatore: Prof. Biffis Andrea
Correlatore: Prof. Bourissou Didier

Controrelatore: Prof. Santi Saverio

LAUREANDO: Ravera Francesco
2021829

ANNO ACCADEMICO 2021/2022






Index

1 s L. GO PP U PSRRI 3
ADDIEVIATIONS ...t st e st e e st e e bt e e s bt e e s bb e e s ab e e s bt e e sabeeebeeeanbeesneeesareeeanes 7
ADSEFACE ...ttt s e e s e he e st e e s re e e s reesanes 9
Chapter 1 Introduction to gold chemistry and m-acid catalysis...........c.ccoociriiiiiiiniiieee 11
1. 7-0 coordinative bond and 7T-systems activation ...................cccoooiiiiiiiiniiieceee e 11
1.1 Introduction to 7-acid Catalysis ..............ccooiiiiiiiiiiii e 11
1.2 Relativistic effects in late transition metals catalysis.................cccoooiiiiiiniiiiniii i, 14
1.3 C-H bond functionalization and the Fujiwara reaction................c...cccccoocniiiiiininnin 15
2. GOld-CAtALYZEA PrOCESSES ........ooooviieiiieiiieeiieeieeeteeeteesteestteeseteeeseeessseessseeesseessseeasseessseeensseensseesnnes 19
2.1 Hydrofunctionalization of alKynes .............c..cooiiiiiiiiiiiiii e 19
2.2 Role of the counter anion and the “silver effect”.................ccc.cooiniiiiiiiiee, 22
3. Ionic Liquids as reaction media for cationic gold-catalysis..............c....ccooiiiiiiniiiinie 24
3.1 Definition and interest in ionic Lquids................ccooreiiiriiiiiiii e 24
4. Coumarins as SYNthetic taAr@et...............cooiiiiiiiiiiii ettt 26
4.1 State of the art in coumarins synthesis and transition metal-based approaches....................... 26
4.2 A OF the ProOJECt.......cooooiiiiiiii ettt st e st e bt e e sbeeeaeeas 29
Chapter 2 Gold(I) catalyZed PIOCESSES ..........c.cooviiiiiiiiiiienienie ettt ettt et e sreesreesaeesareeneens 31
1. The Starting POINTE.............oooiiiiiiiiiiece et et e et e et e et e e steessteessseeessseesssaeansseessseesnsnean 31
1.1 Selection of the iomic HQuid ...t 31
1.2 Screening of the operating conditions...................ccoooiiiiiiiiiiiece e 32
2. Intermolecular hydroarylation of 3-phenylpropiolic acid for the synthesis of 4-substituted
coumarins 2.1 Protocol optimization ..................coooiiiiiiiiiiiiiii e s 35
2.2 Expanding the reaction scope to other arenes and electron rich alkynes....................cc.cooceee. 38
3. Adapting the process to terminal alKynes ..............cocccoiiiiiiiiiiiiiii e 40
3.1 Coumarins and late-stage functionalization at position 4......................occooeviiiiiiiiiiin e, 40
3.2 Overlook on the process optimization and SCOPe..............cccceeiiriiiiiiiiiinineee e 44
3.3 Conclusion and fUture QiMS ...........cccooiiiiiiiiiiii ettt 45
Chapter 3 Gold (III)-catalyzed intramolecular hydroarylation...............cccccoooiiiniiiniiiiniiiinieceeenee e, 47
1. (P,C)Au(III) cyclometallated complexes as hydroarylation catalysts..............c..ccocceoviininniinninnnn 47
1.1 The state of the art on intermolecular hydroarylation catalyzed by (P,C)-gold(III) complexes
.................................................................................................................................................................. 47
1.2 Adapting the new complexes to coumarins synthesis via intermolecular hydroarylation......... 49
2. Intramolecular hydroarylation ..................cccooiiiiiiiiiiii e 51
2.1 Aryl alkynoate synthesis and intramolecular hydroarylation in Fujiwara conditions .............. 51
2.2 Adapting the process in BMIM NTH2.......ooooiiiiiiiiiecce et 52
3. Expanding the reaction SCOPE..........c..ccociiiiiiiiiiiiiiicteeet ettt ettt st e 55



3.1 The challenge and simple SUDSEIAtes.................ccciiiiiiiiiiiiiii e 55

3.2 Methoxy-substituted aryl alkynoates: reactivity and selectivity .................c..ccoccoiiniiniininnn. 56
3.3 Less polar substrates and electron-withdrawing substituents: facing the solubility limitations
................................................................................................................................................................... 60
3.4 ArylalKynyl @ERers ...........cooiiiiiiii ettt st sttt 61
3.5 Conclusions and futtre QimS ...........cccoooiiiiiiiinii ettt 65
Conclusions and fUutire QM .............ccooiiiiiiiiie et s e e s e b e s enee e b e e naees 67
EXPerimental SECTIOM .........c.cooiiiiiiiiiiiiie ittt ettt e st e e s bt e e sateesbeesseeesabeeessseesateesbeeesareeenes 69
1. General FEMATKS ........cc.oiiiiiiiiiiiiie ettt ettt e bt e s bt e s at e st e e bt e b e e nb e e sbeesaeeeabeebeesbeesanenas 69
2. SYNTRELIC PIrOCEAUIES .......c..oiiiiiiiiiiiii ettt ettt e n e r e r e e smeesaneeaneen 69
2.1 Synthesis of (P,C)-LGANMS ..........coccoiiiiiiiii ettt ettt e s e e es 69
2.2 Synthesis of (P,C)AUL; COMPIEXES ..........c.oooviiiiiiiiiiieeie et eeee e e e e e e e e ssreesteeeeaeesnseeennnees 70
2.2.1 Di-isopropyl substituted (P,C) COMPIEX........ccccooiiiiiiiiiiiiiiiieee ettt 70
2.2.2 Di-phenyl substituted (P,C) COMPIEX ...........cccviiiiiiiiiieiieiee ettt seee e e seeeeenree e 70
2.3 Synthesis of (P,C)AU(OACH)2 COMPIEXES............cocvovimiiiiiriiiieieeieeeteeeeeee ettt 70
2.4 General procedure for aryl 3-phenylpropiolates synthesis.................ccccooiiiriiiiniiiniiieeee e, 71
2.5 General procedure for aryl propiolates Synthesis ...................coccooiiiiiiiniiiiiii e 71
2.6 Procedure for phenyl propiolate and biphenyl-4-yl propiolate synthesis .................cccccovveneennnnn. 72
2.7 Synthesis of aryl alKynyl ethers..............cccooooiiiiiiiiiiie e 72
2.7.1 General procedure for aryl propargyl ethers .................ccoooiiiiiiiiiiiinieee e 72
2.7.2 Sesamol 3-phenyl-2-propynyl €ther ...............cccoooiiiiiiiiiiiiieeee e 72
2.8 Au(IIl)-catalyzed intermolecular hydroarylation of ethyl 3-phenylpropiolate with TMBP*. ... .. 73
2.9 Procedure for the synthesis of substituted coumarins ..................ccocoevviiiiiiieciiince e, 73
2.9.1 Au(I)-catalyzed intermolecular hydroarylation of phenylpropiolic and hexynoic acid in
BIMIIM N T2 ettt ettt e b e s bt bt s et e e bt e bt e s bt e s aeesab e et e e bt e bt e sbeesateenteenteens 73
2.9.2 Au(I)-catalyzed intermolecular hydroarylation of propiolic acid in BMIM NTf,.................. 74
2.9.3 Cyclization of sesamol 3-phenylpropiolate catalyzed by (P,C)Au(III) complexes in Fujiwara-
EYPE COMMITIONS .......ooeiiiiiiiiiiee ettt e et e et e e e e s bee e tee e sseessseeessseessseesnsaeesseessseeesssenns 75
2.9.4 Cyclization of aryl alkynoates catalyzed by (P,C)Au(III) complexes in BMIM NTTf,............. 75
2.10 Procedure for the synthesis of 2H-Chromenes ..................ccccoeeiiieriiiiiiiiinciic e 76
BuBIANKAEESES ... e e ettt b e r e b e e e saeeeaeeereen 76
3.1 Intermolecular hydroarylation of alkynes: evaluation of possible contributes by HBF4+Et,O and
ABSDEF G ...ttt b e bttt et e et e e h e e bt e e ht e e ate e bt e bt e bt e sbeeshteeateeteen 76
3.2 Experiments of figure 3.1.4 (Chapter 2) ...........ccooooiiiiiiiiiiieeeeeee ettt 76
R I8 B 5 4 1 12 ¢ 11115 1 0 NP OSSPSR 76
3.2.2 EXPeriment B ... s ettt s e e bee et eeeaee s 77
R I I 054 1 1) ¢ 11115 1 L USSR 77
3.3 Intramolecular hydroarylation: evaluation of possible contributes by the acid co-catalyst ......... 77



4. CharacteriZation AATA ... s s s sasssssssssssnsnsssnnnsssssnnn 78

.1 (PyO)-HGANS.........oieiiiiiei ettt ettt et b e bt e s bt e e at e et e et e e bt e sbeeentesate e beenbeenaeenaeas 78
4.2 (PyC)-AUX2 COMPIEXES .....occuviiiiiiiiiiieitiieeieeeeiteeeteeetteesbeeeteeessbeeaseeessseesssaeasseesssesasseessseeasseesssessnses 78
4.3 Aryl alkynoates and aryl alkynyl ethers..............c.cccooviiiiiiiiiiee e 79
4.4 Coumarins and 2ZH-CRIOMENES...............cooiiiiiiiiiiiii ettt ettt sb e sttt esaeenaees 81
4.5 Z-aryl QlKEIES.........co.eoiiiiiieiie ettt ettt e bt e et ee e te e e taeeenteeenteeanteeeraeeenteeennes 85
4.0 SPYTOCYCILS ...ttt ettt ettt e et et et e bt e bt e s bt e s bt e ea e e eateeabe e beeeheeenteeateenbeenbeeabeenaeas 85
4.7 Hydration/decarboxylation products of alkynes .................cccccovviiiiiiiiiiiiie e 86
4.8 3,4-methylendioxyphenyl 3-phenylpropiolate full characterization ...................c...coccoooiniinn. 87
BibLIOGrapliy........comiiiii ettt ettt b e s st sab e s b e e b e reennees 91






Abbreviations

TMs

ILs

r.d.s.

TFA

DCM

DCE

API

BMIM

TMB

Transition metals

Ionic liquids

Rate determining step
Trifluoroacetic acid
Dichloromethane
1,2-Dichloroethane

Active pharmaceutical ingredient
Butyl methyl imidazolium

1,3,5-Trimethoxybenzene






Abstract

The possibility to directly activate C-H bonds is nowadays one of the most interesting perspectives,
concerning the direct functionalization of organic substrates. Achieving a sufficient knowledge on
the fundamental mechanisms that allow these transformations, will make possible to get access to new
methodologies for more sustainable processes. Since the beginning of the new century, gold
catalysis has received a lot of consideration in modern organometal-focused research
environments. The strong affinity of gold for unsaturated organic systems opens a new avenue to
explore as a potential tool for organic synthesis: the z-acid catalysis. This project deals with the
activation of alkynes toward the hydroarylation reaction, performed by cationic Au(I)/Au(Ill)
complexes. Moreover, the use of ionic liquids (ILs) as reaction media give us the possibility to
explore a new and interesting catalytic system, which combines a positive solvent effect, enhancing
the catalytic performance of the active species, with a sustainable choice. Indeed, ILs open a series
of other features to be explored, such as the potential recyclability of the system, which constitutes
avery attractive perspective to lower costs and process wastes, avoiding at the same time the use of
conventional halogenated solvents (dichloromethane, dichloroethane).

The process I have focused on, developed by the Applied Organometallic Chemistry group (DiSC-
UNIPD, Prof. Biffis), has been applied for the synthesis of coumarins, organic products of interest
for their bioactivity and optical properties. In collaboration with the LBPB group of Toulouse
(LHFA-UPS, Prof. Bourissou), the potential application of (P,C)Au(Ill)X, complexes has been

also explored on this system, with the aim of expanding the reaction scope.
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Chapter 1
Introduction to gold chemistry and m-acid catalysis

1. -0 coordinative bond and mr-systems activation

1.1 Introduction to TT-acid catalysis

The organometallic chemistry of the last century saw an incredible development, pushed by the driving
force of new applications in organic synthesis. In particular, the second half of the 20" century has been led
by some of the most relevant discoveries in term of catalytic transformations. The disclosure of Heck and
cross-coupling reactions,!!  together ~with alkene/alkyne metatheses!?®] and stereoselective
hydrogenations/oxidations of unsaturated bonds!*®! have all been awarded the Nobel prize on the first
decade of the 21 century: respectively in 2010, 2005 and 2001. In the middle of the such a blooming period
for organic synthesis, we see emerging a new concept for organometallic catalysis, which does not involve
redox steps at the metal center. Lewis acids as activators for chemical transformations have a long history.
The principal novelty of this new trend is the rediscovery of metals such as Pt and Au, which were believed
unreactive until few decades ago, as extremely efficient carbophilic -acids. The main interests in these
systems fall on their ability to totally outperform classic stochiometric reagents either in the context of atom-
economy or in the extent of applications in term of substrates and reactivities. Nevertheless, in the literature
are reported others transition metals (TMs: Cu, Pd, Ti, Hf, Zn)!® and even lanthanoids that are able to
activate m systems. The particular affinity of a metal toward multiple C-C bonds can be successfully
rationalized by the HSAB theory,” introduced by Pearson in order to describe the empirical reactivity
patterns between Lewis acids and bases, evaluating their relative polarizability. According to this last aspect,
the metal oxidation state and the presence of a net charge on the acid species play a fundamental role on
these transformations. The metal-unsaturated bond interaction for TMs is described as well by the Dewar-
Chatt-Ducanson (DCD) model.[*! According to this description (see figure 1.1.1), the frontiers molecular
orbitals of the ligand overlap with the metal d orbitals forming a stable adduct enforced by o-donation and
7 back-donation synergism. However, as in all the models some approximation have been performed: it is
indeed important to consider also the electrostatic contribution to the coordinative bond formation, which
may amount to around 50% of the total bond energy according to computational studies on Cu, Ag and Au
complexes bearing an acetylene and ethylene moiety.” In the model for alkynes, other two interactions
involving the 7, and w* | out-of-plane orbitals are also reported, but they give a negligible apport to bond

formation in the case of Pt(II) and Au(I).% In particular, the last interaction is limited by symmetry issues.
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Figure 1.1.1 DCD model for Pd/Au-alkyne bond rationalization '

However, the important concept to learn about this interpretation for the alkene/yne coordinative bond to
acidic metal centers is directly related to the relative contributions of the before mentioned interactions to
the bond formation. Considering the Au(I)-acetylene coordinative bond, the main contribution to orbital
overlapping comes from the L>M odonation (~65%) against the M—>L back-donation to the alkyne
(~27%).”) So acetylene can be classified as a two electrons donor with low tendency to undergo 7 back
donation. The same conclusion may be postulated in the case of ethylene, revealing to be even a slightly
better donor than acetylene.!'”) The oxidation state of the metal center can drastically change the relative
weight of the different interactions contributing to the coordinative bond. For instance, picking up a Pt(0)
complex, the metal center will be for sure more electron rich and so more prone to back donate electron
density to the anti-bonding orbital of the alkyne. In that case, the DCD model would to be reconsidered in
favor of a metallacyclopropene bond model, which takes into account the deformation in the ligand
structure, with loss of planarity. The selection of the correct model is though not so obvious. The electron

distribution over the complex can

HNu .
\» Nt change according to the substrate
—INu

"slippage"

substituents, the  geometry,

||
x

s

possible ring strain and also metal-
H related contributes, such as the

Nu Nu electronic  configuration, free

; \_\M \_\H coordination sites or even the

H m* presence of a net charge on the

Figure 1.1.2 Carbophilic activation mechanism by m catalysis complex. Independently from this,

we define as m acid any species

that may act as a template for redistributing the alkyne electron density. The overall consequence is to
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withdraw part of it and generate a site for a nucleophilic attack: a simplified representation of the mechanism
is reported in figure 1.1.2. The illustration reports a classic carbophilic activation process of acetylene
toward functionalization by a generic protic nucleophile HNu. The final product consists in a trans addition
of the H" and Nu™ moieties over the former alkyne. In absence of available protons, any suitable electrophile
may perform the terminal demetallation step. This is not the only possible pathway. In fact an inner sphere
mechanism should be also considered possible. In this case, at first the nucleophile fragment coordinates to
the metal center, then it migrates to the activated alkyne through a concerted mechanism. Indeed, it has
already been observed in the case of alkyne hydroarylation reactions the presence of metalated arene and/or
the syn addition product.!''! Another interesting perspective is the activation of alkynes toward other olefins
nucleophilic attacks, often generating complex and unpredictable structures. In figure 1.1.3 is reported a

synthetic step over the total synthesis for streptorubin B, a prodigiosin alkaloid.!'?

N PtCl, (5 mol%)
—— =
I | toluene, 50°C Io)
79% Ts
o 1 2

Figure 1.1.3 Platinum catalyzed enyne cycloisomerization as key step on streptorubin B synthesis )

cationic rendition

Ve
f
i

w&/\

carbene rendition

O

Figure 1.1.4 Carbene-carbocation hypothesis on ene-yne cycloisomerization reactions 34
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The reported transformation involves a complex rearrangement after the instauration of the new C-C bond.
The group of Fiirstner, the same which proposed the former synthesis, gave also a unified mechanism in
order to describe the behavior of those transformations (figure 1.1.4). Once the olefin binds the activated
metal-alkyne complex by slippage of the metal moiety, a series of resonance structures contributes to
stabilize the carbocation-carbenoid that is forming. The specific prevalence of a structure with respect to
another is dependent on the specific structure of the substrate and the possibility to form stable products.
Moreover, we see that the attack is selective by the alkene to the alkyne and not vice versa. This comes from
kinetic reasons, since we saw in case of the ethylene/acetylene that the alkene can even be a better ligand
than the analogous alkyne. The situation of both the molecules coordinated represent as well a probable
unreactive path, coming from the excess of donating electron density at the metal center; in this condition,
the carbophilic activation fails for an increasing back-donation at the alkyne moiety. In conclusion, the
activation of m-systems toward nucleophilic attacks by soft electrophilic centers can be a formidable tools
for generating new complex structures. However, the complex mechanistic variables are many, determining
a difficult prevision of the reaction outcome. Thus, the application of gold and platinum chemistry in
synthesis are still rather limited if compared to the impressive number of mechanistic studies aimed to

understand reactivity and selectivity of such processes.

1.2 Relativistic effects in late transition metals catalysis

Although the introduction of the carbene-carbocation hypothesis was not supported by clear experimental
evidence, it is now extensively accepted 1oF
by the scientific community. In

particular, by these model it was possible

$
s

to predict the particular affinity of soft
and hardly-oxidizable late transition

metal cations toward unsaturated C-C
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molecules. The effect of the charge and °

.. . 0.85}
the coordination number is as well o)

predicted, anticipating cationic e T

monocoordinated LAu(I)" complexes as Z

the best scaffold for alkyne coordination  Figure 1.2.1 6s orbitals relative contraction in function of the
and activation. All these features have @lomic number Z
been explained taking into account the relativistic contraction of the 6s orbital (figure 1.2.1), which affects
the 5d orbitals energy and enhances their diffuse character, since they are more screened. This phenomenon

can be experimentally put in evidence considering the high energy of the L-Au coordinative interaction,
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with L a phosphine or carbene ancillary ligand. As well, this effect contributes to determine the large value
of the gold first ionization potential (9.22 eV against 7.57 eV for Ag). Lastly, it determines the formation of
really singular Au-Au interactions with energy similar to a H-bond.'™ A computational analysis of the
different coordination number and geometries on d'° configuration metals highlights the tendency of Au(I)
to be involved in di-coordinated complexes of linear geometry. The reason of this behavior is demonstrated
to match with the high deformation energy needed for bending the linear geometry of di-coordinated species
and free another coordination site. On the other hand, the interaction contribute to the formation energy of
tricoordinated complexes is negligible in order to explain differences in the behavior of 11" group metals.
Indeed, considering the same set of ligands (with the same charge), the calculated association energies are

similar for all the monovalent cations of the 11" group.!®’

These features have a fundamental implication in gold(I) catalysis, that exclude the formation of
tricoordinated-Au(I) complexes as first step of catalytic transformations. It is indeed necessary to liberate a
coordination site, often by removing a halide, in order to obtain carbophilic activity. However, once the
coordinative site is free, the catalyst can be extremely reactive: the potential deactivation by coordination
of more alkene/yne moieties is indeed inhibited. Summarizing all these aspects together: Au(I) metal centers
constitute an extremely efficient electrophilic scaffold due to its soft character and the limited back-donation
toward alkynes antibonding orbitals. The unfavorable oxidative addition at the metal center and its soft
character make possible for Au(I) complexes to tolerate a notable range of functional groups, extending the

variety of substrates on which we can apply these transformations.

1.3 C-H bond functionalization and the Fujiwara reaction

The direct functionalization of a C-H bond has always been one of the most fascinating perspectives in the
field of synthetic organic chemistry. Thinking about these processes, it is present a strict analogy with cross-
coupling reactions. For example, in a generic Suzuki coupling an organic halide RX is activated by oxidative
addition at the Pd(0) catalytic center, to give a residue that may be coupled to another organic fragment,
carried by an organoborane species in this case. Taking any organic molecule, likely, it would be rich of C-
H bonds as “functional groups” over all its backbone. The possibility to selectively activate one of those
bonds as it were a C-X bond could lead to new atom economic and convenient paths to afford important
molecular targets. Notwithstanding, the challenges to achieve the desired reactivity are extremely tough to
face. A hydrocarbon bond is indeed rather stabler than a generic C-X bond. The low difference in
electronegativity and good orbitals overlap ensure a poorly polarized bond with low zero-point energy, even
considering differences depending on the formal carbon hybridization state. The history of C-H bond
functionalization is quite recent and sees its major developments in the last two decades. From a mechanistic

point of view, different activation modes have been proposed and the energetic demand for each of them
15



depend on the substrate and catalyst. In the literature, four different classes have been proposed, each one
containing other sub-cases: electrophilic activation, oxidative addition, o-bond metathesis and 1,2-
addition.!'”! Inherently to the electrophilic properties of catalysts that are able to perform carbophilic
activation, we can focus only on the first class. The oxidative addition at Au(l) centers is indeed a rather
rare reaction'"®1!) and the last two activation modes are limited to some specific compounds and early TMs

complexes bearing multiple-bonded ligands (only for the 1,2-addition mechanism).

Electrophilic

L1 LG

.M\/’Op “'M‘ tj-o M,
ES AMLA()  AMLA(S) | AMLA(S)
ICMD : ICMD
= O or halide Q=c O=H =0
R S VR RS A3 R ERRS O R R A e
N N ] N ]
E_;J)—_Py;u — [_3}—?_:1—0 — ['_')}—Pd—u
A r S vl ]
wE—H o wba O SN T
Hl!.‘ H'J\H""'H' H H +
H H H H

AMLA(&)/CMD

Figure 1.3.1 C-H activation by electrophilic substitution mechanism; A) Common transition states for
electrophilic C-H activation: ES (electrophilic substitution), AMLA/CMD (amphiphilic metal-ligand

activation or concerted metalation-deprotonation); B) AMLA/CMD mechanism with 6-membered

transition state; C) DFT-predicted mechanism for methane activation "2

In figure 1.3.1 are reported the main activation modes for electrophilic C-H functionalization. As it is put
in evidence, the presence of halides or an heteroatom able to abstract the proton is fundamental, taking the
transition state to assume also 4 or 6-membered ring geometry. In the case of ES mechanism, for aromatic
substrates it is commonly named electrophilic metalation (EM), since the reaction develops by a Wheland-
type intermediate. The proton abstraction often represents the rate determining step (r.d.s.) of the process;

it has to be assisted by an external base (intermolecular mechanism).

Despite all the attempts to classify the experimental evidence and computational studies into precise
overviews on the mechanism of these reactions, exceptions always exist. In 2000 Fujiwara and co-workers
reported an interesting system for the alkenylation of arenes via direct C-H functionalization.!'2!] The
scheme reported in figure 1.3.2 showcases an unusual type of reactivity toward alkyne
hydrofunctionalization. It is well known that palladium acetate can perform metalation of arenes (reaction

A) and subsequent functionalization of alkenes (the so called Fujiwara-Moritani reaction).
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Figure 1.3.2 A) Oxidative functionalization of alkenes; B) Catalytic hydroarylation of ethyl propiolate

with 1,4-di-methoxybenzene

The same reaction attempted on alkyne substrates provided unusual reactivity. Indeed the reaction B
achieves only the addition product to the alkyne, with particular selectivity toward the Z-isomer. Some of
the product undergoes a further cycle to afford the double addition product formation and complete
saturation of the former olefin. Anyway, this last product is obtained only at high catalyst loading (5 mol%).
A screening of catalysts outlined Pd(II) species to be abundantly superior with respect to Pd(0) complexes,
such as Pd(PPh;)s or Pd/C. The TFA environment is fundamental for maintaining the metal center bound
only to labile ligands and favoring the formation of the reactive cationic species. The same reaction
undergoes an evident decrease in rate changing either the solvent or the counter-anion: an unsuccessful
attempt was done using PdCl,/AgOTf. Only the addition of a small amount of DCM in 1:4 v/v ratio with
respect to TFA was found to improve the substrate solubility, without losing activity. Adding an external
ligand (1 eq. to Pd) was shown to slightly improve the final yield, but an excess generates the opposite
effect. The analysis of the scope of this reaction show very good tolerance toward a broad variety of electron-
donating functional groups, while maintaining high selectivity for the Z-isomeric product. Interestingly, the
product regioselectivity is uniquely dependent on the nature of the substituents on the alkyne. Indeed,

electron-withdrawing groups orients the aryl addition on distal position (anti-Markovnikov product).
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Figure 1.3.3 Proposed mechanism by Fujiwara and co-workers and experimental isotopic experiments

While, electron-donating groups have the opposite behavior, favoring the vicinal addition of the aryl with
respect to the substituent (Markovnikov regioselectivity). In figure 1.3.3 is reported the mechanism
proposed by the authors basing on the experimental evidence. The first step of the cycle is the electrophilic
metalation by the cationic Pd species (B) after detachment of one TFA moiety (A). The hypothesis is
partially corroborated by 'H NMR analysis of equimolar pentamethylbenzene and Pd(OAc), in TFA
mixture, observing the disappearance of the signal of the substrate aromatic proton. Nevertheless, the most
controversial step is represented by the trans-addition of the aryl group to the olefin (D). It is known by
many mechanistic studies that this process should result in a cis addition and consequently lead to the E-
product. On this basis, Alper et al. proposed a kinetically driven isomerization of the vinylic complex,
passing through a di-polar intermediate.”” Another hypothesis postulates an outer-sphere activation

mechanism (red mechanism of the scheme) in order to afford directly the Z-product, by an intermolecular
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nucleophilic attack of the arene to the electrophilic center generated on the alkyne (C”). The transformation
probably passes through a Wheland-type intermediate. The cycle is closed by protonolysis of the
metallavinyl complex and regeneration of Pd(OAc"), (E). Isotopic experiments confirmed the protic
demetallation performing the reaction in TFA-d,. In this conditions the trans deuterium addition is almost
completely selective. On the other hand, hydroarylation of deuterated benzene in normal TFA (reaction II)
yields only a negligible amount of deuterated product. Moreover, a control test (reaction I) excludes a H/D

exchange in the hydroarylation product.?3124

2. Gold-catalyzed processes

2.1 Hydrofunctionalization of alkynes

As outlined in the former sections, gold complexes constitute an extremely valuable choice as catalysts for
a broad range of applications.!*12°) Regardless its high price, the elevate stability of Au species and their
broad range in terms of electron properties contributed taking gold at the center of a large number of studies
in the last two decades. Since costs in the chemical industry are a non-negligible aspect to be considered, a
solid methodology and prevision of the system behavior is needed before going to proper applications. The
unique alkynophilicity of Au(I) complexes could indeed be a powerful tool for the activation of such
compounds toward nucleophilic attacks. but the interpretation of the mechanistic-path that leads to products
is not often clear or experimentally supported. The carbocation-carbenoid formalism (figure 1.1.4) could

give some hint for the interpretation of the following reactions.

R R
O AuCl, or InCly (5 mol%) O X
X
Z ]
O toluene, 80 °C O

w~ " [Au,Cl, (dppm)] (2.5 mol%) -
RS ~_NH
AgSbFy (5 mol%), CH,Cl,, 35 °C 43 95 % (X = H, R = Me)

Ph

80 % Ph 95% (X = CI, R = Me)
36 40 59 % (X = Br, R = OMe)
“Puil”
O | O
X AuCl (5 mol%) I ‘
N r~.|2 LN - X X
— i 1 2-shift toluene, 80 °Cc O O
[Au] "Push” [AH] Ph E [Au]
46 47

77 % (X = Br)
76% (X=1)

Figure 2.1.1 Pull and Push mechanism in Schmidt Figure 2.1.2 Change of selectivity by vinylidene

[27]

reaction for pyrrole synthesis intermediate  formation in  phenanthrenes

synthesis *%)
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The first example (figure 2.1.1) report an acetylenic-adapted Schmidt reaction, catalyzed by a binuclear
Au(I) complex. The alkyne electron density is pulled by the metal center, according to the carbophilic
activation mechanism, favoring the nitrogen nucleophilic attack and the slippage of gold along the triple-
bond axis. On this particular framework, the carbenoid rendition suites perfectly in order to explain the role
of the metal back-donation in the electrophilic cleavage. After nitrogen liberation, the carbocation can be
regenerated by 1,2-shift and isomerization to achieve the desired product. In the case of figure 2.1.2, it is
reported a curious change in selectivity varying the catalyst. In order to explain the halogen shift during the
cyclization, the Au(l) alkyne complex may pass through a vinylidene intermediate formation. Also in the
case of AuCl; we have some possibility for the vinylidene intermediate formation, which leads to the 5-exo-

isomer formation.?’!

The two former examples are merely illustrative. The important concept that has to pass through is that the
reactivity of those systems is extremely various and deeply linked to the specific nature of substrates. The
lack of prevision and the difficulties on mechanism interpretations are still now the main concerns that limit
their synthetic applications. Moreover, in the literature such processes are often limited to their “simplified"
intramolecular version. Keeping the focus on intermolecular alkyne functionalization by protic nucleophiles

HNu, the reaction mechanism can be typically reduced to the one reported in figure 2.1.3.
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Figure 2.1.3 General mechanism for cationic gold(l)-catalyzed alkynes hydrofunctionalization
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The cycle completely resembles the outer-sphere mechanism proposed for the Fujiwara reaction. Moreover,
the tendency of gold to form geminal alkynyl and vinyl complexes leads to unreactive species toward the
desired reaction. The nature of the nucleophile could be different (heteroatom-based or carbon-based
nucleophiles) with obvious implications on the activation parameters in the catalytic cycle. Keeping the
focus on alkynes hydroarylation reactions, it is not possible to unambiguously define the r.d.s, of the process.
Initial studies conducted by Reetz confirmed the general selectivity trends reported for the Pd-catalyzed
process.’% The hydroarylation of ethyl propiolate with mesitylene in nitromethane was addressed with a
broad variety of catalysts. As result of this screening, gold(I) complexes show to be more effective than
simple salts such as AuCl or AuCls, regarding both activity and product selectivity. The process does not
request the presence of an acid co-catalyst but an increase of the equivalents of arenes is needed in order to
achieve high yields. In general, the most favorable conditions for this reaction see the activation of electron-
poor alkynes toward electron-rich arenes. The right choice of the ligand is fundamental in order to modulate
the catalytic performance of the process. Strong electron-donating ligands support the protonolysis step!*!
and improve the complex stability. On the other hand, increasing the electron density on the gold center
enhances the r back-donation to the alkyne, with possible issues on the substrate activation. The activation
of electron rich olefins by Au(l) catalysis is as well possible using poorly-donating cationic ligands, as

reported by Alcarazo with its cationic pyridinophosphine ligands.?)

R'= -Ph, -i-Pr
Au(I) cat. 5 mol% R OACF
®/ >P—Au OACF R
AgBF, 5 mo]/ R
ee
=Ry

(CHy),Cly, 60°C 5 mol% R

60% in 10 min

R=-Me, -OMe Ry, Ry=alkyl, -H,
CF; -Ph, -COOEt
Et LAY \©/CF3

CF,

TFA/DCM, 25°C R,

Figure 2.1.4 Hydroarylation of phenyl acetylene Figure 2.1.5 Gold(lll) cyclometalated (P,C)

with mesithylene catalyzed by Alcarazo catalyst complexes as catalyst for electron rich alkynes

activation

The catalyst reported in figure 2.1.4 is also able to perform hydroarylation of phenyl acetylene with
mesitylene in DCE under mild conditions. Indeed, even the gold oxidation state plays a role on the activation
of such challenging substrates. Simple salt AuCls, suitably activated by exchange of the chloride with a non-
coordinating anion, was already known to be able to perform hydroarylation of alkynes, also in absence of
acid conditions.l*?I33 Recently, Bourissou and co-workers reported cyclometallated (P,C)Au(III) complexes
with excellent results on their application in catalysis. The hydroarylation of the electron-rich phenyl- and

diphenyl-acetylene with 1,3,5-tri-methoxybenzene (TMB) and mesitylene leads to almost complete
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conversion in short reaction times at 5 mol% of catalyst loading and Fujiwara-type conditions (figure 2.1.5).

For this system, the presence of TFA is necessary in order to unlock activity.

2.2 Role of the counter anion and the “silver effect”
As it was anticipated in the previous sections, the cleavage of one coordinative bond at the gold(I) center is
fundamental for generating the monocoordinated, cationic active species. This concept is common for all

35361 However, in the process

electrophilic gold catalysts and it is already reported in the literature.!
optimization the role of the counter ion is often considered marginal with respect to other parameters (nature

of the ligand, temperature, solvent, etc). In figure 2.2.1 is reported a pie chart collecting the data on

4%  10% experimental studies on gold catalysis

— published in 2017. It is evident that the study

of the counter anion effect are limited only to

I only ligand 17% 14% of the studies that have been undertaken.
= 2;{5?;:193220” Under this framework, the screening study
= Z:'l:ii:rséritou nterion 31% conducted by Hashmi and co-workers aims to
I only solvent, temperature, concentration furnish a solid procedure for the counter-ion

jon. B34
Figure 2.2.1 Catalytic process optimization basing on selection.”™ As overall result, the authors

the procedures in 2017 (116 publications at 16.11.2017,  outlined that the pattern of reactivity on a
Scifinder, keyword: gold catalyzed) ™! benchmark reaction by changing counter
anion is similar for different complexes. Thus, the counter-ion screening should precede the selection of the
ligand for a target reaction. The species that allows to reach the highest reactivity are typically

noncoordinating and rigid anions such as NTf, or SbFs".

Classically, the more convenient method to afford the anion exchange is the substitution of a halido ligand
(often a chloride) by reaction with a silver salt. This method is easy and effective, even though it leads to
some disadvantages. First of all, the catalyst could undergo only partial activation, regardless the anion
exchange is assisted by precipitation of AgCl. As second and more important drawback, silver species
cannot be considered as innocent. The presence of silver in solution could involve the gold complex in
formation of bimetallic species with detrimental or even advantageous effects in catalysis. The formation of
silver-vinyl gold complexes has been reported by Zdhanko and Maier, and the silver effect has been tested
in hydroalkoxylation reactions.!*”! Before them, in 2009, mechanistic studies on these species were carried
out in the context of the intramolecular hydroarylation of allenes.*®! To make an example, it is evident the
case of diphenylacetylene hydration catalyzed by IPrAuCl/AgSbFg (figure 2.2.2).2" In absence of the silver
salt precipitate, the cationic gold complex cannot yield the desired ketone. A control test excludes either the
possibility of AgSbFs to perform the addition of water at the triple bond.
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Figure 2.2.2 Bimetallic Au/Ag catalysis for the diphenylacetylene hydration 1>

This reaction is a clear case of Au/Ag bimetallic catalysis, that, together with the purely gold catalyzed
processes, represents the extremes of a broad number of cases. Most commonly it is observed a simple
silver-assisted catalysis, where either the gold complex, the silver salt or their mixture can perform the same

reaction (examples are reported in figure 2.2.3).

(A) OAc [Au] cat. Os
m CHZClp, 1 ”

Bu Aco BU
only gold only silver Au +Ag
cat. 2% [IPr-Aul*+BF 4 5% AgBF, 2% IPrAuCl/AgBF,
yield 10 min, 87% 6h, 83% 10 min, 90%
(B) 0 Ph O
AcO 5 [Au] cat. ’\H\ -
——Bu - e
PH CH,Cl,, NBS, 1t PH Bu Bu
Br 2z Br g
only goid only silver Au + Ag
cal. 29 [PPhaAu]*+Ti,N- 5% AgNTf, 2% PPhaAUCIAgNTI,
yield 2 h, B4% 2h, B9% 2 h, B6%
ZIE=1:3 ZE=1:10 2/E =1.5:1

Figure 2.2.3 Ag-assisted gold catalysis of an electron-rich alkyne A) intramolecular hydroarylation B)
hydration

In order to evaluate the performance of the gold complex upon a selected reaction, it is indeed needed to
ensure that the silver salt does not participate. The easier method is by filtration of the solid precipitate after
activation or even by substituting silver with another Lewis acid as chloride extractor such as BF3'Et,0.5”]

Other silver-free methods involve the use of protic polar solvents (water or alcohols) or Deep Eutectic
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solvents (mixtures of an halide salt and an hydrogen bond-donor) as reaction media. Under these conditions,

the chloride anion can liberate the active site to perform carbophilic activation at the gold center.

3. Ionic Liquids as reaction media for cationic gold-catalysis

3.1 Definition and interest in ionic liquids

Since before of the beginning of the century ionic liquids, or molten salts, were described as fluids that are

completely comprised of ions.*") By this definition, any ionic compound above its melting point could have

been included in this category. Nowadays the term “ionic liquids” is referred only to salts with melting

temperature under 100°C. They can be liquid even at room temperature, colorless and poorly viscous. The

chemical nature of these species is quite broad and the cation or anion moiety can be changed independently.

In figure 3.1.1 are reported examples of ionic liquids and a table reporting the melting points of some

imidazolium-based salt.
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Figure 3.1.1 Chemical nature of cations and anions in ionic liquids and melting points of some

imidazolium-based salt *"

The principle behind their physical state has to be allocated to the scarce intermolecular interactions between

the oppositely charged ions. The cation is typically an asymmetric and hindered organic molecule, with low

ability as H-bond donor. The anion could be either an halide or, as it is often the case for room temperature
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ionic liquids, a noncoordinating fluorinated anion.*! In the last two decades the interest in these fluids is
increased as sustainable reaction media, in substitution to classic organic solvents. The wide range of
chemical, physical and electrochemical-stability, together with the lower polarity with respect to water,
makes these species extremely appealing for the immobilization of homogeneous catalysts.!**) Moreover,
their polarity and other physical properties, such as the relative solubility of organic substrates or gases, can
be finely modulated by selection of the cation and anion moieties. The application of ILs media for
homogeneous or, more often, biphasic catalysis is already reported in the literature for a broad variety of

443144 From a mechanistic point of view,

reactions and methodologies for catalyst recovery and recycling.!
it is hard to observe if the catalytic process occurs in the IL phase, in the organic one or even in both of
them. However, since the organic solvents are not capable to extract the complex, it is more probable that
the product forms in the ionic medium through a similar mechanism observed in classic solvents. All these
concepts can generally be applied also to gold catalysis. The cationic active species formation is indeed
favored by charge stabilization and weak intermolecular interaction. As appointed by Chauvin’s work on
alkene hydroformylation, hydrogenation and isomerization catalyzed by phosphine rhodium complexes, the

cationic active species are not solvated by ionic liquids. 3 The catalytically active species reported in figure

3.1.2 is supposed to be in equilibrium with the monohydride neutral complex after deprotonation.

-H*

[RhH,(PPh;),(Solv.),,]* [RhH(PPhs),(Solv.),,]*

Figure 3.1.2 Protonation equilibrium of the catalytic active species for catalytic hydrogenations

Dissolving the complex in BMIM SbFs only one signal has been observed by *'P NMR, indicating the
presence of only one symmetric species: probably the di-hydride complex with two free coordinating sites.
This feature could explain why, in some cases, the IL environment leads to improvements in terms of
catalytic activity and even selectivity. This effect has been recorded also by Biffis and co-workers in the
case of the hydroarylation of ethyl propiolate with mesitylene catalyzed by IPrAuCl/AgNTf; (figure
3.1.3).14

0 CH
CH, IPrAuCl xmol% CH, 3

0 AgNTf, xmol% N
+ :—( N +
OEt solvent mOOEt HyC CH(;OOEt
H;C CH H;C CH;
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Mono-/Di-hydroarylation

Conditions Alkyne conversion
products molar ratio
BMIM NTHf3, 0.5 mol% cat. , 3h > 90 % 5:1
(CH»):Cl;, 60°C , 5 mol% cat. , 4h >90 % 2:1

Figure 3.1.3  Effect of the IL media on propiolic acid hydroarylation with mesitylene

The same reaction is reported to be much more efficient in BMIM NTf5, achieving more than 90% of alkyne
conversion and improved selectivity toward the single adduct formation. In order to have a comparable
result in solvent DCE, the catalyst loading has to be increased from 0.5 to 5 mol% and the reaction performed
for longer times at higher temperature. As shown in the reaction mechanism reported in figure 1.2.3, the
different cationic species involved in the catalytic cycle can benefit from the stabilization by the IL medium.
Moreover, the ionic environment is thought to favor the proton transfer, lowering the energy barrier to
overcome the protonolysis and afford the hydroarylation product. Both these effects contribute to an overall

improvement in the catalytic performance.

4. Coumarins as synthetic target

4.1 State of the art in coumarins synthesis and transition metal-based approaches

Coumarins are a specific class of heterocycles, recognized by the typical structure reported in figure 4.1.1.
The interest in these specific compounds falls on their potential biological activity, thus their
implementations as possible Active Pharmaceutical Ingredients (API) in pharmaceutical industry. The
planar, rigid structure can lead also to luminescent features, a characteristic that make them appealing for

formulation in paints or even for optoelectronic devices and chemical sensors*”!,

OH Ph
6 Yy
0

7 Warfarin Scoparone Armillarisin A
0 @] (anticoagulant) (immunosuppressive) (antibacterial)

O,:,,
0 m
Osthole Methoxsalen Agasyllin
(antitumor) (inhibitor of human cytochrome P450) (antlhactenal and antioxidant)

2H-1-benzopyran 2-one
(coumarin)
MeQ’

Figure 4.1.1 Coumarin backbone and some example of biologically active coumarins and

chromophores™*®
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Regardless that most of these species can be found in nature, a synthetic approach is more indicated in order
to obtain precise molecular targets. The nature and position of the substituents over the heterocycle leads to
a fine modulation of the physico-chemical properties. It is well known that natural coumarins tether an
oxidized group in position C-7. Together with functionalization in position 4 and 6, a pronounced inhibitory
activity toward acetylcholinesterase and anti-inflammatory properties have been recorded. Analogously,

substituents in positions C-3 and C-4 may enhance anticancer activity.[*]

However, the direct
functionalization of the aromatic moiety can be quite challenging, since the aromatic ring is less active than
a benzene one. On the other hand, the unsaturated 3,4 bond is reactive and organometallic based methods
have been developed for the selective functionalization of this site. Methods involving cross-coupling are
well suited for the scope, but an halogen moiety is needed in order to activate the position. Another route
involves the direct C-H activation by electrophilic metalation. Nevertheless, if the selective
functionalization of position C-3 is performed by electrophilic palladium complexes, reaction at position 4
is less facile and dependent on the nature of the fragment we want to couple. The direct synthesis of
coumarins could solve the problem at the origin. Starting from Perkin in 1868, organic methods have been
developed and implemented to the synthesis of coumarins (figure 4.1.2). However, consistent presence of
by-products is inevitable using these traditional approaches, principally focused on acid/base catalysis or
strong base activation of reactive species, such as enolates or Wittig-type reagents. A catalytic methodology
based on TMs chemistry should improve the overall atom-economy of the process. The available approaches

are many and all of them involve as substrates a phenol derivative and a functionalized olefin. The same

reaction can be proposed with intermolecular or intramolecular mechanisms (figure 4.1.3).

CHO Perkin reaction CHO ey
+ Br” “CO,Et * E10,C” 'R
OH \ ) / OH
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. M CO,Et O: + phSP,f,— M.CD_ Et
oH © OH
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. Wittig reaction
. R
@\ + NC f \r’
OH (

o]
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Figure 4.1.2 Synthetic methods based on traditional organic chemistry'*®!
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Figure 4.1.3 Overview on organometallic-based approaches for coumarin synthesis™*®

Since the discovery of the alkyne hydroarylation processes by Fujiwara, coumarins were targeted as
synthetic challenge, in order to put into evidence the technological relevance of palladium and platinum
complexes on C-H bond functionalization.*”1°! Nowadays the focus is more directed on gold-catalyzed
approaches, due to the excellent carbophilicity of this metal and stability of its species towards moisture and
air. In the literature, an intramolecular approach is mainly reported. The group of Banwell put into evidence
the excellent performance of Echavarren’s catalyst for the cyclization of aryl alkynoates and others
heterocycles formation (figure 4.1.4).°152 Moreover, a standard method was provided for the synthesis of
these substrates, bearing a terminal alkyne moiety. On the other hand, intermolecular approaches are quite

rare and principally based on Pd(Il) and Pt(I) catalysts, but also on Fe(IIl) in DCM/TFA mixtures.

Au(]) cat.
CH,Cl,
OO 18°C, 1h OO
R R
= If 66% to quant. yield NG
+ -
t-Bu [SbF]

t-Bu-P—Au—N=Me

Echavarren's catalyst

Figure 4.1.4 Intramolecular hydroarylation of aryl propiolates proposed by Banwell and co-workers™?
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4.2 Aim of the project

Now that the theoretical bases have been settled down, it is important to define the questions this thesis want
to address. As outlined in the former section, coumarins are a very attractive target for pharmaceutical
industry and TMs chemistry furnish a series of different strategies in order to yield these species in good to
excellent yields. The use of organic solvents is extensive and varies consistently with the chosen synthetic
approach. Hydroarylation of alkynes are rather frequently performed under Fujiwara-type condition
(DCM/TFA mixture), in order to ensure the cationic active species formation and good homogeneity of the
system. The activation of electron rich arenes is particularly successful in these conditions, while higher
temperatures and more electrophilic catalysts are required for non-activated arenes and electron-rich
alkynes. The present work aims to formalize a sustainable approach concerning the synthesis of coumarins
by hydroarylation of propiolic acid derivatives. The use of ionic liquids has been already reported to provide
improved activity and selectivity in Au(I)-catalyzed intermolecular hydroarylation of alkynes with arenes
and heteroarenes.>*! The same system has been adapted for our process, making possible a two steps/one-
pot synthesis of coumarinic targets. Being all the components commercially available, the thesis will mainly
focus on understanding how the reaction parameters affect the system behavior in term of activity and
selectivity. The presence of an acid source may be fundamental in order to accelerate the reaction rate to an
appreciable extent, assisting both the protodeauration step (figure 2.1.3) and even the lactonization step that
leads to the coumarin (figure 4.2.1). The system will be tested on different and challenging substrates (e.g.
electron-rich alkynes) for expanding the reaction scope to a significative extent. Under this framework,
(P,C)-cyclometalated Au(Ill) complexes will be also evaluated as potential catalyst for the activation of
unreactive substrates toward Au(I) catalysts. Since Bourissou’s (P,C)-catalysts have been tested only under
Fujiwara conditions on selected electron-rich arenes (TMB, mesitylene),¥ a step-by-step process will be

followed in order to evaluate the response to the change of substrates and media.

Au(l) cat. in OH 0 0
~OH 0 lonic Liquid g7 Y COOR"  R'OH  pf Y
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Acid-assisted cyclization

Figure 4.2.1 Direct synthesis of coumarins by alkynes intermolecular hydroarylation in ILs
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Chapter 2
Gold(I) catalyzed processes

1. The starting point

1.1 Selection of the ionic liquid

The research group of Applied Organometallic Chemistry has shown keen interest on these systems in the
past few years, studying how IL environments could benefit the catalytic performance in gold catalyzed
hydroarylations. Before starting to report the results of the last research activity, it is indeed opportune to
introduce the former experimental evidence. The systematic study on the main parameters that affect the
catalytic performance was carried out by Sara Bonfante (A.A. 19/20), who clarified the dependence of the

system reactivity on the nature of the IL.5!

Ph;PAUCI 0.5 mol% CO,Et CO,Et
o AgSbF¢ 0.5 mol%
* /k + + N
=z Of 0.75 ml [BMIM]'[X]", 40°C CO,Et
Et0,C._~
2.5 mmol 2.5 mmol EtO,C. =~ EtO,C =
Alkyne conversion
Xr ]
[Yo]

[NTE] 96

[OTL] 0

[BF] <1

[PFe] 1

Figure 1.1.1 Hydroarylation of ethyl propiolate by mesitylene after 3h of reaction

The effect of the counterion in cationic gold catalysis has been extensively reported in the literature.** In
particular, a rigorous evaluation of the electron density distribution, H-bonding basicity and coordination
ability of the anion is fundamental for the catalyst selection and optimization of a determined process. This
effect is obviously confirmed also in IL media, where the anion component nature determines drastic

changes in the system reactivity, as outlined in figure 1.1.1. Confirming former studies,'** NTf," is by far
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the best candidate for promoting the analyzed reaction. Thus, less coordinating counteranions do not
succeed in the stabilization of intermediate species involved in the catalytic transformation. On the other
hand, strong coordinating anions would bring the catalyst to the formation of a tight ionic couple, shutting
completely down the system reactivity. Since the r.d.s. of the reaction is often not clearly defined and
strongly dependent on the nature of the substrates and the gold complex electronic properties, the Bronsted
basicity of the IL anion should affect only marginally the reaction rate. More incisively, being our system
a biphasic heterogeneous mixture, a slight change in the substrates solubility into the reaction media could
bring to a not-negligible change in reactivity. In order to quantify this aspect, the Hildebrand solubility

parameter has been taken as reference (figure 1.1.2).

Ionic liquid ®
[MPa'?]
BMIM BF4 31.6
BMIM PFs 29.8
BMIM NTf; 26.7
BMIM OTf 25.4

Figure 1.1.2 Hildebrand solubility parameter of the IL in function of the anion reported by Lee and

Marciniak POI37]

In order to be miscible, two different substances should interact by similar intermolecular modes. This
aspect can be translated as a similarity of their solubility parameters. Coming back to the reaction of figure
1.1.1, it is now more clear why the system shows higher activity in BMIM NTf; than, for example, in BMIM
BF,4. The two counter anions have similar features concerning the Lewis and Bronsted basicity, but BMIM
BF4 has a higher § value which is likely less compatible with the ones of the substrates. About the
contribution of the cation, it is much less strong, since it does not affect Lewis and Bronsted basicity but
only the Hildebrand solubility parameter, and to a relatively limited extent: thus, the system is much less

sensitive to the choice of the cation and its optimization is strictly substrate-dependent.

1.2 Screening of the operating conditions

The selection of the catalyst, and the preliminary screening of the reaction conditions and scope was carried
out by Pietro Bax (A.A. 20/21).°8 At the very beginning, Au(l) complexes with ligands with different
basicity were tested on a benchmark reaction such as the formation of coumarin upon hydroarylation of 3-

phenylpropiolic acid with sesamol (figure 1.2.1). Since the first tests, the 3-phenylpropiolic acid showed
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higher activity than the ethyl 3-phenylpropiolate. This behavior is probably linked to the acidic proton of
the carboxylic acid, which accelerates the protodeauration step and, in general, the reaction rate. Moreover,
the acidic conditions assist the subsequent cyclization step (figure 4.2.1, in Chapter 1), in order to obtain
the desired product. Nevertheless, if the influence of the functional group seems quite clear, the analysis of

the behavior of the different complexes gave unexpected results.

(6] Au(I) complex 0.5 mol%

0 0._0
0 OH AgSbF¢ 0.5 mol% <
< + & OR o = + ROH
o) 0.75 ml BMIM NTf,
Ph

R=-H, -Et 40°C

2.5 mmol 2.5 mmol
i-Pr i-Pr F
ot N O
2; t-Bu */i:’u* t-Bu t-Bu *j’u* t-Bu @A}I)UQ
cl NTE, NTE, 4 F
a b c d
Decreseaing ligand basicity
Sesamol
Alkyne conversion ™¢  Coumarin yield > ¢
Catalysts * conversion > ¢
[%e] [%0]
[Yo]
IPrAuCl (a) 69 (54) 78 (61) 60 (32)
(t-Bu);PAuNTT; (b) 65 (48) 66 (75) 53 (29)
tBuXPhosAuNTHf; (c) 55 (48) 63 (59) 43 (29)
(FCsHs);PAuCl (d) 229 48 (2 9 229

Figure 1.2.1 Catalysts screening for the synthesis of coumarins by intermolecular hydroarylation;
“ The catalysts with NTfy counter anion do not need to be activated in situ by AgSbFs, * conversions and
yields are calculated by "H NMR at 24 hours of reaction time; ¢ the reported data in parentheses are
referred to ethyl phenylpropiolate as substrate, otherwise they are referred to phenyl propiolic acid; *

data referred to 72 hours reaction time

In contrast to former studies on the hydroarylation of simple alkynes, the more electrophilic complex d
gave the poorest results in terms of catalytic activity, determining only 2% of sesamol conversion after 72

hours reaction time. Instead, the more electron-rich complexes a, b and ¢ showed good activity, reaching
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the best results with the IPrAuCl, which afforded the desired product in 60% yield after 24 hours. From
these results is quite clear that the carbophilic activation of the alkyne is not the r.d.s. of the process. On the
other hand, the Au-C bond cleavage seems to be more energy-demanding. This hypothesis further
corroborates the role of the acidic proton in determining the different reactivities observed for the

phenylpropiolic acid and the ethyl phenyl propiolate.

After the best catalyst has been selected, the effect of the temperature on the catalytic performance was
extensively studied. In general, the best working conditions for these type of processes revealed to be in the
range between 40-60°C. In fact, for lower temperature values the process starts to become too slow with
these substrates, and above 60°C the stability limit of the gold complex is reached, corresponding to low
product yield due to the catalyst decomposition. As last feature, varying the molar ratio of the two substrates
was considered a valuable option to supply the loss of alkyne during the process; In fact, due to the side-
reactions of decarboxylation and/or hydration of the propiolic substrate, unactive species toward the
hydroarylation reaction are formed. Unfortunately, the first attempts to increase the molar ratio of the alkyne
to the arene afforded a worse process selectivity (figure 1.2.2). Consistently with the increase of the alkyne
loading, phenylacetylene and acetophenone are produced in 41% yield already after 3 hours of reaction.
Moreover, despite the increase in the final coumarin yield, the hydroarylation rate does not increase as
observed for the by-products formation processes. A possible explanation to this behavior deals with the
relative solubility of the substrates into the reaction medium. Consistently with this hypothesis, an increase
of one substrate quantity can result in the drop in solubility of the other one, explaining why the reaction

ratio slows down. However, further evidence is needed in order to understand this phenomenon.

(¢} IPrAuCl 0.5 mol% o o
OH AgSbFg 0.5 mol% 0
O g 6 V. 0 <
™ : e
o 0.75 ml BMIM NT¥, 0
40°C Ph
2.5 mmol x mmol
Decarboxylation
Molar ratio Ti Sesamol Alkyne Coumarin and hydration
ime
sesamol : [h] conversion * conversion * yield * products
alkyne [%] [%] [%] yields °
[Yo]
1:1 3 37 54 22 32
x=25mmol | ,, 51 64 ) 22
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1:2

x =35 mmol 24 67 75 63 43

Figure 1.2.2 Effect of the molar ratio on phenylpropiolic acid hydroarylation, * conversions and yields
are calculated by 'H NMR analysis and referred at 24 hours of reaction time; ° yields quantified on the

signals of phenylacetylene (singlet at 3.08 ppm, 1H) and acetophenone (singlet at 2.59, 3H)

2. Intermolecular hydroarylation of 3-phenylpropiolic acid for the

synthesis of 4-substituted coumarins

2.1 Protocol optimization

Once the preliminary studies were completed and a starting protocol was developed, we started with the
optimization of a designed process. For convenience, we kept sesamol as aryl substrate: since we got already
a large amount of data on this substrate, it allows an easier screening and interpretation of the effect of
changing the reaction parameters. Initially, we introduced HBF4Et,O as an acid co-catalyst, with the aim
to increase the process activity and selectivity. Indeed, the acidic proton should increase the rate of the
protodeauration step and assist the cyclization of the hydroarylation product, in order to afford the final
coumarin in higher yields. Moreover, keeping protonated the carboxylic functional group, it should be
possible to depress alkyne decarboxylation. On this last point, also the use of the ester is obviously a

valuable choice in order to definitely avoid this side-path.

O IPrAuCl 0.5 mol%

0 OH AgSbF 0.5 mol% O Ofoor . ROH 0 00
( :I©/ - z <o & > <o =
0 Re i . 075 ml BMIMNTE,
’ HBF,-Et,0 10 mol% Ph Ph
2.5 mmol 2.5 mmol 40°C
Sesamol Alkyne Coumarin Z-alkene
Time
Conditions [h] conversion conversion yield yield
[%o] [%0] [%o] [%0]
1 9 27 8 1
R=-H 3 20 47 14 5
24 26 56 16 10
R=-H, 1 59 83 56 -
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HBF4+Et,O 3 61 9 59 -

10 mol% 24 61 94 61 :
R=-Et 1 47 51 14 33
HBF,Et,O 3 54 56 19 35
10 mol% 24 65 86 52 14

Figure 2.1.1 Screening of the acid co-catalyst effect on the system and varying the substrate, yields and

conversions are calculated by 'H NMR analysis;

The results of the conducted test are reported in the figure 2.1.1. As expected, the presence of the strong

Brensted acid strongly affect the reaction rate, affording 59% of product in only three hours. Even th

cyclization step turns to be so fast that the direct hydroarylation product is not observed anymore in th

€

(&

NMR spectra while using phenylpropiolic acid as substrate. Unluckily, we did not obtain an analogous

effect concerning the process selectivity. In particular, even if we succeeded in limiting phenyl acetylen

€

formation through decarboxylation, the alkyne hydration rate dramatically increased. As it is reported in

figure 2.1.2, we clearly see that the characteristic singlet at 3.1 ppm of the phenyl acetylene alkynyl proton

is not present in the test containing the acid co-catalyst.

Provag.0 1 1 "Cil aver\OneDrive\D P i ancesco Raverainmr" Prova2.l 1 1 "C:\Usersiraver|OneDrive Deskcop Master thesis IR Francesco Raveraimmc”| | '

R=-H

Scale : 1.081Shift : -0.0068 ppm = -2.0395 Hz  Prova2.2 1 1 "C:\Users'raver Rg;:H;kcH]BF;AmETi)@FIiLmoi %._»
0 L

©)J\CH3 \ 7

e IS

Seals 1 1,192 Frevad.0 1 1 "Ci\Users)raver OneDrive Desitop Master thesis\NER\Franceses Raveraimme'| |

R=-Et, HBF4Et,0 10 mol% [

AR A [

T T T T T T T T T . T . T T T T T T
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Figure 2.1.2 '"H NMR (300 MHz, CDCI3) of the crudes after 1h of reaction; the highlighted region
contains all the characteristic signals of the by-products coming from the alkynes hydration and/or

decarboxylation
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At the same time, a signal matching with the —CH; protons of the acetophenone is evident. A reliable
explanation is that it is formed by decarboxylation of 3-0x0-3-phenylpropanoic acid. This last species is
indeed present in the reaction mixture containing HBF4. It is recognizable by the singlet at 4 ppm (red-lined
spectrum), which disappears upon time: after 24h the signal is not present anymore. In the case of the ester,
the hydration product forms in minor quantities with respect to the process involving the carboxylic acid
and the hydroarylation reaction proceeds at a comparable rate; on the other hand, the subsequent cyclization
step is more difficult in that case. However, we need further experimental evidence in order to clarify the

exact mechanism for acetophenone formation,

In order to exclude the possibility that the acid can catalyze alone the reaction, a blank test was performed.
At 3h of reaction a 'H NMR spectrum was recorded and 0.5 mol% of AgSbFs were added for determining
a potential contribute. Another "H NMR spectrum was taken after further 3h reaction time. None of the two
spectra reported product traces or, interestingly, even by-products signals. This reveals that is the gold
complex that assist the decarboxylation, probably via an intermediate with the carboxylate group
coordinated to the Au(I) center.® Now, it is clear the catalyst is also responsible for the alkyne degradation
that we observe in the course of the reaction. Consequently, we thought to lower the catalyst loading for
limiting the direct hydration of the phenylpropiolic acid; moreover, 4A molecular sieves were used to dry
the employed IL and were also added in the reaction mixture to sequester the water coming from the
cyclization step. In order to increase the homogeneity of the system and avoid issues concerning the mixture
stirring, the system was diluted by doubling the IL volume. The results of the test are reported in figure
2.1.3 and it is clear that introducing the molecular sieves at lower catalyst loading the hydration reaction
rate slows down. At the same time, we achieved to obtain analogous results concerning the final product
yield. Comparing these data to the ones reported in figure 2.1.1 for phenylpropiolic acid susbtrate, the new
system shows to be as active as the test performed with 0,5 mol% of gold complex and the acid co-catalyst.
Indeed, both the experimented conditions allow to reach almost 60% of sesamol conversion after only 3
hours of reaction. At the same time, the alkyne conversion is markedly decreased (76% instead of 92% for
the former test) as effect of the limited by-products formation. This test was repeated during my stay in
Toulouse, using an internal standard for the quantitative calculations: 1 mmol of 1,2.dichloroethane or 1,2-
di-methoxyethane. The results is curious because we obtain system with a different behavior in terms of
reactivity and stability. In such type of system we afforded a higher coumarin yield at 24 hours of reaction
(72%), revealing the catalyst to have a long life-time. At the same time, the catalytic activity decreases,
since we recorded only 27% sesamol conversion after 3 hours. This effect could be due to the increased
phase separation between the ionic liquid phase (mainly containing the catalyst) and the organic phase

(mainly made out of the substrates and standard), or even to an interaction of the internal standard
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coordinating with IPrAu’. As further result, we do not see changes in reactivity or selectivity toward the

hydration products.
O IPrAuCl 0.1 mol% o oH o o o
0 OH AgSbFg 0.1 mol% COOH -H,0
( ]@/ + = OH < = .« =
o) 1.5 ml BMIM NTf, o 0
HBF4Et,0 10 mol% Ph Ph
2.5 mmol 2.5 mmol 4A molecular sieves
40°C
Alkyne
Time Sesamol conversion Coumarin yield = Z-alkene yield
o conversion o, o
[h] [Yo] [Yo] [Vo]
[%o]
1 30 31 30 -
3 57 76 57 -
24 63 85 63 -

Figure 2.1.3 Yields and conversion grades basing on 'H NMR analysis

2.2 Expanding the reaction scope to other arenes and electron rich alkynes

Next step was to evaluate the possibility to activate different type of substrates. Firstly, we attempted to
activate more electron rich triple bonds, such as the 2-hexynoic acid. This species is indeed more
challenging to get involved in the hydroarylation process, due to the electron donating aliphatic chain. The
substrate showed reactive toward the hydroarylation reaction (see figure 2.2.1). Using 0.1 mol% of catalyst
sesamol conversion is limited to 12% in the first hours of reaction. At longer reaction times the process
loses selectivity, affording only 12% coumarin yield after 24 hours. An increase of IPrAuCl loading to 0.5
mol% allows the system to reach 44% coumarin yield after 3 hours, while at 24 hours no further
improvement is recorded. This behavior is probably due to the side-reactions of decarboxylation/hydration
involving the 2-hexynoic acid. In fact, the higher the catalyst loading, the faster the characteristic signal at
2.06 ppm, that corresponds to the 2-pentanone alpha protons, is detected by 'H NMR. Further experiments
with excess 2-hexynoic acid as substrate are planned. Interestingly, the collected spectra of the test at 0.1
mol% IPrAuCl loading present other signals which are responsible for the low yield of the reaction. This
species presents signals similar to the ones of sesamol but located at higher frequencies. Further tests are
needed in order to establish both the exact chemical identity and the mechanism of formation of this by-

product.
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(0] IPrAuCl x mol%

H
o OH AgSbFg x mol% <O COOH -H,0 <0
SORIN A e O

o 1.5 ml BMIM NTf,
HBF,Et,0 10 mol%

2.5 mmol 2.5 mmol 4A molecular sieves
40°C
Sesamol conversion Coumarin yield
IPrAucCl x mol%
[Yo] [Yo]
0.1 mol% 12 (52) 7 (12)
0.5 mol% 50 (48) 44 (43)

Figure 2.2.1 Yield and conversion calculated by '"H NMR analysis of reaction crudes at 3 hours of

reaction (in parenthesis are reported the calculated data at 24 hours)

Changing the focus to other type of phenols, the system starts to show its true limitations. The causes are
often related to the limited solubility of the phenols in BMIM NTf,. In order to better clarify this aspect,
we chose three electron rich phenols with different polarities. The pattern of reactivity seems to be quite
clear, since the more polar phenols got the better conversion with respect to the 4-tert-butylphenol, which
did not afford any product. For the same reason, the 3.4,5-tri-methoxyphenol showed higher yields than the
analogous 3.4,5-tri-methylphenol. In this last case, we achieved better results by reverting to the protocol
developed in the case of sesamol (figure 2.1.1). In these conditions, the reaction affords 56% hydroarylation
product yield after 24h of reaction, even though the selectivity of the process toward the alkyne conversion
decreases (33% of the substrate undergoes hydration and decarboxylation to afford acetophenone).
Moreover, it was already clear by previously reported results that the cyclization step for more hindered
phenols than sesamol starts to be challenging. This is even more pronounced for those substrates with
substituents next to the C-H bond interested in the hydroarylation. Coming back to the 3,4,5-tri-
methylphenol, the hydroarylation product obtained in 53% yield has to undergo the final lactonization to
afford the coumarin. The solution to this problem is apparently trivial, since it is sufficient to increase the
temperature after hydroarylation to promote substrate lactonization. However, increasing the temperature
compromises catalyst stability; under these circumstances recycling of the catalytic system becomes more

difficult.
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(@) IPrAuCl 0.1 mol%

R OH R 0._0
R OH AgSbFg 0.1 mol% COOH -H,0
R 1.5 ml BMIM NTf, R R
R HBF,-Et,0 10 mol% R Ph R Ph
5.5 mmol 2.5 mmol 4A molecular sieves
40°C
Acetophenone
Phenol conversion Coumarin yield = Z-alkene yield
Conditions yield
[%o] [%o] [%o]
[%o]
R, R’ =-Me 15(57)* 5(53)* 10(3)* 15(33)*®
R, R’>=-OMe 51 46 5 9
R=-H,
- - - 9
R’ =t-Bu

Figure 2.2.2 Conversions and yields analysis by 'H NMR varying the phenol substituents; “ reaction
conditions: IPrAuCIl/AgSbFs 0.5 mol% , HBFyEt:0 10 mol% , 0.75 ml BMIM NTf> at 40°C

3. Adapting the process to terminal alkynes

3.1 Coumarins and late-stage functionalization at position 4

Until now, we considered synthetic methodologies involving internal alkynes in the intermolecular
hydroarylation process. This methodology is particularly convenient, in order to afford coumarins with
simple substituents at the position C-4 of the final product. Ideally, the alkyne moiety can even be
prefunctionalized through a simple Sonogashira coupling (figure 3.1.1), so to extend the complexity of the

structures we can obtain.

| DBU, Pd(PPh3),
| + =——COOH > X
[ DMSO, r.t., 12h |

R o
R

Figure 3.1.1 Copper-free Sonogashira coupling for the synthesis of 3-arylpropiolic acid derivatives,

according to Chem. Comm. 2017, 53, 10136/

Obviously, the more we modify the substrates, the less predictable is their behavior in the hydroarylation

reaction. In that case, a post-functionalization of the 4-H coumarin would be a convenient choice, in order
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to generate precise synthetic targets with potential bio-active features. Selective processes for specific
substitution at the position 4 of the coumarin ring are already reported in the literature.*®! A further factor
supporting the post-functionalization strategy is that terminal alkynes present usually higher reactivity than
the analogous internal ones towards direct coumarin synthesis. In particular, the propiolic acid revealed to

be so far the most reactive species among all the other alkynes we tested.

OH t-BusPAUNTf, 0.5 mol% OH -H 0.__0
/@/ . /?\ u3PAUNTf; 0.5 mol% /©/\)C00H 20 /©/\j
-Bu == OH 0.75 ml BMIM NT%, Bu Z -Bu Z

HBF,4Et,0 10 mol%

2.5 mmol 2.5 mmol 40°C
Time Phenol conversion Coumarin yield Z-alkene yield
[h] [%] [%0] [%0]
1 66 22 -
3 75 27 -
24 86 30 -

Figure 3.1.2 Propiolic acid hydroarylation by 4-tertbutyl phenol C-H bond activation, yields and
conversions were calculated by 'H NMR (300 MHz, DMSO-ds) analysis

[rell

Proval3.1 3 1 "Ct OneD!

atb

A, £

T T T
45 4.0 35 [ppm]

Figure 3.1.3 Highlighted region cointaining the most characteristic signals of the di-hydroarylation

product
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As it is reported in figure 3.1.2, using the catalyst t-BuPAuNTf,, analogous in reactivity to the carbene one,
we succeeded in activating a species that previously seemed to be unreactive in our IL medium.
Surprisingly, more than a half of the substrate was already converted in only one hour of reaction.
Nevertheless, in order to evaluate the catalytic performance of the system, we cannot neglect an important
issue related to process selectivity. Indeed, compared to the high conversions of the arene, we obtain poor
yields of the desired product. The most abundant species is indeed the one formally deriving from an
additional hydroarylation of the «, f-unsaturated bond of the coumarin product. This species is recognized
in the '"H NMR spectrum by the typical pattern of signals due to the diasterotopic protons at position 3 and
the proton at the stereocenter (position 4), that originate respectively two doublet of doublets and a triplet
of relative intensities 2:1 (see figure 3.1.3). The mechanistic hypothesis for the by-product formation has
been developed on the reaction that involves sesamol as aromatic substate and catalyst [IPrAuNTf,. As
reported in figure 3.1.4. we tested the reactivity of the isolated coumarin 6H-[1,3]dioxolo[4,5-g]chromen-
6-one in equimolar amount with respect to sesamol, evaluating systematically all the components of the

system.

OH IPrAuNTf, 0.5 mol% OH -H 0._0
o) o rAuNTf; 0.5 mol% 0 oon 20 0
§ e < —
0 -~ OH 0.75 ml BMIM NTf, o Z o} Z

HBF,Et,O 10 mol%
2.5 mmol 2.5 mmol 40°C \ >‘<

0 OH 1) 0.__0 IPrAuNTf, 2 mol%
< ]@/ * < R ——— No reaction
o) [¢) Z 0.75 ml BMIM NTf,
0.1 mmol 0.1 mmol 40°C, 6h
B)
o} OH 0 0._0 ==—COOH 05eq
< ]@/ * < I No reaction
0 0 / 0.75 ml BMIM NTf,
0.1 mmol 0.1 mmol 40°C, 3h

© ==—COOH 0.5eq

<O]©/OH <Omo Only new coumarin
. - . L

o o _ IPrAUNTE, 2 mol% formation is observed

0.75 ml BMIM NTf,

40°C, 6h
(addition of HBF4 10 mol% after 3h)

0.1 mmol 0.1 mmol

Figure 3.1.4 Hypothesis for the formation path for the di-hydroarylated product and experimental

observations

42



As indicated by the different experiments, we did not afford the di-hydroarylated product starting from
preformed coumarin under any of the reported conditions. In the tests A and B the situation appeared static
for all the observation time, while for experiment C we could detect an increase of the coumarin signals
intensity and again no formation of the di-hydroarylation product. A potential contribution by the acid co-
catalyst was also evaluated on the experiment C, adding 10 mol% of HBF, after 3 hours of reaction. After
this addition, the hydroarylation rate increased until taking the reaction to quantitative conversion of the
alkyne. Basing on these experimental evidence, we can finally conclude that the second hydroarylation has

to precede the lactonization step. A complete representation of the catalytic cycle is reported in figure 3.1.5.

H,0 0
o
COOH COOH
IPrAu’—] M OH

H - COOH
IPrAu* IPrAu” H
E OH
Lo
IPrAu
/cogg COOH
OH IPrAu—|| COOH
t (0]
O o—/
o—/

4
&

Figure 3.1.5 Catalytic cycle for the intramolecular hydroarylation of propiolic acid
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3.2 Overlook on the process optimization and scope

Once understood the mechanism of formation that lead to the by-product, we focused on trying to increase
the reaction selectivity with respect to the coumarin yield. Since the catalyst IPrAuCl has been extensively
tested in former experiments, obtaining as best result a product distribution coumarin/dihydrocoumarin 1:1
with 0.5 mol% of catalyst and no acid co-catalyst at 40°C, we initially tried substitute the [IPrAuCl catalyst
with the phosphine complex (t-Bu);PAuNTY,, which revealed to be less active but more selective for the
single hydroarylation in the process involving sesamol. Also the effect of the temperature was verified, but
it seems to play a marginal role on the selectivity. All these results have been rationalized on the reaction

involving 4-tert-butylphenol as aromatic substrate (figure 3.2.1).

OH 0 t-BuyPAUNTF, 0.5 mol% OH -H,0 0._0
+
Bu = TOH 0.75mIBMIMNTE, (. & t-Bu Z

HBF,Et,0 10 mol%

2.5 mmol 2.5 mmol
Molar ratio
Phenol conversion Coumarin yield
Conditions coumarin/di-
[%o] [Yo]
hydrocoumarin
Full selectivity
40°C, no HBF4 9 (15)* 9(12)*
(7:1)*
40°C 57 (78)* 22 (20)* 3:4(1:2)*
60°C 83 18 1:2

Figure 3.2.1 Screening of the reaction selectivity under different conditions; the reported data are

referred to 'H NMR analysis of crudes at 3h of reaction; “ collected data at 24h of reaction

Even with the different catalyst we did not succeed to obtain consistent improvements in selectivity. The
presence of the acid co-catalyst revealed to be fundamental in order to obtain good reactivity. The last factor
we can change consists in the substrates molar ratio. As it is well known, the alkyne coordination at the
gold center should be preferred with respect to the alkene one. Furthermore, the mass-effect of the alkyne
should also increase the reaction rate, allowing us to perform the process at room temperature. From former
experiments using [PrAuCl as catalyst, with a molar ratio arene/alkyne of 1:2 the process did not show a

tangible improvement, so we increased it to 1:5.
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IPrAuCl 0.5 mol%

R OH R 0._0
R OH O AgSbFg 0.5 mol% COOH  -H,0

+ //( R = E—— R Pz
R OH 0.75 ml BMIM NT¥,

R HBF,"Et,0 10 mol% R’ R
2.5 mmol 12.5 mmol 25°C
Molar ratio
Phenol conversion Coumarin yield
Conditions coumarin/di-
[Yo] [Yo]
hydrocoumarin
Sl 91 (92)* 81(83)* 17:1 (19:1)*
R =-0-CH;-O- S
R, R’ =-Me 100 100 Full selectivity

Figure 3.2.2 'H NMR conversions and yields analysis at 3h of reaction, varying the aromatic substrate

in propiolic acid hydroarylation; * calculated data at 24h of reaction

The first test was performed with sesamol as aryl substrate and the result was surprising, reporting high
conversion of the substrate in only 3 hours of reaction, and high selectivity using IPrAuCl/AgSbFs. The
quantitative yields and conversions are reported in figure 3.2.2. Changing the substrate to 3,4,5-
trimethylphenol the reaction performed even better, affording quantitatively the coumarin in the same
amount of time. This effect could be determined by the presence of a hindering substituent near the

unsaturated bond that should coordinate the gold complex, favoring instead the lactonization step.

3.3 Conclusion and future aims

On this chapter it has been reported how intermolecular hydroarylations could represent a powerful
synthetic tool applied to organic chemistry. The gold(I) catalytic active species takes furthermore advantage
from the unique nature of the IL medium, improving the reactivity and stability of the system, even at low
loadings of catalyst and mild conditions. Nevertheless, the ionic liquid environment leads to some
disadvantage, mainly related to the poor solubility of less polar substrates into the media. The scope of the
reaction has indeed to be better explored, trying also to improve the process outcome for those substrates
that are more challenging, such as alkyl substituted phenols. On the other hand, the activation of electron-
rich alkynes represents an important achievement related to the versatility of the system on the synthesis of
4-substituted coumarins. The suppression of the contribution of the hydration/decarboxylation side-paths
is a crucial point that has to be further explored, in order to achieve higher yields. Meanwhile, the process

involving propiolic acid hydroarylation showed very good reactivity and enhanced selectivity by employing
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an excess of alkyne in the reaction mixture. The defined protocol has anyway to be extended to other type
of phenols, in order to confirm the relevance of the reaction under these new conditions. The quantity of
wasted alkyne per reaction is indeed relevant, especially on the hypothesis of scaling-up of the process.
Under these considerations, the possibility to recycle or even reuse the same system for another batch-

reaction would be extremely interesting.
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Chapter 3
Gold (IIT)-catalyzed intramolecular hydroarylation

1. (P,C)Au(III) cyclometallated complexes as hydroarylation

catalysts

1.1 The state of the art on intermolecular hydroarylation catalyzed by (P,C)-gold(I1I)

complexes

As already anticipated in the introductive chapter, gold-catalyzed hydroarylations present a case where two

different oxidation states of the same metal are shown to have the same ability to promote these reactions.

Treating this as a tool for organic synthesis, we see increased the assortment of gold complexes we can use

in term of different electronic properties. Hence, we are ideally able to extend the scope of the substrates

we can hydrofunctionalize. Under this framework, the (P,C)-cyclometalated catalysts!!®! developed in the

LBPB team at the University of Tolouse, led by Prof. Didier Bourissou, represent singular species bearing

a ligand with no reported analogous for gold(I) counter-parts. Under the reaction conditions reported by

Fujiwara in the early 2000s, in his first work on arenes alkenylation,!'!) these Au(IIl) catalysts were shown

to be incredibly active in the intermolecular hydroarylation of alkynes.

OAcF

|
R,P— Au-OAcF Ph
2 Zph

OMe
OO X mol% MeO OMe
+ Ph————P"Ph >
MeO OM Solvent, 25°C

¢

OMe
Cat. loading NMR Yields
Solvent
[mol%] R=i-Pr R=Ph
CD:Cl, 5 0 % (24h) 0 % (24h)
TFA/ CD;Cl; (1:20)* 5 82 % (4h) 90 % (24h)
TFA/ CH:Cl, (4:1)° 5 99 % (0.5h) 99 % (0.5h)
AcOH/ CH:Cl, (4:1)" 5 0% (1h) 0% (1h)
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TFA/ CH;C, (4:1)" 1 99 % (1h) 99 % (1h)

TFA/ CH,Cl, (4:1)° 0.1 91 % (4h) 98 % (3h)

1 eq. of TMB, [alkyne] = 0.2 M ; °2 eq. of TMB, [alkyne] = 1M

Figure 1.1.1 Intermolecular hydroarylation of di-phenylacetylene with TMB under optimized

conditions*

The higher electrophilicity of the Au(Ill) metallic center enables the activation of electron-rich alkynes,
such as the di-phenylacetylene (figure 1.1.1). On this system, a crucial role is played by the TFA/DCM
environment that ensures a fast cleavage of the Au-C bond, which likely is the r.d.s. of the process.
Lowering the acid content in the TFA/DCM media, from a ratio 4:1 to 1:20, the catalytic activity sensibly
decreases. Meanwhile, changing the nature of the acid to the more coordinating acetic acid totally shuts
down catalysis. This effect indicates that we need a labile ligand in order to form the active tri-coordinated
species. The different substituents on the phosphorus atom of the ligand further modulate the electronic
properties of the complex, influencing the catalytic performance. Indeed, the complex bearing the ligand
with P-isopropyl substituents sees its electrophilicity decreased and performs worse in activating the di-
phenylacetylene. The stability of the system was also tested, performing the reaction in technical solvents
under air, obtaining only a marginal decrease in activity. Interestingly, the control tests concerning a
potential silver effect on the gold catalysis led to a zero-dependence by the adopted methodology, i.e. in-
situ activation or pre-formation of the catalytic active species with filtration of the Agl precipitate. The
system showed to be really robust for potential applications. In the same work, the authors showed how
their system at 5 mol% catalyst loading in TFA/CD,Cl, 1:20 is comparatively better than the state of art in
gold(Ill)-catalyzed hydroarylation. In particular, a series of selected Au(Ill) complexes bearing a PCP
pincer and (N,C) type ligands were shown to perform worse than the considered (P,C) cyclometalated
species. In fact, the reaction was reported to yield traces up to 59% of product on the best performance,
after 3 days of reaction with 5-10 mol% of catalyst loading. Moreover, the importance of the ligand
architecture and the gold oxidation state was highlighted by comparison with the simple AuCls/AgOTf and
the analogous Au(I) complexes bonding only the phosphorous moiety of the (P,C) ligand: 66% and 47%
product yield in 24 hours of reaction were obtained respectively by these two species. In conclusion, the
(P,C)Au(Ill) cyclometalated complexes developed in Toulouse represent an interesting species to be
applied on coumarin synthesis. The higher oxidation state could allow us to further expand the reaction
scope, activating either electron-rich alkynes or electron-poor arenes, whereas Au(l)-based catalysts do not

enable reaction of the latter. Some example of hydroarylation of terminal or alkyl phenyl substituted alkynes
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has been already reported, achieving excellent results. On the other hand, some feature concerning the
reaction mechanism are still to be explored, due to the presence of isomers that may imply an inner-sphere

hydroarylation pathway.

1.2 Adapting the new complexes to coumarins synthesis via intermolecular

hydroarylation

Before approaching the direct application of such complexes in ILs media, we followed a step-by-step
process in order to better evaluate the response of the catalysts to the change of substrates. The catalytically
active species was prepared from (P,C)Aul, by anion-exchange assisted by Agl precipitation, and tested on
the ethyl phenylpropiolate hydroarylation with TMB (figures 1.2.1 and 1.2.2). Since the reaction was shown
ineffective in AcOH/DCM media, we excluded the possibility to use the 3-phenylpropiolic acid as substrate.
The reaction achieved quantitative conversion of the alkyne in 1 hour and 99% of NMR calculated yield,

with respect to the internal standard hexamethylbenzene.

! oA
i-Pr,P— Au-1 AgOAct 2 eq. i-Pr,P— Au-OAcF

rt. .30, DCM

Figure 1.2.1 Activation of the active complex by anion exchange

(I)ACF
i-Pr,P— Au-OAcF

OMe P >cooEt
1 mol% MeO OMe
/@\ + Ph———COOEt -
TFA/DCM 4:1, 25°C
MeO OMe

OMe

2 mmol 1 mmol

Figure 1.2.2 Intermolecular hydroarylation of ethyl phenylpropiolate with TMB 5%

At this point, we tried to integrate a phenol as aromatic substrate inside the process. In order to have a
comparison with the work done in Padova, we chose sesamol. Surprisingly, the reaction did not yield any
product. Conducing the same test with 5 mol% catalyst loading led to the same outcome. Recording a *'P
NMR spectrum of the reaction crude, we could notice the peak of the phosphorus disappearing and two

new signals downfield growing up in presence of the phenol in solution (figure 1.2.3). It is quite clear that
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sesamol leads to a change in the catalyst structure. Indeed, the final proof comes by a competitive test were
sesamol and TMB are inserted in the same mixture together to the alkyne and the (P,C) complex (figure

1.2.4).
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Figure 1.2.3 3'P NMR(121 MHz, CDCI3) of the reaction crude with sesamol compared to the isolated

catalyst spectrum

(I)AcF
i-Pr,P— Au-OAcF

OMe
0 OH OO 1 mol%
* < :©/ +  Ph—==—COOEt » No reaction
MeO OMe 0 TFA/DCM 4:1, 25°C
1 mmol 2 mmol 1 mmol

Figure 1.2.4 Hydroarylation of ethyl 3-phenylpropiolate with TMB inhibited by the presence of sesamol

The reaction again achieved no product in 2 hours of reaction. None of the substrates undergoes degradation
during this time. Having confirmed that the process inefficiency deals with the hydroxyl moiety of sesamol,
we did not conduct further studies for determining the mechanism of the catalyst deactivation. The easier
explanation to this behavior sees a possible coordination of the phenol at the metal, forming two different
phenolate complexes (cis and trans isomers with respect to phosphorus). Even if the ligation by oxygen-
donating groups to gold is quite rare, these species have already been reported in the literature in the case
of NHC Au(I) complexes, and the bond nature was analyzed by computational DFT and NBO studies.®!!

Moreover, the higher oxidation state leads to an increased oxophilicity of the gold center, favoring the
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formation of a coordinative bond with the phenolate. In these condition, the formation of the tri-coordinated
active species would be quite energy demanding, and so the coordination of the alkyne becomes disfavored.
Under these considerations, we tried to assist the Au-O bond cleavage by increasing the temperature to
40°C, however it resulted ineffective. Once learned that the process with free phenols is not possible, even
testing the catalyst in IL media results pointless. We then turned to evaluate the possibility of coumarin
formation by an intramolecular approach, in order to avoid the presence of the free hydroxyl functional

group before the hydroarylation step.

2. Intramolecular hydroarylation

2.1 Aryl alkynoate synthesis and intramolecular hydroarylation in Fujiwara

conditions

The first step was to find an efficient method for the aryl alkynoate synthesis. After a careful screening of
the reported methodologies, we opted for a standard esterification assisted by DCC and DMAP as basic
catalyst (figure 2.1.1). The DDC-alkyne adduct formation at 0°C is typically recognized by a change in the
solution color, that turns from colorless to orange. The ester is formed together with the precipitation of the
solid dicyclohexyl urea. The presence of the base DMAP in catalytic amount allows the formation of small
quantities of phenolate that reacts faster in the nucleophilic addition/substitution. The desired aryl alkynoate

has been obtained pure after filtration and further work-up by flash-column chromatography.

v

0 OH COOH  DCC,DMAP o 0 0 O]©/ 0

o NesaeRNe

<o]©/ i Ph/ DCM, 0°C to r.t ﬁl{ o> ° [ N)LN
14h O HN—<:> 1 H H

1eq. 1.1eq.

Others inactive abducts

Figure 2.1.1 Synthesis of 3,4-(methylenedioxy)phenyl 3-phenylpropiolate according to 1%

Since this product has not yet been reported in the literature, a full characterization routine by NMR and
HRMS was required. In particular, the connectivity of the molecule has been established by COSY, HMBC
and HMQC experiments, while the correct mass end elemental composition of the species was determined
by HRMS, detecting the molecular ion signal enhanced by chemical ionization (chemical formula Ci6H10Os4,

MM =266.05 g/mol). Once we isolated pure the desired molecule, we were ready to test it on the cyclization
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reaction in order to afford the analogous coumarin (figure 2.1.2). The reaction revealed to be extremely
efficient, enabling the quantitative cyclization of the product within 1 hour, even at low catalyst loadings
and mild reaction conditions. The di-phenyl substituted catalyst showed again to be superior concerning
the activity, yielding total conversion of the substrate at 25°C and 0.1 mol% of complex. In these condition,
the di-isopropyl analogous finds its first limitations, leading to only 8% of product in the same time, and
55% in 24 hours of reaction. Anyway, increasing the temperature to 40°C the system is shown to regain
efficiency. Regardless the better performance allowed by the biphenyl substituted complex, this species is
markedly less stable, undergoing degradation with time. Therefore, it needed to be stored at low

temperatures, protected from light sources.

(I)AcF
R,P— Au-OAcF

0 0.0 0._0
< j©/ x mol% <O
0 || 0 P

TFA/DCM 4:1, 25°C
Ph Ph

NMR Yields * [%]

t0 t1/2h tlh t3h t24h
R =i-Pr
0 93 100 = =
0.5 mol%
R =i-Pr
0 8 19 18 55
0.1 mol%
R =i-Pr
0 - 100 = =
0.1 mol%, 40°C
R=Ph
0 - 100 - -
0.5 mol%
R =Ph
0 - 100 = -
0.1 mol%

Figure 2.1.2 Catalytic test on 3,4-(methylenedioxy)phenyl 3-phenylpropiolate in Fujiwara conditions,

* NMR calculation vs internal standard hexamethylbenzene

2.2 Adapting the process in BMIM NTf;
Now that we have elucidated that cyclometalated (P,C) complexes can effectively afford coumarins via
intramolecular hydroarylation, we can focus on integrating the ILs media on this type of process. Taking

as starting point the process developed for [IPrAuCl complex, we started to screen different contributes on

52



the reactivity, such as the acid co-catalyst role and the loading of complex. In figure 2.2.1 are reported all

details and yields about the performed experiments.

I
I
Ph,P— Au-1

0 (0] (0] o 0 o
< x mol% <
0 | | o} =
AgSbF 2x mol%
Ph 0.75 ml BMIM NTf, Ph

HX 50 mol%, 40°C

NMR Yields ? [%]

t0 t1/2h tlh t8h t72h
Cat. 5 mol% 0 0 0 0 0
Cat. 5 mol%
0 83 83 83 91
TFA
Cat. 5 mol%
0 100 - - -
HNTf,
Cat. 1 mol%
0 68 100 - -
HNTf,

Figure 2.2.1 Aryl alkynoate cyclization in IL and screening of the reaction conditions; * quantitative

calculations are made vs internal standard 1,2-di-methoxyethane at different times, from 0 to 72 hours

As expected, the presence of a strong Brensted acid is necessary in order to support the protodeauration
step of the catalytic cycle. Still we got an influence in reactivity varying the counter ion of the active species.
The TFA co-catalyst determines lower activity compared to HNTf, probably for the higher coordination
power of trifluoroacetate compared to the bis(trifluorosulfonyl)imide counteanion. This is an interesting
result, because it is evident that we do not obtain the same catalytic active species in solution, despite the
considerable excess of the IL anion. Moreover, comparing this system to the one in TFA/DCM solution,
we notice a higher demand of complex in order to reach analogous results. This is probably due to the
heterogeneous character of the system and the much lower acidic conditions. Regardless these last aspects,
the IL environment could lead to some advantages concerning higher catalyst stability and easier
separations of the product from the reaction media. Obtaining a performing system even with such low
concentration of acid co-catalyst is indeed a feature related to the favorable nature of the medium toward

proton-transfer processes.
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Figure 2.2.2 Blank test of the HNTf> assisted aryl alkynoate cyclization, zoom on the more relevant

signals for the interested species

Concerning this last aspect, a control test about the acid contribution in the system revealed that HNTT is
able to perform the reaction even in absence of gold complex and in a not negligible rate. After 24 hours of
reaction the substrate is almost quantitatively converted in product, as shown in figure 2.2.2. In particular,
the two singlets at 6 and 6.13 ppm are highlighted, which correspond respectively to the aryl alkynoate and
to the coumarin methylene protons. Luckily, HNTf, showed to not be able anymore performing the process
at lower molar ratio. Indeed, at 20 mol% of acid co-catalyst we could not detect the product, even after 24
hours of reaction. Under these new conditions, we considered to further explore the effect of the acid anion,
taking as example three common acids used for the poor coordinating power of their counter-ion: HNTT,,
HBF4+Et;O and TfOH. All the analytic data are reported in figure 2.2.3. As expected, the pattern of
reactivity changing the acid species strictly follow the coordinating ability of the anion. This is evident for
the trifluoromethansulfonate, that leads to 80% of substrate conversion in 1 hour, instead of quantitative
yield as in the case of the other two acids. Again, the most electron-rich di-isopropyl substituted (P,C)
complex shows lower reactivity with respect to the di-phenyl analogous, which achieve a better
performance even with half of the loading (1 mol%). Although, further lowering the complex amount the
process finds its limitations. As reported, at 0.5 mol% the reaction cannot achieve full conversion of the

substrate anymore: after 24 hours of reaction, only 80% of product yield has been detected.
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i
R,P— Au-1

0 || < =
AgSbF4 4 mol% 0
Ph

0.75 ml BMIM NTf, Ph
HX 20 mol%, 40°C

NMR Yields ? [%]

R X t0 tlh t3h
Ph HNTf, 0 100 -
Ph HBF,-E,O 0 100 -
Ph TfOH 0 80 100
i-Pr HNTf, 0 35 100
i-Pr HBF.Et,0 0 28 100
Ph, 1 mol% HBF.Et,0 0 67 100
Ph, 0.5 mol% HBF.Et,0 0 32 63 (80)°

Figure 2.2.3 Screening of the acid counter-anion effect and process optimization, * yields calculated vs

internal standard 1,2-di-methoxyethane, ® calculated yield at 24h

3. Expanding the reaction scope

3.1 The challenge and simple substrates

Gold(Ill) chemistry is still an unexplored field concerning its catalytic potential on m-acid catalysis.
Moreover, in the literature are mainly reported as catalysts simple gold salts, thus, metal centers that are
not addressed with specific ligands. In particular the AuCls/AgOTf system reported by He constitutes the
starting point concerning Au(Ill)-catalyzed coumarin synthesis.[3133] On the other hand, gold(I)-catalysis
developed very quickly on this aspect and different authors got interest in potential application for new C-
C bond formation paths. In particular, the works of Banwell and co-workers have been taken as reference
on coumarin synthesis by gold(I) alkyne hydroarylation.’!I5264 In order to highlight the relevance of
(P,C)Au(IIl) complexes in the synthesis of such products, we selected a series of target molecules from the
before-mentioned works (see figure 3.1.1). The main aim of this part of the project is to expand the reaction
scope, trying at the same time to achieve the activation of substrates that have shown to be less efficient if

employed in cyclization processes.
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Extending the scope to the E R=-H, -Ph
sesamol/propiolate derivative B ———————————————————————

Comparison with He's work!!°]
(6} (6]
/©/ ]ﬁ Example of arene bearing
Br

on AuCl;/AgOTf catalysis
electron-withdrawing groups

Ph

I — @Om Me0/©/0]|
o o0
sEP<ERIS

Ph

I MeO I

'
'
'
'
\

Activation of electron-rich alkynes

Comparison with Banwell's works!!7118]

on gold(I)/(IIT) catalysis

Figure 3.1.1 Target molecules for extending the reaction scope with regard to the state of the art on the

synthesis of coumarins via intramolecular hydroarylation

3.2 Methoxy-substituted aryl alkynoates: reactivity and selectivity

As it has been shown and extensively discussed in the Chapter 2, the substrate polarity strongly affects the
reaction outcome in ILs media. In order to simplify the results exposition, the substrates reported in figure
3.1.1 have been divided with respect to the substituents on the aryl moiety of the species, starting from the
more polar methoxy-substituted compounds. Firstly, the effect of the alkyne nature, if terminal or

substituted, was tested on the same sesamol ester with propiolic acid.

I
|
Ph,P— Au-1

0 0.0 2 mol% 0 0.0
AT LT
0 l AgSbF4 4 mol% o =

0.75 ml BMIM NTf,
HBF,-Et,0 20 mol%, 40°C

Figure 3.2.1 3,4-(Methylendioxy)phenyl propiolate cyclization on optimized conditions
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The process, shown in figure 3.2.1, is extremely efficient, achieving full conversion of the substrate in only
1 hour and full selectivity toward the desired coumarin, with C-H activation at position 6. Moving on

methoxy-substituted coumarins the reactivity pattern is quite similar (see figure 3.2.2).

|
Ph,P—Au-1

(6] (0] 0 0 Y R
/©/ 2 mol% N
7 +
MeO f AgSbF, 4 mol% MeO 0
R 0.75 ml BMIM NTf, R o)
HBF,-Et,0 20 mol%, 40°C
Org. Lett. 2014, 16, 6008-6011
By-product
Time NMR Conversions NMR Yields *
R NMR Yields
[h] * %] [%o]
[Ye]
H 1 100 87 15
Ph 24 100 (78)° 64 (42)° 30(25)°

Figure 3.2.2 Cyclization of 4-methoxyphenyl propiolate derivatives, * yields and conversion calculation

vs internal standard 1,2-di-methoxyethane; b calculated data at 3 hours;

As it was expected, the substrate bearing the terminal alkyne moiety is much more reactive than the phenyl-
substituted analogous. Compared this last one to the former 3,4-(methylendioxy)phenyl 3-phenylpropiolate,
the lower polarity determines longer reaction times in order to reach full conversion. Interestingly, in this
process we meet issues concerning the selectivity. Indeed, the (P,C)-catalyst assists another reaction-path
to afford the consequent spirocycles by the mechanism proposed in figure 3.2.3. This cycle has been
reported by Vadola and co-workers!® basing on the experimental evidence on PhsPAu(I)-catalyzed ipso-
cyclization processes. As reported, the amount of water in the system assists the demethylation step of the
cycle. Moreover, the counter-anion of the IL (analogous to the silver salt effect in Vadola’s work) could
play a role concerning the stabilization of the cationic intermediate, promoting the 1,2-alkyl shift to come
back on the path that would afford the coumarin. Also the alkyne substituent plays a role to determine the
process selectivity, favoring the spirocycle formation in case of substituted alkynes with unhindered groups.
In the conditions proposed (Ph;PAuCl/AgOTf 5 mol% , DCM, H,O leq. at room temperature ) 4-methoxy
propiolate yields 74% product in 3 hours, while the phenyl-substituted propiolate achieves 85% yield in
only 1 hour. All these contributes on process selectivity have still to be investigated regarding (P,C)Au(I1I)

complexes and also a possible contribute by the IL medium should be evaluated.
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(P,C)AuNTf,"

substrate
coordination | LT TSl
L ~

MeO ‘ i
[Au] \©\ o

ipso-cyclization

MeOH
+
H+

MeOX
demethylation Ph

[Au]

1,2-alkyl shift

Figure 3.2.3 Proposed dearomative spirocyclization mechanism for the (P,C)Au(lll) complex

The last substrates we tested are the methoxy-substituted naphthyl propiolates.

I
I
Ph,P— Au-1

o)
=~ O 2 mol% ~
X || MeO—\

AgSbF4 4 mol%
0.75 ml BMIM NTf,
HBF4Et,0 20 mol%, 40°C

Time NMR Conversions ? NMR Yields ?
Isomer
[h] [Yo] [Yo]
7-MeO 3 100 100
6-MeO 3 95 92

Figure 3.2.4 Naphthyl propiolates cyclization, * yields calculated vs internal standard 1,2-di-

methoxyethane

58



We succeeded achieving the desired product with full selectivity for the vinylation at position 1. The
different position of the methoxy group did not determine changes in selectivity. Instead, little variations
in the substrate polarity generate a slight difference in reactivity, making the 6-methoxy substituted
substrate slower in undergoing cyclization. Seen these results, it is evident the (P,C)Au(Ill) complex

performs much better than the systems that does not tether any ligand (see figure 3.2.5).

Z O
MeO % Y Au(I)/(IIT) catalyst
o o L
| | DCM, 18°C OO
1 mmol
Loading Yield
Catalyst Time
[mol%] [%o]
IPrAu(I)Cl 3—-15 48 h no reaction
t-BuzPAu(I)Cl 3-15 48 h no reaction
Cys;PAu()Cl 3-15 48 h 3
Ph;PAu(DCI 3-15 48 h 3
AuCl 3-15 48 h 18
XPhosAu(I)NTf; 3 8h 95
Echavarren’s catalyst 3 10 min 100
Au(OAc); 15 16 h 8
AuCli/AgOTf 3 8h 89

Figure 3.2.5 Data reported by Banwell and co-workers on intramolecular hydroarylation of 7-

methoxynaphthyl propiolate

In fact, AuCls/AgOTTf at 3 mol% in DCM could achieve 89% yield for the 7-methoxy isomer cyclization
after 8 hours of reaction at 18°C. Au(OAc); perform even worse, yielding only 6% of product after 16 hours
at 15 mol% of catalyst loading in the same conditions. Moreover, the system shows competitive results
even compared with the reported gold(I) catalysts. Clearly, a direct comparison is difficult to establish due
to the different conditions the authors proposes in the work. Especially, Echavarren’s catalyst presents such

high activity that a direct comparison with the (P,C)-complex is hard to be drawn, also considering the
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intrinsic dissimilarities determined by the medium and the reaction conditions; the previously tested

gold(IIT) salts should be at least tested in presence of an acid co-catalyst in order to have a better comparison.

3.3 Less polar substrates and electron-withdrawing substituents: facing the

solubility limitations
Moving the focus on less polar substrates, the firsts limitations of the system emerges. The discussion starts

from the simple phenyl propiolate and phenylpropiolate (figure 3.3.1).

I
|
Ph,P— Au-1

o o
2 mol%
l =
AgSbF¢ 4 mol%
R 0.75 ml BMIM NTf,
HBF,'Et,0 or HNTf, 20 mol%
40°C
R Time NMR Conversion ? NMR Yield ?
[h] [Yo] [Yo]
H 24 70 (40-70) b 70 (100)®
Ph 24 93 87

Figure 3.3.1 Cyclization of phenyl propiolates in optimized conditions; * yields and conversions
calculated vs internal standard 1,2-di-methoxyethane; ° catalyst loading 5 mol%, ¢ calculation at 3h of

reaction

The first difference we can notice from the reported experimental evidence concerns the performance
changing the alkyne moiety. In fact, in this case a higher activity in case of the terminal alkyne is not
recorded, to the point that in the latter case an increment of the catalyst loading is necessary in order to
achieve full conversion. Changing the acid to HNTf. does not influence the reaction outcome. Both the
substrates show lower activity compared to the ones reported in the previous sub-chapter. The lower
cyclization rate makes furthermore evident signals due to side processes such as the ester hydrolysis. In
particular, the presence of free phenol in solution leads to the deactivation of the catalyst, and consequently
low amounts of coumarin are produced. This problem is really relevant for aryl alkynoates bearing electron
withdrawing groups, such as the 4-bromophenyl phenylpropiolate. In this case we succeed achieving only
24% coumarin yield after 24 hours and a consistent portion of substrate, almost 20%, was converted to its

constituents. Increasing the catalyst loading to 5 mol% did not improve the reaction outcome. With the
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biphenyl-yl propiolate derivatives the hydrolysis issue is not so evident. Instead, the main limitation to the

substrate conversion is due to the poor solubility in the reaction media.

I
|
Ph,P— Au-1

0.0 0. 0O
2 mol%
Ph > =
f AgSbFg 4 mol% Ph
R 0.75 ml BMIM NTf, R

HBF,-Et,0 20 mol%, 40°C

R Time NMR Conversion * NMR Yield *
[h] [l [o]
3 64 (>90)"® 64 (59)°
H 24 100 (100)® 100 (90)®
Ph 24 Traces - 24 Traces - 24

Figure 3.3.2 Cyclization of biphenyl-yl propiolates in optimized conditions, * yields and conversions

calculated vs internal standard 1,2-di-methoxyethane; ° catalyst loading 5 mol%

Basing on the data reported in figure 3.3.2, the terminal aryl alkynoate shows again higher activity than the
internal one. Interestingly, increasing the catalyst loading the system activity toward the substrate
conversion is improved, but the coumarin formation rate does not increase. Moreover, basing on the 'H
NMR recorded spectra, the alkynyl proton signal almost disappeared after 3 hours of reaction. The substrate
bearing the terminal alkyne moiety is so poorly soluble that the yield is limited to 24% of substrate
conversion for the best result we achieved. These two substrate perfectly represent the biphasic nature of
the IL catalytic system. The process is indeed limited by the diffusion of the substrates into the IL phase,
determining the independence of the reaction rate by the catalyst loading or the intrinsic activity of the gold

complex to promote the reaction.

3.4 Aryl alkynyl ethers

The aryl propargyl ethers are the last class of substrates we tested in order to show the substrates extent to
which we can apply our system. The preparation of these substrates was made by nucleophilic substitution
of the phenolate on propargyl bromide, or by Mitsunobu reaction from the 3-phenyl-2-propynol (figure
3.4.1). The crudes have been suitably purified as reported by product extraction and/or flash
chromatography and characterized by '"H NMR (300 MHz, CDCl;).
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K,CO;,

OH
\ \
R-:(j/ + ///\Br _ > R
/

DMEF, 12h, r.t

3 mmol 3,6 mmol

1. PPh; 0.95 eq

(0)

o OH _ rt, THF
o™
0 OH 2.DEAD 1.4 eq

6 mmol 0°Ctort

6 mmol
24h

Figure 3.4.1 Synthesis of aryl alkynyl ethers %%

The test of these compounds in the cyclization reaction gave really controversial results. The reaction
reaches always complete conversion of substrates in 1 up to 3 hours. In spite of the apparent high activity
of the system and the identification of 2H-chromene diagnostic signals in the first sample, the recorded
spectra after 3 hours reaction time, surprisingly, do not report any product signal. More in specific, we

could observe a broadening of reagent and product signals until their complete disappearance. What has

been mentioned above is reported in figure 3.4.2.

|
Ph,P— Au-1

©/O 2 mol%
| | AgSbF 4 mol%

0.75 ml BMIM NTf,
HBF,Et,0 20 mol%, 40°C

0
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Figure 3.4.2 Evolution of the reaction followed by 'H NMR
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The most probable explanation for this behavior matches with a degradation of the product, or with the
presence of another reaction path that takes the substrate to an unstable species, even not visible by proton
NMR. In order to determine the origin of this phenomenon, we tried to change one by one the components
and conditions of the process. The acid co-catalyst was changed to HNTf,, although no improvements have
been achieved. Even the effect of temperature was tested, performing the reaction at room temperature.
Since in these condition the cyclization is too slow, we tried to activate the aryl moiety by the presence of

an electron-donating methoxy substituent.

I
|
Ph,P— Au-1

/©/o 2 mol% /©/\OJ
MeO m AgSbF¢ 4 mol% MeO =

0.75 ml BMIM NTf,
HBF4-Et,0 20 mol%

Time NMR Conversion ? NMR Yield ?
Temperature
[h] [Yo] [%]
40 °C 1 100 0
25°C 1 100 31

Figure 3.4.3 4-Methoxyphenyl propargyl ether cyclization: effect of the temperature; * yields and

conversions calculated vs internal standard 1,2-di-methoxyethane

As reported in figure 3.4.3, the temperature has an important role concerning the product stability. Indeed,
at room temperature we achieved 31% of product in the same time of the reaction performed at 40°C.

Lastly, we evaluated the effect of the alkyne electronic and steric properties, testing the sesamol derivative

shown in figure 3.4.4.
!
Ph,P— Au-I
0 0 o 0
< 2 mol% <
0 f ~ o =
AgSbF¢ 4 mol%
Ph 0.75ml BMIM NTf, Ph

HBF, Et,0 20 mol%, 40°C

Figure 3.4.4 Sesamol 3-phenylprop-2-yn-1-yl ether cyclization
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The reaction achieved 20% of product after 1 hour of reaction and 96% of substrate conversion (100% after
3 hours). In this case the reaction mixture showed several not identified species, as shown in the recorded

NMR spectra (figure 3.4.5).

FR110 3 1 “Ci\Usersi\faver\OneDr P!

Sl

19

00

) WJJ M e VAL

T T T T T T T
4 3 [ppm]

Figure 3.4.5 '"H NMR(300 MHz, CDCl;) of the reaction crude at time Oh (red line) and at 3h (blue line)

It is evident that other species are present in the crude, in addition to the product. This last one can be
recognized by the typical signals at 4.75 (d, 2H) and 5.70 (t, 1H) ppm, which correspond to the vinylic and
allylic protons of the product alkenyl moiety. In order to better define the other species, the crude has to be
purified and characterized. Some by-product could even be formed by side-path catalyzed by the silver salt.
This possibility has been already described in the literature. In particular, Nevado and Echavarren reported
an analogous system, for the cyclization of the sesamol propargyl ether.!®” The silver salt nature showed to

have a role on the formation of the product symmetric dimer (figure 3.4.6).

[Au(PPh3)]CI 3mol%
0 o AgSbFg 6 mol% o o 0
< 4 L

0 l DCM, 23°C, 1h o =

32% 30%

Figure 3.4.6 Silver catalyzed formation of the chromene symmetric dimer reported by Nevado and

Echavarren
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3.5 Conclusions and future aims

On this last chapter it has been shown that gold(III) catalysis can be successful implemented in our system,
involving BMIM NTf, as reaction medium. As expected, the (P,C)-catalysts are really efficient
electrophiles, that have been shown working extremely well in Fujiwara conditions. Moving to ILs, the
activity magnitude decreases, probably because the lower acidic conditions of the system. In order to have
a direct comparison with TFA/DCM medium, we should perform some test with the same loading of acid
in DCM. The nature of the co-catalyst revealed to be determining on the system activity: oxygen donating
counter-anions affect negatively the catalytic performance, lowering the reaction rate and leading to lower
yields. The application extent has been particularly successful concerning polar methoxy-substituted aryl
alkynoate, which are not limited by solubility issues. The spirocyclization by-process for para methoxy aryl
alkynoates has still to be investigated. However, the content of water in the mixture seems to be determining
in directing the process selectivity toward the spirocycle. By principle, limiting the water content in the
reaction-batch, even using molecular sieves for sequestering it, could enhance the substrate conversion to
the analogous coumarin, but this hypothesis has still to be proved. Also changing the IL anion may be a
possibility, although it could strongly affect the system activity, even shutting completely down catalysis.
The activation of less polar substrates revealed more challenging than expected. We succeeded in activating
simple substrates, bearing terminal alkyne moieties. Indeed, the solubility limitation seems to be difficult
to overcome for strongly nonpolar substrates such as biphenyl-yl 3-phenylpropiolate, or in the case of 4-
bromophenyl 3-phenylpropiolate, which undergoes hydrolysis before being activated. On the other hand,
even though the activation of aryl alkynyl ethers led to highly active systems, it has to be further studied in
order to understand the origins of the product degradation and other side-paths that afford the detected by-
products. In general, the (P,C)-gold complexes have shown to perform better in many cases than most of
Au(]) catalysts and Au(III) salts. Meanwhile, it is evident that these complexes do not seem to benefit the
same advantages from the ILs media that IPrAuCl has been shown. Nevertheless, the (P,C)-cyclometallated
gold complexes profit a higher stability in solution than gold(I) complexes, making possible the hypothesis

of system recycling.

65



66



Conclusions and future aims

The work carried out in the frame of this thesis constitutes a further step forward on the implementation of
ionic liquids in gold-catalyzed hydroarylations of alkynes. The advantages induced by these media allow
to produce coumarins in a simple but effective one-pot process. Cationic IPrAu” was demonstrated to be
the best scaffold leading to high conversion of substrates, using small amounts of complex (0.1 to 0.5 mol%)
and mild reaction conditions. The effect of the acid functional group on the alkyne and co-catalyst
HBF4Et;O corroborates the determining role of the protodeauration step on the reaction rate. On the other
hand, the hydration side-reaction seems to receive the same benefits, while the role of the decarboxylation
has to be further investigated. The activation of hexynoic acid opened the possibility to extend the scope to
more electron-rich alkynes. In this framework, gold(Ill)-catalysis can play a complementary role for the
activation of more challenging substrates. However, the attempt to implement more electrophilic
(P,C)Au(IIl) complexes was not successful, leading to the total deactivation of the active species by the
presence of phenols. *'P NMR analyses and a competitive test with sesamol and TMB (figure 1.2.3 and
1.2.4 in the chapter 3) corroborated the hypothesis that it is the contribution of the arene hydroxyl moiety
that shuts down the system reactivity. Unable to solve the problem, we changed the focus to the
intramolecular hydroarylation of aryl alkynoates. (P,C)-gold(Ill) complexes showed extremely good
activity and applicability for a quite large set of these substrates, whereas aryl alkynyl substrates have still
to be investigated. As for gold(I) catalysis, the limited solubility of non-polar substrates is the main issue
to be taken in consideration for further implementation of the IL system. Increasing the temperature could

enhance the mixture homogeneity, but also leading to negative effects on the catalyst stability.

In conclusion, both intermolecular and intramolecular approaches for hydroarylation of alkynes represent
a sustainable and atom economic choice for the synthesis of coumarins. Even compared with others
organometallic approaches, gold-catalysis does not require pre-functionalization of substrates, and Au
complexes are easy to handle and safe. The use of ionic liquids as reaction media further enhance these
characteristics, opening the possibility of aimed recovery strategies for the product and recycling of the

system for another life-cycle.
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Experimental section

1. General remarks

Unless specified, all the experimental manipulations were carried out under argon atmosphere, using
standard Schlenk technique and flame-dried glassware. Purifications were performed by flash-column
chromatography on silica gel and TLC check for selecting the eluent and monitoring the isolated fractions.
'H, 13C, 3'P and '°F NMR spectra were recorded on Bruker Avance 300 spectrometer at 298 K and 'H and
13C chemical shifts (&) calibrated with respect to the signals of the deuterated solvent (*C) and its protonated
residue ("H).[*] The following abbreviations and their combinations are used for the compress notation of
the characterization data: br, broad; s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; hept, heptuplet.
Occasionally, no-lock *'P and '"F experiments were recorded for monitoring reactions. HRMS analysis
were performed on Waters GCT Premier spectrometer by DCI methane for the determination of the exact
masses. All starting materials were purchased as high purity reagents and used as received. THF,
dichloromethane, toluene and acetonitrile are dried on MBraun SPS-800 solvent purification system. (P,C)-
cyclometallated complexes, aryl alkynoates and aryl alkynyl ethers were opportunely synthesized by

procedures reported in the following section.

2. Synthetic procedures

2.1 Synthesis of (P,C)-ligands!"16%]

1,8-Diiodonaphtalene (1.75 mmol) was dissolved in THF (25 ml) and a solution of nBuLi (1.6 M in hexanes,
1.760 mmol, 1.05 eq.) was added dropwise at -78 °C. The reaction mixture was stirred at -78 °C for 1 h.
Then Ph;PCl or iPr,PCI (1.75 mmol, 1 eq.) was added dropwise and the reaction mixture was allowed to
warm to room temperature and stirred over-night. A no-lock *'P NMR check was performed in order to
verify the presence of product. All volatiles were removed in vacuo. The crude product was purified by
column chromatography (SiO-, pentane and then pentane/toluene 1:1 v/v) to yield the desired products as

yellowish solids. Characterization was performed by 'H and 3'P NMR in CDCl; or C¢Ds.
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2.2 Synthesis of (P,C)Aul; complexes

2.2.1 Di-isopropyl substituted (P,C) complex’")

L 1

|
Aul1eq i-Pr,)P—Au-1

OO toluene, 2h, 50°C OO

Gold iodide (437 mg, 1.35 mmol) was suspended in degassed toluene (18 ml) and a solution of ligand (500

mg, 1.35 mmol) in degassed toluene (17 ml) was added dropwise at room temperature. The reaction mixture
was stirred at 50°C for 2 h. The complete conversion of the ligand was confirmed by no-lock *'P NMR. All
volatiles were removed in vacuo to yield the desired complex as an orange-brown powder. Crystals were

obtained by layering a saturated DCM solution with pentane.

2.2.2 Di-phenyl substituted (P,C) complex''

I
|
Aul 1 eq Ph,P—Au-I

OO toluene, 16h, r.t. OO

Gold iodide (19.8 mg, 0.060 mmol) was suspended in degassed toluene (3 ml) and a solution of the ligand

PPh, I

(26.4 mg, 0.061 mmol) in degassed toluene (2 ml) was added dropwise at room temperature. The reaction
mixture was stirred at room temperature for 16 h. The complete conversion of the ligand was confirmed by
no-lock *'P NMR. All volatiles were removed in vacuo to yield the product as an orange-red powder.

Crystals were obtained by layering a saturated DCM solution with pentane.

2.3 Synthesis of (P,C)Au(OAcF); complexes>*

! ol
R,P—Au-1 AgOAct 2 eq. R,P— Au-OAcf
OO DCM, 30 min, r.t OO

R=-Ph, -i-Pr

The right quantity of (P,C)Aul, complex (0.43 mmol) was dissolved in 3 ml of degassed DCM and added

to a suspension of silver trifluoroacetate (191 mg, 0.86 mmol) in 3 ml of degassed DCM. The mixture was
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stirred for 30 min during which Agl precipitated as the solution evolved from orange to colorless. The
suspension was filtered over a Celite® pad, and evaporation of the solvent afforded the desired complexes

as an air-stable solid.

2.4 General procedure for aryl 3-phenylpropiolates synthesis!®"]

Pz (0] (0]
Pz OH COOH DCC, DMAP R— |
Rl 0 Z - |
XX Ph DCM, 12 h
0°Ctort Ph

1 eq. 1.1 eq.

To a solution of phenol (3.0 mmol, 1.0 eq.) in DCM (12 ml) was added aryl alkynyl carboxylic acids (3.3
mmol, 1.1 eq.) at 0 °C. Then, a mixture of DCC (873.0 mg, 4.4 mmol, 1.5 eq.) and DMAP (36.0 mg, 1.5
mmol, 0.1 eq.) in DCM (6 ml) was added dropwise. The resulting mixture was stirred at room temperature
for 12 hours. The crude mixture was filtered and washed with DCM (15 ml). The combined organic phase
was concentrated under reduced pressure to give a residue which was purified by a silica gel column

chromatography (eluent pentane/toluene 1:1 v/v or diethyl ether/pentane 1:4 v/v) to give the desired product.

2.5 General procedure for aryl propiolates synthesis!>*!

OH 1.DCC 3.3 eq.
L : THF, 0°C N 0.0
o o) 2. ONa R Pz
33e RET eq I
3eq _ .

0°Ctort, 16h

A magnetically stirred solution of the relevant phenol (1.0 mmol, 1.0 eq.) in tetrahydrofuran (10 ml)
maintained at 0 °C was treated with sodium hydride (60% suspension in mineral oil, 1.1 mmol, 1.1 eq.). In
a second flask, a magnetically stirred solution of propiolic acid (3.3 mmol, 3.3 eq.) in tetrahydrofuran (10
ml) was cooled to 0 °C and then treated with DCC (3.3 mmol, 3.3 eq.) followed by the mixture obtained by
treating the phenol with NaH. The resulting mixture was allowed to warm to 18 °C and then stirred at this
temperature for 16 h before being concentrated under reduced pressure. The residue so obtained was taken
up in acetonitrile (10 ml) and filtered. The filtrate was concentrated under reduced pressure, and the residue
thus obtained subjected to flash chromatography (eluent pentane/toluene 1:1 v/v or diethyl ether/pentane

1:4 v/v). Concentration of the relevant fractions gave the corresponding aryl propiolate.
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2.6 Procedure for phenyl propiolate and biphenyl-4-yl propiolate synthesis!>?!

OH DCC 0._0
/@/ + //COOH @/
7 o
R 16 h, 0°C to r.t Il

CHCl,

1.2 eq.
R=-H, -Ph

A magnetically stirred solution of the relevant phenol (1 mmol, 1 eq.) and propiolic acid (1.2 mmol, 1.2 eq.)
in chloroform (20 ml) maintained at 0 °C was treated with DCC (1.2 mmol, 1 eq.). The solution thus obtained
was allowed to warm to 18 °C and then stirred at this temperature for 16 h before being concentrated under
reduced pressure. The ensuing residue was taken up in acetonitrile (20 ml), and the mixture thus formed
filtered. The filtrate was concentrated under reduced pressure, and the residue was subjected to flash
chromatography (silica gel, 1:1 v/v mixture of toluene/pentane). Concentration of the relevant fractions then

gave the corresponding aryl propiolate.

2.7 Synthesis of aryl alkynyl ethers!®®

2.7.1 General procedure for aryl propargyl ethers

OH Br K,CO; /©/ ©
+ CH,
R/©/ % DMF, over-night R ﬂ|

1.5 eq.

R=-H, -OMe
Phenyl and 4-methoxyphenyl propargyl ethers were prepared via the reaction of the appropriate phenol (3
mmol) with propargyl bromide (4.5 mmol, 1.5 eq.) at room temperature in 20 ml of anhydrous DMF in the
presence of potassium carbonate (3.6 mmol, 1.2 eq.). Purification of the crude product was achieved via

flash column chromatography.

2.7.2 Sesamol 3-phenyl-2-propynyl ether

OH 2. DEAD 1.4 eq
6 mmol 0°Ctort Ph
24h

1. PPh3 0.95 eq <o o}

o) OH Ph—— rt, THF :©/
SO \ |
6 mmol

To a flame dried 150-ml round bottom flask was added phenol (1.11 g, 11.79 mmol), 3-phenyl-2- propyn-
1-ol (1.56 g, 11.79 mmol), triphenylphosphine (2.94 g, 11.20 mmol, 0.95 eq.) and 50 ml of THF. The
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solution was cooled to 0°C and diethyl azodicarboxylate (2.6 ml, 16.51 mmol, 1.4 eq.) was added dropwise
via syringe. The ice bath was removed and stirred under argon for 24 hr. Product purification was achieved

by flash column chromatography (eluent DCM/pentane 1:20 v/v).

2.8 Au(IlI)-catalyzed intermolecular hydroarylation of ethyl 3-phenylpropiolate with
TMBB4

c|>AcF
i-Pr,P— Au-OAcF

OMe P co0kr
1 mol% MeO OMe
/@\ + Ph——=——COOEt >
TFA/DCM 4:1, 25°C
MeO oM

€

2 mmol 1 mmol OMe

In a glovebox, arene (2 mmol) was dissolved in 0.8 ml of TFA and the solution was placed in a flame-dried
Schlenk. Gold complex (0.01 mmol or 0.05 mmol) and hexamethylbenzene (25.0 mg, 0.15 mmol) were
dissolved in 0.2 ml DCM and added to the Schlenk. Out of the glovebox, a to NMR check was performed
before cooling down to 0°C (ice bath). The alkyne (1 mmol) was added under argon flux and the mixture
was stirred for 5 min at 0°C and then at 25°C for the rest of the reaction time using a 25°C thermostatic
bath. The reaction was monitored by 'H NMR using the arene aliphatic signals for calibration and

hexamethylbenzene as the internal standard.

2.9 Procedure for the synthesis of substituted coumarins

2.9.1 Au(I)-catalyzed intermolecular hydroarylation of phenylpropiolic and hexynoic acid in BMIM
NTf,

OH i N
IPrAuCl/AgSbE «
N " gobkg R
R + / OR - LA _J + roH
= R HBF, E,0
BMIM NTf, R

Protocol 1

The right quantity of IPrAuCl (0.012 mmol) and arene (2.5 mmol) were weighed and placed in a Schlenk-
flask. Three cycle vacuum/argon were performed in order to ensure inert conditions. Propiolic acid (2.5 or

12.5 mmol) was added together to AgSbF¢ (0.012 mmol) in 0.75 ml of BMIM NTf,. The flask was placed
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in a thermostatic oil-bath at 25 or 40 °C and the acid co-catalyst HBF4-Et,O (0.035 ml, 0.25 mmol)* was
added. The process was monitored by '"H NMR sampling aliquots of the reaction crude at different times,

and then dissolved in 0.5 ml of CDCI; or DMSO-ds.

* the acid co-catalyst was not added in tests that do not specify it

Protocol 2

The right quantity of IPrAuCl (0.0025 or 0.012 mmol)*** and arene (2.5 mmol, 1 eq.) were weighed and
placed in a Schlenk flask. Three cycle vacuum/argon were performed in order to ensure inert conditions.
The alkyne (2.5 mmol, 1 eq.) was added together to 0.75 ml of BMIM NTf, and molecular sieves 44, and
the mixture put under stirring. At this point, AgSbFs (0.0025 or 0.012 mmol)* was added in 0.75 ml of
BMIM NTf,, and the reaction kept under stirring for 2 minutes. The Schlenk-flask was placed in a
thermostatic oil-bath at 40°C and the acid co-catalyst HBF4-Et,O (0.035 ml, 0.25 mmol) was added. The
process was monitored by '"H NMR sampling aliquots of the reaction crude at different times, and then

dissolved in 0.5 ml of CDCIl3 or DMSO-ds.
* for hexynoic acid also 1 mol% of catalyst and silver salt were implemented (0.025 mmol).

** in the tests performed with the internal standard, the catalyst was added in 1 mmol of di-chloroethane or

di-methoxyethane.

2.9.2 Au(I)-catalyzed intermolecular hydroarylation of propiolic acid in BMIM NTf,

A OH /J\ IPrAuCl/AgSbF, R O~°
R 2 OR' 0
! 2 BMIM NTf, NS

The right quantity of catalyst (0.012 mmol) and arene (2.5 mmol) were weighed and placed in a Schlenk-
flask. Three cycles vacuum/argon were performed in order to ensure inert conditions. Propiolic acid (2.5 or
12.5 mmol) was added together to AgSbF¢ (0.012 mmol) in 0.75 ml of BMIM NTf,. The flask was placed
in a thermostatic oil-bath at 25 or 40 °C and the acid co-catalyst HBF4-Et;O (0.035 ml, 0.25 mmol) was
added. The process was monitored by 'H NMR sampling aliquots of the reaction crude at different times,

and then dissolved in 0.5 ml of CDCIl; or DMSO-de.
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2.9.3 Cyclization of sesamol 3-phenylpropiolate catalyzed by (P,C)Au(IIl) complexes in Fujiwara-

0 00 0 0._0
{ :©/ (P,C)Au(OAcF), {
© | | TFA/DCM 4:1, 25°C ] 0 7
Ph
The substrate (266.3 mg, 1 mmol) and hexamethylbenzene (25.0 mg, 0.15 mmol) were weighed and placed
in a flame-dried Schlenk-flask. The two solids were dissolved in 0.7 ml of TFA and 0.2 ml of degassed

DCM. A to NMR check was performed (solvent CDCls). Then the gold complex (0.001 mmol or 0.005
mmol) in 0.1 ml of TFA was added to the Schlenk. before cooling down to 0°C (ice bath). The flask was

type conditions

placed in a thermostatic bath at 25 or 40°C and the reaction was monitored by '"H NMR taking aliquots at
different times in 0.5 ml of CDCl;.

2.9.4 Cyclization of aryl alkynoates catalyzed by (P,C)Au(III) complexes in BMIM NTf,

N 00 N0 0
rIL (P,C)Aul ,/AgSbFy i
| _ R_I
|| > N
HX
R' BMIM NTf,, 40°C R’

The correct quantities of substrate (0.5 mmol) and gold complex (0.01 or 0.025 mmol) were weighed and
placed in a flame-dried Schlenk-flask. BMIM NTf; (0.75 ml) was added together to di-methoxyethane (0.05
ml, 0.48 mmol) and the acid co-catalyst (0.1 mmol)***_ After a ty NMR check was performed, AgSbF (6.9
or 17.2 mg, thus 0.02 or 0.05 mmol) was added and the mixture stirred 2 minutes at room temperature. The
flask was placed in a thermostatic bath at 40°C and the reaction was monitored by 'H NMR taking aliquots
at different times in 0.5 ml of CDCls.

* HNTf,, HBF4-Et,O or TfOH

** 50 mol% of HNTf, (73.8 mg, 0.25 mmol) or TFA (0.02 ml, 0.26 mmol) were implemented in some test
with 3,4-methylendioxyphenyl phenylpropiolate
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2.10 Procedure for the synthesis of 2H-chromenes

I N © X 0
R-r (P,C)Aul ,/AgSbF R
Z - A

HX
R' BMIM NTf,, 40°C R

The correct quantities of substrate (0.5 mmol) and gold complex (7.6 mg, 0.01 mmol) were weighed and
placed in a flame-dried Schlenk-flask. BMIM NTf, (0.75 ml) was added together to di-methoxyethane (0.05
ml, 0.48 mmol) and the acid co-catalyst (0.1 mmol)*. After a ty NMR check was performed, AgSbFs (6.9
or 17.6 mg, thus 0.02 or 0.05 mmol) was added and the mixture stirred 2 minutes at room temperature. The
flask was placed in a thermostatic bath at 25 or 40°C and the reaction was monitored by 'H NMR taking
aliquots at different times in 0.5 ml of CDCls.

* HNTf; or HBF4+Et,O

3. Blank-tests

3.1 Intermolecular hydroarylation of alkynes: evaluation of possible contributes by

HBF4+Et;O and AgSbFs

Sesamol (345 mg , 2.5 mmol) and phenyl propiolic acid (365 mg, 2.5 mmol) were weighed and placed in a
Schlenk-flask. Three cycle vacuum/argon were performed in order to ensure inert conditions. BMIM NTf;
(0.75 ml) was added together to HBF4-Et,O (0.035 ml, 0.25 mmol) and the flask was placed in a thermostatic
oil-bath at 25 or 40 °C and the acid co-catalyst was added. After 3h a sample was taken and dissolved in 0.5
ml of CDCl; for '"H NMR. At this point, AgSbFs (0.012 mmol) in 0.75 ml of BMIM NTf, was added and

another "H NMR spectrum was taken after further 3h reaction time.

3.2 Experiments of figure 3.1.4 (Chapter 2)

3.2.1 Experiment A

Sesamol (14 mg, 1 mmol) and its analogous coumarin (18.6 mg, 1 mmol) were placed in a Schlenk-flask.
Three cycle vacuum/argon were performed in order to ensure inert conditions. BMIM NTf (0.75 ml) was

added and the mixture stirred for 5 minutes. Then, IPrAuNTf, (1.8 mg, 0.002 mmol) was added to the
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Schlenk and the reactor placed at 40°C by a thermostatic oil-bath. After 6h a sample was taken and dissolved
in 0.5 ml of CDCl; for 'H NMR analysis.

3.2.2 Experiment B

Sesamol (13.4 mg, 0.1 mmol) and its analogous coumarin (18.4 mg, 0.1 mmol) were placed in a Schlenk-
flask. Three cycle vacuum/argon were performed in order to ensure inert conditions. Propiolic acid (35 mg,
0.5 mmol) in 0.75 ml BMIM NTf, was added to the Schlenk and the reactor placed under stirring in a
thermostatic oil-bath at 40°C. After 6h a sample was taken and dissolved in 0.5 ml of CDCl; for 'H NMR

analysis.

3.2.3 Experiment C

Sesamol (13.9 mg, 0.1 mmol) and its analogous coumarin (19.0 mg, 0.1 mmol) were placed in a Schlenk-
flask. Three cycle vacuum/argon were performed in order to ensure inert conditions. BMIM NTf, (0.75 ml)
was added and the mixture stirred for 5 minutes. [IPrAuNTf; (1.8 mg, 0.002 mmol) was added to the Schlenk
and the reactor placed at 40°C by a thermostatic oil-bath. After 6h a sample was taken and dissolved in 0.5
ml of CDCI; for '"H NMR analysis. After 3h a sample was taken and dissolved in 0.5 ml of CDCl; for 'H
NMR. At this point, HBF4+Et,O (0.035 ml, 0.25 mmol) was added and another '"H NMR spectrum was taken

after further 3h reaction time.

3.3 Intramolecular hydroarylation: evaluation of possible contributes by the acid co-

catalyst

The correct quantities of substrate (0.5 mmol) was weighed and placed in a flame-dried Schlenk-flask.
BMIM NTf; (0.75 ml) was added together to di-methoxyethane (0.05 ml, 0.48 mmol) and the acid co-
catalyst (0.1 or 0.25 mmol)*. After a to NMR check was performed, the flask was placed in a thermostatic
bath at 40°C and the reaction was monitored by "H NMR taking aliquots at different times in 0.5 ml of
CDClL.

* HNTf, or HBF4-Et;O
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4. Characterization data

4.1 (P,C)-ligands

8-Di-isopropyl-phosphino-1-iodonaphtalene
)\P J—l '"H NMR (300 MHz, C¢Ds): 5 = 0.94 (dd, 6H), 1.15 (dd, 6H), 2.08 [(pseudo)sept-d,

2H], 6.59 (pseudo-t, 2H), 7.39-7.45 (m, 2H), 7.60— 7.65 (m, 1H), 8.24 (dd, 1H) ppm ;
OO SP{IH} (121 MHz, C¢Dg): 8 = 7.9 ppm; [©”

8-Di-phenyl-phosphino-1-iodonaphtalene
Ph\P/Ph I '"H NMR (300 MHz, CDCls): § 8.30 (dd, 1H), 7.86 (dtd, 1H), 7.80 (dd, 1H), 7.24 —

7.36 (m, 12H), 7.09 (dd, 1H) ppm ; *'P{'H} NMR (121 MHz, CDCL): § -12.6 (s) ppm;
[19]

4.2 (P,C)-AuX: complexes

8-Di-isopropyl-phosphino-naphtalen-1-yl-bis-iodo Au(III) cyclometallated complex

. I
PP ), "HNMR (300 MHz, CeD): 5 9.96 (d, 1H), 7.51 (dd, 1H), 7.36 (dd, 1H), 7.08 (t
P

o 1H), 6.88-7.01 (m, 2H), 2.71 (m, 2H), 0.96 (d, 3H), 0.89 (d, 3H), 0.63 (d, 3H),
0.57 (d, 3H); 3'P{'H} NMR (121 MHz, C¢Ds): 6 85.0 (s) ppm; %

&

8-Di-phenyl-phosphino-naphtalen-1-yl-bis-iodo Au(IlI) cyclometallated complex

Ph

oA, 'HNMR (300 MHz, CDCl): 5 9.37 (ddd, 1H), 8.00 — 8.06 (m, 1H), 7.78 — 7.91
Ph~™

(m, 5H), 7.45 — 7.66 (m, 9H); *'P{'H} NMR (121 MHz, CDCly): 5 51.8 (s) ppm;

[19]

o

8-Di-isopropyl-phosphino-naphtalen-1-yl-bis-trifluoroacetate Au(Ill) cyclometallated complex

TH NMR (300 MHz, CD,Cl,): & 8.14 (ddd, 1H), 7.92 (dd, 1H), 7.77 (ddd, 1H),
.i-Pr/\P—EuA-E)FAcF 7.74 (ddd, 1H), 7.70 (ddd, 1H), 7.53 (¢, 1H), 3.10 (heptd, 2H), 1.40 (dd, 6H), 1.39
-Pr (dd, 6H) ppm ; ¥P{'H} NMR (121 MHz, CD:CL): § 109.38 (s) ppm ; “F{'H}
NMR (282 MHz, CD:Cl): § -74.2 (bs, OAct trans to P), -74.6 (s, OAct trans to
C) ppm; ¥

o
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8-Di-penyl-phosphino-naphtalen-1-yl-bis-trifluoroacetate Au(Ill) cyclometallated complex

b OAC 'H NMR (300 MHz, CD;Cl,):  8.17 (ddd, 1H), 7.96 (dd, 1H), 7.87-7.82 (m, 5H),

pp- P~ AUOAC’  7.79.7.74 (m, 3H), 7.72 (ddd, 1H), 7.62 (m, 4H), 7.56 (t, IH) ppm ; 'P{'H} NMR

OO (121 MHz, CD;CL): § 64.94 (s) ppm ; ’F NMR (282 MHz, CD,ClL): § -74.17
(brs, OACF trans to P), -74.56 (bs, OACF trans to C) ppm; 4

4.3 Aryl alkynoates and aryl alkynyl ethers

3,4-Methylendioxy-phenyl 3-phenylpropiolate
<0:©/O © '"H NMR (300 MHz, CDCl3): & 7.7-7.4 (m, 5H), 6.83 (d, 1H, *J,w=
o) | | 8.4Hz), 6.74 (d, 1H, *Jye= 2.4Hz), 6.67 (dd, 1H, 3J,.,= 8.4Hz, “Jyei=
Ph 2.4Hz), 6.02(s, 2H) ppm;
3,4-Methylendioxy-phenyl propiolate

<O:©/O 0 '"H NMR (300 MHz, CDCl): 6 6.78 (d, J = 8.4 Hz, 1H), 6.66 (d, ] =2.4
0 | | Hz, 1H), 6.59 (dd, J = 8.4 and 2.4 Hz, 1H), 6.00 (s, 2H), 3.06 (s, 1H) ppm;
H

[52]

4-Methoxyphenyl 3-phenylpropiolate
/@/O O 1H NMR (300 MHz, CDCLy): § 7.63 (d, J = 7.2 Hz, 2H), 7.49 (t, J = 7.2
MeO I Hz, 1H), 7.40 (t, J = 7.2 Hz, 2H), 7.12 (d, J = 8.8 Hz, 2H), 6.93 (d, /= 8.8
Ph Hz, 2H), 3.81 (s, 3H) ppm; [¢!

4-Methoxyphenyl propiolate

o (0]
/©/ "H NMR (300 MHz, CDCl5): 6 7.07 (d, ] = 8.4 Hz, 2H), 6.90 (d, ] = 8.4
MeO | |
H

Hz, 2H), 3.80 (s, 3H), 3.06 (s, 1H) ppm; [63]
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7-Methoxynaphtalen-2-yl pripiolate

MeOO O 1H NMR (300 MHz, CDCl;): 5 7.79 (d, ] = 8.8 Hz, 1H), 7.74 (d, ] = 8.8
| | Hz, 1H), 7.52 (s, 1H), 7.17-7.08 (m, 3H), 3.92 (s, 3H), 3.10 (s, 1H) ppm;
H

[52]

6-Methoxynaphtalen-2-yl pripiolate
O O IH NMR (300MHz, CDCL): 5 7.76 (d, J = 7.9 Hz, 1H), 7.71 (d, J = 7.9
MeO | Bz 1H),7.56 (d,J= 24 Hz, 1), 7.25 (d, /= 2.5 Hz, 1H), 7.21 (dd, J =
L 6.1,2.5 Hz, 1H), 7.18-7.14 (m, 1H), 3.92 (s, 3H), 3.09 (s, 1H) ppm;

Phenyl 3-phenylpropiolate

O (0)
©/ 'H NMR (300 MHz, CDCls): § 7.59-7.66 (m, 2H), 7.36-7.5 (m, 5H), 7.15-
| | 7.23 (m, 3H) ppm; 7!
Ph

Phenyl propiolate

O (0)
©/ W 'H NMR (300 MHz, CDCls): & 7.32 (t, ] = 7.7 Hz, 2H), 7.19 (t, J = 7.7
H

Hz, 1H), 7.07 (d, ] = 7.7 Hz, 2H), 2.99 (s, 1H) ppm; [

Biphenyl-4-yl 3-phenylpropiolate

0. _0
/©/ 'H NMR (300 MHz, CDCL3): 5 7.64 (t, J = 7.6 Hz, 4H), 7.58 (d, J = 7.6
Ph Il
Ph

Hz, 2H), 7.52 — 7.35 (m, 6H), 7.29 —7.26 (m, 2H) ppm; [*!
Biphenyl-4-yl propiolate
/O/O O '"H NMR (300 MHz, CDCls): § 7.64 (s, 1H), 7.62 (s, 1H), 7.59 (s, 1H),
Ph | | 7.57 (s, 1H), 7.47 (t, J = 7.8 Hz, 2H), 7.38 (s, 1H), 7.26 (s, 1H), 7.24 (s,
u 1H), 3.12 (s, 1H) ppm; !
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4-bromophenyl 3-phenylpropiolate

O (0]
/©/ 'H NMR (300 MHz, CDCl3): 6 7.62—7.64 (m, 2H), 7.48-7.55 (m, 3H),
Br | |
Ph

7.39-7.43 (m, 2H), 7.08-7.12 (m, 2H) ppm; "1

Phenyl propargyl ether

(0]
©/ I H NMR (300MHz, CDCL): § 7.32 (t, 2H), 6.96-7.0 (m, 3H), 4.7 (d, 2H),

2.52 (t, 1H) ppm; "4
H

4-methoxyphenyl propargyl ether

/@/O 'H NMR (300 MHz, CDCL): 5 6.93 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.8
MeO I Hz, 2H), 4.64 (d, J = 2.2 Hz, 2H), 3.77 (s, 3H), 2.51 (t, J = 2.4 Hz, 1H)

. [75]
H ppm;

3,4-Methylendioxy-phenyl 3-phenyl-2-propynyl ether

<OI>/O 'H NMR (300 MHz, CDCLy): § 7.46-7.43 (m, 2H), 7.34-7.29 (m, 3H),
0 I 6.74 (d, J = 8.0 Hz, 1H), 6.63 (d, J = 3.7 Hz, 1H), 6.48 (dd, J = 8.5, 2.5

PR Hz, 1H), 5.93 (s, 2H), 4.84 (s, 2H) ppm; 7%

4.4 Coumarins and 2H-chromenes

8-Phenyl-6H-[1,3]dioxolo[4,5-g]chromen-6-one
0 0._0
< '"H NMR (300 MHz, CDCl;): § 7.52-7.50 (m, 3H), 7.45-7.39 (m, 2H), 6.88
=
0 (s, 1H), 6.82 (s, 1H), 6.23 (s, 1H), 6.05 (s, 2H) ppm; [""!
Ph
8-Propyl-6H-[1,3]dioxolo[4,5-g]chromen-6-one

(0] (0)
O
( 'H NMR (300 MHz, CDCL ): § 6.97 (1H, ), 6.81 (1H, s), 6.13 (1H, s), 6.05
=
© (2H, d, 0-CH,-0), 2,64 (2H, 1), 1.70 (2H, m), 1.03 (3H, t) ppm; ["¥
C3H,
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6H-[1,3]Dioxolo[4,5-g]chromen-6-one
omo "H NMR (300 MHz, CDCls): § 7.58 (d, J = 9.5 Hz, 1H), 6.83 (s, 2H), 6.28
<O = (d, J=9.5 Hz, 1H), 6.07 (s, 2H) ppm;

7,8-Dihydro-8-(6-hydroxy-1,3-benzodioxol-5-yl)-6H-1,3-dioxol-[4,5-g][1]benzopyran-6-one

0 0._0
<O 'H NMR (300 MHz, DMSO-ds): §9.57 (s, IH, OH), 6.84 (s, 1H, ArH), 6.59
OH (s, H, ArH), 6.48 (s, 1H, ArH), 6.19 (s, 1H, ArH), 6.01 (s, 2H, OCH,0),
O 5.86 (s, 2H, OCH,0), 4.45 (t, 1H), 2.99 (dd, 1H), 2.95 (dd, 1H) ppm ; 5517

O\—_O

5,6,7-trimethyl-4-phenyl-2H-chromen-2-one
'"H NMR (300 MHz, DMSO-dg): 8 7.4-7.2 (m, Ph, 5H), 7.16 (s, vinyl, 1H),

6.16 (s, Ar-H, 1H), 2.35 (s, CHs, 3H), 2.09 (s, CH3, 3H), 1.68 (s, CHj, 3H)
Me Ph ppm; ¥
5,6 7-tr1methyl -2H-chromen-2-one
'H NMR (300 MHz, CDCL): §="7.94 (d, J=9.9 Hz, 1H), 6.97 (s, 1H), 6.32
(d,J=9.9 Hz, 1H), 2.40 (s, 3H), 2.34 (s, 3H), 2.21 (s, 3H) ppm; [
5,6,7-trimethoxy-4-phenyl-2H-chromen-2-one
MeO 0.0  'H NMR (300 MHz, CDCL) 57.41 (m, 3H, aryl), 7.32 (m, 2H, aryl), 6.73
o P (s, 1H, aryl), 6.06 (s, 1H, vinyl), 3.94 (s, 3H, OCH3s), 3.79 (s, 3H, OCH3),
€
OMe Ph 3.26 (s, 3H, OCH;) ppm; ]

6-tertbutyl-4-phenyl-2H-chromen-2-one
o
"H NMR (300 MHz, CDCls): § 7.60 (dd, 1H, aryl), 7.54 (m, 6H, aryl), 7.35
=
-Bu (d, 1H, aryl), 6.36 (s, 1H, vinyl), 1.27 (s, 9H, tert-butyl) ppm; [**!
Ph
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6-tertbutyl-2H-chromen-2-one
"H NMR (300 MHz, CDCl;): §7.71 (d, 1H, vinyl) 7.60 (dd, 1H, aryl), 7.45

(0] (0]
m (d,1H, aryl), 7.27 (d, 1H, aryl), 6.41 (d, 1H, vinyl), 1.36 (s, 9H, t-butyl) ppm;
t-Bu

[49][80]

4-(5-tert-Butyl-2-hydroxyphenyl)-6-zert-butylchroman-2-one

(0] (0]
O 'H NMR (300 MHz, CDCly): 6 7.32 (dd, J=2.2, 8.5 Hz, 1H), 7.11-7.07
t-Bu (m, 3H), 6.79 (d, J= 2.2 Hz, 1H), 6.66 (d, J = 8.3Hz, 1H), 5.50 (br s, 1H),
OH 4,69 (t, J= 6.4 Hz, 1H), 3.19 (dd, J = 6.4, 16.1 Hz, 1H), 3.01 (dd, J = 6.4,
O 16.1 Hz, 1H), 1.25 (s, 9H), 1.17 (s, 9H) ppm; &1
t-Bu

6-Methoxy-4-phenyl-2H-chromen-2-one

0.0  H NMR (300 MHz, CDCL): § 7.53 (m, 3H), 7.46 (m, 2H), 7.34 (d, ] = 9.0
MeO _ Hz, 1H), 7.13 (dd, J = 9.0 and 3.0 Hz, 1H), 6.93 (d, J = 3.0 Hz, 1H), 6.38 (s,
Ph

T

1H), 3.74 (s, 3H) ppm; [

6-Methoxy-2H-chromen-2-one
'"H NMR (300 MHz, CDCl3): § 7.65 (d,J = 9.6 Hz, 1H), 7.2 (d, ] = 9.0 Hz,

(0] 0]
/O/\j 1H), 7.11 (dd, J =9.0 and 2.9 Hz, 1H), 6.91 (d, ] =2.9 Hz, 1H), 6.42 (d, ] =
MeO

9.6 Hz, 1H), 3.85 (s, 3H) ppm; 1%

9-Methoxy-3H-benzo[f |chromen-3-one
'H NMR (300 MHz, CDCl;): 6 8.44 (d,J =9.8 Hz, 1H), 7.91 (d, ] = 8.9 Hz,

O
/
oo Ll 1H),781(d, I =89 Hz, 1H), 7.51 (4,1 = 2.4 Hz, 1H), 7.32 (d, ] = 8.9 Hz,
(¢
OO 1H), 7.22 (dd, J = 8.9 and 2.4 Hz, 1H), 6.55 (d, J = 9.8 Hz, 1H), 4.00 (s, 3H)

ppm; 12

8-Methoxy-3H-benzo[f |chromen-3-one
_ o 'HNMR (300 MHz, CDCLy): § 8.41 (d, J = 9.8 Hz, 1H), 8.11 (d, J = 9.2
o Hz, 1H), 7.87 (d,J=9.0 Hz, 1H), 7.43 (d, /= 9.0 Hz, 1H), 7.34 (dd, /=9.2
OO and 2.4 Hz, 1H), 7.21 (d, /= 2.4 Hz, 1H), 6.55 (d, J = 9.8 Hz, 1H), 3.95 (s,
MeO 3H); %2
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4-Phenyl-2H-chromen-2-one

(0]
'H NMR (300 MHz, CDCL): § 7.58-7.40 (m, 8H), 7.26-7.21 (m, 1H), 6.39

(s, 1H) ppm;

e

Ph

2H-Chromen-2-one

'"H NMR (300 MHz, CDCL): 8 7.64 (d,J =9.6 Hz, 1H), 7.45 (t, ] = 7.9 Hz,
1H), 7.42 (d, J = 7.9 Hz, 1H), 7.25 (d, J = 7.9 Hz, 1H), 7.21 (t, ] = 7.9 Hz,
1H), 6.39 (d, J = 9.6 Hz, 1H); ¥

o

Q

4,6-Diphenyl-2H-chromen-2-one

O O
'H NMR (300 MHz, CDCly): & 7.77 (d, 1H), 7.67 (s, 1H), 7.54-7.35 (m,

Ph 11H), 6.42 (s, 1H) ppm; ")

8

Ph

6-Phenyl-2H-chromen-2-one

O IH NMR (300 MHz, CDCls): § 7.77-7.72 (m, 2H), 7.66 (d, 1H), 7.58-7.56

(m, 2H), 7.49-7.45 (m, 2H), 7.40-7.37 (m, 2H), 6.46 (d, 1H) ppm; 4

5

Ph

6-Bromo-2H-chromen-2-one

0._0
'H NMR (300 MHz, CDCL): § 7.59-7.66 (m, 2H), 7.55-7.57 (m, 3H), 7.43-

Br 7.45 (m, 2H), 7.30 (d, J = 8.8 Hz, 1H), 6.41 (s, IH) ppm; 83

b3

Ph

2H-Chromene

"H NMR (300 MHz, CDCl3): 4 7.08 (t, J = 7.3 Hz, J = 8.1 Hz, 1 H, CHarom),
6.94 (d,J=7.3 Hz, 1 H, CHarom), 6.86 (t,J =7.4 Hz, J=7.3 Hz, 1 H, CHarom),
6.77 (d,J=8.1 Hz, 1 H, CHarom), 6.42 (d, ] =8.1 Hz, 1 H, CH), 5.78-5.74 (m,
1 H, CH), 4.82 (dd, J = 1.8 Hz, ] = 1.4 Hz, 2 H, CH,) ppm; [

3
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6-Methoxy-2H-chromene
/@O} "H NMR (300 MHz, CDCl): § 6.65 (d, 1H), 6.59 (s, 1H), 6.47 (d, 1H), 6.31
MeO = (s, 1H), 5.73 (dt, 1H), 4.67 (dd, 2H), 3.67 (s, 3H) ppm;
8-Phenyl-6H-[1,3]dioxolo[4,5-g]chromene

0 o
<O = The product need to be isolated and characterized
Ph

4.5 Z-aryl alkenes

Ethyl 2-(2°,4°,6’-trimethoxyphenyl)-2-phenyl-(Z)-propenoate
OMe
'"H NMR (300 MHz, CDCl3): § 7.36-7.27 (m, 5H), 6.51 (s, 1H), 6.20 (s, 2H),
MeO OMe 4.10 (q, 2H), 3.87 (s, 3H), 3.64 (s, 6H), 1.14 (t, 3H) ppm; 154

EtOO0C. ~ Ph

4.6 Spyrocycles

4-Phenyl-1-oxaspiro[4,5]deca-3.5,8-trien-2,7-dione
(0)

P14 NMR (300 MHz, CDCI3): 6 7.52-7.46 (m, 3H), 7.42-7.37 (m, 2H), 6.72 (d, J =

oY 102 Hz 2H), 6.57 (s, 1H), 6.51 (d, J = 9.9 Hz, 2H) ppm; 5

(0)

1-Oxaspiro[4,5]dec-3.5,8-trien-2,7-dione
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'H NMR (300 MHz, CDCLy): § 7.17 (d, J = 5.7 Hz, 1H), 6.55 (d, J = 10.2 Hz, 2H),
o Y 6.41(d,T=102Hz 2H), 6.36 (d, T = 5.7 Hz, 1H); 3

4.7 Hydration/decarboxylation products of alkynes

Phenylacetylene
'H NMR (300 MHz, CDCl3): § 7.51 (m, 2H), 7.32 (m, 3H), 3.08 (s, 1H) ppm;

[87]

T

Acetophenone

IH NMR (300 MHz, CDCls): § 7.97-7.94 (m, 2H), 7.55 (tt, 1H, J = 7.3, 1.5),

CH; = . [88]
7.47-7.43 (m, 2H), 2.59 (s, 3H) ppm;

g8

3-Oxo-3-phenyl-propanoic acid

'H NMR (300 MHz, CDCL): § 8.05-7.88 (m, 2H), 7.55 — 7.42 (m, 3H), 4.08 (d,
J=1.4 Hz, 2H) ppm;

o
o
o
T

Ethyl 3-0x0-3-phenyl-propanoate

O O
'H NMR (300 MHz, CDCL): 5 7.94 (d, 2H), 7.57-7.61 (m, 1H), 7.46-7.50 (m,

2H), 4.22 (q, J=7.2 Hz, 2H), 3.9 (s, 2H), 2.45 (t, J=7.2 Hz, 3H); 011

2-Pentanone
TH NMR (300 MHz, CDCl3): 2.38 (t, 2H), 2.13 (s, 3H), 1.53 (sept, 2H), 0.89 (t,
CH,4 3H) ppm; 01921

L
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4.8 3,4-methylendioxyphenyl 3-phenylpropiolate full characterization

FRO11 8 1 "C:\WUsers\raver\OneDrive\Desktop\Master thesis\NMR'\LBPB-LHFA" E
FROT1 1H R
AERERRIRMNCRARCRRIENGRIR  GROERRIEEERNGN &l
R s G e .
i}, |
8 7 6 [ppm]
Figure 4.8.1 'H NMR (300MHz, CDCl3)
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Figure 4.8.2 C{'H} NMR (75.5 MHz, CDCl;)
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Figure 4.8.3 COSY for determining three-bond-distance H-H correlations
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Figure 4.8.4 HSQC for determini single-bond-distance H-C correlations
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DCI-CH4 GCT Premier CAB109 31-Mar-202211:39:25
20220331-FR011 12 (0.200) Cm (12:15-136:138x5.000) TOF Ms Cl+
100~ 267.0666 8.97e3
129.0353
54
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Figure 4.8.6 Positive mode DCI-CH/TOF-MS analysis
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Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-1.5, max = 80.0
Element prediction: Off

Monoisotopic Mass, Odd and Even Electron lons

22 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 0O:0-5

DCI-CH4 GCT Premier CAB109 31-Mar-202211:39:25
20220331-FR0O11 12 (0.200) Cm (12:15-136:138x5.000) TOF MS Cl+
8.97e+003
00— 2670666
%]
] 266.0589
1 268.0708
1 295.0995
i 265.0751 269.0753
0 N ( l 279.0971.281.0846 283 1007 293.0793 -296.1031300 2770307.0980  313.2129 318.1646 mz
RSN AR RARAN RS RASAN RS RARAN RSl RERAN AR RSN SRS RN RBARE RSN SRR RN RS RSN RSALS RS RSN RASAN RN RSN R
2600 2650  270.0 2750 2800 2850 2900 2950 3000 3050 3100 3150 3200
Minimum: -1.5
Maximum: 1.4 5.0 80.0
Mass Calc. Mass mDa PPM DBE i-FIT Formula
266.0589  266.0579 1.0 3.8 12.0 4588.9 Cls H10 04

Figure 4.8.7 Exact mass determination
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