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Abstract and Aim of the thesis

The following manuscript collect the scientific effort of the last three years of research that the author
spent in the laboratory of Prof. Andrea Biffis. The general topic is related to cationic Au-catalysis and,
in particular, how cationic gold complexes can be involved in the electrophilic activation of
unsaturated substrate to fabricate new C-C bonds. After an introductory chapter on the general
aspects of gold-chemistry and an overview on alkyne hydrofunctionalization reactions (Chapter 1), we
report a new methodology for the direct synthesis of coumarins by hydroarylation of the analogous
aryl-alkynoates (Chapter 2.1). The element of novelty is about the use of ionic liquids (ILs) as reaction
media, which led to enhanced catalytic activity and a significant reduction in the amount of gold
complex required (0.01-0.5mol%). In the following section (Chapter 2.2), the same reaction was
tackled by an intermolecular approach, hence starting from alkynoate derivatives and phenols as
coupling reagents. Building on the previous MSc theses of Dr. Sara Bonfante and Pietro Bax in our
group, we carried out a systematic investigation to identify suitable conditions to favor the desired
transformation over competing side reactions, with selectivity emerging as the main challenge.
Ultimately, we developed an efficient protocol to obtain coumarin derivatives from both simple
propiolates and more elaborate alkynoates, while also demonstrating the recyclability of the system.
Nonetheless, certain limitations remain: deactivated aromatic rings and monosubstituted phenols
often display poor reactivity or lead to competing pathways, reducing overall efficiency. Motivated by
these observations, we were interested in evaluating the effect of more polarizing Au(lll)-complexes
for the activation of electron-poor rings (Chapter 3). The project was developed in collaboration to the
group of Dr. Didier Bourissou, which in 2018 reported well-defined cyclometalated gold(lll) complexes
bearing a phosphino-naphthyl backbone capable of promoting hydroarylation of alkynes with
activated arenes. The complexes were recorded to be unactive contextually to the direct activation of
aryl-propiolates with activated phenols. Nevertheless, we conducted complementary studies to
understand the behavior of (P,C)Au®** complexes in ionic liquids, addressing in detail the role of the
counter-anion and of the acidic additive to enhance the reactivity and/or specific selectivity Although
these complexes were inactive for the direct activation of aryl propiolates with activated phenols, we
performed complementary studies to probe the behavior of (P,C)Au(lll) complexes in ionic liquids,
paying particular attention to the influence of the counterion and acidic additives on reactivity and
selectivity. Stoichiometric test put under evidence the reasons why only the intramolecular version of
the reaction is effective in yielding the desired product. Finally, Chapter 4 presents a novel Au-
catalyzed methodology for the direct amidation of heteroaromatic substrates. We demonstrate that
organic isocyanates can act as electrophilic partners in a hydroarylation-type process. In analogy to

the corresponding alkyne reactions, we carried out a mechanistic study to confirm the outer-sphere
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pathway, supported by Hammett analysis of substituted aryl isocyanates and kinetic isotope effect
measurements with deuterated nucleophiles. Furthermore, we isolated and characterized a family of
Au(l)-(isocyanate) adducts, which displayed distinct NMR signatures upon metal coordination. The
addition of N-methylpyrrole enabled the formation of a new m-complex that, in the presence of
isocyanates, delivered the amidation products, confirming its role as a key resting state in the

catalytic cycle.
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1. Gold, chemical properties, reactivity and
technologic relevance

1.1. Introduction on gold and its general properties

Gold is a metal that along the human history was often associated to richness and prestige. Due to
its natural yellow color and resistance to oxidation, from which its attribute of “noble metal”, its
use was made extensive for the production of beauty items and coinage: together with copper and
silver, they are typically addressed with the name “coinage metals”. Metallic gold can be as well
subjected to mechanical transformations with ease, and it is often used in combination with other
metallic elements to reduce the price and increase the robustness of the final item.!"! Gold covers
also important applications in electronics industry for the manufacture of circuit boards presenting
high robustness to corrosion and excellent conductivity (p[20°C]=2.35uQ-cm).l"! This is made
possible by the modern technologies for the extraction and refinement of this element: gold-
enriched minerals are treated with dilute cyanide solutions in the presence of air, allowing to
dissolve it as [NaAu(CN).], which is then reduced by activated carbon or zinc dust and further
refined electrochemically (Wohlwill process) to yield up to 99.99% purities.!"

From a chemical point of view, gold (namely Au) is a metallic element of the late transition-metal
series (atomic number 79), presenting only one stable isotope and electronic configuration
[Xe]4f'*5d"°6s". The valence shell can indeed explain the good electric and thermal conductivities
of this element and, in a broader sense, the physical properties of the 11" group metals. The
characteristic golden color of the gold arises as well from this particular configuration and is
explained by the band theory. The presence of a filled d-band near in energy to the nearest unfilled
s-p band enables the absorption of a small portion of the UV- and blue-spectra, resulting in the
observed yellow color.®! On the other hand, formation of nanostructured Au(0) dispersions by
exposing chloroauric acid to different reductants allows to obtain red, blue and intermediate violet
colors due to the plasmonic resonance arising from the nanoconfinement of the surface electrons
of the material.*® This feature of colloids has attracted large interest in the scientific community
and it is now employed in the construction of optical sensors as well in electrochemical
applications.!®® To further comment on the electronic aspects of this metal and its analogues in
electronic configuration (Ag, Cu), their chemical reactivity is traditionally compared to the one of

alkali-metals (ns' configuration). Their chemical similarities are however limited to some



stoichiometric aspects of species at the +1 oxidation state. Conversely, the less effective shielding
of the valence d-orbitales increases substantially the reduction potential of the redox couple
Au(+1)/Au(0) (1.691V vs -3.045 - -2.714V of alkali metals). This results also in a smaller ionic-radius
of Au(l) with respect to cesium (Cs, configuration [Xe]6s'), with direct consequences on the
physical properties of gold (gold is more dense and presents a higher melting point) and a higher
covalent character of its compounds.® Metallic gold can be also solubilized in liquid ammonia,
gaining one electron to complete the 6s-shell and originating a formal Au(-1) species whose
stoichiometry is not well-defined.®! Alternatively, zerovalent gold can be dissolved in concentrated
HCLlin the presence of a strong oxidant, such as HNOs. The last process allows to take directly bulk
gold to chloroauric acid, in which Au assumes a +3 oxidation state. The enhanced stability of these
two oxidation states are mainly attributed to relativistic effects!® operating on s- and p-electrons
which will be described in the next paragraphs. In other words, the stabilization of the Au(-1) state
could be addressed looking to the electronegativity value of 2.4, which is the highest value found
for a metal in the periodic table, while the high crystal field stabilization energy (CFSE) of Au(lll)-ds
square-planar complexes is an important thermodynamic contribute to the stability of the latter
species. The speciation of chemical compounds containing gold includes Au(+5) species, though
in limited examples, such as the hexafluoroaurate anion [AuFs] and the dimeric neutral [Auy(p?-
F)2F10] complex.l'®' On the other hand Au(+2) species displaying a Au-Au bond are often found as
products of 1+1 e oxidations over di-nuclear Au(+1) complexes,!'>' while mononuclear species
are rarely found!®'*' or only postulated.!"® Mononuclear Au(0) complexes exist but they lack in
stability, from which the choice of bulky-porphyrin-like ligands with Tt-accepting groups over the
backbone.l'? Alternatively, di-nuclear species have been reported with an Au-Au which enhances

the stability.['®]

1.2. m-acidic properties and elementary-steps at Au(l/Ill)
complexes

The renewed interest in gold chemistry and catalysis arises from the ability of cationic Au(l) and
Au(lll) complexes to act as m-acidic species when coordinated to unsaturated m-systems, as first
demonstrated by the pioneering work of Teles and Tanaka on the direct hydration of alkynes
mediated by Au(l) species.’?*2" Both the soft character of the metal center and the presence of a
net positive charge in the complex play key roles in these transformations. The bonding situation in

such m-complexes is well rationalized by the Dewar-Chatt-Duncanson (DCD) model.”?? In this
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framework, the frontier molecular orbitals of the ligand overlap with the metal d orbitals to form a
stable adduct, reinforced by synergistic o-donation and 1 back-donation (Figure 1.1). For the
specific examples of Au(l) and Pd(ll) metal centers the first two reported interactions are of
negligible apport in energy; the latter for symmetry restrains.!*®! On the other hand, the d,; orbital at
the metal center is occupied and the c-backdonation may occur from the orbital it;, of the alkyne to

an hybrid spd.
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Figure 1.1 - Qualitative description of the orbital interactions between a TM and an alkyne ligand.*

As an example, the Au(l)—-(n2-acetylene) m-bond has been studied computationally, showing that
the dominant contribution to orbital overlap arises from ligand-to-metal o-donation (~65%),
compared to metal-to-ligand 1t back-donation (~27%).* Acetylene can therefore be classified as a
two-electron donor (L-type ligand) with low propensity for 1t back-donation. This result has been
experimentally validated by Campos and co-workers, who reported the first example of a
phosphine-Au—(rt-acetylene) complex.?® In particular, the adduct is stabilized by confinement of
acetylene within a pocket formed by the ligand side-arms. Similar conclusions apply to ethylene,
which behaves as an even slightly better donor than acetylene.?® For both ligands, a shorter C-C
bond distance is recorded after coordination, as previously observed for Cu and Ag analogues.!?”%
This phenomenon is due to torsional vibration at the ligand.

The oxidation state of the metal center can drastically influence the balance between c-donation
and 1t back-donation in the coordination bond. For instance, in a Pt(0) complex, the electron-rich
metal center is more prone to back-donate electron density into the alkyne’s antibonding orbital. In
this case, the DCD model may be less appropriate than a metallacyclopropene model, which

accounts for distortions in the ligand structure and the loss of planarity. Choosing the correct



bonding model is not straightforward, as it depends on the nature, charge, and geometry of both
the metal center and the m-ligand. At the opposite extreme, MUnz and co-workers reported an
analogous Tt-basic interaction by coupling electron-poor t-systems with electron-rich Pd(0)
complexes bearing a CAAC-type ligand with an embedded imine fragment (o symmetric M>L
donation).?

Independently of these considerations, we define a t-acid as any species capable of redistributing
the electron density of an unsaturated C-X m-system (with X = C, O, N, S). The result is partial
electron withdrawal, generating a site susceptible to nucleophilic attack. A simplified
representation of this mechanism is shown in Figure 1.2, which depicts the classic carbophilic
activation of acetylene toward functionalization by a generic protic nucleophile (HNu). The final
product results from the trans addition of H* and Nu™ across the former alkyne. In the absence of
available protons, any suitable electrophile may complete the reaction by effecting terminal

demetallation.

HNu
_ "slippage" \ H=Nu*
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Figure 1.2 - General mechanism for the addition of a nucleophile HNu to alkynes by carbophilic
activation of the triple bond.

This is not the only possible pathway. An inner-sphere mechanism is also feasible, in which the
nucleophile first coordinates to the metal center and then migrates to the activated alkyne via a
concerted process. Evidence for this has been observed in alkyne hydroarylation, where metalated
arenes and/or syn-addition products were detected.’*¥ Another important avenue is the activation
of alkynes toward nucleophilic attack by olefins. This reactivity leads to the formation of reactive
Au-carbene intermediates that can undergo C-H insertion into arenes, structural rearrangements,
or further nucleophilic attack.®'*? Echavarren has reviewed this chemistry comprehensively,

exposing in particular its application to the synthesis of strained small rings.!® Firstner and co-



workers, who pioneered some of these synthetic strategies, also proposed a unified mechanism to

rationalize these transformations.?+3!
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Figure 1.3 — Carbene-carbocation hypothesis on ene-yne cycloisomerization reactionst®*

In this mechanism (Figure 1.3), once the olefin binds to the activated metal-alkyne complex
through slippage of the metal fragment, a set of resonance structures stabilizes the evolving
carbocation—carbenoid intermediate. The prevalence of one structure over another depends on the
substrate and the possibility of forming stable products. Importantly, the attack occurs selectively
from the alkene to the alkyne, and not vice versa. This selectivity can be explained on kinetic
grounds: as noted earlier, ethylene can act as a better donor than acetylene,’* favoring this
direction of reactivity. By contrast, simultaneous coordination of both molecules often results in an
unreactive species, since excess electron donation to the metal increases back-donation to the
alkyne and suppresses carbophilic activation.

In conclusion, activation of m-systems toward nucleophilic attack by soft electrophilic centers
offers a powerful tool for constructing complex molecular architectures. However, the mechanistic

variables are numerous, making prediction of reaction outcomes challenging.

1.3. Relativistic effects at gold: the influence on electronic
properties

Although the carbene-carbocation hypothesis was not initially supported by clear experimental
evidence, it is now widely accepted by the scientific community. In particular, this model

successfully predicted the affinity of soft and hardly oxidizable late transition metal cations toward



unsaturated C-C bonds. It also accounts for the effects of charge and coordination number,
anticipating that cationic, monocoordinated LAu(l)* complexes provide the most effective scaffold

for alkyne coordination and activation.
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Figure 1.4 - 6s orbitals relative contraction in function of the atomic number Z.1*%

These features are rationalized by the relativistic contraction of the 6s orbital (Figure 1.4), which
increases the energy of the 5d orbitals and enhances their diffuse character due to increased
shielding.®”*® This phenomenon is experimentally reflected in the high energy of the L-Au(l)
coordinative interaction, with L representing a phosphine or carbene ancillary ligand. It also
contributes to the large first ionization potential of gold (9.22 eV vs. 7.57 eV for silver) and explains
the formation of unique Au-Au interactions®4! with energies comparable to hydrogen bonds.k®
Computational analyses of coordination numbers and geometries in d'® metals highlight the
tendency of Au(l) to form dicoordinated complexes with linear geometry. This behavior arises from
the high deformation energy required to bend such linear species in order to free another
coordination site. By contrast, the interaction energy gained in tricoordinated complexes is
insufficient to account for differences in the behavior of group 11 metals. Indeed, when considering
the same ligand set (with identical charges), the calculated association energies are similar for all
monovalent cations of this group.*!

These insights have key implications for gold(l) catalysis. They rule out the formation of
tricoordinated Au(l) species as the initial step in catalytic cycles. Instead, the liberation of a
coordination site—often by halide removal—is required to achieve carbophilic activation. Once a
site becomes available, the catalyst is highly reactive; potential deactivation by binding additional

alkene or alkyne moieties is disfavored.



In summary, Au(l) centers represent highly efficient electrophilic scaffolds due to their softness
and limited back-donation to alkyne antibonding orbitals. Their resistance to oxidative addition,
coupled with their soft character, allows Au(l) complexes to tolerate a wide range of functional

groups and thus broadens the scope of applicable substrates.

1.4. Hydrofunctionalizations of alkynes

As outlined in the former sections, gold complexes constitute an extremely valuable choice as
catalysts for a broad range of applications.***! Regardless its high price, the high stability of Au
species and their broad range in terms of electronic properties contributed in 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(l)
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 could give some

hint for the interpretation of the following reactions.
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Figure 1.5 - Pull and Push mechanism in Figure 1.6 - Change of selectivity by
Schmidt reaction for pyrrole synthesis®*® vinylidene intermediate formation in
phenanthrenes synthesis™”!

The first example reports an acetylenic-adapted Schmidt reaction, catalyzed by a binuclear Au(l)

complex (Figure 1.5).°! 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 1.6 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
the substrates. The lack of prevision and the difficulties on mechanism interpretations are still now
the main concerns that limit their synthetic applications. Moreover, such processes find robust
applications when limited to their intramolecular version, while intermolecular reactions suffer of
low predictability, difficulties in optimization and/or limited generality in scope. Keeping the focus
on intermolecular alkyne functionalization by protic nucleophiles HNu, the reaction mechanism
can be typically reduced to the one reported in Figure 1.7a.*9! The alkyne first approaches the
metal center generating a formal Au-(n2-alkyne) mt-adduct (A). This species is amenable to undergo
a nucleophilic attack with formal reduction of the double bond to produce an Au-vinyl intermediate
with a positive charge delocalized onto the organic fragment (B). The latter intermediate can
eventually lose a proton to form the corresponding neutral Au-(alkenyl) species, where the Au atom
and the nucleophilic residue lay opposite, in an anti-geometry. A proton source from the solvent
may act as H* donor to cleave the Au-C bond and regenerate the active species. This cycle
resembles the one proposed by Fujiwara and co-workers for the hydroarylation of alkynes
catalyzed by Pd(I1)(OAcF); (Figure 1.7b).%* On the other hand, an inner-sphere mechanism is also
possible in this case, with the electrophilic metalation of the aromatic nucleophile preceding the
coordination of the alkyne. However, this mechanism is operating to lower extents than the outer-
sphere one. Specifically, the most controversial step is represented by the trans-addition of the aryl
group to the olefin (D). It is known that the 1,2-migratory insertion of the aryl-residue onto the
alkyne moiety 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
dipolar intermediate." Finally, isotopic experiments confirmed the protic demetallation upon

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 Il) yields only a negligible amount of deuterated product.®
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Figure 1.7 — a) General mechanism for cationic gold(l)-catalyzed alkynes hydrofunctionalization

and b) mechanism of the Fujiwara’s hydroarylation of alkynes.

The ability of gold to insert within aromatic Ar-H bonds is rather limited and often limited to Au(lll)
metal centers subjected to harsh conditions and/or exposed to activated rings. In addition,
isolation and characterization of geminal alkynyl and vinyl complexes as unreactive off-cycle
products further corroborate an outer-sphere mechanism as the most probable.®>*¥ 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, while the regiochemistry of the
reaction is often defined by the substituents at the alkyne.®! 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.P®¥ The hydroarylation of ethyl propiolate with mesitylene in nitromethane was addressed
with a broad variety of catalysts. As result of this screening, gold(l) 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 m
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.
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Figure 1.8 - Hydroarylation of phenyl Figure 1.9 - Gold(lll) cyclometalated (P,C)
acetylene with mesitylene catalyzed by complexes as catalyst for electron rich alkynes

Alcarazo catalyst.%® activation.®”

The catalyst reported in Figure 1.8 is also able to perform hydroarylation of phenylacetylene 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 hydroarylations of
alkynes, also in absence of acid conditions.®** Recently, Bourissou and co-workers reported
cyclometallated (P,C)Au(lll) complexes with excellent results on their application in catalysis
(Figure 1.9).%”! The hydroarylation of electron-rich phenyl- and diphenyl-acetylene with 1,3,5-tri-
methoxybenzene (TMB) and mesitylene leads to almost complete conversion in short reaction
times at 5 mol% catalyst loading and Fujiwara-type conditions. For this system, the presence of
FACOH is necessary in order to unlock reactivity. A follow-up work on this system disclosed the
mechanism of this transformation, which is operating in complete agreement with the previously

reported outer-sphere mechanism for Pd(Il) and Au(l) complexes. In particular, the Au(lll)-( n?-
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alkyne) adduct could be generated in the gas phase and identified by mass spectrometry and CID

techniques.k

1.5. 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(l)
center is fundamental for generating the monocoordinated, cationic active species. This conceptis
common for all electrophilic gold catalysts and it is already reported in the literature.®*3 However,
in the process optimization the role of the counter ion is often considered marginal with respect to

other parameters (nature of the ligand,

40/0 1 00/0

temperature, solvent, etc). In Figure 1.10
32% is reported a pie chart collecting the data

on experimental studies on gold catalysis
17%

=:["f?'r;itgl?g”:n ; published in 2017. It is evident that the
Il only counterion .

I =t frst counterion 31% study of the counter anion effect are
I aroitrary limited only to 14% of the studies that have

I only solvent, temperature, concentration
been undertaken. Under this framework,

Figure 1.10 — Catalytic process optimization basing  the screening study conducted by Hashmi
on the procedures in 2017 (116 publications at gnd co-workers aims to furnish a solid
16.11.2017, Scifinder, keyword: gold catalyzed) **! procedure for the counter-ion selection.®”
As overall result, the authors outlined that
the pattern of reactivity on a 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 SbFg".
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.®
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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/AgSbF; (Table 1.1).Y 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.

Ph 1:4 Dioxane/H,0 (2:1) 0

/ >
=
Ph/ SOOC, [Au] cat. Ph)J\/Ph

entry catalyst Time (h) Yield (%)

1 IPrAuCl/AgSbFs 2 97

2mol%, no filtration

2 5mol% IPrAuSbFe 24 0

3 5mol% AgSbFs 24 0

4 2mol% IPrAuSbFs + 12 95
2mol% AgSbFe

5 2mol% IPrAuSbFs + 24 88
1mol% AgSbFe

6 2mol% IPrAuSbFs + 24 67

0.5mol% AgSbFs

Table 1.1 - Bimetallic Au/Ag catalysis for the diphenylacetylene hydration'®®

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 1.11).
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(A) OAc [Au] cat. O‘
&~
m CH,Cly, 1t 5
Bu AcO u

only gold only silver Au + Ag

cat. 2% [IPr-Au]+BF 4 5% AgBF, 2% IPrAuCI/AgBF,

yield 10 min, 87% 6h, 83% 10 min, 90%

(B) AcO [Au] cat o] Ph O
ph': = T ohcLNBS. Phy\ By K\KU\ By
Br » Br g

only gold only silver Au + Ag

cal. 29% [PPhgAu]*TtN- 5% AgNTf, 2% PPhaAuCUAgNTY,

yield 2 h, B4% 2h, 89% 2 h, B6%
ZE=13 ZIE =1:10 ZIE =151

Figure 1.11 - Ag-assisted gold catalysis of an electron-rich alkyne A) intramolecular

hydroarylation and propargyl-rearrangement and B) propargyl acetate-rearrangement.[®®

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 BFEt,0.%457 Other silver-free methods involve the use of protic polar solvents
(water or alcohols) or Deep Eutectic Solvents (DES, mixtures of a 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. Tailored ligands presenting a modified side-arm
which can be involved in H-bond interactions with the halido-ligand are used to weaken the

coordinative bond to gold, favoring the displacement of the halide for the reagent. ¢85

1.6. lonic Liquids as reaction media for cationic gold-catalysis

Since before the beginning of this 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 1.12 are reported examples of ionic liquids

and a table reporting the melting points of some imidazolium-based salts.[""

13



, [Me/N@\N\R } X1

Z | O N
4 5 R4 Ry
NS
Most commonly {/GN@\NLRJ N { /N*\‘| { /I\\l‘:'R‘i { /I\’i’R{
used cations: 3 L Ry Ry Ry R Ry R R X mp/°C
1-alkyl- 3-methyl- N-alkyl- N-alkyl- Tetra-alkyl- Tetra-alkyl-
imidazolium pyridinium N-methyl- ammonium phosphonium
piperidinium Me Cl 125
aEECc Rivg, Rs Et cl 87
N* RN { ©) } 7
R R Ri~NxS R
! - 2 tY z n-Bu Cl 65
N-alkyl- 1,2-di-alkyl- N-alkyl- Tri-alkyl-
N-methyl- pyrazolium thiazolium sulfonium Et NO3; 38
pyrrolidinium
Ry 234 = ~(CHy),CH; (n=1,3,5,7,9) Et AlCL, 7
. N - Et BF,4 6
Some possible  water-immiscible ————> water-miscible
amens: PFel [BF.I [CHaCO,I Et CFsSOs5 9
NTfJ [OTH [CF3CO,", [NO5J
[BR{R:RR.I IN(CN),I Br,Cr, I Et (CFsSOsN -3
[ALCIT . [AICLY Et  CFsCO, 14

n-Bu C Fasoa 16

Figure 1.12 — Chemical nature of cations and anions in ionic liquids and melting points of some

imidazolium-based salt.l’"

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 a halide or,
as it is often the case for room temperature ionic liquids, a noncoordinating fluorinated anion.”" In
the last two decades, the interest in these fluids as sustainable reaction media has increased, 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 has been already reported in the literature for a
broad variety of reactions and methodologies for catalyst recovery and recycling have been
developed.”"" From a mechanistic point of view, it is hard to determine if the catalytic process
occurs in the IL phase, in the organic one or even in both of them. However, since organic solvents

are generally not capable to extract the complex, it is more probable that the product forms in the
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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.” The catalytically active
species reported in Figure 1.13 is supposed to be in equilibrium with the monohydride neutral
complex after deprotonation.

+

[RhH4(PPh3),(Solv.) ] [RhH(PPh3),(Solv.),]

Figure 1.13 - Protonation equilibrium of the catalytic active species for catalytic
hydrogenationst4

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 IPrAuClU/AgNTf, (Table 1.2).17%

IPrAuCI (x mol%) CHs
CHs 0 AgNTH, (x mol%) CHs N
+ =X N +
OEt solvent COOEt HaC CH(S:OOEt
HaC CHa HyC CHs EtOOC._~
3eq. 1eq.
Mono-/Di-hydroarylation
Conditions Alkyne conversion
products molar ratio
BMIM NTf,, 0.5 mol% cat. , 3h >90 % 5:1
(CH_).Cl,, 60°C, 5 mol% cat., 4h >90 % 2:1

Table 1.2 - Effect of the IL media on propiolic acid hydroarylation with mesitylene

The same reaction is reported to be much more efficient in BMIM NTf,, achieving more than 90% of

alkyne conversion and improved selectivity toward the single adduct formation. In order to have a
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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 1.14, the different cationic species involved in the catalytic cycle
can benefit from the stabilization by the IL medium. Both substitution of the halide with a less-
coordinating anion, formation of the m-adduct (A) and nucleophilic attack (B) are exposed to
stabilizing interactions by the presence of low coordinating, H-bond accepting anions.”® Regarding
the latter property, the ability of the ionic environment to get involved in the proton-shuttling may
have a strong influence on the efficiency of both generating the neutral Au-vinyl species (C) after
nucleophilic attack and at the same time lowering the energy barrier to overcome the protonolysis
and afford the hydroarylation product.[’® Since the r.d.s. of the reaction cannot always be clarified,
the multiple effects of employing ionic liquids in this specific transformation may be of great use to

improve the catalytic performance.

LAu+
_'_ R2
Stabilizing interaction
//
R;
LAUC] <—
A + TN\ AuL
R
R, H Y 2
- Ry Proton shuttling
Y\z / D
R1 AulL
Ra
/ HX

Y

Figure 1.14 — Revised mechanism for the intermolecular hydroarylation of alkynes by a Au/IL
system.
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2.1. An improved gold(l)-based catalytic system for the
intramolecular synthesis of coumarins

2.1.1. Introduction

Coumarins are heterocyclic molecules defined by a common chromen-2-one motif which is often
found in numerous natural products (Figure 2.1).'®! Many of these heterocycles display notable
biological (anticancer,”! anti-inflammatory,®?! antifungal,'"” etc) properties, as well as
luminescence properties for photoelectronic applications.['""® Interestingly, with a proper design
of the bicyclic scaffold, these features can be conveniently tuned, thereupon enhancing the most
relevant property for the target application.l-'4 ]

A wide range of stoichiometric organic transformations has been developed over the years to
construct and modify the coumarin framework, enabling faster investigation of the diverse
properties of this heterocyclic family. Classical methods, such as the Pechmann condensation or
the Perkin synthesis, generally require harsh reaction conditions and often suffer from low yields
and poor atom economy. In contrast, more recent synthetic strategies rely on mt—acidic transition
metal catalysts to activate double or triple bonds in phenol-derived acrylates or propiolates,

thereby promoting cyclization with the aromatic ring.['s2%

HO. 0. _0
HO  Ph 7
Isodispar B Me
(HIV antiviral) Antispasmodic

: i N
MeO H 7 (OGP e] i Br z
o :
' 6 A3 i J
H N

O-Methylexostemin
(antimalarial)

% MeO 7
OH Ph O Scoparone

Warfarin (anticoagulant) (immunosuppressive)

Figure 2.1 - Selection of bioactive compounds based on the coumarin core

Gold(l)-based complexes have emerged as promising precatalysts for this task,??"?? enabling a

simple two steps synthesis of coumarins. A first step consists in a pre-esterification of a phenol
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with a propiolic acid, usually mediated by a di-substituted carbodiimide, followed by an
intramolecular hydroarylation process triggered by electrophilic induction at the alkyne after

coordination to gold (Figure 2.2).2%%

0°C to RT

R! 0.0 1
R OH 0 DCC, DIMAP ) \ [Au] cat. R O~°
X > * /U\ > Z — | N
7 o Il
RZ
Figure 2.2 — Synthetic strategy to build coumarin scaffolds

In this respect, a former report by Banwell et al. showcases the main trends and limitations of
gold(l) precatalysts in the cyclization of aryl propiolate derivatives.® The appropriate activation of
the aromatic ring toward electrophilic substitution by derivatization with electron donating
functional groups appears to be crucial yielding good catalytic efficiencies. On the other hand,
moderately high catalyst loadings are required (3-5 mol%), which represents a major drawback
regarding gold catalysis.®”* This limitation is particularly evident when compared to other gold—
mediated processes, such as alkyne hydration, hydroamination, and hydroalkoxylation, which are
often reported to proceed efficiently under remarkably low catalyst loadings, in some cases well
below 0.1 mol%.2 In contrast, only a few examples of hydroarylation reactions performed with
such low gold contents have been documented so far.[%

These considerations emphasize the urgency for new catalytic systems to be developed. The new
method should be capable of combining a broader substrate tolerance with reduced catalyst
loadings, thus enhancing both the catalytic efficiency and the substrate tolerance of gold-
catalyzed hydroarylation reactions. Our longstanding experience in the study of late transition
metal catalysts for direct alkyne hydroarylation reactions led us recently to develop a system
based on gold(l) complexes in ionic liquids (ILs) as catalysts featuring high activity in the
hydroarylation of alkynoic acids and esters with electron rich arenes and heteroarenes under mild
conditions.'*2 We then set out to apply this reaction to the development of a synthetic protocol
for the preparation of functionalized coumarins via intramolecular hydroarylation of phenol derived

propiolic esters.
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2.1.2. Results and Discussion

Our investigation started with the preparation of the alkynoate ester 1a to screen the best
conditions to perform the intramolecular hydroarylation reaction. The commercial complex
IPrAUNTf, (IPr= N,N’—(2,6—-diisorpopylphenyl)imidazole-2-ylidene, NTf, =
bis(trifluoromethylsulfonyl)imide) was chosen as catalyst, since it was already proved competent
in our previous investigations on the intermolecular alkyne hydroarylation with arenes.[? In this
case, no silver-mediated activation was necessary due to the presence of the weakly coordinating
anion NTf;” tethered to gold, which can be conveniently displaced in presence of the substrate
under catalytic conditions.

Prompted by our recent findings on the synergistic role of gold catalysis and ILs in intermolecular
hydroarylation reactions, we addressed our initial efforts towards a screening of ILs as reaction
media. Interestingly, through the combined use of NTf,” anion and BMIM (1-butyl-2-
methylimidazolium) as cation, almost quantitative yields of 2a could be reached within 30 minutes
at 0.5 mol% gold catalyst (Table 2.1, entry 1). The perfluorinated anion BF,™ also gave a system with
appreciable catalytic activity (Table 2.1, entry 4) which was unexpected if compared again with the
intermolecular reaction. It must be said that only freshly supplied ILs must be used when the
counteranion is a perfluorocomplex in order to ensure good reproducibility. These counteranions
slowly decompose, likely through a hydrolytic pathway, and the resulting impurities can negatively
impact catalytic performance.? Interestingly, the nature of the cation had also some effect on the
overall catalytic performance, which was most evident with the anions providing lower activity.
Indeed, little differences were observed with NTf,” as the anion (entries 11, 12 and 13); only with the
cation BMPyrr the activity was significantly lower, though still high (entry 13). On the contrary, use
of the BMMIM cation instead of BMIM caused an impressive activation of the catalytic system when
OTf was used as anion (Table 2.1, entry 10). An opposite trend was observed for BF,~ (Table 2.1,
entries 4 and 5), whereas the system with PFs as anion remained inactive, probably due to its
higher tendency to hydrolyze. We tend to attribute this effect to the fact that in comparison with
BMIM the BMMIM cation lacks the capacity to act as a hydrogen bond donor.*® This capacity may
give rise to strong interionic interactions, when the cation is coupled with anions exhibiting strong
hydrogen bond basicity, with the consequent formation of microheterogeneities in the ionic liquid

phase. .

Table 2.1 - Effect of the ionic liquid on the reaction performance
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[Cation] [Anion]

o U o S B v S

<Zj©/0\lE IPrAUNTE2 0.Smot) ¢ m \/;;wu [BMMm;]( E INTE] [PFFel
Entry [Cation] [Anion] T(°C) Time (h) Yield (%)?
1 [BMIM] [NT,] 40 0.5 97
2 [BMIM] [OTf] 40 4 NR®
3 [BMIM] [PFq] 40 4 NR®
4 [BMIM] [BF.] 40 1 52
2 97

5 [BMMIM] [BF.] 40 6 15
24 48

6 [BMMIM] [BF.] 50 6 31
24 95

7 [BMIM] [PFe] 50 3 NR®
8 [BMMIM] [PFe] 50 3 NR®
9 [BMIM] [OTf] 50 24 NR®
10 [BMMIM] [OTf] 50 6 38
24 >99

1 [BMMIM] [NTF,] 40 0.5 >99
12 [Bu(Me)sN] [NTF,] 40 0.5 93
1 >99

13 [BMPyrr] [NTF,] 40 1 85
2 >99

@ Yijelds were determined by 'H NMR spectroscopy with dimethylsulfone or 1,2-dimethoxyethane as internal
standards;® NR: no reaction.

In the absence of such strong interionic interactions, (i.e. when the anion has low hydrogen bond
basicity, as in the case of NTfy), the effect of the cation vanishes and can present itself again only
when the change in the physico—chemical properties is so large to alter the solubility of the

substrate or of the catalyst in the ionic liquid.
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Once the optimalionic liquid had been selected, we turned our attention to the minimization of the

gold content in order to obtain efficient catalysis (Table 2.2).

Table 2.2 - Effect of acid addition on the reaction performance

o 00 0._0
{ D/ IPrAUNTf, (x mol%) <°
2| - LU
HBF,-Et,0 (20 mol%)
1a Ph

[BMIM][NTf,], 40°C 2a N
Entry [Au] (mol%) HBF, Time (h) Yield (%)*
(mol%)
1 0.5 - 0.5 97
2 0.5 20 0.5 >99
3 0.1 - 24 NRP
4 0.1 20 1 79
1.5 98
5 0.05 20 1 30
3 93
6 0.01 20 3 35
5 61
24 >99
7 - 20 24 NRP

2 Yields were determined by "H NMR spectroscopy with dimethylsulfone or 1,2-dimethoxyethane as internal
standards; ®* NR: no reaction.

As mentioned above, using our system it was possible to lower the gold content down to 0.5 mol%
without compromising the catalytic performance. Moreover, by adding 20 mol% of a Brgnsted acid
(in our case HBF,-Et,0) as co-catalyst, it was possible to further lower the gold content to 0.01
mol% without significant erosion of the chemical outcome (99% yield; Table 2.2, entry 6).

The possible roles of the acid additive are to assist the protic cleavage of the Au-C bond, which
may be the rate determining step of the reaction, and to keep the catalyst active when lower
amounts of gold(l) complex are employed.®”! In the latter context, the acid cocatalyst is supposed
to restore the active monomeric gold complex by attacking off-cycle intermediates such as gem-

diaurated species.*>*®! The effect of the acid additive is evident when 0.1 mol% of gold(l) complex
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was employed: the system is completely static/poisoned under neutral conditions (Table 2.2, entry
3). On the other hand, as soon as HBF,-Et,O is added the complete restoration of the catalytic
activity occurs (Table 2.2, entry 4). In presence of the acidic co-catalyst, the hydroarylation
reaction could be promoted using only 0.01 mol% of IPrAuNTf,, and still a quantitative yield was
obtained after 1 day reaction (Table 2.2, entry 6). To our knowledge, it is the first time that gold(l)-
catalysts were employed in such low amounts in the framework of C-H bond functionalization
reactions. At this point, a selected sample of 15 substrates was taken into consideration to test the

synthetic application and the generality of the method (Figure 2.3).

Figure 2.3 — Reaction scope?
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@ |solated yields are reported; ® Conditions A: [1] = 0.67 M, 0.05 mol% IPrAuNTf, at 40 °C; ° No reaction
observed; 9 84% of 1j was recovered; ¢ Conditions B: [1] = 0.67 M, 0.5 mol% IPrAuNTf, at 80 °C; ' 2l was
detected by 'H NMR spectroscopy, however purification by column chromatography was impractical due to
the presence of multiple by-products; € The complex ImPyAuCl was employed instead of IPrAuNTf, with 1
equiv. AgSbFg as activator; " extensive hydrolysis of 10 was detected by 'H NMR spectroscopy;
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By reducing the acid additive loading at 10 mol% and fixing arbitrarily the reaction time at 24 h, we
could still obtain quantitative conversion of 1a to yield the corresponding coumarin 2a at low
amount of IPrAuNTf; (conditions A). The presence of more donating group at the alkyne moiety,
such as p-tolyl (1b) or alkyl chains with different lengths (1d or 1e) showed a low influence on the
catalytic performance allowing to achieve quantitative conversion of the alkynoates and isolated
yields above 90%. On the other hand, an even more electron-rich alkyne, such as 1f, resulted
completely inactive toward the employed conditions. However, a higher steric hindrance near the
electrophilic center cannot be excluded from the causes of this lack in activity. The effect of
substituents at the meta positions of the aryl ring was also tested. 3,4,5-Trisubstituted-phenol
derivatives 1g and 1i were employed achieving good yields. Comparable efficiencies are found as
well when a terminal alkyne moiety is employed (1¢ and 1h).

Poor yields were obtained with substrate 1j bearing an unsubstituted phenyl ring, (12% yield).
However, by just increasing the amount of catalyst (0.5 mol%) and reaction temperature (80 °C,
conditions B) 2j could be conveniently isolated in 90% yield. Substrate 1k was as well included in
the scope, with 82% isolated yield and complete selectivity toward the reported isomer 2k. it is
indeed reasonable that the carbon atom enclosed in between the tBu and the ester group would be
less available due to steric shielding. Surprisingly, moving to substrate 1l we encountered
unexpected selectivity issues which made unpracticable the purification of 2l by column
chromatography.

Finally, we tackled the suitability of more deactivated substrates, bearing different electron
withdrawing groups at the para position of the aryl moiety. A first attempt was conducted
employing conditions B and 1n as substrate but only 15% yield was achieved after 24 h. Structural
modification at the NHC ligand proved to be an efficient strategy to overcome this issue. In
particular, the electrophilic character of the gold metal center could be enhanced by a Buchwald-
type pendant installed on the pyridine—-derived NHC ligand (ImPy). In fact, the group of Prof. Marco
Bandini at the University of Bologna has recently reported on the beneficial effect of CFs;—containing
ligands on electrophilic gold-catalyzed processes.**®! This modification (catalyst ImPyAuCl)
resulted in an impressive enhancement of the catalytic performance, achieving 2n in 52% yield.
Activation of the 4-phenyl derivative 1m was as well accomplished, achieving 77% vyield of 2m,
while the more deactivated nitro compound 10 showed no conversion to hydroarylation products.

Analysis of the reaction crude by '"H NMR spectroscopy consistently showed hydrolysis of the ester
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group as the only reaction taking place, with a rate increasing with higher gold complex loading:

neither 10 nor 20 were detected after one day of reaction when 2 mol% ImPyAuCl were employed.

2.1.3. Conclusion and perspectives

A new ionic liquid-based system was reported, showing enhanced catalytic performance in the
gold—-catalyzed intramolecular hydroarylation of aryl alkynoates. Extremely low catalyst loadings
could be employed in the case of activated substrates with a good tolerance toward the alkyne
substituent, allowing to access a broad variety of 4-substituted coumarins. Different aromatic
rings could be incorporated in the reaction scope using harsher conditions and a higher amount of
gold catalyst, although such amount was still lower than what is generally employed in the
literature in the context of hydroarylation processes. Finally, tuning the electronic properties of the
metal center by means of the reported ImPy-NHC ligand, we could access coumarins 2m and 2n
with analogous results to the ones obtained by Shi and He with 5 mol% AuCls/3AgOTf catalyst,?®

which have been up to now the best result reported in gold catalysis for those substrates.
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2.1.4. Experimental section

Synthesis of aryl alkynoates

Aryl alkynoates were prepared according to a previously reported procedure:!!

In a round-bottom flask, a stirred solution of the phenol (3.0 mmol, 1.0 eq.) in DCM (12 ml) was
cooled to 0°C and the propiolic acid* derivative (3.3 mmol, 1.1 eq.) was added. Subsequently, a
mixture of dicyclohexylcarbodiimide (DCC, 873.0 mg, 4.4 mmol, 1.5 eq.) and 4-
dimethylaminopyridine (DMAP, 36.0 mg, 0.3 mmol, 0.1 eq.) in DCM (6 mL) was added dropwise to
the round-bottom flask. The resulting mixture was allowed to warm up and stirred at room
temperature for 12 hours. Then the mixture was filtered and the solid residue on the filter was
washed with DCM (15 mL). The combined organic phases were concentrated under reduced
pressure and the obtained residue purified by flash chromatography over silica gel. The desired

product was isolated upon evaporation of the relevant fractions.

* Propiolic acid, phenylpropiolic acid, 3—(trimethylsilyl)-2—propynoic acid, 2-butynoic acid and 2-
hexynoic acid were directly purchased and used without further purification, while the derivative 3—
(4’-methyl-phenyl)-2-propynic acid was synthesized according to the following procedure:[*! 4-
iodotoluene (1.323 g, 6.0 mmol, 1.0 eq.), 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU, 2.01 g, 13.2
mmol, 2.2 eq.), and Pd(PPhs)s (347.1 mg, 0.3 mmol, 5 mol %) were taken in a flame dried, round
bottom flask with a magnetic stirrer. The reaction tube was purged with argon and then dry DMSO
(15 mL) was added via a syringe. Propiolic acid (0.40 ml, 6.6 mmol, 1.1 eq.) was added into the flask
and then the mixture was stirred at room temperature for 12 h. After completion of the reaction
(TLC monitored), EtOAc (10 mL) was added into the reaction mixture. The reaction mixture was
extracted with saturated aqueous NaHCO;. The aqueous layer was separated, acidified by addition
of cold HCL (1 M) and extracted with DCM. The combined organic layers were dried with anhydrous
Na,SO, and filtered, and the solvent was removed under reduced pressure. The resulting crude
product was purified by column chromatography on silica gel (MeOH/DCM/AcOH 8:90:2 as eluent).
The product was identified by '"H NMR spectroscopy and was subsequently employed for the

synthesis of the corresponding aryl alkynoate.
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3’,4’-Methylendioxy-phenyl 3-phenyl-2-propynoate - 1a

Synthesized employing sesamol and 3-phenyl-2—-propynoic acid as

starting materials. The corresponding alkynoate was isolated by flash

o 0 o chromatography (eluent EtOAc/Hex 1:10) to obtain 593 mg of product

< :©/ as a white solid (2.22 mmol, 74% yield). Spectroscopic data were in
o | | agreement with previously reported ones. %

Ph H NMR (300 MHz, CDCLy): 5 7.66-7.60 (m, 2H), 7.53-7.45 (m, 1H),

7.44-7.36 (m, 2H), 6.80 (d, 1H, J = 8.4 Hz), 6.71 (d, 1H, J = 2.4 Hz),
6.64 (dd, 1H, J= 8.4 Hz, J = 2.4 Hz,), 5.99(s, 2H) ppm.

3’,4’-Methylendioxy-phenyl 3-(4’-methylphenyl)-2—-propynoate - 1b

Synthesized employing sesamol and 3-(4-methylphenyl)-2—-
propynoic acid as starting materials. The corresponding alkynoate
was isolated by flash chromatography (eluent EtOAc/Hex 1:10) to
obtain 52.6 mg of product as a pale yellow solid (0.188 mmol, 3%

o o__0 overall yield from 4-iodotoluene and propiolic acid*).

<O:|©/ I | "H NMR (300MHz, CDCLls): 5 7.57-7.48 (m, J = 7.8 Hz, 2H), 7.26-7.16
(m, J=7.8 Hz, 2H), 6.80 (d, J = 8.3 Hz, 1H), 6.70 (brs, 1H), 6.64 (d, J =
8.3 Hz, 1H), 5.99 (s, 2H), 2.40 (s, 3H) ppm; "*C{'H} NMR (75.5 MHz,
CDCLl:): 5 152.9, 148.2, 145.9, 144.5, 142.0, 133.3, 129.6, 116.2,

114.1, 108.2, 103.7, 101.9, 89.5, 80.0, 21.9 ppm; HRMS (ESI+): calcd
for [M+H]" = C4;H30,": 281.0808 m/z. Found: 281.0890 m/z.

* the low yield is mainly due to the inefficiency of the Sonoghashira

coupling of 4-iodotoluene with propiolic acid.

3’,4’-Methylendioxy-phenyl-2-propynoate - 1c

o 0] 0] Synthesized employing sesamol and propiolic acid as starting
<O:©/ ” materials. The corresponding alkynoate was isolated by flash
chromatography (eluent EtOAc/Hex 1:10) to obtain 356 mg of product

as a white solid (1.87 mmol, 62% yield). Spectroscopic data were in
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agreement with previously reported ones.[

H NMR (300 MHz, CDCLy): 5 6.79 (d, J = 8.4 Hz, 1H), 6.66 (d, J = 2.4
Hz, 1H), 6.59 (dd, J = 8.4, 2.4 Hz, 1H), 5.99 (s, 2H), 3.07 (s, 1H) ppm.

3’,4’-Methylendioxy-phenyl-2-butynoate - 1d

Sone

Me

Synthesized employing sesamol (scaled—up procedure to 6 mmol)
and 2-butynoic acid as starting materials. The corresponding
alkynoate was isolated by flash chromatography (eluent EtOAc/Hex
1:10) to obtain 846 mg of product as a white solid (4.14 mmol, 69%
yield).

H NMR (300 MHz, CDCLy): 5 6.74 (d, J = 8.4 Hz, 1H), 6.63 (d, J = 2.3
Hz, 1H), 6.55 (dd, J = 8.4, 2.3 Hz, 1H), 5.94 (s, 2H), 2.01 (s, 3H) ppm;
3C{'"H} NMR (75.5 MHz, CDCls): 5 152.3, 148.2, 145.8, 144.4, 114.0,
108.1, 103.6, 101.9, 88.4, 72.1, 3.9 ppm; HRMS (ESI+): calcd for
[M+H]" = C11HsO4": 205.0495. Found: 205.0546.

3’,4’-Methylendioxy-phenyl-2-hexynoate - 1e

o

"Pr

Synthesized employing sesamol and 2-hexynoic acid as starting
materials. The corresponding alkynoate was isolated by flash
chromatography (eluent EtOAc/Hex 1:10) to obtain 395 mg of product
as a white solid (1.70 mmol, 57% yield).

"H NMR (300 MHz, CDCL): 5 6.77 (d, 1H, J = 8.4 Hz), 6.64 (d, 1H, J =
2.4 Hz), 6.57 (dd, 1H, J = 8.4, 2.4 Hz), 5.98 (s, 2H), 2.37 (t, 2H, /= 7.1
Hz), 1.65 (ses, 2H, J = 7.2 Hz), 1.04 (t, 3H, J = 7.4 Hz) ppm; "*C{'H}
NMR (75.5 MHz, CDCLls): 5 152.5, 148.2, 145.8, 144.5, 114.0, 108.1,
103.7,101.9,92.4,72.9, 21.1, 20.9, 13.6 ppm; HRMS (ESI+): calcd for
[M+H]" = C43H504": 233.0808 m/z. Found: 233.0844 m/z.
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3’,4’-Methylendioxy-phenyl-3-trimethylsilyl-2-propynoate - 1f

Synthesized employing sesamol (scaled-up procedure to 6 mmol)
and 3-trimethyl-silyl-2-propynoic acid as starting materials. The
corresponding alkynoate was isolated by flash chromatography

(eluent EtOAc/Hex 1:10) to obtain 393 mg of product as a colorless

o 0__0
{ :©/ oil (1.50 mmol, 25 % yield).
© I

"H NMR (300MHz, CDCLls): 5 6.76 (d, J = 8.4 Hz, 1H), 6.64 (d, J = 2.4
Hz, 1H), 6.57 (dd, J = 8.4, 2.4 Hz, 1H), 5.97 (s, 2H), 0.28 (s, 9H) ppm;
3C{'H} NMR (75.5 MHz, CDCLl;): 5 151.6, 148.2, 145.9, 144.2, 113.9,
108.1, 103.6, 101.9, 96.9, 94.0, -0.8 ppm; HRMS (ESI+): calcd for
[M+H]* = C43H1504Si": 263.0734 m/z. Found: 263.0772 m/z.

3’,4’,5’-Trimethoxy-phenyl-3-phenyl-2-propynoate - 1g

Synthesized employing 3,4,5-trimethoxyphenol and 3-phenyl-2—
propynoic acid as starting materials. The corresponding alkynoate

was isolated by flash chromatography (eluent EtOAc/Hex 1:5) to

MeO 0.__0O
obtain 561 mg of product as a yellow solid (1.80 mmol, 60% vyield).
MeO || Spectroscopic data were in agreement with previously reported
OMe
Ph ones.l"®

H NMR (300 MHz, CDCLy): 5 7.67-7.58 (m, 2H), 7.54-7.46 (m, 1H),
7.45-7.36 (m, 2H), 6.44 (s, 2H), 3.85 (s, 6H), 3.84 (s, 3H) ppm.

3’,4’,5’-Tri-methoxy-phenyl-3-phenyl-2-propynoate - 1h

Synthesized employing 3,4,5-trimethoxy-phenol and propiolic acid

as starting materials. The corresponding alkynoate was isolated by

MeO 0P flash chromatography (eluent EtOAc/Hex 1:5) to obtain 309 mg of
MeO | | product as an orangish solid (1.31 mmol, 44% yield).
OMe
H 'H NMR (300 MHz, CDCl;): 5 6.38 (s, 2H), 3.83 (s, 6H), 3.82 (s, 3H),

3.09 (s, 1H) ppm; *C{'H} NMR (75.5 MHz, CDCL): 5 153.7, 151.1,
145.9, 136.4, 98.9, 77.1, 74.3, 61.0, 56.3 ppm; HRMS (ESI+): calcd for
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[M+H]* = C1,H1305": 237.0757 m/z. Found: 237.0785 m/z.

3’,4’,5’-Trimetyl-phenyl-3-phenyl-2-propynoate - 1i

Me 0.__0

Me ||

Me
Ph

Synthesized employing 3,4,5-tri-methyl-phenol and 3-phenyl-2—
propynoic acid as starting materials. The corresponding alkynoate
was isolated by flash chromatography (eluent EtOAc/Hex 1:10) to
obtain 384 mg of product as a white solid (1.45 mmol, 48% yield).

H NMR (300 MHz, CDCLy): 5 7.69-7.61 (m, J = 7.8 Hz, 2H), 7.54-7.46
(m, 1H), 7.45-7.37 (m, 2H), 6.85 (s, 2H), 2.31 (s, 6H), 2.16 (s, 3H)
ppm; ®C{'H} NMR (75.5 MHz, CDCLy): 5 153.0, 147.3, 138.0, 133.5,
133.2, 131.0, 128.7, 120.2, 119.4, 88.3, 80.5, 20.8, 15.1 ppm; HRMS
(ESI+): calcd for [M+H]* = CisH1,0,": 265.1223 m/z. Found: 265.1256

m/z.

Phenyl-3-phenyl-2-propynoate - 1j

OOHO

Ph

Synthesized employing phenol and 3-phenyl-2-propynoic acid as
starting materials. The corresponding alkynoate was isolated by flash
chromatography (eluent EtOAc/Hex 1:20) to obtain 415 mg of product
as a white solid (1.87 mmol, 62% yield). Spectroscopic data were in

agreement with previously reported ones.”

H NMR (300 MHz, CDCLy): & 7.66-7.61 (m, 2H), 7.53-7.37 (m, 5H),
7.32-7.27 (m, 1H), 7.23-7.17 (m, 2H) ppm.

3’-Tert-butyl-phenyl-3-phenyl-2-propynoate - 1k

tBu\©/0 (0]
I

Ph

Synthesized employing 3-tert-butyl-phenol and 3-phenyl-2—
propynoic acid as starting materials. The corresponding alkynoate
was isolated by flash chromatography (eluent EtOAc/Hex 1:20) to
obtain 366 mg of product as a greenish oil (1.31 mmol, 44% yield).

Spectroscopic data were in agreement with previously reported ones.

H NMR (300 MHz, CDCLy): 5 7.66-7.60 (m, 2H), 7.53-7.45 (m, 1H),
7.44-7.37 (m, 2H), 7.34 (d, J = 7.6 Hz, 1H), 7.31 (dt, J = 7.8, 1.6 Hz,
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1H), 7.19 (t, J = 1.9 Hz, 1H), 7.03 (dt, J = 7.5, 1.9 Hz, 1H), 1.34 (s, 9H)
ppm; *C{"H} NMR (75.5 MHz, CDCLl;): 5 153.5, 152.6, 150.2, 133.3,
131.1, 129.2, 128.8, 123.6, 119.5, 118.6, 88.7, 80.5, 35.0, 31.4 ppm;
HRMS (ESI+): calcd for [M+H]" = C4sH150,": 279.1380 m/z. Found:
279.1408 m/z.

2’-Methoxy-phenyl 3-phenyl-2-propynoate - 11

Synthesized employing guaiacol and 3-phenyl-2-propynoic acid as
starting materials. The corresponding alkynoate was isolated by flash
chromatography (eluent EtOAc/Hex 1:5) to obtain 401 mg of product
as a pale yellow solid (1.59 mmol, 53% vyield). Spectroscopic data

were in agreement with previously reported ones. B!

'H NMR (300MHz, CDCL;): 5 7.66-7.58 (m, 2H), 7.52-7.44 (m, 1H),
7.43-7.35 (m, 2H), 7.30-7-22 (m, 1H), 7.20-7.13 (m, 1H), 7.05-6.95
(m, 2H), 3.85 (s, 3H) ppm.

Biphenyl-4’-yl-3-phenyl-2-propynoate - 1m

T
Ph If

Ph

Synthesized employing 4-phenyl-phenol and 3-phenyl-2—-propynic
acid as starting materials. The corresponding alkynoate was isolated
by flash chromatography (eluent Toluene/Hex 1:1) to obtain 608 mg of
product as a white solid (2.04 mmol, 68% yield). Spectroscopic data

were in agreement with previously reported ones.2

'H NMR (300 MHz, CDCLl;): 5 7.68-7.60 (m, 5H), 7.60-7.55 (m, 2H),
7.55-7.33 (m, 6H), 7.31-7.24 (m, 2H) ppm.

4’-Bromo-phenyl-3-phenyl-2-propynoate - 1n

o
Br ||

Ph

Synthesized employing 4-bromo-phenol and 3-phenyl-2-propynoic
acid as starting materials. The corresponding alkynoate was isolated
by flash chromatography (eluent EtOAc/Hex 1:10) to obtain 738 mg of
product as a white solid (2.45 mmol, 82% yield). Spectroscopic data

were in agreement with previously reported ones.?
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'H NMR (300 MHz, CDCLl;): 5 7.67-7.60 (m, 2H), 7.57-7.51 (m, J = 8.8
Hz, 2H), 7.51-7.46 (m, 1H), 7.46-7.37 (m, 2H), 7.14-7.06 (m, J = 8.8
Hz, 2H) ppm.

4’-Nitro-phenyl-3-phenyl-2-propynoate - 10

Synthesized employing 4-bromo-phenol and 3-phenyl-2-propynoic

acid as starting materials. The corresponding alkynoate was isolated

0o o by flash chromatography (eluent EtOAc/Hex 1:10) to obtain 571 mg of
OZN/©/ | | product as a pale yellow solid (2.14 mmol, 71% yield). Spectroscopic

data were in agreement with previously reported ones.®"
Ph

"H NMR (400 MHz, CDCL;): 5 8.34-8.29 (m, J = 9.2 Hz, 2H), 7.68-7.64
(m, 2H), 7.56-7.50 (m, 1H), 7.47-7.38 (m, 4H) ppm.

Synthesis of the catalyst ImPyAuCl

The synthesis has been accomplished according to a reported literature procedure.®! In a flame-
dried two-necked round bottom flask filled with argon the imidazolium salt ImPy-HCLl (52.2 mg,
0.10 mmol, 1 eq.) was dissolved in 1 mL of anhydrous DCM and then Ag,O (25.6 mg, 0.11 mmol, 1.1
eq.) was added: aluminum foils were used to protect the reaction mixture from light. The reaction
mixture was stirred at room temperature overnight. TLC monitoring using EtOAc/°Hex 1:2 was
performed to identify formation of the respective NHC-Ag complex. The reaction was filtered
through a Celite” pad followed by DCM to rinse the filter. The organic phase was then evaporated,
taken up in 1 mL of anhydrous DCM and transferred inside a two—necked round-bottom flask under
inert atmosphere (aluminum foils were employed also in this step). [AuCl(SMe,)] (29.6 mg, 0.10
mmol, 1 eq.) was then added and the solution was stirred at room temperature for 5 h. After the
silver precursor was completely consumed, the reaction crude was filtered through a Celite® pad,
the filter was rinsed with DCM and all volatiles were removed in vacuo. The resulting yellowish solid
was recrystallized by layering n—-hexane over a concentrated solution of DCM, to afford 49.1 mg of
the desired ImPyAuCl complex (0.068 mmol, 68% yield). The collected spectroscopic data were in

accordance with previously reported ones.!*”!
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ImPyAuCl

: H NMR (300 MHz, CDCLy): & = 8.11 — 7.97 (m, 3H), 7.57 (dd, J = 9.3,
0.9 Hz, 1H), 7.47 (t, J = 7.8 Hz, 1H), 7.41 (s, 1H), 7.26 = 7.21 (m, 2H),

7 N
/ N'jA w 7.12 (dd, J = 9.3, 6.7 Hz, 1H), 6.73 (dd, J = 6.7, 0.9 Hz, 1H), 2.16
— u
cl (hept, J=6.6 Hz, 2H), 1.25 (d, /=6.8 Hz, 6H), 1.13 (d, /= 6.6 Hz, 6H)
CF
. : ppm; "°F NMR (188 MHz, CDCL;): 5 -62.92 ppm.
3

General procedure for catalytic test of Table 2.1

The substrate 1a (133.1, 0.5 mmol) was placed in a flame-dried Schlenk tube under argon
atmosphere. The gold catalyst IPrAuNTf, (2.2 mg, 0.0025 mmol) was added to the flask along with
0.75 ml of a suitable ionic liquid. The internal standard, dimethylsulfone or 1,2-dimethoxyethane,
(0.25 mmol) was then added to the same flask and the mixture was stirred at room temperature for
five minutes. At this point a '"H NMR check was taken, and the Schlenk tube was then moved in a
thermostatic bath at 40 or 50 °C. The reaction kinetic was followed by sampling aliquots of the

reaction crude at different times and analyzing them by "H NMR.

General procedure for catalytic test of Table 2.2

Different amounts of IPrAuNTf, catalyst (0.1, 0.05 or 0.01 mol% with respect to 1a) were deposit
through a titled solution of the complex in DCM.* The same procedure as for Table 2.1 was used: in
particular, [BMIM][NTf,] was employed as ionic liquid. The acidic additive HBF,-Et,O (14 pl, 0.1
mmol) was added to the reaction mixture as the first '"H NMR check was collected. The Schlenk
tube was then placed in a thermostatic bath at 40°C and the reaction kinetic was monitored as
above.

*DCM was previously treated with basic alumina in order to remove acid traces.

General procedures for hydroarylation reactions

e Conditions A:

The substrate (0.5 mmol) was placed in a flame-dried Schlenk tube under argon atmosphere. A
freshly prepared solution of the gold catalyst IPrAuNTf, (4.3 mg, 0.005 mmol) in [BMIM][NTf;] (50 pl)
was added to the flask (50 pl, 0.25 pmol, 0.05 mol% [Au] loading), along with 0.7 ml of [BMIM][NTf;]
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and the mixture was stirred for 5 min at room temperature. The acid co-catalyst HBF,- Et,O (7 pl,
0.05 mmol) was then added to the mixture and the flask was placed in a thermostatic bath at 40 °C
for 24 h. A "H NMR check was then taken to confirm the presence of products. The reaction crude
was then subjected to column chromatography purification without any pre-treatment to afford the
spectroscopically pure coumarin upon collection of the relevant fractions.

e Conditions B:

The substrate (0.5 mmol) and the gold catalyst IPrAuNTf, or ImPyAuCl (0.0025 mmol) were placed
in a flame-dried Schlenk tube under argon atmosphere. The ionic liquid [BMIM][NTf] (0.75 ml) was
added to the flask and the mixture was stirred for 5 min at room temperature.* The acid co—catalyst
HBF,-Et,O (7 ul, 0.05 mmol) was then added to the mixture and the flask was placed in a
thermostatic bath at 80 °C for 24 h. A '"H NMR check was then taken to confirm the presence of
products. The reaction crude was then subjected to column chromatography purification without
any pre-treatment to afford the spectroscopically pure coumarin upon collection of the relevant

fractions.

* When ImPyAuCl was employed, 0.1 ml of AgSbFs solution in [BMIM][NTf,] (8.6 mg AgSbFs, 0.025
mmol, in 1 ml of ionic liquid) was added to remove the chloride ligand. The mixture volume was

then diluted to 0.75 ml with fresh [BMIM][NTf,].

6,7-Methylendioxy-4-phenyl-2H-chromen-2-one - 2a

Compound 2a was synthesized from 1a according to general
conditions A and purified by column chromatography (eluent
EtOAc/Hex 1:4) to afford 131.3 mg of the corresponding coumarin as

a white solid (0.49 mmol , 99% vyield). Spectroscopic data were in

o 0._0O
< m agreement with previously reported ones.?
(o]

Ph H NMR (300 MHz, CDCLy): 5 7.52-7.50 (m, 3H), 7.45-7.39 (m, 2H),
6.88 (s, 1H), 6.82 (s, 1H), 6.23 (s, 1H), 6.05 (s, 2H) ppm; *C{'"H} NMR
(75.5 MHz, CDCLy): 5 161.3, 156.0, 151.5, 151.3, 144.9, 135.8, 129.7,
129.0, 128.3, 113.0, 112.3, 104.5, 102.5, 98.7 ppm.
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6,7-Methylendioxy-4—(4’-methylphenyl)-2H-chromen-2-one - 2b

Compound 2b was synthesized in lower scale from 1b (0.1Tmmol),
according to general conditions A and purified by column
chromatography to afford 27.1 mg of the corresponding coumarin as

<0 O o o a white solid (0.097 mmol, 97% yield).

H NMR (300MHz, CDCLy): 5 7.35-7.27 (m, 4H), 6.88 (s, 1H), 6.86 (s,
O 1H), 6.21 (s, 2H), 6.04 (s, 2H), 2.44 (s, 3H) ppm; *C{'H} NMR (75.5
MHz, CDCL): 5 161.4, 156.1, 151.5, 151.2, 144.9, 139.9, 132.9,
129.7, 128.3, 113.1, 112.1, 104.6, 102.5, 98.7, 21.5 ppm; HRMS
(ESI+): calcd for [M+H]* = C1,H1504": 281.0808 m/z. Found: 281.0878

m/z.
6,7-Methylendioxy-2H-chromen-2-one - 2¢

Compound 2c was synthesized from 1c¢ according to general
conditions A and purified by column chromatography (eluent DCM) to

afford 80.6 mg of the corresponding coumarin as a white solid (0.42

o. _O mmol, 85% vyield). Spectroscopic data were in agreement with
< P previously reported ones.
H

H NMR (300 MHz, CDCLy): 5 7.58 (d, J = 9.5 Hz, 1H), 6.83 (s, 2H), 6.28
(d, J = 9.5 Hz, 1H), 6.07 (s, 2H) ppm; *C{'H} NMR (75.5 MHz, CDCL):
5 161.3, 151.4, 151.4, 145.0, 143.6, 113.5, 112.8, 105.1, 102.4, 98.5

ppm.
6,7-Methylendioxy-4-methyl-2H-chromen-2-one - 2d

Compound 2d was synthesized from 1d according to general

conditions A and purified by column chromatography (eluent DCM) to

0] 0]
<Om afford 95.3 mg of the corresponding coumarin as a white solid (0.47
=
0 mmol, 93% yield).

Me
"H NMR (400 MHz, CDCL): 5 6.92 (s, 1H), 6.77 (s, 1H), 6.12(d, J=0.8
Hz, 1H), 6.05 (s, 2H), 2.34 (d, J = 0.8 Hz, 3H) ppm; *C{'"H} NMR (100.6
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MHz, CDCL): 0 161.3, 152.5, 151.0, 150.6, 145.0, 113.9, 112.3,
102.4, 102.2, 98.4, 19.2 ppm; HRMS (ESI+): calcd for [M+H]" =
C11Hs04": 205.0495 m/z. Found: 205.0538 m/z.

6,7-Methylendioxy-4-n-propyl-2H-chromen-2-one - 2e

Compound 2e was synthesized from 1e according to general
conditions A and purified by column chromatography (eluent
EtOAc/Hex 1:4) to afford 115.2 mg of the corresponding coumarin as

a brownish solid (0.5 mmol, 99% vyield). Spectroscopic data were in

<0 00 agreement with previously reported ones.
o) =
o H NMR (300 MHz, CDCLy): 5 6.97 (s, 1H), 6.81 (s, 1H), 6.13 (t, /= 0.8
r

Hz, 1H), 6.05 (s, 2H), 2,64 (td, J = 7.6, 0.8 Hz, 2H), 1.70 (ses, J = 7.6 Hz,
2H), 1.03 (t, J = 7.4 Hz, 3H) ppm; "*C{'"H} NMR (75.5 MHz, CDCLy): 5
161.7, 156.4, 151.0, 151.0, 145.1, 113.3, 111.3, 102.4, 102.0, 98.7,
34.4,21.5,14.0 ppm.

5,6,7-Trimethoxy-4-phenyl-2H-chromen-2-one - 2g

Compound 2g was synthesized from 1g according to general
conditions A and purified by column chromatography (gradient
EtOAc/Hex 1:5 to 1:2) to afford 139.2 mg of the corresponding

coumarin as a yellow solid (0.45 mmol, 89% yield). Spectroscopic

MeO (e} O . . . 1
data were in agreement with previously reported ones.!'®
MeO Z
OMe Ph "H NMR (300 MHz, CDCLls): d 7.49-7.36 (m, 3H),7.36-7.27 (m, 2H),
e

6.72 (s, 1H), 6.05 (s, 1H), 3.93 (s, 3H), 3.78 (s, 3H), 3.25 (s, 3H) ppm;
3C{"H} NMR (75.5 MHz, CDCLl): 5 160.7, 157.0, 155.5, 151.8, 151.2,
139.6, 139.1, 128.1, 127.6, 127.3, 114.2, 107.4, 96.4, 61.2, 61.0, 56.4

ppm.
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5,6,7-Trimethoxy-2H-chromen-2-one - 2h

MeO

MeO

OMe H

Compound 2h was synthesized from 1h according to general
conditions A and purified by column chromatography (gradient
EtOAc/Hex 1:5 to 1:2) to afford 108.6 mg of the corresponding
coumarin as a yellow solid (0.46 mmol, 92% yield). Spectroscopic

data were in agreement with previously reported ones.!®!

H NMR (300 MHz, CDCLy): 5 7.92 (d, J = 9.6 Hz, 1H), 6.61 (s, 1H), 6.22
(d, J = 9.6Hz, 1H), 4.02 (s, 3H), 3.92 (s, 3H), 3.85 (s, 3H) ppm; “C{'H}
NMR (75.5 MHz, CDCLy): 5 161.4, 157.3, 151.6, 149.4, 139.0, 138.3,
112.6, 107.3, 95.7, 61.9, 61.4, 56.5 ppm.

5,6,7-Trimethyl-4—-phenyl-2H-chromen-2-one - 2i

Me

Me

Me

Ph

Compound 2i was synthesized from 1i according to general
conditions A and purified by column chromatography (eluent
EtOAc/Hex 1:4) to afford 113.3 mg of the corresponding coumarin as
a dark yellow solid (0.43 mmol, 86% yield).

'H NMR (300 MHz, CDCL;): 5 7.48-7.41 (m, 3H), 7.34-7.27 (m, 2H),
7.11 (s, 1H), 6.21 (s, 1H), 2.39 (s, 3H), 2.15 (s, 3H), 1.76 (s, 3H) ppm;
3C{'H} NMR (75.5 MHz, CDCLls): 5 160.9, 156.9, 153.2, 141.5, 140.6,
135.3, 133.3, 128.9, 128.9, 127.3, 116.8, 116.6, 116.2, 21.5, 20.7,
15.9 ppm; HRMS (ESI+): calcd for [M+H]" = C4gH,0,": 265.1223 m/z.
Found: 265.1249 m/z.
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4-Phenyl-2H-chromen-2-one - 2j

Compound 2j was synthesized from 1j according to general
conditions B (IPrAuNTf, was employed as the catalyst) and purified by
column chromatography (eluent EtOAc/Hex 1:8) to afford 100.3 mg of

the corresponding coumarin as a white solid (0.45 mmol, 90% yield).

S O Spectroscopic data were in agreement with previously reported
Z ones.

Ph
H NMR (300 MHz, CDCL): 5 7.58-7.40 (m, 8H), 7.26-7.21 (m, 1H),

6.37 (s, 1H) ppm; "*C{'H} NMR (75.5 MHz, CDCLl;): 5 160.8, 155.8,
154.3, 135.3, 132.0, 129.8, 129.0, 128.5, 127.1, 124.3, 119.1, 117.4,

115.3 ppm.
7-Tert-butyl-4-phenyl-2H-chromen-2-one - 2k

Compound 2k was synthesized from 1k according to general
conditions B (IPrAuNTf, was employed as the catalyst) and purified by
column chromatography (eluent EtOAc/Hex 1:8) to afford 113.9 mg of

the corresponding coumarin as a viscous whitish oil (0.41 mmol, 82%

t . . . . .
Bu O ° yield). Spectroscopic data were in agreement with previously
Z reported ones.

Ph
H NMR (400 MHz, CDCL:): 5 7.54-7.49 (m, 3H), 7.44-7.40 (m, 4H),

7.28-7.25 (m, 1H), 6.32 (s, 1H), 1.35 (s, 9H) ppm; *C{'H} NMR (100.6
MHz, CDCLly): 5 161.3, 156.6, 155.6, 154.4, 135.5, 129.7, 128.9,
128.5,126.6, 121.8, 116.6, 114.3, 114.2, 35.3, 31.1 ppm.
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4,6-Di-phenyl-2H-chromen-2-one - 2m

Compound 2m was synthesized from 1m according to general
conditions B (ImPyAuCl was employed as the catalyst) and purified
by column chromatography (eluent EtOAc/Hex 1:5) to afford 115.4
mg of the corresponding coumarin as a white solid (0.39 mmol, 77%

yield). Spectroscopic data were in agreement with previously

O 0]
reported ones.®

Ph H NMR (300 MHz, CDCLy): 5 7.75 (dd, J = 8.6, 2.2 Hz, 1H), 7.66 (d, J =
2.2 Hz, 1H), 7.58-7.58 (m, 3H), 7.58-7.45 (m, 5H), 7.45-7.39 (m, 2H),
7.39-7.31 (m, 1H), 6.40 (s, 1H) ppm; *C{'"H} NMR (75.5 MHz, CDCL):
5 160.8, 155.8, 153.8, 139.8, 137.7, 135.3, 131.0, 129.9, 129.1, 129.1,
128.6, 127.8,127.2, 125.4, 119.3, 117.9, 115.7 ppm.

6-Bromo-4-phenyl-2H-chromen-2-one - 2n

Compound 2n was synthesized from 1n according to general
conditions B (ImPyAuCl was employed as the catalyst) and purified
by column chromatography (eluent EtOAc/Hex 1:10) to afford 77.9

mg of the corresponding coumarin as a white solid (0.26 mmol, 52%

00 yield). Spectroscopic data were in agreement with previously
Br Z reported ones.!*

Ph
H NMR (300 MHz, CDCLy): 5 7.59-7.66 (m, 2H), 7.55-7.57 (m, 3H),

7.43-7.45 (m, 2H), 7.30 (d, J = 8.8 Hz, 1H), 6.41 (s, 1H) ppm; *C{'H}
NMR (75.5 MHz, CDCls): 3 160.0, 154.6, 153.2, 134.8, 134.6, 130.1,
129.5,129.2, 128.4, 120.8, 119.2, 117.1, 116.2 ppm.
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2.2. Toward an intermolecular approach: the
intermolecular synthesis of coumarins

2.2.1. Introduction

Coumarins have already been presented in the previous chapter as a synthetic target of interest for
the properties imparted by their precise chromen-2-one structure,'! such as luminescence
(fluorescent labels/probes)*® and bioactivity (active pharmaceutical ingredients/pesticides).*"1 A
gold(l)-mediated intramolecular approach was presented as an effective and easy-to-use strategy
to yield these molecules at low tenors of gold. However, a pre—esterification step was necessary in
order to produce the aryl alkynoates that were successfully employed in the cyclization reaction. A
direct approach to enclose both the aromatic ring and the alkyne would be even more suited in

terms of simplicity and economic advantages (only one purification is needed).

Traditional methodologies TM based methods
9 o : : Me !
H H N :
)J\O)k : : Me” YS H

Perkin =

: )
: : .

: OH 0 : | R O;

: : : H
: ©:’(H * B'\)koa : : '

Reformatsky

: Ph3P\){ : co, OH :
! OEt H Y or H
H Wittig Co 4 R :

HIR, '
ST, ‘ Q;I [Pd] or [Co] :

: R | E
H Houben-Hoesch E
: oH [ :
- 5 '
: H o o

M : [Pd], [Pt] or [Au]
R OEt ! H

Pechmann E [ ittt ettt ettt .

Figure 2.4 — Proposed synthetic strategies for the preparation of coumatrins.

Most intermolecular approaches proposed to date rely on classic organic reactions, such as
Pechmann, Knoevenagel, Perkin, Reformatsky, or Wittig reactions (Figure 2.4, left).®®! These
methods often require harsh conditions, produce significant waste, and afford only moderate

yields. More recently developed strategies, which exploit transition metal chemistry, have shown
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promising improvements in this regards (Figure 2.4, right).®® Many of these approaches involve
cyclization of aromatic precursors with unsaturated side chains (Figure 2.4, upper right)® or, in
general, prior installation of specific functional groups at aromatic substrates, such as 2-
halosubstituted phenols, which are suitable for coupling reactions.["'®) Simpler strategies involve
the direct C-H functionalization of phenols, through oxidative Heck-type reactions?*2% or direct
alkyne hydroarylation®?"! followed by intramolecular esterification (Figure 2.4, lower right),
however current protocols exhibit limited catalytic efficiencies for an application.

Taking advantage from our previous experience on gold—catalysed hydroarylation reactions,?® we
have proposed a system, based on gold(l) complexes in ionic liquids as catalysts, featuring high
activity in the intermolecular hydroarylation of alkynoic acids and esters with activated arenes
under mild conditions. Key to success was the use of a small molar amount (comparable to the
reagents) of a suitable ionic liquid as reaction promoter, which enabled efficient reaction using one

order of magnitude less gold catalyst compared to conventional organic solvents. 23

2.2.2. Results and Discussion

As outlined above, gold(l)-catalyzed hydroarylation of propiolic acids/esters with para and/or meta
substituted phenols allows to yield the Z-o-vinyl derivative with precise regio- and
stereoselectivities. While the regioselectivity is governed by the substituents on the alkyne, the Z
configuration of the double bond arises from anti-addition of the nucleophile to the alkyne,
consistent with a Friedel-Crafts-like electrophilic substitution at the phenol by the activated, -
coordinated alkyne adduct (outer-sphere mechanism).®*2 The resulting Z-o-coumaric acid/ester
derivative has the exact stereochemistry to allow an intramolecular (trans)esterification
(lactonization) to the final coumarin product. Preliminary investigations on the reaction were
carried out using as model synthesis the reaction between sesamol 1 and ethyl phenylpropiolate 2

(Figure 2.5).

0] OH s o) 0.__0O
0 OH COOEt Au(l) < COOEt Lactonization <
Cxy ™ o e AU R QU
o Ph BMIM-NTY,

Ph Ph

1 2 3 4

Figure 2.5 - Coumarin synthesis used for process optimization
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The reaction was carried out at room temperature with only 0.5 mol% of the commercial gold
precatalyst IPrAuCl (IPr = 1,3-bis—(2,6-diisopropylphenyl)-imidazol-2-ylidene) plus 0.5 mol%
AgSbFs as an activator to remove the chlorido ligand from the gold coordination sphere and a small
amount of the ionic liquid [BMIM][NTf,], according to the synthetic protocol we previously
developed.? Traces of coumarin 4 were recorded in the reaction mixture after one hour reaction
time (Figure 2.6) while the main observed product was however the corresponding coumaric ester
3, which accumulates in solution since the cyclization (transesterification) step is slower than
hydroarylation. This experimental proof underlines the intermolecular nature of the hydroarylation
step. The molar fraction of 3 started to decrease only at long reaction times, whereas the molar
fraction of 4 continuously increased. From the reported data, it can be also appreciated that the
overall sesamol conversion almost stops at long reaction times, indicating deactivation of the
catalytic system. On the other hand, conversion of 3 to 4 continues with time, suggesting that gold
catalysis is not necessary for this step. Indeed, an increase in the reaction temperature to 60°C
after 48 hours of reaction causes the complete conversion of 3 to 4 without increasing the sesamol
conversion. This evidence supports that the lactonization process can be thermally activated
rather than activated by gold(l).

Control tests confirmed that no reaction was taking place in absence of the gold catalyst, either at
room temperature or at 60 °C. The ionic liquid alone or the ionic liquid with added AgSbFs was as
well ineffective in promoting the reaction. To finally exclude a “silver effect” (i.e. an active role of
the introducet silver(l) centers in the catalytic event, we also tested the pre—activated complex

IPrAuNTf,, which delivered results that were fully comparable to the IPrAuCl + AgSbFs system.
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Figure 2.6 — Composition of the reaction mixture with time for the reaction depicted in Figure 2.5.
Reaction conditions: 2.5 mmol sesamol, 2.5 mmol ethyl phenylpropiolate, 0.072 mmol IPrAuCl,
0.072 mmol AgSbFs, 0.75 mL BMIM-NTf,, room temperature.
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Screening of the optimal reaction conditions gave further insight about mechanistic aspects of the
reaction. The role of the ligand was first interrogated (selected results are summarized in Table
2.3). The tests were performed at 40°C to better evaluate the differences in activity; quantitative
conversion of 3 to 4 was accessed upon thermal treatment (60°C, '"H NMR monitoring). Both pre-
activated complexes bearing the anion ligand NTf,” or in situ activated chlorido complexes were
employed (AgSbFe as scavenger).

In our previous contributions dealing with direct alkyne hydroarylations using simple arenes as
substrates,® we recorded maximum activity with complexes bearing a neutral ligand L with
comparatively low electron—-donating properties. This is in line with a reaction mechanism in which
the rate determining step is the Friedel-Crafts-like electrophilic attack on the arene by the alkyne
m—coordinated to the gold(l) centre.®*2 The best choice in that case was the one to compromise a
high electrophilic character at the gold metal centre (low donating character of the ligand), and an
appreciable robustness to ensure good catalytic turnovers. In the present context of sesamol 1 as
nucleophilic substrate, the reaction rate was found to increase accordingly to a higher electron-
donating character of the ligand at gold. Tested complexes with poorly donating ligands (e.g.
triphenylphosphine and its fluorinated variant) were ineffective and this phenomenon is to attribute
to the low stability of the complex in solution. It is also possible that the excess of phenol in
solution may render hasher the reaction condition for the cationic complex, triggering
decomposition pathways by reduction of the metal centre to form colloidal gold (rapid formation
observed in solution). On the other hand, the Buchwald-type phosphine tBuXphos could
successfully promote the reaction, achieving the same performance achieved with the preformed
tBusPAUNTT, catalyst. The presence of alkyl substituents and the pendant biphenyl ring helps to
stabilize the competent active species in solution. Finally, the IPr carbene ligand was found to be
the best ligand both in term of catalytic activity and stability of the cationic complex. This suggests
that with electron-rich, nucleophilic arenes such as sesamol, the rate determining step of the
process is likely to be the protonolysis of the neutral gold-vinyl species, formed after deprotonation
of the Wheland-type intermediate.'*? We previously recorded a similar behaviour with some
electron-rich heterocycles as well.[**

Analysis of the influence of the reaction temperature on the performance could further address the
importance of the catalyst stability in solution (Figure 2.7). Increasing temperature leads to
increased reaction rates and yield up to 60°C. However, at temperatures above 60°C a worse

performance was recorded, probably because of catalyst decomposition. Again, for higher
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temperature the cyclization rate was observed to increase, favouring the formation of 4 rather than

accumulation of the vinylated product 3.

Table 2.3. Reactivity of different gold(l) complexes as catalysts for the reaction reported in Figure
2.5.

Reaction Conversion Yield of
Catalyst
time (h) of 1 (%) 4 (%)
iPr =\ (=13 1 29 5
Ny_N
S : ; :
iPr Au ‘Pr
& 24 61 32
1 33 4
tBusPAuUNTf, 3 34 13
24 48 29
1 30 4
Bu
'Pr. )
Z >P
Q o 24 48 29
PhsPAUCI 24 2 1
(m-F-Ph);PAuCl 24 2 1

Reaction conditions: 2.5 mmol sesamol, 2.5 mmol ethyl phenylpropiolate, 0.0172 mmol Au
complex, 0.012 mmol AgSbFs (only in the case of Cl-containing Au complexes) 0.75 mL BMIM-NTf,,
40°C.

We then started to evaluate the catalytic performance of our system with other substrates. We first
targeted the reaction scope with respect to ethyl phenylpropiolate and differently substituted
phenols. Tri-substituted phenols bearing electron—-donating groups such as 3,4,5-trimethylphenol
or 3,4,5-trimethoxyphenol showed analogous reactivity to sesamol. Substrate conversions are
faster, since these phenols are more activated towards aromatic electrophilic substitutions, but
the presence of two meta substituents results in a slower ring—closing process. Indeed, this open
intermediate rapidly accumulates in solution and a simple temperature increase is in this case not

sufficient to trigger its further conversion. The addition of an acid cocatalyst is needed in order to
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speed up its cyclization to coumarin (Table 2.4). Conversely, m-monosubstituted phenols
provided poor conversions (entries 4 and 5), and high selectivity toward the vinyl product at ortho
positions (no traces of the 4-vinyl adduct were observed). Finally, only traces of product are
obtained with a p—monosubstituted phenol (entry 6), since in this case, the substituent does not

significantly contribute to the activation of the o—positions of the ring.
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Figure 2.7 - Effect of temperature on the conversion curve of sesamol in the reaction depicted
in Figure 2.5. Reaction conditions: 2.5 mmol sesamol, 2.5 mmol ethyl phenylpropiolate, 0.012
mmol IPrAuCl, 0.012 mmol AgSbFs, 0.75 mL BMIM-NTf,, room temperature.

Table 2.4. Reactivity of different phenols with ethyl phenylpropiolate.

COOE Au(l COOEt Lactonization X
OH u d -
R'_\ + / t () R—— | B | 1
O Ph =
BMIM-NTf,

Ph
Entry Phenol Time (h) Phenol Coumaric ester Coumarin
conversion (%) vyield (%) yield(%)
1 29 24 5
0 OH
1 <]©/ 3 48 33 15
o)
24 61 29 32
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2 MEO:Q/OH 3 72 67 5
MeO 24 76 66 10
OMe
242 78 0 78
1 72 72 0
Me OH
3 3 77 75 2
Me
Ve 24 81 65 16
242 89 0 89
Me OH
4 \©/ 242 11 0 11
Bu OH
5 \©/ 249 13 0 13
OH
. tBu/O/ 24 <5 0 traces

Reaction conditions: 2.5 mmol phenol, 2.5 mmol ethyl phenylpropiolate, 0.012 mmol IPrAuCl,
0.072 mmol AgSbFs, 0.75 mL BMIM-NTf,, 40°C. ? 0.1 eq. HBF, were added to the system after 1 hour
reaction time.

Different alkyne substrates also exhibited a range of reactivities (Table 2.5). Use of phenylpropiolic
acid instead of ethyl phenylpropiolate resulted in somewhat faster reaction (entry 2) due to the fact
that the acidity of the free carboxylic acid moiety may facilitate the protonolysis of the vinyl
intermediate. The subsequent cyclization step (intramolecular Fischer—esterification) is also
facilitated, leading to a minor accumulation of open type-3 product. As a drawback, the use of the
free carboxylic acid allows formation of decarboxylation products under reaction conditions: in
particular, phenylacetylene was detected in relevant quantities (20% of by—-product detected by 'H
NMR). This process was demonstrated to be promoted by the same gold complex, and no
decarboxylation could be observed in the absence of the gold catalyst. As second issue, the use of
an alkynoic acid as reagent leads to the accumulation of water as co-product from the

esterification process, which is in competition with the phenol as nucleophile. We ultimately found
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that adding an acid cocatalyst (10 mol%) and using 4 A molecular sieves improved both catalytic
activity and selectivity toward the alkyne (entry 3). The additional proton source facilitates the
protonolysis step, which is likely the rate-determining step of our process, while also accelerating
addition of water to the triple bond. Application of these reaction conditions allowed to reach
comparable catalytic performance using only 0.1 mol% gold catalyst (entry 4). Furthermore, the
reaction could be extended to aliphatic alkynoic acids, although in this case the activity was lower,

given the lower reactivity of the triple bond (entry 5).

Table 2.5 - Reactivity of different alkynes with sesamol.

OH o e} 0
0 OH COOR' Au(l) <O COOR' Lactonization <0
< j@/ * / — 5 = — Y =
o R BMIM-NTf, 1 !

[Au]
Entry Alkyne Time (h) Sesamol conversion (%) Coumarinyield (%)
mol%
COOEt 1 29 5
Ph/
1 0.5 3 38 15
24 61 32
COOH 1 39 37
Ph/
2 0.5 3 43 40
24 69 60
1 13 13
3 COOH 0.5 3 28 28
Ph/
24 72 72
1 12 12
[a] COOH
4 N / 0.1 3 23 23
24 64 64
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COOH 3 - Traces

s Z 0.1

Pr 24 36 34

COOH 1 96 42
6 =z 0.5
H 3 100 52
COOH
70 y 0.5 3 81 81
H
COOEt
gt y 0.5 1 100 58
H

Reaction conditions: 2.5 mmol sesamol, 2.5 mmol alkyne, 0.072 mmol IPrAuCl, 0.0172 mmol
AgSbFs, 0.75 mL BMIM-NTf,;, 40°C. [a] 0.1 eq. HBF, and 4A molecular sieves were added to the
system; [b] Reaction conditions: 2.5 mmol sesamol, 12.5 mmol alkyne, 0.1 eq. HBF,, 0.012 mmol
IPrAuCl, 0.012 mmol AgSbFs, 0.75 mL BMIM-NTf,, 25°C.

Unsubstituted propiolic acid was instead much more reactive in the process (entry 6), as it is
commonly the case in transition metal catalyzed direct alkyne hydroarylations,?® and allowed
complete substrate conversion in very short reaction times. On the other hand, the higher reactivity
of the unsaturated substrate resulted in some selectivity issues with formation of more complex
products stemming from double hydroarylation of the alkyne (Figure 2.8). Ethyl propiolate showed
analogous behavior, with the only difference that the hydroarylation and especially the cyclization
of the doubly hydroarylated product were much slower, so that the open intermediate

accumulated as main reaction byproduct.
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Figure 2.8 - Sesamol hydroarylation with terminal alkynes and subsequent reactions.
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The secondary product was quickly identified as originating from a formal hydroarylation at the a,p-—
unsaturated bond of the coumarin. Such double-bond hydroarylation was previously reported as a
side reaction with highly electron-rich heteroaromatic substrates,”® and in our case it could occur
either at the intermediate coumaric acid or at the final coumarin product. Control experiments
demonstrated that the isolated coumarin cannot undergo further reaction with sesamol to give the
secondary product, regardless of whether the alkyne is present, under the standard conditions

(Figure 2.9).
O (0]
<Om ]@/ _IPrAuNTE, ,
+ no reaction
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Figure 2.9. Reactivity of coumarin towards further hydroarylation under reaction conditions.

We established that the secondary product originates from alkene hydroarylation of the open type-
3 intermediate, by addition of a second phenol molecule, followed by lactonization. This insight
enabled us to design an optimized protocol that suppresses the formation of such di-
hydroarylation product. In particular, employing an excess of alkyne was found to accelerate the
formation of the analogous coumarin, while increasing the competition of the open vinyl-
intermediate for coordination at the metal center. In addition, lowering the reaction temperature

and introducing 0.1 equiv. of HBF, as a cocatalyst further favors cyclization to the coumarin over
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the undesired pathway. These modifications result in a marked increase in selectivity for the
coumarin product (Table 2.5, entry 7). As a proof of concept, when ethyl propiolate was used under
the same optimized conditions lower selectivity was detected, underlying that a slower
lactonization rate results in a higher extent of formation for the di-hydroarylation product (entry 8).

Phenol screening with propiolic acid under the optimized conditions (Table 2.6) revealed that the
reaction scope is broader than with substituted alkynoic acids. Besides sesamol, the system
accommodates more heavily substituted phenols such as 3,4,5-trimethoxyphenol (entry 2) and
3,4,5-trimethylphenol (entry 3), as well as simpler meta-, ortho-, and para— monosubstituted
derivatives (entries 4 to 9). Notably, with 3,4,5-trimethylphenol, the steric hindrance suppresses
formation of the double-hydroarylation side product, even when only 1 equivalent of alkyne was
used. On the other hand, the more electron-rich and less-hindered 3,4,5-trimethoxyphenol
requires excess alkyne to achieve good selectivity. Interestingly, this substrate also gives rise to a
novel secondary product: a dearomatized, bicyclic species formed via hydroarylation followed by
electrophilic attack of the alkyne at the 4—position of the phenol and subsequent intramolecular
Michael-type addition to the unsaturated bond (Figure 2.10). While intramolecular phenol
dearomatization via electrophilic or nucleophilic activation is well established,®® intermolecular
dearomatization reactions remain rare.®*3% We are currently exploring whether this byproduct

formation can be developed into a synthetically useful transformation.
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Figure 2.10 — Reactivity of 3,4,5-trimethoxyphenol with propiolic acid under reaction conditions
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Simple phenol is also reactive under these conditions, but a complex mixture of products was
obtained. Multiple position at the ring are available for electrophilic substitution (ortho and para)
and they all may be involved under reaction conditions. The same issue has been encountered with
mono-substituted phenols. In particular, in presence of a single substituent at meta position, two
different coumarin products were obtained. This derives from the nonequivalent character of ortho
positions to the hydroxyl group, which are both available for electrophilic attack (entries 4 and 5).
However, an increase of steric hindrance nearby one of the interested positions, as in the case of t—
butyl (entry 6) allowed for selective hydroarylation to a single coumarin product (position 6 is
indeed more available to behave as nucleophile). No secondary coumarin product stemming from
double hydroarylation of the alkyne was observed; however, despite quantitative phenol
conversion, coumarin yields remained quite low, presumably because of the formation of side
products stemming from competitive attack at the 4-position of the ring. Limitations due to the
selectivity of the electrophilic attack arise also with o—- or p-monosubstituted phenols. With p-
monosubstituted phenols, coumarin yields are low to moderate and phenol conversions are not
quantitative, indicating as expected a lower degree of activation of the aromatic ring towards

electrophilic attack.

Table 2.6. Reactivity of propiolic acid with different phenols under optimized reaction conditions

OH Au(l COOH Lactonization Xy OnFC
PN . oo U C() Rt
| = A~

Z H BMIM-NTY,
Entry Phenol Time (h) Phenol conversion (%) Coumarinyield (%)
OH
<O]©/ 3 81 81
1
o
MeO OH
3 96 78
2 MeO
OMe
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Me OH
3lal Me’ ; 3 88

72
Me
MeO OH 241°]
a \[::]/ 3 100
121
Me OH 14101
5 \[::]/ 3 100
150!
Bu OH
6 \[::j/ 3 100 13
OH
7 /[::r 3 74 16
Me
OH
8 /[::r 3 73 26
iPr
OH
/[::]/ 3 82 51
9 Bu
OH
10 /©/ 24 <5 Traces
Ph
OMe
12

11 [i:j/OH 24 100

61



OH
12 /©/ 1.5 100 21
Me

Reaction conditions: 2.5 mmol sesamol, 12.5 mmol alkyne, 0.1 eq. HBF, 0.072 mmol IPrAuCl,
0.072 mmol AgSbFe, 0.75 mL BMIM-NTf,, 25°C. [a] 1 eq. propiolic acid was employed. [b] Coumarin
product stemming from electrophilic attack at the 6-position of the ring. [c] Coumarin product
stemming from electrophilic attack at the 2-position of the ring.

Furthermore, competitive side reactions which are yet to be identified contribute to lowering the
overall coumarin yield, although also in these cases no secondary coumarin product stemming
from double hydroarylation of the alkyne was observed. With o-monosubsituted phenols,
conversions are again quantitative but coumarin yields remain low (entry 11), probably because of
the competitive reactivity of the 4—position of the ring. When this position is occupied, as in the
case of o,p—-disubstituted creosol, coumarin yields increase again a little (entry 12) which is
interesting since creosol is a model for phenol units present in lignin,® hence its transformation
into a coumarin could be employed for lignin derivatization. Finally, the presence of electron-
withdrawing groups on the phenol generally shuts down the reaction (entry 10), in accordance with
what is commonly observed in the hydroarylation of arenes with several catalytic systems.

Since the use of ionic liquids allow in principle the convenient separation and recycling of the
catalytic system, we also set out to preliminarily evaluate the possibility of multiple use of the
same catalyst batch. We employed sesamol and phenylpropiolic acid as substrates and IPrAuNTf,
as silver—free catalyst under the reaction conditions outlined in Table 2.5, entry 3. After reaction
and removal of a sample for the determination of the reaction yield, the reaction mixture could be
conveniently extracted with diethylether, which allowed the complete removal of organic
substrates and coumarin product. Residual diethylether was subsequently evaporated from the
ionic liquid phase under vacuum and then a new reaction cycle was started by adding fresh
substrates as well as molecular sieves and the HBF, cocatalyst. The results of multiple recycling
according to this protocol are reported in Figure 2.11. Despite the small losses deriving from
sampling of the reaction mixture, catalytic activity is substantially maintained for at least two

recycles, which gives hope for the development of a more refined and efficient recycling protocol.
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Figure 2.11 - Recycling tests using the reaction between sesamol and phenylpropiolic acid (Table

2.5, entry 3).

2.2.3. Screening and limitations of dearomatization pathways

In the previous section we showed that, under suitable conditions, the nucleophilic attack of 3,4,5-
trimethoxyphenol to propiolic acid could occur not only at the unsubstituted ortho—position but
also at the methoxy-substituted para-position (Figure 2.12). In the latter case, the phenol
undergoes electronic redistribution with consequent loss of the aromatic character by formation of
a di—unsaturated carbonyl moiety (products ¢ and ¢’). A Michael addition follows just for the

product with the propiolic acid derivative, forming a polyunsaturated heterobicyclic structure (c).

A)

MeO. 0._0 eo o
MeO OH o MeO 0._0 O ©
. /k IPrAuNTf, 0.5% MeO: MeO.
OH —— > =
MeO Z HBF4-Et,0 10mol% MeO MeOHO OMe | OMe
OMe BMIM NTf, 40°C OMe 21% 0 54% o
OMe

OMe
a b c

B)

MeO 0._0
MeO. OH o) o MeO. 0.0 O Meo o
. /L IPrAUNTf, 0.5% MeO MeO.
_—

=
MeQ z o8 HBF4-Et,0 10mol% MeO 20% MeOHO /A _OMe  64% | oOMe 15%

OMe BMIM NTf,, 40°C OMe ‘

OMe OEt

OMe
a b c

Figure 2.12 - Hydroarylation of propiolic acid (A) and ethyl propiolate (B) with 3,4,5-
trimethoxyphenol.
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As first step, we tried to understand what conditions could favor the formation of species ¢ and ¢’
over the standard hydroarylation products a and b. It seems that the presence of unhindered
terminal alkynes is fundamental to achieve those products. Indeed, no dearomatization process
was detected using phenylpropiolic acid as substrate. We selected 2,6—-di-tertbutyl-4-ethylphenol
as benchmark substrate for our reaction, since it is commercially available and tert-butyl groups
should provide enough steric hindrance to screen ortho and meta positions from attack by the
alkyne. However, this did not work as planned, due to selectivity issues stemming from the acid-
assisted cleavage of a tert-butyl moiety at phenol. This was further confirmed with a blank test,
where the acid co-catalyst alone demonstrated to be able to cleave a tBu moiety from the phenol.
Multiple conditions where attempted but no dearomatization products were formed in this
reaction. On the other hand, species D, E and F could be synthesized in a quite selective manner by

manipulating the stoichiometric ratio between the two reagents (Table 2.7).

Table 2.7 - Hydroarylation of propiolic acid with 2,6-di-tertbutyl-4—-ethylphenol

o

(o)

tBu ‘ o

OH
tBu

tBu
OH IPrAUNTf, 0.5 mol% COOH
* OH &
tBu

HBF,Et,0 10mol%
BMIM NTf,, 40°C E

\\:o

tBu COOH

Relative distribution

D E F

Equimolar 1 2.5 1
conditions

2.5 equivs. alkyne Traces 1.3 1

2.5 equivs. phenol 1.4 2.6 1

We are currently focusing our efforts on developing a strategy to improve the selectivity of this
reaction, using 3,4,5-trimethoxyphenol as the substrate. Installing a protecting group OBoc at the
—OH moiety seems to partially improve the selectivity. On the other hand, the protected phenol can
be easily deprotected under reaction conditions, and even in the absence of acidic sources.

Formation of a tert-butyl aryl ether may solve this issue. Moreover we experimented the effect of
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dimethyl-hydrogenphosphate as templating agent for the process.® Again, an improvement in the
reaction selectivity was detected but much lower activities are reached.

Those two strategies are the ones that gave the best results so far and will be further explored.

2.2.4. Conclusion and perspectives

In conclusion, a new Au(l)-catalyzed system has been developed to synthesize coumarin
derivatives via direct hydroarylation of alkynoic acids and esters. The intermolecular nature of the
hydroarylation step was confirmed by the detection of the open Z-vinyl product (type-3 product)
via "H NMR spectroscopy. Low catalyst loadings (down to 0.1 mol%) were achieved by employing
an acidic co-catalyst (HBF,-Et,O) and molecular sieves to sequester water. The process showed
maximum activity when propiolic acid was used as the alkyne, and selectivity issues were
addressed from a mechanistic perspective and resolved by using an excess of alkyne. Several
phenols were found to be reactive under our conditions; however, major limitations in selectivity
remain for mono-substituted phenols.

Preliminary attempts to selectively promote dearomatization at the phenol scaffold were also
performed. Initial observations suggest that the reaction is highly substrate-specific, limiting the
accessible chemical space. Different strategies to direct the electrophilic attack of the activated
alkyne, such as installing a sterically hindered group or using a templating agent, are currently

under investigation.
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2.2.5. Experimental section

General experimental procedure for the direct synthesis of coumarins

(Procedure A; Table 2.3, Table 2.4 and Table 2.5 entries 1 and 2)

The phenol (2.5 mmol) and the gold(l) catalyst (0.012 mmol, 0.5 mol%), were added in a Schlenk
tube previously evacuated and filled with argon for three times. The ionic liquid (0.75 mL) was then
added. In cases in which a silver salt activator was required for the gold(l) catalyst, the silver salt
AgSbFs (4.3 mg, 0.013 mmol, 0.5 mol%) was pre—dissolved in the ionic liquid; stock solutions of the
silver salt were prepared for this purpose and stored in refrigerator away from sources of light and
heat inside vials completely covered with aluminum foil. The reaction mixture was stirred at room
temperature for 2 minutes, after which the alkyne (2.5 mmol) was added. The Schlenk tube was
placed in an oil bath thermostated at the desired temperature. In order to follow the catalytic
system, aliquots (0.05 mL) were drawn off from the solution, solubilized in 0.5 mL deuterated
solvent (CDCl; or DMSO-ds) and analyzed by "H-NMR. Conversion of the phenol and product yields
were determined by internal calibration. 1,2-Dimethoxyethane was occasionally employed as an

internal standard to verify mass balance over all the phenol-derived species.

Optimized experimental procedure for the synthesis of coumarins with
substituted propiolic acid (Procedure B; Table 2.5, entries 3-5)

The phenol (2.5 mmol, 1 eq.), molecular sieves 4A (400 mg) and the gold(l) catalyst IPrAuCLl (7.7 mg,
0.013 mmol, 0.5 mol%), were added in a Schlenk tube previously evacuated and filled with argon
for three times. Then, 1.5 ml of the AgSbF¢ stock solution in BMIMNTf, (8.3 pM) was added and the
mixture was put under stirring for two minutes. The Schlenk-flask was placed in a thermostatic oil-
bath at 40°C and the acid co-catalyst HBF,Et,O (0.035 ml, 0.25 mmol, 10 mol%) was added along
with phenylpropiolic acid (365.4 mg, 2.5 mmol, 1 eq.). In order to follow the reaction kinetic,
aliquots (0.05 mL) were drawn off from the solution, solubilized in 0.5 mL of deuterated solvent
(CDCl; or DMSO-ds) and analyzed by NMR. Conversion of the phenol and products yields were
determined by internal calibration. 1,2-Dimethoxyethane was occasionally employed as an

internal standard to verify mass balance over all the phenol-derived species.
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Recycling procedure

In the context of the hydroarylation of phenylpropiolic acid with sesamol a recycling protocol has
been established. After the reaction was finished, the crude was treated with Et,O and the biphasic
mixture was filtered through a PTFE syringe—filter into an 8 mlvial. The system was homogenized by
a vortex mixer and separated after centrifugation (3000 rpm for 2 minutes). The Et,O phase was
then separated by a syringe.

The IL phase was extracted other 3 times by the same methodology and then stripped by N, flux to
remove Et,O residues from the solution. At this point, the catalyst-containing IL phase was
transferred in a new Schlenk flask and further dried under vacuum. An 'H NMR check was
performed to ensure the complete extraction of the organic derivatives.

The catalyst-containing IL phase was then employed in another reaction cycle, adding an
equivalent quantity of substrates, molecular sieves and acid co—catalyst with respect to the mass

of the recovered IL phase.

Optimized experimental procedure for the synthesis of coumarins with

propiolic acid (Procedure C; Table 2.5, entries 7-8 and Table 2.6)

The phenol (2.5 mmol, 1 eq.) and the gold(l) catalyst IPrAuCl (7.7 mg, 0.012 mmol, 0.5 mol%), were
added in a Schlenk tube previously evacuated and filled with argon for three times. Under argon
atmosphere, the silver salt AgSbFe (4.3 mg, 0.013 mmol, 0.5 mol%) dissolved in the ionic liquid
BMIMNTf, (0.75 ml) was then added. The reaction mixture was stirred at room temperature for 2
minutes, after which propiolic acid (0.77 ml, 12.5 mmol, 5 eq.) was added. The Schlenk tube was
placed in a thermostated oil bath at the desired temperature and the acid co-catalyst HBF,-Et,O
(0.035 ml, 0.25 mmol) was added. In order to monitor the reaction, aliquots (0.05 ml) were drawn
off from the solution, solubilized in 0.5 mL of deuterated solvent (CDCl; or DMSO-dg) and analyzed
by "TH-NMR. Conversion of the phenol and products yields were determined by internal calibration.
1,2-Dimethoxyethane was occasionally employed as an internal standard to verify mass balance

over all the phenol-derived species.
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"H NMR characterization of the intermediate alkene products (type 3 products,

Table 2.4).

Ethyl (Z)-3—-(2-hydroxy-4,5-methylendioxyphenyl)-3—-phenylacrylate (Table 2.4, entry 1)

<O OH 'H NMR (300 MHz, CDCL;): & 6.57 (s, Ar-H, 1H), 6.48 (s, Ar-H, 1H), 6.38
Ph
© [ (s, vinyl, 1H), 5.90 (s, OCH,0, 2H), 5.95 (brs, O-H, s), 4.14 (q, / = 7.2 Hz,

EtOOC
OCH,CHa, 2H), 1.24 (t, J = 7.2 Hz, OCH,CHs, 3H) ppm;

Ethyl (Z)-3—-(2-hydroxy-4,5,6-trimethoxyphenyl)-3-phenylacrylate (Table 2.4, entry 2)

MeO OH '"H NMR (300 MHz, DMSO-d°®): 5 6.46 (s, vinyl, 1H), 6.32 (s, Ar-H, 1H), 3.97

Ph

MeO (q,/=7.1Hz, OCH,CHs, 2H), 1.08 (t, J=7.1 Hz, OCH.CHs;, 3H) ppm;

OMe |
EtOOC

Ethyl (Z)-3—-(2-hydroxy-4,5,6-trimethylphenyl)-3-phenylacrylate (Table 2.4, entry 3)

Me OH 'H NMR (300 MHz, DMSO-d®): 5 6.56 (s, vinyl, 1H), 6.52 (s, Ar-H, 1H), 3.94

Me (a,/=7.1Hz, OCH,CHs, 2H), 1.04t, J=7.1 Hz, OCH,CHs, 3H) ppm;
M
EtOgC

All products were detected in the reaction crudes by '"H NMR spectroscopy. Purification attempts
by extraction and/or column chromatography led to complete lactonization of the molecules to the

corresponding coumarins.

'H NMR characterization of the coumarin products obtained from substituted

propiolic acids or esters (Table 2.4 and Table 2.5, entries 1-5)

6, 7-(methylendioxy)-4-phenylcoumarin (Table 2.5, entry 3) ¥”

<Oj©gojo H NMR (300 MHz, CDCLy): 5 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
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5,6, 7—-(trimethoxy)-4-phenyl-coumarin (Table 2.4, entry 2) 1*

MeO 0.0  'HNMR (300 MHz, CDCLy): 5 7.49-7.36 (m, 3H),7.36-7.27 (m, 2H), 6.72 (s,
1H), 6.05 (s, 1H), 3.93 (s, 3H), 3.78 (s, 3H), 3.25 (s, 3H) ppm;

b3

MeO
OMe Ph

5,6, 7-(trimethyl)-4-phenyl-coumarin (Table 2.4, entry 3) 9

Me 0.0  'H NMR (300 MHz, CDCL): 5 7.48-7.41 (m, 3H), 7.34-7.27 (m, 2H), 7.11

Me Z (s, 1H), 6.21 (s, 1H), 2.39 (s, 3H), 2.15 (s, 3H), 1.76 (s, 3H) ppm;

Me

T
>

7-methyl-4-phenyl-coumarin (Table 2.4, entry 4)

Me O 'H NMR (300 MHz, CDC1s): 5 7.49 (t, J = 3.1 Hz, 3H), 7.43-7.41 (m, 2H),

7.34 (d, J=8.0 Hz, 1H), 7.19 (s, 1H), 7.01 (d, J = 8.0 Hz, 1H), 6.29 (s, 1H),
2.47 (s, 3H) ppm;

§48)

7-tert-butyl-4-phenyl-coumarin (Table 2.4, entry 5) %9

tBu O H NMR (300 MHz, CDCLy): 5 7.54-7.50 (m, 3H), 7.44-7.40 (m, 4H), 7.28-

g

7.25(m, 1H), 6.32 (s, 1H), 1.36 (s, 9H) ppm;
Ph

6, 7-(methylendioxy)-4-n-propylcoumarin (Table 2.5, entry 5) "]

0 00 '"H NMR (300 MHz, CDCL;): 5 6.97 (s, 1H), 6.81 (s, 1H), 6.13 (t, / = 0.8 Hz,

o/\
8

1H), 6.05 (s, 2H), 2,64 (td, J = 7.6, 0.8 Hz, 2H), 1.70 (ses, J = 7.6 Hz, 2H),
"Pr
1.03 (t,/=7.4 Hz, 3H) ppm;

"H NMR characterization of the coumarin products obtained from propiolic acid

or ethyl propiolate (Table 2.5, entries 6-8 and Table 2.6)

6, 7-(methylendioxy)-coumarin (Table 2.6, entry 1) '4

<o:©/\ojo H NMR (300 MHz, CDCLs): 5 7.58 (d, J = 9.5 Hz, 1H), 6.83 (s, 2H), 6.28 (d, J
o Z = 9.5 Hz, 1H), 6.07 (s, 2H) ppm;

69



5,6, 7—-(trimethoxy)-coumarin (Table 2.6, entry 2) 4%

MeO O 'HNMR (300 MHz, CDCLy): 5 7.92 (d, J = 9.6 Hz, 1H), 6.61 (s, 1H), 6.22 (d, J

4

MeO =9.6 Hz, 1H), 4.02 (s, 3H), 3.92 (s, 3H), 3.85 (s, 3H) ppm;

OMe
5,6, 7-(trimethyl)-coumarin (Table 2.6, entry 3) [*

Me 0 '"H NMR (300 MHz, CDCL;): 5 7.94 (d, J = 9.9 Hz, 1H), 6.97 (s, 1H), 6.32 (d,

Me J=9.9Hz, 1H), 2.40 (s, 3H), 2.34 (s, 3H), 2.21 (s, 3H) ppm;

8

Me

7-methoxy-coumarin (Table 2.6, entry 4) '4

MeO O H NMR (300 MHz, CDCL): 5 7.63 (d, J = 9.5 Hz, 1H), 7.37 (d, J = 8.5 Hz,

1H), 6.84 (dd, J = 8.5, 2.5 Hz, 1H), 6.81 (d, J = 2.5 Hz, 1H), 6.24 (d, J=9.5
Hz, 1H), 3.87 (s, 3H) ppm;

d

5-methoxy—-coumarin (Table 2.6, entry 4) ¥

SN 'H NMR (300 MHz, CDCLs): & 8.09 (d, J = 9.8 Hz, 1H), 7.44 (t, J = 8.4 Hz,
@[/j 1H), 6.93 (d, J=8.4 Hz, 1H), 6.71 (d, /= 8.4 Hz, 1H), 6.34 (d, /= 9.8 Hz, 1H),
3.94 (s, 3H) ppm;

7-methyl-coumarin (Table 2.6, entry 5) 4

Me

©  'HNMR (300 MHz, CDCLy): 7.67 (d, ) = 9.6 Hz, 1H), 7.36 (d, J = 7.7 Hz, 1H),
7.12 (s,1H), 7.09 (d, J = 7.7 Hz, 1H), 6.35 (d, J = 9.6 Hz, 1H), 2.44 (s, 3H);

d

5-methyl-coumarin (Table 2.6, entry 5) 14®

O 'H NMR (300 MHz, CDCL;): 5 7.70 (d, /= 9.5, 1H), 7.38 (d, /= 7.3, 1H), 7.32
(d,/=7.5,1H),7.18 (t,/=7.6, 1H), 6.41 (d, J=9.5, 1H), 2.46 (s, 3H) ppm;

e

Me

7-tert-butyl-coumarin (Table 2.6, entry 6) 1*°!

Bu ©  H NMR (300 MHz, CDCLy): 5 7.70 (d, J = 9.6 Hz, 1H), 7.45-7.41 (m, 1H),

g

7.34-7.29 (m, 2H), 6.36 (d, /= 9.6 Hz, 1H), 1.35 (s, 9H) ppm;
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6-methyl-coumarin (Table 2.6, entry 7) '

/©/\0J¢0 H NMR (300 MHz, CDCLy): 5 7.60 (d, J = 9.5 Hz, 1H), 7.25 (d, J = 8.4 Hz,
Me 1H), 7.20 (s, 1H), 7.14 (d, J = 8.4 Hz, 1H), 6.32 (d, J = 9.5 Hz, 1H), 2.40 (s,

3H) ppm;
6-isopropyl-coumarin (Table 2.6, entry 8) 143

mo 'H NMR (300 MHz, CDCL): 5 7.70 (d, J = 9.9 Hz, 1H), 7.42-7.38 (m, 1H),
iPr 7.31-7.25 (m, 2H), 6.41 (d, J = 9.2 Hz, 1H), 2.99-2.96 (m, 1H), 1.28 (d, J =
6.8 Hz, 6H) ppm;

6-tert-butyl-coumarin (Table 2.6, entry 9) ¥

/©/\0/er "H NMR (300 MHz, CDCLy): 5 7.68 (d, J = 9.2 Hz, 1H), 7.56-7.54 (m, 1H),
tBu 7.42(d,J=2.3Hz, 1H), 7.24 (d, J=8.4 Hz, 1H), 6.38 (d, /= 9.9 Hz, 1H), 1.33
(s, 9H) ppm;

8-methoxy-coumarin (Table 2.6, entry 11) "4

ome "H NMR (300 MHz, CDCL): 5 7.70 (d, J = 9.6 Hz, 1H), 7.23 (t, J = 8.0 Hz,
0.0
@j 1H), 7.10 (dd, J = 8.0, 1.3 Hz, 1H), 7.08 (dd, J = 8.0, 1.3 Hz, 1H), 6.45 (d, J =
9.6 Hz, 1H), 3.99 (s, 3H);

8-methoxy-6-methyl-coumarin (Table 2.6, entry 12)

80'\/' Separated after column chromatography (eluent EtOAc/Hex 1:2) of the
7

e
9.01_0
5 reaction crude using creosol and propiolic acid as substrates (ratio 1:5);
=
Me 3

6 4
5 see the section “Optimized experimental procedure for the synthesis
of coumarins with propiolic acid”. The reaction was scaled down to 0.5

mmol of creosol in this case.

The product was isolated as a light-yellow powder in 21% yield (19.9 mg,

0.1 mmol).

H NMR (300 MHz, CDCLs): 5 7.62 (d, J = 9.5 Hz, 1H, Cs~H), 6.90 (d, J = 1.4
Hz, 1H, C—-H), 6.84 (d, J = 1.2 Hz, 1H, Cs—H), 6.41 (d, J = 9.5 Hz, 1H, C,—H),
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3.94 (s, 3H, -OMe), 2.40 (s, 3H, -Me); *C{'H} NMR (75.5 MHz, CDCLl;) : 5
160.6 (C4), 147.1 (Cs), 143.7 (Cs), 142.1 (C4), 134.4 (Ce), 119.3 (Co), 119.2
(Cs), 117.1 (Cy), 115.2 (Cy), 56.4 (-OMe), 21.4 (-Me) ppm; HRMS (ESI+):
calcd for [M+H]* = C41H,03": 191.0703. Found: 191.0772;

H NMR characterization of dihydrocoumarins

4-(2’-hydroxy-4’,5’-methylendioxyphenyl)-6, 7-methylendioxy-3,4-dihydrocoumarin "

©  'H NMR (300 MHz, DMSO-d°%): 5 6.82 (s, Ar-H, 1H), 6.60 (s, Ar-H, 1H),
6.49 (s, Ar-H, 1H), 6.21 (s, Ar=H, 1H), 6.01 (d, J = 4.4 Hz, OCH,0, 2H), 5.87
(d, )= 4.4 Hz, OCH.0, 2H), 4.45 (t, J = 5.8 Hz, 1H), 3.07-2.85 (m, 2H) ppm;

4—(2’-hydroxy-6’-methoxyphenyl)-6-methoxy-3,4-dihydrocoumarin 48

00 '"H NMR (300 MHz, CDCLs): 5 7.06 (d, / = 8.9 Hz, 1H), 6.83 (dd, /= 8.9, 3.0

O Hz, 1H), 6.68-6.60 (m, 3H), 6.35 (d, /= 2.9 Hz, 1H), 4.60 (t, /= 6.3 Hz, 1H),

"o O 3.73 (s, 3H), 3.65 (s, 3H), 3.18 (dd, J= 16.1, 6.1 Hz, 1H), 2.97 (dd, /= 16.1,
oMe 6.4 Hz, 1TH) ppm;

MeO

4—(2’-hydroxy-5"-methylphenyl)-6-methyl-3,4-dihydrocoumarin 8

O 0.0  'H NMR (300 MHz, CDCLy): 5 7.10 (d, J = 8.2 Hz, 1H), 7.03 (d, J = 8.3 Hz,

Me 1H), 6.90 (d, J = 7.9 Hz, 1H), 6.86 (s, 1H), 6.64 (d, J = 8.1Hz, 1H), 6.59 (s,
HO

O 1H), 5.38 (brs, 1H), 4.60 (t, J = 6.2 Hz, 1H), 3.18 (dd, J = 16.0, 6.1 Hz, 1H),

M
° 2.97 (dd,J=16.0,6.5Hz, 1H), 2.18 (s, 3H), 2.27 (s, 3H) ppm;

4—(2’-hydroxy-5’-tert—-butylphenyl)-6-tertbutyl-3,4-dihydrocoumarin 148

O 00 'H NMR (300 MHz, CDCLy): 5 7.32 (dd, J = 8.5, 2.2 Hz, 1H), 7.11-7.07 (m,

Bu 3H), 6.79 (d, J = 2.2 Hz,1H), 6.66 (d, J = 8.3Hz, 1H), 5.50 (brs, 1H), 4.69 (t, J
HO

O = 6.4 Hz, 1H), 3.19 (dd, J=16.1, 6.4 Hz, 1H), 3.01 (dd, J = 16.1, 6.4 Hz, 1H),

tB
Y 1.25(s, 9H), 1.17 (s, 9H) ppm;
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4—-(2°-hydroxy-4’,5°,6’-methylendioxyphenyl)-6, 7-methylendioxy-3,4-dihydrocoumarin

Separated after column chromatography (eluent EtOAc/Hex 1:1) of the
reaction crude using 3,4,5-tri-methoxyphenol and propiolic acid as

substrates in equimolar ratio; see the section “General experimental

procedure for the direct synthesis of coumarins”.

The product was isolated as a light-yellow powder in 54% yield (282 mg,
0.67 mmol).

H NMR (300 MHz, CDCLy): 5 6.44 (s, 1H, Cs—H), 6.25 (s, 1H, Cs—H), 6.06
(brs, 1H, —OH), 4.71 (dd, uns = 9.35 Hz, s, = 0.98 Hz, 1H, Cs=H), 3.83 (s,
3H, C,~OCHs), 3.79 (s, 6H, Cs—OCHs), 3.74 (s, 3H, Cs~OCHs), 3.69 (s, 3H,
Cs-OCHs), 3.67 (s, 3H, Cs—OCHs), 2.98 (dd, Ygem = 16.96 Hz, ZJans = 9.35 Hz,
1H, C,—H), 2.80 (dd, "Jgem = 16.96 Hz, 2, = 0.98 Hz, 1H, C,—H) ppm; *C{"H}
NMR (75.5 MHz, CDCL;) : 5 167.35 (s, C1), 153.42 (s, C»), 153.22 (s, C,),
152.36 (s, Cs), 150.82 (s, Cs), 149.15 (s, Cq'), 147.62 (s, Cs), 138.29 (s, Cs),
136.34 (s, Ce), 115.92 (s, Cy), 108.93 (s, Ca), 96.96 (s, Cs), 96.81 (s, Ca),
61.26 (s, Cs—OCHs), 61.09 (s, C~OCHs), 61.04 (s, Ce~OCHs), 60.01 (s, Cs—
OCHs), 56.19 (s, C;—~OCHs), 55.98 (s, Ce—~OCHs), 34.37 (s, C), 26.72 (s, Ca)
ppm; HRMS (ESI+): calcd for [M+H]* = CyHasOs': 421.1493. Found:
421.1508;
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H NMR characterization of the dearomatized product

4,5,9-tri-methoxy—7-oxo-9H-chromen-2-one

Separated after column chromatography (eluent EtOAc/Hex 2:1) of the
reaction crude using 3,4,5-tri-methoxyphenol and propiolic acid as
substrates (ratio 1:5); see the section “Optimized experimental

procedure for the synthesis of coumarins with propiolic acid”.

The product was isolated as a white powder in 18% yield (113 mg, 0.44

mmol).

MeO.
o onaMe "H NMR (300 MHz, CDCL): 5 6.99 (d, %Jus = 10.09 Hz, 1H), 6.15 (d, s =

10.09 Hz, 1H), 5.56 (s, 1H), 3.74 (s, 3H, C,~OCHs), 3.52 (s, 3H, Cs—~OCH),
3.46 (s, 3H, Co—OCHs), 3.04 (s, Jgem = 16.96 Hz, 1H), 2.87 (s, Jgem = 16.96
Hz, 1H) ppm; *C{'"H} NMR (75.47 MHz, CDCls) : § 192.28 (s, C;), 171.28 (s,
C.), 161.76 (s, C1), 143.00 (s, Cs), 121.53 (s, C,), 105.49 (s, Co), 104.17 (s,
Cs), 74.95 (s, Cs), 56,82 (s, C.—OCHj), 54.35 (s, Cs—OCHg), 50.56 (s, Co—
OCHs), 40.90 (s, Cs) ppm; HRMS (ESI+): calcd for [M+H]* = Ci,H506":
255.0863. Found: 255.0884;
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3. Gold(lll)-catalysed cyclization of aryl alkynoates

3.1. Introduction

As presented in the precedent chapters, the direct addition of aromatic C—H bonds to unsaturated
substrates by m-acidic catalysis (direct hydroarylation) is a fascinating and challenging chemical
transformation, due to the high atom economy of the process and ready availability of substrates.!"
Scientific contributions by several groups report the use of cationic Au(l) complexes to accomplish
this task, due to the enhanced carbophilicity of this metal center to promote and we contributed.
However, a rather limited number of studies can be found when turning to species that are based
on gold(lll) metal centers. Up to now, relevant catalytic applications mainly employ simple gold(lll)
salts that can be activated by a silver co-catalyst,'>® generating complex species among which it is
difficult to distinguish the catalytically competent one. Moreover, N-heterocyclic carbene (NHC)
complexes with a gold(l) metal center were generally found to be superior in catalytic activity with
respect to analogous NHC-Au(lll) species.t*®

Gold(lll) catalysis from well-defined complexes has attracted increasing attention in recent years
and significant progress has been achieved.!”! Of special note, (P,C)-cyclometalated ligands were
discovered to unlock the catalytic potential of electrophilic gold(lll) complexes, opening a new
avenue for gold-catalyzed hydroarylation.®! A detailed mechanistic study revealed a strict similarity
between those species and the more traditional gold(l) catalysts.®'® An outer-sphere pathway was
indeed demonstrated to be the most probable, where the coordination of the alkyne at the metal
center precedes the effective C—H bond activation (Figure 3.1).'% This mechanistic scenario was
supported by kinetic isotope experiments and DFT calculations. Moreover, both the catalytically
active species, as well as t-alkyne Au(lll) intermediates and an off-cycle Wheland-type Au(lll) o-aryl
complex were authenticated experimentally by NMR spectroscopy and/or mass spectrometry
coupled to CID (collision-induced dissociation) analyses. On the other hand, the mechanistic
study has not been extended beyond simple electron-rich arenes as substrates; furthermore, the
potential role of the catalyst counterion on the catalytic performance has not been exhaustively
explored, compared to gold(l)-catalyzed reactions.'"! For example, Zuccaccia and co-workers
recently reported an in-depth study on the role of the counterion X~ (Cl,, BF, or OTf) in the alkyne
hydration reaction catalyzed by [(2-phenylpyridine)Au(NHC)X]X complexes by a computational

approach coupled to NMR studies.!'? Overall, gold(lll) m-acid catalysis appears to hold much
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potential in direct hydroarylation reactions, but its study and application remain preliminary at this

stage.
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Figure 3.1. Mechanism proposed to account for the intermolecular hydroarylation of alkynes
catalyzed by (P,C)-cyclometalated gold(lll) complexes.

Being of our interest to develop new approaches for efficient and more sustainable gold-based
processes, we became involved in applying the hydroarylation of alkynes to the direct synthesis of
coumarins and performed a comprehensive study of this catalytic transformation with (P,C)-
cyclometalated Au(lll) complexes. As presented in the previous chapters, coumarins are
conveniently and efficiently prepared by intra- or intermolecular metal-catalyzed hydroarylation
processes, with only very few precedents involving Au(lll) catalysis to date.?*® As reported
hereafter, the (P,C)-cyclometalated Au(lll) complexes proved very efficient catalysts for the
synthesis of coumarins by intramolecular hydroarylation. Systematic screening of the reaction
variables enabled us to achieve high yields (> 90%) using low amounts of gold catalyst (0.1-2 mol%)
under mild and practical conditions (25-40°C, 1-24 hours). In particular, ionic liquids!™ were
employed to limit the amount of Bronsted acid used to unlock the catalyst regeneration step,

substantiating for the first time the interest and potential of these attractive solvents in catalysis by
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well-defined Au(lll) complexes." The impact of the acidic additive strength and of the ionic liquid
have been preliminarily assessed.

3.2. Results and discussion

Table 3.1. Direct hydroarylation of ethyl phenylpropiolate with TMB and sesamol.

.o
OAC’ ' Ph

OMe E \i:rr:P_AIu-OACF i MeO —
: COOEt
E OMe
MeO OMe N .. I. ....... /
T™B MeO 2a
COOEt I (1 mol%)
+ / >
Ph AcFOH/DCM 4:1, 25 °C
o OH o 0P
Y A
Sesamol Ph
2b
Time Yield 2a® Yield 2b®
Entry Substrate
[h] [%] [%]

1 TMB 0.5 >99 -
2 Sesamol 2 - Traces
3¢ Sesamol 2 - Traces
44 Sesamol 3 - Traces
5 Sesamol + TMB 1 (24) 5 (8) - (-)

@ Reaction conditions: [Alkyne] = 1M, 2eq. arene; ® yields were determined by '"H NMR spectroscopy
using hexamethylbenzene as internal standard; °5 mol% catalyst; ° reaction performed at 40 °C; ¢ 2
eq. sesamol + 2 eq. TMB.

The direct reaction of ethyl phenylpropiolate with sesamol was selected as model reaction to
access coumarins. Direct comparison with the benchmark compound 1,3,5-tri-methoxybenzene
(TMB) was conducted under the standard conditions developed by Fujiwara:
dichloromethane/trifluoroacetic acid 1:4 as solvent and an alkyne/arene molar ratio 1:2.1'>

The (iPr,P,C)Au" complex | (Table 3.1) yielded as expected 99% of product with TMB at 1 mol%
loading after only 1 h at 25 °C (entry 1). However, changing the aromatic substrate to sesamol

completely switched off catalysis (entry 2). Further attempts with increased loadings of gold
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complex or at higher temperatures were also unsuccessful (entries 3 and 4). Direct analysis of the
reaction mixture by 3'P NMR{'H} spectroscopy (entry 3) revealed the presence of two main peaks at
90.5 and 79.5 ppm, which are both upfield compared to the signal of the isolated complex | (107.8
ppm in CDCls). This result suggested the presence of inactive resting states of the catalyst. To
further support this view, a competitive test (entry 5) revealed that the presence of sesamol inhibits
the catalytic coupling with TMB. Imputing this phenomenon to the presence of the hydroxyl moiety
of the phenolic substrate and its possible interaction with the catalyst, other aimed tests were
performed in order to establish a deactivation path. No evidence for such an interaction was
recorded placing | and sesamol in ratio 1:2 under Fujiwara’s conditions; however, partial
conversion of the catalyst was recorded after 1 equiv. of the alkyne was added to the mixture,
together with the formation of the coumarin 2b. The reaction was protracted by further additions of
the two substrates to determine almost complete consumption of the gold complex | after 5
turnovers. It was then clear that the deactivation mechanism involves the alkyne as well, which
should initially B-coordinate to the metal center. The cleavage of a trifluoroacetate ligand by AcFOH
is needed to start this process, since no reaction of the gold complex | with the substrates was
observed in pure CD,Cl,. The addition of as little as 2% v/v of AcFOH (compared to 80% v/v under
Fujiwara conditions) was enough to initiate the process, and enabled us to follow it by 'H and *'P
NMR spectroscopies. Slow conversion of | toward a well-defined species with *'P NMR signal at
90.1 ppm was detected, affording 93% conversion after 24 h. This reaction mixture was subjected
to complete characterization by multinuclear NMR spectroscopy and MS spectrometry, to
authenticate the newly formed species as the gold-vinyl complex I-2b’ that is expected to form in
the course of the catalytic cycle, with the vinyl group trans to P (Figure 3.2). Interestingly, when we
attempted to purify complex I-2b’ upon layering the concentrated reaction solution with n-hexane,
we isolated a solid containing sesamol and the corresponding coumaryl complex I-2b (Figure 3.2)
with ®'P NMR signal at 79.5 ppm. Remarkably, complex I-2b is much more easily protonolyzed than
I-2b’ (Figure 3.2; complete experimental and characterization details are given in the Experimental
Section). The inertness of complex I-2b’ toward protonolysis recalls previously reported results by
Tilset and co-workers on the addition of AcFOH to acetylene, catalyzed by N,C-cyclometallated
gold(lll) complexes.l'"! In that case as well, the gold-vinyl intermediate with the vinyl group trans to
the group of the chelating ligand with lower trans influence was found to be inert towards

protonolysis by AcFOH.
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Figure 3.2. Deactivation pathway authenticated for the intermolecular hydroarylation of alkynes

with sesamol catalyzed by the (P,C)-cyclometalated gold(Ill) complex I.

The results of our mechanistic investigation pointed out that the synthesis of coumarins by gold(lll)
catalyzed hydroarylation could be carried out much more efficiently in an intramolecular fashion,
since in this case protonolysis of the resulting coumaryl intermediate should be much faster.
Consequently, we started to examine the reactivity of preformed aryl propiolic esters as

substrates. The model compound 1b (Table 3.2) was readily synthetized and used for this purpose.

At 0.5 mol% loading, complex | was found to efficiently catalyze the cyclization of this substrate,
affording the desired product 2b in 98 % yield within only 1 h at 25 °C (Table 3.2, entries 1 and 3).
No trace of the regioisomeric product 2’b was observed. Operating at 40 °C, the catalytic loading
could be lowered to 0.1 mol% without compromising the efficiency of the 1b to 2b cyclization
(entry 3). In line with previous observations,® the (Ph,P,C)-cyclometalated complex Il
demonstrated to be superior in catalytic performance, enabling complete conversion of 1b within
30 minutes at 25°C and 0.1 mol% loading (entry 4). At this point, the (P,C)-cyclometalated
complexes fulfilled our expectations in terms of activity, ease-of-process and robustness of the
transformation. However, the high amount of trifluoroacetic acid cosolvent and the volatility of the
organic mixture are not ideal practically. To further upgrade the catalytic system, we thus looked
for conditions that would maintain similar reaction efficiencies but would at the same time improve

the process sustainability and applicability.
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Table 3.2. Intramolecular hydroarylation of 1b under Fujiwara’s conditions

Cat. Time Yield 2b®
Entry
<O ~° lorll (x mol%) ° N (mOl%) [h] [%]
° I A
. L Ac"OH/DCM 4:1,25°C R o 1 I (0.5) ‘l 98
:::p—/iﬁgm‘ Pha AP 2 | (0.1) 3 16
% ° 3 1(0.1) 1 99
: I ; o 2'b
--------------- not observed 4 " (0.1) 1 > 99
5 - 3 Traces

@ Reaction conditions: [1b] = 1 M; * yields were calculated by '"H NMR spectroscopy using
hexamethylbenzene as internal standard; ° reaction performed at 40 °C.

In this respect, we considered the use of lonic Liquids (ILs) as a very interesting perspective to have
a comparative analysis with the Au(l)-based catalytic system we reported previously. /n-situ
activation of the bis-iodo-(P,C)Au" complexes lll and IV (Table 3.3) was achieved by anion
exchange with 2 equivalents of silver hexafluoroantimonate to ensure removal of coordinating
iodide anions. Complete formation of the di-cationic species was confirmed by ESI-MS analyses
(see the Experimental Section for a detailed discussion). Moreover, former kinetic studies by Blons

et al. have excluded a possible silver effect!' in the observed catalysis.®

Experimental results accounting for the effect of different acid additives (HA) on the hydroarylation
of 1b are disclosed in Table 3.3. The presence of a co-catalyst is indeed mandatory to overcome
the energy barrier for protonolysis of the Au—C bond and unlock catalysis (entry 1 vs 5). Three
different strong acids were tested (entries 2 to 4). Very similar results were obtained (20-31 % vyield
after 1 h, > 99 % after 3 h using 20 mol% of HA), indicating minimal impact of the related
conjugated base (A = NTf,;, BF,, OTf). Swapping to precatalyst IV (entry 5) enabled to achieve
quantitative yields within only 1 h with the three strong acid additives. On the other hand,
employing trifluoroacetic acid (Ac"OH), i.e. the same acid employed in Fujiwara’s conditions,
resulted in a significant drop in activity, which can be interpreted in terms of the lower acid strength

of this additive and/or of the higher tendency of its conjugated base to coordinate to gold(lIl).""
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Table 3.3. Influence of the Brbnsted acid additive on the gold(lll)-catalyzed intramolecular
hydroarylation of 1b in [BMIM][NTf,].

! m R=iPr

O
A" v R=Ph A

Rq
R,P
0 (0] O 0 (0] (0] 0 o
< (2 mol%) < \\S /N'\S//
© l > D0 Z FoC” N &/ CFs
Ph

AgSbFg (4 mol%)

HA (20 mol%) Ph
1b [BMIM][NTf,], 40 °C 2b [BMIM][NTH,]
Entry HA Cat. Time [h] Yield 2b® [%]
1° - v 24 NR®
2 HNTf, il 1 (3) 31 (>99)
3 HBF,- Et.O il 1 (3) 28 (>99)
4 TfOH il 1 (3) 20 (>99)
5¢ HBF,- Et.O v 1 >99
6 AcFOH v 1 (24) 25 (48)
7' HBF,- Et.O v 1 (3) 24 (57)
8¢ HBF,- Et,0 - 3 Traces

@ Reaction conditions: 0.5 mmol 1b in 0.75 ml [BMIM][NTf,]; ® yields were calculated by 'H NMR
spectroscopy with 1,2-dimethoxyethane as internal standard; °5mol% IV, no acid co-catalyst; ° NR:
no reaction; ¢ Analogous results were collected with HNTf, and TfOH; " CH.Cl, instead of
[BMIM][NTf,] and 4 mol% AgNTf, as catalyst activator.

To support our observations, we can recall that Gagné and co-workers already described the
reactivity of a cationic diaurated alkenyl intermediate toward different strong acids and recorded
the inability of Ac"OH to perform demetallation of this species.?>?! As a further example, even
more similar to our case, Blum and Roth confirmed that a net positive charge at the metal complex
can strongly affect its kinetic relative acidity, enabling only strong acids such as TfOH, to cleave
Au-C bonds.? On the other hand, the basicity of the phosphine seems to have only a minor role on
this step.

Furthermore, substituting [BMIM][NTf,] with dichloromethane as solvent led to lower activities
(entry 7), which highlights once more the positive role played by ILs over more traditional organic
solvents in this reaction. It is also important to note that a control experiment performed with HBF,

(20 mol%) but without gold complex resulted in only traces of coumarin 2b after 3 hours (entry 8).1
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The effect of the anion of the IL was then investigated using different ionic liquids [BMIM][X] (Table
3.4) with 0.5 mol% gold(lll) complex IV. The acid co-catalyst HBF,-Et,O was kept as standard
additive. Its pK, is lower than that of the conjugated acids of most of the other anions X~, with the

only exception of OAcF. In the latter case, the actual co-catalyst is AcFOH. 2423

Table 3.4. Effect of the ionic liquid anion on the gold(lll)-catalyzed intramolecular hydroarylation of

1b.

Entry [X] Time[h] Yield 2b®[%]

¢ T W 05 ma @v\:ijo
O Uh m ) F: 1 A 1 (3) 34 (>99)
S S R - 5 ©55)
E:FZ’(E ’ ta A 3 c 1(3) 90 (> 99)
""""" 4 D 3 (24) 28 (85)
5 E 24 NR°

@ Reaction conditions: 0.5 mmol 1b in 0.75 ml [BMIM][X] ° yields were calculated by 'H NMR
spectroscopy with 1,2-dimethoxyethane as internal standard; ° NR: no reaction.

Because of this, and because of the large excess of AcFO~ over gold complex, leaving no available
coordination site for substrate coordination, no catalytic activity was recorded over 24 h in

[BMIM][OACF] (entry 5).

On the other hand, anions that interact more weakly with the gold center, such as PFs" B and BF,~
C, express the highest activity. The coumarin product is obtained in almost 90% vyield within 1 h
(entries 2 and 3). The anion NTf,~ A provides somewhat lower activity, but still allows full conversion
of the substrate in 3 h (entry 1). Conversely, much lower activity was observed with the anion TfO"D
(entry 4), 24 h being needed in this case to obtain 85 % of product. This result is likely the
consequence of the higher affinity of D for the gold(lll) metal center. Thus, the recorded differences
in reactivity with different anions of the IL seem to correlate well with the coordinating ability of the
anion, which in case of gold(l) catalysis has been expressed through the GAI (gold affinity index) of
the anion itself.l"™ |n spite of these findings, we chose to employ the ionic liquid [BMIM][NTf,] for
practical reasons, since it is easier to work with ionic liquids containing NTf,- compared to BF,~ and
PFs~ due to the higher stability of the former. Aging of ILs, caused in particular by the absorption of
water and consequent hydrolysis of the BF,~ or PFs anions,® is indeed an issue potentially causing

poorly reproducible results when these solvents are employed in our reactions.
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Table 3.5. Scope of the gold(lll)-catalyzed cyclization of aryl alkynoates in ionic liquids.

HBF 4 Et,0 (20 mol%) &
[BMIMJINTF,], 40 °C

O/ IV(ZmoI/) R‘\\ 0P
AngF (4 mol%) NP

Entry Yield [%]° Entry Yield [%]° Entry 1 2 Yield [%]°

1 2
Ij o7 r oT J
4 ~
99 (1h)®
M H

Ph

h 2h
<Q o._0 <o 0._0 O° SN2 Pe ol
: Ny
2 o o 7 >99 (1h) 8 B 7 90 (5h i HEE YT
D I £ o1l F o S e
I 2¢ 1i n 2 [ O
o 0._0 o e ‘Bu\©/0 o tBu 0.__0 O ° 0. 0
< < 82 (5h) /©/
> = \ >
Y ll ° »99 05 9 ll m oe o) 14 MeO Il MeO 87 (1h)
o, o7 (05h) Ph 88 (24h)° H
CH g h H
1d 2d 1j 2j 10 20
+
MeO 0 wmeo 0._0 0.0 0o PO oo
35 (24h) : i
99 (0.5h; i 3
4 >99:05h;° 10 pn Il F’“J@;j 8o (any° : o b § v
OMe Ph - 1 71 (3h)¢ ;
h H o
1k L O 30
o o oo o 0._0 0._0
>99 (0.5h) /©/ > . Z
: ; 99 (24 >99 (3,
5 98 (0.5h)° 1 Ph Il Ph (24h) 15 O f O I (@n)
H H H
11 21 MeO 1P MeO 2P
/©/o\ ) 0._0O 0._0 0._0
16 (24h) O O
. [ j 87 (24n) - Il B’m 30 24n) 16 Il 7 >99 (3h)
80 (24h)° 92 (3h)°
Ph 22 (24h)°9 H
h MeO H  MeO
m 2m 1q 2q

@ Conditions: 0.5mmol of 1 in 0.75ml [BMIM][NTF,]; © yields were calculated by 'H NMR vs internal
standard 1,2-dimethoxyethane (reaction time is reported in parenthesis); ° isolated yield; ¢
[BMIM][BF,] instead of [BMIM][NTf,], 5mol% IV at 60°C

After having examined the effects of the acid additive and of the ionic liquid anion, the substrate
scope of the intramolecular reaction was assessed under the above optimized conditions:
complex IV (2 mol%), AgSbFs (4 mol%), HBF,.Et,O (20 mol%), IL [BMIM][NTf,] (Table 3.5).

In the first stage, we evaluated the substituent effect at the alkyne. Keeping constant the sesamol
moiety, products were obtained in quantitative yields within 1 h for the internal alkynes (with phenyl
and n-propyl substituents) as well as terminal alkynes (> 94 % yield in 0.5 h, entries 1 to 3). The
presence of substituents at the 3-5 positions of the arene moiety showed no steric influence on the
conversion to the coumarin products (entries 4 and 5). Conversely, substrates 1g and 1h with an
unsubstituted phenyl react significantly slower, high cyclization yields requiring 24 h (entries 6 and
7). Introducing a 4-tert-butyl substituent is enough to restore high catalytic activity, allowing to

obtain 90 % 2i and 82 % 2j in high yields within only 5 h (88% of 2j was isolated after 24h reaction).
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The cyclization of biphenyl-4-yl propiolate 1l proceeded slowly but quantitatively under standard
conditions (entry 11), while for the related substrate 1k, turning to [BMIM][BF,] as IL and heating to
60 °C proved necessary to obtain the corresponding coumarin 2k in good yield, 71% at best (entry
10). Attempts to extend the reaction to the bromide-substituted substrate 1m gave modest results
(entry 12). For substrates with electron-depleted aryl moieties such as 1k and 1m, byproducts
deriving from the hydrolysis of the ester moiety were consistently detected. The best obtained
yields are however comparable to those reported by He and Shi with the AuCls/AgOTf system,
which are the best achieved so far with these substrates upon gold catalysis.

Moving to 1n and 1o featuring 4-methoxy substituted aryl moieties revealed an interesting
selectivity issue. Indeed, with these substrates the ipso position is activated and may compete
with the ortho positions for nucleophilic attack to the alkyne, giving spirocyclic lactones instead of
coumarins. This side process has been already reported by Vadola et al., who showed that the
gold(l) catalytic system (Phs;P)AuCl + AgOTf affords the spiro lactone with high selectivity in the
presence of 1 equivalent of water.?”? In our case, only traces of water are present in the
[BMIM][NTf;] ionic liquid, which probably favor the formation of the coumarin over the
corresponding spirocyclic lactone. The hydroarylation proceeds faster from 1o than 1n, which
limits the formation of spirocycle 30 to 13% (entry 14). The competition between these two
cyclization pathways prompted us to take a closer look at the effect of the reaction conditions on
product selectivity, using (Ph,P,C)-cyclometalated Au(lll) complexes Il and IV (Table 3.6).

Fujiwara’s conditions were tested first. Interestingly, operating at 2 mol% catalytic loading, low
activity but exclusive selectivity towards 3n were recorded (entry 2). Increasing the catalytic
loading to 5 mol% enabled to achieve complete conversion of 1n after 24 h and to obtain the
spirolactone 3n in 89% isolated yield (entry 3). The ability of the AcfO- anion to assist O-
demethylation probably plays a major role in the observed chemoselectivity. The crude mixture
actually displays a '"H NMR signal at & 3.99 ppm accounting for the concomitant formation of the
trifluoroacetate methyl ester. As for the IL conditions, it was also possible to obtain 3n in high yield
(97 %) using [BMIM][OTf] and 5 mol% of complex IV (entry 5). The TfO~ anion is more nucleophilic
than the NTfy anion in the commonly employed IL [BMIM][NTf,] and may better assist the O-
demethylation; it also makes the IL more hygroscopic, which may explain the complete selectivity

for the dearomative spirocyclization.
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Table 3.6. Impact of the reaction conditions on the coumarin vs spirolactone formation from 1n.

NG 0._0 0 Ph
/[::]/ Il or IV/2 AgSbF /[:::[%;jé {
> =
MeO
© | | Conditions Meo + 0

Ph

Ph 0
1n 2n 3n
Entry Conditions®* Cat. Time[h] Conv. Yield Yield
(mol%) 1n° [%] 2n° [%] 3n° [%]
1 IL, [X]=[NTf,] IV (2) 5 >99 66 34
2 Fujiwara’s I (2) 24 37 - 37
3 Fujiwara’s 11 (5) 24 98 Traces 92 (89)°
4 IL, [X]=[OTf] IV (2) 24 30 - 29
5 IL, [X]=[OTf] IV (5) 24 >99 - 97

2L conditions: 0.5 mmol 1nin 0.75 m{ [BMIM][X], 20 mol% HBF +Et,0, 40°C; ® Fujiwara’s conditions:
DCM/ACFOH 1:4 v/v, [1n]=1M at 25°C; ° yields and conversions were calculated by 'H NMR
spectroscopy using hexamethylbenzene (Fujiwara’s conditions) or 1,2-dimethoxyethane (IL
conditions) as internal standards; ?isolated yield.

Finally, to probe the impact of the aryl group (phenyl vs naphthyl) on the
hydroarylation/spirocyclization competition, we prepared and tested substrates 1p and 1q. Here,
the corresponding coumarins were quantitatively obtained within 3 h whatever the position of the
methoxy group (entries 15 and 16, Table 3.5). Moreover 92% of 2q could be isolated after complete
conversion of the alkynoate (entry 16).

The last part of the work was focused on the activation of more electron-rich alkynes. Aryl propargyl
ethers were selected to explore a further application of our system to the synthesis of chromenes
(Table 3.7).

Remarkably rapid conversion of substrates 4h and 40 was observed under the same conditions
developed for coumarin synthesis (entries 1 and 2). However, complex mixtures were obtained due
to the fast degradation of the obtained chromenes under reaction conditions. Chromene 50
accumulated in the reaction mixture and its consumption was monitored over-time (entries 4 and
5). Fujiwara’s conditions allowed to reach 67% of 50, stopping the reaction after 30 minutes (entry

4). On the other hand, any attempt to expand the scope to substrates 4h (entry 3) and 4c¢ (entries 6
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to 8) produced much poorer results, due to the fast degradation of the chromenes with respect to

cyclization rates.

Table 3.7. Synthesis of chromenes

0.

R H
N R O H o 0.
| Il or IV/2 AgSbFg |\\ : <
Z | > P S
Conditions '
R R Ph
4 5 6b
o O. O. NTf,
o)
< o B
° Il R Il <
] o ¥
R' Ho
4b R'=Ph 4hR=H | Ph
4c R'=H 40 R = OMe ] 7b

Conditions Substra Cat. Conv. 4°
Entry Time [h] Yield 5° [%]
ab te (mol%) [%]
1 IL 4h IV (2) 1 94% n.d.c
2 IL 40 IV (2) 1 >99 n.d.
3 Fujiwara’s 4h 11(0.5) 3 (24) 15 (47) n.d.c
4 Fujiwara’s 40 11(0.5) 0.5(6) >99 67 (<5)
5¢ IL 40 IV (2) 0.5(1) >99 30(12)
6° IL 4c IV (2) 0.5 >99 n.d.
7 Fujiwara’s 4c 11(0.5) 0.5 >99 n.d.d
8f IL 4c IV (2) 1(4) 75 (>99) 21 (Traces)
9 IL 4b IV (2) 5 95 n.d.*¢
10f IL 4b IV (2) 1(24) 40 (84) 30 (13)"

2 IL conditions: 0.5mmol 1n in 0.75 ml [BMIM][NTf,], 20 mol% HBF.,Et,O or HNTf, at 40°C; °
Fujiwara's conditions: DCM/AcFOH 1:4 v/v, [4]=1M at 25°C; ° yields and conversions were
calculated by "H NMR using hexamethylbenzene (Fujiwara’s conditions) or 1,2-dimethoxyethane (IL
conditions) as internal standards; 9 n.d.: not detected; ¢ reaction performed at 25°C; "No acid co-
catalyst was employed; €6b was detected with 72% yield; "6b was detected in traces and then with
20% yield respectively at 1 h and 24 h reaction time;

No improvements were recorded operating under IL conditions rather than Fujiwara’s ones.
However, an interesting result was obtained from 4b, leading to the formation of the chromane 6b

as major product (72% yield, entry 9). Overreduction of chromenes was already reported by Sames
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et al. as a side-process in the intramolecular hydroarylation of aryl propargyl ethers using Pd(OAc).
under Fujiwara’s conditions.!?®! Assuming that the acid conditions play a role in the reduction of the
initially formed chromene, we performed some blank tests reacting 5b along with HBF, and
[BMIM][NTf,] as reaction medium (see the Experimental Section for details). Formation of
chromane 6b was observed, along with the corresponding benzopyrilium salt 7b, which was
unambiguously authenticated by "H NMR spectroscopy. To our knowledge, this disproportionation
process has never been reported before in the case of chromenes, while a similar acid-initiated
process is known for 1,2-dihydronaphtalene and quinoline derivatives.[?*2°2% This new reactivity
could be usefully applied for synthetic purposes. Benzopyrilium salts are indeed valuable
intermediates for the synthesis of 4H-chromenes or 2-subtituted chromenes, upon nucleophilic
attack at 4 or 2 position, respectively.®'*? Moreover, taking as an example the work conducted by
Chang and co-workers'®! we successfully synthesized 7b directly from 4b by addition of 1
equivalent of HNTf, in dichloromethane (details are reported in the Experimental Section).

Whereas formation of 7b seems to require acid conditions, formation of the chromane 6b was
recorded also under neutral conditions in the presence of gold complex IV after 1 day of reaction
(entry 10). It is clear that the gold catalyst also contributes to consume the chromene product over
time (entries 8 and 10). More studies are needed to clarify what is the nature of those secondary

processes.

3.3. Conclusions and perspectives

In this chapter, we presented a practical methodology to access coumarins employing (P,C)-
cyclometalated Au(lll) complexes as hydroarylation catalysts in ILs. Direct cyclization of aryl
alkynoates was demonstratedly operated at low loading of gold (0.1-2 mol%) employing sub-
stoichiometric quantities of Brgnsted acid additive (20 mol%).

The reaction scope showed good compatibility toward different propiolate fragments. The
transformation works best when the aromatic ring bears electron donating groups, with the
exception of para-methoxy substituents due to competitive dearomative spirocyclization.
Conversely, we found that it is possible to obtain the spirolactone with complete selectivity under
both Fujiwara’s and IL conditions. In general, the gold(lll)-based catalytic system proved to be

competitive with other gold(l)-based systems previously described in the literature.
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Attempts to further extend the application of the gold(lll) catalyst system to the cyclization of aryl
propargyl ethers were difficult due to the instability of the ensuing chromenes under the employed
reaction conditions. However, an acid-mediated disproportionation process leading to chromanes
and benzopyrilium salts was disclosed.

Future work will aim at exploring and developing gold(lll) catalysis in ILs. In particular, ligand design
will be optimized in order to overcome catalyst deactivation currently hampering efficient

coumarin synthesis by intermolecular direct alkyne hydroarylation with phenols.
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3.5. Experimental section

Synthesis of (P,C) pro-ligands

1,8-Diiodonaphtalene (304.0 mg, 0.80 mmol, 1.0 eq.) was dissolved in THF (15 ml) and a solution of
"BuLi (1.6 M or 2.5 M in hexanes, 0.84 mmol, 1.05 eq.) was added dropwise at -78 °C. The reaction
mixture was stirred at -78 °C for 1 h. Then iPr,PCl or Ph,PCl (0.80 mmol, 1.0 eq.) was added
dropwise and the reaction mixture was allowed to warm to room temperature and stirred over-
night. All volatiles were removed under reduced pressure and the residue subjected to column
chromatography over silica gel (gradient from pure hexane to Tol/Hex 1:1 v/v). The desired products
were obtained upon evaporation of the relevant fractions as yellowish solids. Yields and

spectroscopic data are in line with the ones previously reported.

1-iodo-8-di-isopropylphosphino-naphtalene ¥

H NMR (300 MHz, C¢D¢): 5 8.25 (dd, J = 7.4, 1.3 Hz, 1H), 7.63 (d, J =

Prp~iPr, 6.7 Hz, 1H), 7.42 (d, J = 7.5 Hz, 2H), 6.59 (t, J = 7.5 Hz, 2H), 2.09
(heptd, J = 7.0 Hz, Yyp = 2.2 Hz, 2H), 1.15 (dd, o= 13.7 Hz, J= 7.0 Hz,
OO 6H), 0.95 (dd, up = 12.7 Hz, J = 7.0 Hz, 6H) ppm; *P{'H} (121 MHz,

CsDg): 5 =-7.8 (s) ppm;
1-iodo-8-di-phenylphosphino-naphtalene !

H NMR (300 MHz, CDCL): 5 8.30 (dd, J = 7.4, 1.1 Hz, 1H), 7.86 (dtd, J
= 8.1, 1.4, 0.3 Hz, 1H), 7.80 (dd, J = 7.6, 1.9 Hz, 1H), 7.24 — 7.36 (m,

OO 12H), 7.09 (dd, J = 8.0, 7.4 Hz, 1H) ppm : *P{'"H} NMR (121 MHz,

CDCLy): 5-12.6 (s) ppm;
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Synthesis of the bis-iodo-gold(lll) complexes lll and IV ¢

Gold iodide (130 mg, 0.4 mmol) was suspended in toluene (5 ml) and a solution of the selected
ligand (0.4 mmol) in toluene (10 ml) was added dropwise at room temperature. The reaction
mixture was stirred at 60°C for 5h. Complete conversion of the ligand was confirmed by *P NMR
(no-lock experiment). All volatiles were removed in vacuo to yield the desired complex, which was
successfully crystallized by layering a saturated DCM solution with n-hexane.* Yields and analytic

data are in line to the ones previously reported.

* if needed, the final product can be further purified by column chromatography (eluent DCM/Hex

1:1).
Bis-iodo-(8-di-isopropyl-1-naphthyl)-cyclometalated gold (lll) - Complex Il *

H NMR (300 MHz, CDCLy): 5 9.38 (d, J = 7.6 Hz, 1H), 8.06 (dd, J = 7.9,
|

| 3.2 Hz, 1H), 7.84 (dd, J = 8.0, 2.4 Hz, 1H), 7.80-7.72 (m, 1H), 7.60 (td, J
iPr,P— Au—I

=7.5,3.2 Hz, 1H), 7.08 (t, J = 7.9 Hz, 1H), 3.42 (heptd, J = 6.9, 3.5 Hz,

OO 2H), 1.43 (dd, J = 19.6, 7.0 Hz, 6H), 1.37 (dd, J = 17.8, 7.0 Hz, 6H) ppm;
31p{'H} NMR (121 MHz, CDCL,): 5 88.8 (s) ppm;

* spectra are in agreement with the ones previously reported in CsDs.
Bis-iodo-(8-di-phenyl-1--naphthyl)-cyclometalated gold (lll) - Complex IV

{ "H NMR (300 MHz, CDCLs): 5 9.37 (ddd, J=7.5, 1.3, 1.0 Hz, 1H), 8.00 -
Phy,P—Au—I 8.06 (m, 1H), 7.78-7.91 (m, 5H), 7.45-7.66 (m, 9H) ppm; *'P{'"H} NMR

OO (121 MHz, CDCL): 5 51.8 (s) ppm;
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Synthesis of the bis-(trifluoroacetate)-gold(lll) complexes | and Il 1!

Complex Il or IV (0.05 mmol, 1eq.) was dissolved in 1 mL of DCM and added to a suspension of
silver trifluoroacetate (22.1 mg, 0.1 mmol, 2 eq.) in 1 mL of DCM. The mixture was stirred for 30 min
during which Agl precipitated as the solution color varied from reddish/orangish to colorless. The
suspension was filtered over a Celite” pad, and the solvent removed under reduced pressure to
afford the desired product. Yields and spectroscopic data are in accordance with the ones

previously reported.
Bis-(trifluoroacetate)-(8-di-isopropyl-1-naphthyl)-cyclometalated gold (lIl) - Complex | *

H NMR (300 MHz, CDCLy): 5 8.10 (ddd, J = 7.8, 3.4, 1.3 Hz, 1H), 7.87
(dd, J=7.9, 3.0 Hz, 1H), 7.78 (ddd, J = 7.6, 3.1, 0.6 Hz, 1H), 7.72 (ddd, J
= 8.7, 3.0, 1.1 Hz, 1H), 7.67 (ddd, J = 7.6, 7.2, 4.3 Hz, 1H), 7.51 (t, J =
7.9, 1H), 3.12 (heptd, J = 7.1, 2.1 Hz, 2H), 1.40 (dd, , J = 19.2, 7.1 Hz,

OO 6H), 1.39 (dd, J = 20.2, 7.1 Hz 6H) ppm ; *P{"H} NMR (121 MHz,
CDCL): 5 107.8 (s) ppm ; *F{'H} NMR (282 MHz, CDCLy): 5 -74.1 (s,

(I)ACF
iPr,P—Au—OAcF
OAcF trans to C) ppm;**
Bis-(trifluoroacetate)-(8-di-phenyl-1--naphthyl)-cyclometalated gold (ll1l) - Complex Il *

'"H NMR (300 MHz, CDCL;): 5 8.12 (ddd, /= 7.9, 3.6, 0.8 Hz, 1H), 7.90

OAcF (dd, J = 8.1, 3.6 Hz, 1H), 7.88-7.78 (m, 5H), 7.76-7.68 (m, 3H), 7.67
thP—AIu—OAcF (ddd, J=8.0, 7.3, 4,3 Hz, 1H), 7.64-7.56 (m, 4H), 7.55 (t, /= 7.9 Hz, 1H)
Oe ppm ; 3'P{'"H} NMR (121 MHz, CDCL): 5 64.4 (s) ppm ; 'F NMR (282
MHz, CDCL): 5 -73.9 (brs, OAc' trans to P), -74.1 (brs, OAcf trans to C)

ppm;

* the spectra are in agreement with the ones previously reported in CD,Cl,. ")

** _OAcF trans to P was not detected using CDCl; as deuterated solvent, while it was observed in
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CD,Cl; as a broad singlet located at -73.3 ppm.

Synthesis of aryl-alkynoates

¢ Aryl-alkynoates 1b, 1d, 1e, 1f, 1g, 1h, 1i, 1j, 1k, 1, 1m and 1n were synthetized according to the

following literature procedure.®

In a round-bottom flask, a stirred solution of the phenol (3.0 mmol, 1.0 eq.) in DCM (12 ml) was
cooled to 0°C and the propiolic acid derivative (3.3 mmol, 1.1 eq.) was added. Subsequently, a
mixture of DCC (873.0 mg, 4.4 mmol, 1.5 eq.) and DMAP (36.0 mg, 0.3 mmol, 0.1 eq.) in DCM (6 mL)
was added dropwise to the round-bottom flask. The resulting mixture was allowed to warm up and
stirred at room temperature for 12 hours. Then the mixture was filtered and the solid residue on the
filter was washed with DCM (15 mL). The combined organic phases were concentrated under
reduced pressure and the obtained residue purified by flash chromatography over silica gel. The

desired product was isolated upon evaporation of the relevant fractions.
* Aryl-propiolates 1¢, 10, 1p and 1q were obtained by the following synthetic route.

A stirred solution of the phenol (1.0 mmol, 1.0 eq.) in THF (10 ml) at 0°C was pretreated with
sodium hydride (60% suspension in mineral oil, 1.1 mmol, 1.1 eq.). In a second flask, a solution of
propiolic acid (3.3 mmol, 3.3 eq.) in THF (10 ml) was cooled to 0 °C and then treated with DCC (3.3
mmol, 3.3 eq.) followed by the phenolate solution that was previously prepared. The resulting
mixture was allowed to warm up to room temperature and stirred for 16 h. The mixture was then
concentrated under reduced pressure and taken up in acetonitrile (10 ml) before filtration. The
filtrate was again concentrated under reduced pressure, and the residue subjected to flash
chromatography over silica gel. The desired product was isolated upon evaporation of the relevant

fractions.

Spectroscopic data of all known compounds were consistent with the ones reported in the
literature. The molecular connectivity of 1b, 1d, 1f, 1j and 1q was univocally determined by
correlation NMR experiments and their chemical identity was further confirmed after cyclization

tests.
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3’,4’-Methylendioxy-phenyl 3-phenyl-propiolate — 1b ['”

Isolated as a white solid (eluent EtOAc/Hex 1:10 v/v) with 74% vyield (593
mg, 2.22 mmol).

'H NMR (300 MHz, CDCLy): 5 7.66-7.60 (m, 2H, -Ph, Como-H), 7.53-7.36
(m, 3H, -Ph, Cpea-H and Cpae-H), 6.80 (d, 1H, *Jorno= 8.4Hz, Ce-H), 6.71 (d,
1H, “mewa= 2.4Hz, Co-H), 6.64 (dd, 1H, *Jomno= 8.4Hz, “mewa= 2.4Hz, Cs-H),
5.99(s, 2H) ppm; “C{'H} NMR (75.5 MHz, CDCL): 5 152.76 (s, C4),
148.20 (s, C;), 145.90 (s, Cs), 144.43 (s, Ca), 133.28 (s, -Ph, Comno), 131.16
(s, -Ph, Cpara), 128.78 (s, -Ph, Cuetw), 119.31 (s, -Ph, Ciso), 114.05 (s, Cs),
108.15 (s, Cs), 103.68 (s, Cq), 101.95 (s, O-CH,-0), 88.88 (s, Cs), 80.26 (s,
C2) ppm;

3’,4’-Methylendioxy-phenyl propiolate — 1c !

<Zj©fo I O

H

Isolated as a white solid (eluent Et,O/Hex 1:4 v/v) with 72% yield (206

mg, 1.08 mmol).

'"H NMR (300 MHz, CDCL;): 5 6.79 (d, J = 8.4 Hz, 1H), 6.66 (d, J = 2.4 Hz,
1H), 6.59 (dd, J = 8.4, 2.4 Hz, 1H), 6.00 (s, 2H), 3.06 (s, TH) ppm;

3’,4’-Methylendioxy-phenyl 2-hexynoate - 1d

12

O11 7.0.1..0
S
07 If

6

3

4

Isolated as a white solid (eluent EtOAc/Hex 1:10 v/v) with 57% yield (395

mg, 1.70 mmol).

"H NMR (300 MHz, CDCL;): 5 6.77 (d, 1H, *Jorno= 8.4Hz, Cs-H), 6.64 (d, 1H,

CH3"Jmeta= 2.4Hz, C1,-H), 6.57 (dd, 1H, *Jormno= 8.4Hz, “Jpmeta= 2.4Hz, Cs-H), 5.98

(s, 2H, O-CH,-0), 2.37 (t, 2H, 3= 7.1Hz, C3-CH,-Cs), 1.65 (ses, 2H, =
7.2Hz, Ca-CH2-Ce), 1.04 (t, 3H, %J= 7.4Hz, -CHs) ppm; *C{'"H} NMR (75.5
MHz, CDCL): 5 152.50 (s, C1), 148.17 (s, C1o), 145.83 (s, C11), 144.49 (s,
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C;), 114.05 (s, Cs), 108.13 (s, Co), 103.72 (s, C12), 101.93 (s, O-CH,-0),
92.39 (s, Cs), 72.90 (s, Cy), 21.14 (s, Cs), 20.88 (s, C4), 13.61 (s, Cs) ppm;
HRMS (ESI+): calcd for [M+H]" = C43H430,": 233.0808. Found: 233.0844;

3’,4’,5’-Tri-methoxy-phenyl 3-phenyl-propiolate - 1e 'l

MeO (0] 0] Isolated as a yellow solid (eluent EtOAc/Hex 1:5 v/v) with 60% yield (561

Ve | | mg, 1.80 mmol).

OMe
Ph

'H NMR (300 MHz, CDCL;): 5 7.67-7.58 (m, 2H), 7.54-7.35 (m, 3H), 6.44
(s, 2H), 3.85 (s, 6H), 3.84 (s, 3H) ppm;
3’°,4’,5’-Tri-metyl-phenyl 3-phenyl-propiolate — 1f

Isolated as a white solid (eluent EtOAc/Hex 1:10 v/v) with 48% yield (384
mg, 1.45 mmol).

"H NMR (300 MHz, CDCL): 5 7.69-7.61 (m, J = 7.8 Hz, 2H, -Ph, Comno-H),
7.55-7.36 (m, 3H, -Ph, Cpes-H and Cpae-H), 6.85 (s, 2H, Cs5-H), 2.31 (s,
6H, Cee-Me), 2.16 (s, 3H, C;-Me) ppm; *C{'"H} NMR (75.5 MHz, CDCLs): 5
152.96 (s, C1), 147.26 (s, Cu4), 138.00 (s, Cesw), 133.50 (s, C;), 133.23 (s, -
Ph, Corno), 131.03 (s, -Ph, Cpar), 128.73 (s, -Ph, Cpet), 120.16 (s, Css),
119.40 (s, -Ph, Cisso), 88.30 (s, Cs), 80.49 (s, C,), 20.82 (s, Cee-Me), 15.13
(s, C;-Me) ppm; HRMS (ESI+): calcd for [M+H]" = C4gH¢,0,": 265.1223.
Found: 265.1256;
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Phenyl 3-phenyl-propiolate - 1g "%
Isolated as a white solid (eluent EtOAc/Hex 1:20 v/v) with 62% yield (415

0.0 mg, 1.87 mmol).
: I

Ph 'H NMR (300 MHz, CDCL,): 5 7.66-7.61 (m, 2H), 7.53-7.37 (m, 5H), 7.32-
7.27 (m, 1H), 7.23-7.17 (m, 2H) ppm;
Phenyl propiolate — 1Th ¥
Isolated as a colorless oil (eluent EtOAc/Hex 1:20 v/v) with 55% yield

©/O o (241 mg, 1.65 mmol).
It

\ H NMR (300 MHz, CDCLy): 5 7.32 (t, J = 7.7 Hz, 2H), 7.19 (t, ) = 7.7 Hz,
1H), 7.07 (d, J = 7.7 Hz, 2H), 2.99 (s, 1H) ppm;
4’-Tert-butyl-phenyl 3-phenyl-propiolate — 1i '"!
Isolated as a white solid (eluent EtOAc/Hex 1:20 v/v) with 67% yield (559

/@/O O mg, 2.01 mmol).
tBu | |

Ph "H NMR (300 MHz, CDCL,): 5 7.67-7.60 (m, 2H), 7.54-7.36 (m, 5H), 7.15-
7.08 (m, J=8.8 Hz, 2H), 1.33 (s, 9H) ppm;
3’-Tert-butyl-phenyl 3-phenyl-propiolate - 1j

Isolated as a greenish oil (eluent EtOAc/Hex 1:20 v/v) with 44% yield (366

9
8 1
tBu\©4/O o mg, 1.31 mmol).
2
7 5
il

6

Ph "H NMR (300 MHz, CDCLl;): 3 7.66-7.60 (m, 2H, -Ph, Corno-H), 7.53-7.45
(m, 1H, -Ph, Cpara-H), 7.44-7.37 (m, 2H, -Ph, Cpew-H), 7.34 (d, *Jortno = 7.6
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Hz, 1H, Ce-H), 7.31 (dt, *Jorno = 7.8 Hz, *Jmeta = 1.6 Hz, 1H, C;-H), 7.19 (t,
®Jmeta = 1.9 Hz, 1H, Co-H), 7.03 (dt, *Jorino = 7.5 Hz, “Jmeta = 1.9 Hz, 1H, Cs-H),
1.34 (s, 9H, -tBu) ppm; *C{'H} NMR (75.5 MHz, CDCls): 5 153.48 (s, Cs),
152.64 (s, C4), 150.22 (s, C4), 133.31 (s, -Ph, Corno), 131.11 (s, -Ph, Cpara),
129.18 (s, Ce), 128.80 (s, -Ph, Creta), 123.55 (s, C7), 119.49 (s, -Ph, Cisso),
118.60 (s, Cs and C,), 88.67 (s, Cs), 80.51 (s, C,), 34.98 (s, tBu, Cquar),
31.37 (s, tBu, -Me) ppm; HRMS (ESI+): calcd for [M+H]" = C1sH150,":
279.1380. Found: 279.1408;

Biphenyl-4’-yl 3-phenyl-propiolate — 1k ['Z

oy
Ph Il

Ph

Isolated as a white solid (eluent Tol/Hex 1:1 v/v) with 68% yield (608 mg,
2.04 mmol).

"H NMR (300 MHz, CDCl,): 5 7.68-7.60 (m, 5H), 7.60-7.55 (m, 2H), 7.55-
7.33(m, 6H), 7.31-7.24 (m, 2H) ppm;

Biphenyl-4’-yl propiolate — 1L['¥

oy
Ph Il

H

Isolated as a white solid (eluent Tol/Hex 1:1 v/v) with 65% yield (433 mg,
1.95 mmol).

H NMR (300 MHz, CDCLy): 5 7.64-7.59 (m, 2H), 7.59-7.54 (m, 2H), 7.48-
7.41 (m, 2H), 7.39-7.32 (m, 1H), 7.26-7.20 (m, 2H), 3.09 (s, TH) ppm;

4’-bromo-phenyl 3-phenyl-propiolate - 1m '

T
Br ||

Ph

Isolated as a white solid (eluent EtOAc/Hex 1:10 v/v) with 82% yield (738

mg, 2.45 mmol).

H NMR (300 MHz, CDCLs): 5 7.67-7.60 (m, 2H), 7.57-7.51 (m, J = 8.8 Hz,
2H), 7.51-7.46 (m, 1H), 7.46-7.37 (m, 2H), 7.14-7.06 (m, J = 8.8 Hz, 2H)
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ppm;

4’-Methoxy-phenyl 3-phenyl-propiolate - 1n [

oT
MeO ||

Ph

Isolated as a white solid (eluent EtOAc/Hex 1:10 v/v) with 79% yield (596

mg, 2.36 mmol).

'H NMR (300 MHz, CDCL,): 5 7.66-7.59 (m, 2H), 7.52-7.45 (m, 1H), 7.45-
7.36 (m, 2H), 7.15-7.08 (m, J = 9.1 Hz, 2H), 6.96-6.88 (d, J = 9.1 Hz, 2H),
3.81 (s, 3H) ppm;

4-Methoxyphenyl propiolate — 10 '4

o1
MeO If

H

Isolated as a white solid (eluent Et,O/Hex 1:4 v/v) with 99% yield (263

mg, 1.49 mmol).

"H NMR (300 MHz, CDCL;): 5 7.10-7.03 (m, /= 9,1 Hz, 2H), 6.93-6.87 (m,
J=9.1Hz, 2H), 3.80 (s, 3H), 3.06 (s, 1H) ppm;

7-Methoxynaphtalen-2-yl propiolate - 1p

MeO

Isolated as a crystalline, colorless solid (eluent Et,O/Hex 1:4 v/v) with

53% yield (359.3 mg, 1.59 mmol).

'"H NMR (300 MHz, CDCL;): 5 7.79 (d, J = 8.8 Hz, 1H), 7.74 (d, J/ = 8.8 Hz,

1H), 7.52 (d, J = 2.2 Hz, 1H), 7.18-7.08 (m, 3H), 3.92 (s, 3H), 3.09 (s, 1H)

ppm;
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6-Methoxynaphtalen-2-yl propiolate -1q

Isolated as a crystalline, colorless solid (eluent EtOAc/Hex 1:20 v/v) with

28% yield (191 mg, 0.85 mmol).

H NMR (300 MHz, CDCL): 5 7.76 (d, J = 7.9 Hz, 1H, C1,-H), 7.71 (d, J =

7.9 Hz, 1H, C5-H), 7.56 (d, J = 2.4 Hz, 1H, Cs-H), 7.24 (dd, J = 8.8, 2.4 Hz,

4 0 _O1H, C1s-H), 7.19 (dd, J = 8.8, 2.6 Hz, 1H, Cs-H), 7.16-7.13 (m, 1H, Cio-H),
5 ”2 3.92 (s, 3H, -OMe), 3.09 (s, 1H, Cs-H) ppm; C{"H} NMR (75.5 MHz,
*I"  cDCl): 5 158.03 (s, Cs), 151.42 (s, C1), 145.94 (s, C.), 133.08 (s, Cq),
129.32 (s, C), 129.01 (s, C), 128.42 (s, C1»), 120.88 (s, C1s), 119.92 (s,

Ce), 118.53 (s, Cs), 105.93 (s, Cro), 76.92 (s, Cs), 74.50 (s, Cs), 55.49 (s, -

OMe) ppm; HRMS (ESI+): calcd for [M+H]* = C1,H1;05": 227.0703. Found:

227.0690;

Synthesis of 3-phenyl-2-propyn-1-ol

The synthesis has been accomplished according to procedures from the literature.!'s®

In a 100 ml round-bottom flask, phenylacetylene (1.1 ml, 10 mmol, 1.0 eq) in THF (20 mL) at -78 °C
was treated with n-BuLi 2.5 M in hexanes (4.8 mL, 12 mmol, 1.2 eq). After stirring at -78 °C for 1 h,
paraformaldehyde (360.4 mg, 12 mmol, 1.2 eq) was added to the mixture. Then the flask was
allowed to warm up to room temperature, and stirred over-night. The mixture was then quenched
with a saturated NH,Cl solution (40 mL) and extracted with EtOAc (3x30 mL). The collected organic
phases were washed a further time with brine (30 mL) and dried over Na,SO,. Volatiles were
removed under reduced pressure to give the desired product as a yellow oil with a yield of 92%
(1.22 g, 9.23 mmol). No further purification was needed for our synthetic purposes. Spectroscopic

data were in agreement with the ones previously reported in the literature.
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3-Phenyl-2-propyn-1-ol ['%

H NMR (300 MHz, CDCLy): 5 7.48-7.39 (m, 2H), 7.35-7.27 (m, 3H), 4.5 (s, 2H)

\/OH ppm;

Ph

Synthesis of aryl-propargyl ether derivatives

e Aryl-propargyl ethers 4c, 4h and 4o were prepared according to a modified literature

procedure.l':®

A solution of the phenol (3.0 mmol, 1eq.) in anhydrous DMF (10 ml) was treated with propargyl
bromide (80% solution in toluene, 4.5 mmol, 1.5 eq.) in the presence of potassium carbonate (1.2
eqg.). The crude was taken up in DCM (30 ml) and washed with H,O (3x20 ml). Only for compound
4c, traces of unreacted sesamol were removed by additional extractions with a sodium hydroxide
aqueous solution at 1M concentration (3x20 ml). After a further washing with brine (1x20 ml), the
organic phase was then dried over Na,SO,, and evaporated under reduced pressure to obtain the
desired product. Spectroscopic data were in agreement with the ones previously reported in the

literature.

3’,4’-Methylendioxy-phenyl-propargyl-ether - 4¢ ['®

The compound was isolated as a brown oil with 92% yield (486 mg, 2.76

o 'e) mmol).
S
° I

"H NMR (300 MHz, CDCLls): 5 6.72 (d, /= 8.4 Hz, 1H), 6.57 (d, /= 2.5 Hz, 1H),
H 6.41 (dd, J= 8.4, 2.5 Hz, 1H), 5.93 (s, 2H), 4.62 (d, /= 2.4 Hz, 2H), 2.52 (t, /] =
2.4Hz, 1TH) ppm;

Phenyl-propargyl-ether — 4h ['”]

@] The compound was isolated as a brown oil with quantitative yield (396 mg,
©/ | | 3.00 mmol).

H
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"H NMR (300 MHz, CDCL;): 5 7.36-7.27 (m, 2H), 7.05-6.95 (m, 3H), 4.70 (d, J
=2.4,2H),2.52 (t,/J=2.4, 1H) ppm;

4’-Methoxy-phenyl-propargyl-ether — 40 "8

The compound was isolated as a brown oil with 98% yield (475 mg, 2.93

o
/©/ mmol)
MeO | |

H NMR (300 MHz, CDCLy): 5 6.97-6.90 (m, J = 9.2 Hz, 2H), 6.88-6.82 (m, J =
9.2 Hz, 2H), 4.64 (d, J = 2.4, 2H), 3.78 (s, 3H), 2.51 (t, J = 2.4, 1H) ppm;

e Compound 4b was prepared by Mitsunobu reaction of sesamol with 3-phenyl-2-propyn-1-ol by

the following procedure.!"”!

Sesamol (414.4 mg, 3.0 mmol, 1 eq.), 3-phenyl-2-propyn-1-ol (0.38ml, 3. mmol, 1eq.) and
triphenylphosphine (2.21 g, 8.4 mmol, 1.4 eq.) were added to a round bottom flask and dissolved in
THF (15 ml). The solution was cooled to 0°C and diisopropyl azodicarboxylate (0.83 ml, 4.2 mmol,
1.4eq.) was added dropwise. The reaction mixture was then allowed to warm up to room
temperature and stirred for 24 hours. The solvent was then evaporated under reduced pressure
and the residue purified by flash chromatography on silica gel (gradient from pure hexane to
EtOAc/Hex 1:20 v/v). The desired product 4b was obtained as a white solid with a yield of 26%
(194.4mg, 0.77mmol) upon collecting and evaporating the relevant fractions. Spectroscopic data

were in agreement with the ones previously reported in the literature.

3’,4’-Methylendioxy-phenyl-3-phenyl-2-propyn-1-yl-ether — 4b ”

0 ) '"H NMR (300 MHz, CDCLl;): 5 7.50-7.38 (m, 2H), 7.37-7.26 (m, 3H), 6.74 (d, J =
<O:©/ | | 8.4 Hz, 1H), 6.63 (d, /= 2.5 Hz, 1H), 6.48 (dd, J = 8.4, 2.5 Hz, 1H), 5.93 (s, 2H),

4.84 (s, 2H) ppm;
Ph
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General procedures for catalytic tests:

Fujiwara’s conditions (intermolecular hydroarylation) [”!

The arene (2.0 mmol) was placed in a flame-dried Schlenk tube under argon atmosphere along with
0.8 ml of AcFfOH. Gold complex I (6.7 mg, 0.01 mmol)* and hexamethylbenzene (25.0 mg, 0.15
mmol) were dissolved in 0.2 ml of DCM and added to the flask. A to NMR check was performed after
taking an aliquot of the reaction mixture in 0.5 ml CDCls. The flask was then cooled down to 0°C
and ethyl phenyl-propiolate (0.17 ml, 1.0 mmol) was added. After 5 min stirring at 0°C, the mixture
was placed in a 25°C thermostatic bath and the reaction monitored by 'H NMR using

hexamethylbenzene as internal standard, as for the to NMR check.

*The procedure remained the same when different catalyst loadings were employed.

Fujiwara’s conditions (intramolecular hydroarylation)

The substrate (1 mmol) and hexamethylbenzene (25.0 mg, 0.15 mmol) were placed in a flame-dried
Schlenk tube under argon atmosphere along with 0.9 ml of a solution 1:4 v/v DCM/AcOH. A t; NMR
check was performed after taking an aliquot of the reaction mixture in 0.5 ml CDCl;. Then the gold
complex I or 11 (0.001 mmol or 0.005 mmol) in 0.1 ml of the DCM/Ac"OH mixture was added to the
mixture. The flask was then placed in a thermostatic bath at 25 or 40°C, and the reaction monitored

by "H NMR using hexamethylbenzene as internal standard, as for the to NMR check.

Only for product 3n: upon completion of the reaction, the crude was diluted in DCM (20 ml) and
quenched with a saturated solution of NaHCO;. The aqueous phase was then counter-extracted
with DCM (3x10 ml) and the whole combined organic phases were dried over Na,SO, before
removing all volatiles under reduced pressure. The obtained residue was subjected to flash
chromatography over silica gel (eluent EtOAc/Hex 2:5 v/v) to obtain the pure product as a white

solid with a yield of 89% (105.6 mg, 0.44 mmol).

IL conditions
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The substrate (0.5 mmol) and the gold complex Il or IV (0.01 mmol)* were placed in a flame-dried
Schlenk tube under argon atmosphere. A freshly prepared solution of the silver salt AgSbF¢ (6.9 mg,
0.02 mmol) in [BMIM][X] (0.75 ml) and 1,2-dimethoxyethane (0.05 ml, 0.48 mmol) were added to
the flask and the mixture was stirred for 5 min at room temperature. A to NMR check was performed
after taking an aliquot of the reaction mixture in 0.5 ml CDCl;s. The acid co-catalyst HA (0.1 mmol)
was then added to the mixture and the flask was placed in a thermostatic bath at 40°C. The
reaction was monitored by '"H NMR using 1,2-dimethoxyethane as internal standard, as for the to

NMR check.

* When 5 mol% gold complex (19.1 mg, 0.025 mmol) were employed, it was preferred to load
AgSbFs (17.2 mg, 0.05 mmol) in the flask directly as a solid rather than in solution. For catalyst

loadings lower than 2 mol%. the procedure remained unvaried.

Compounds 2b-g, 2j, 2k, 2m, and 2q were synthesized by the same procedure and isolated as
follows:

The reaction crude was taken-up in DCM (15 ml) and the resulting organic phase was quenched
with a saturated NaHCO; aqueous solution. The aqueous phase was then counter-extracted with
DCM (3x10 ml) and the whole combined organic phases were dried over Na,SO, before removing
all volatiles under reduced pressure. The obtained residue was subjected to flash chromatography

over silica gel to obtain the pure products upon collecting and evaporating the relevant fractions.

Compounds 5b and 6b were respectively isolated from the reaction mixtures of the entries 10 and
9 of Table 3.7:

After extraction of the crude with n-hexane (3x5 ml), the collected organic phases were evaporated
to remove volatiles. The obtained residue was purified by flash column chromatography over silica

gel (gradient EtOAc/Hex 1:10 to 1:5) to isolate the desired product 5b or 6b as a white solid.

Spectroscopic data of all known compounds were consistent with the ones reported in the
literature. The molecular connectivity of 2d, 2f, 5b and 6b was univocally determined by correlation

NMR experiments. The chemical identity of 2f and 5b was further confirmed by HRMS-ESI analyses.
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Ethyl (Z)-3-phenyl-3-(2,4,6-trimethoxyphenyl)prop-2-enoate — 2a "’

Ph
MeO —

COOEt
OMe

MeO

'H NMR (300 MHz, CDCLl;): 7.37-7.31 (m, 5H), 6.89 (s, 2H), 6.66 (s, 1H),

4.04 (g, /=7.1 Hz, 2H), 2.31 (s, 3H), 2.01 (s, 6H), 1.06 (t, /] = 7.1 Hz, 3H)

ppm;

4-Phenyl-6,7-methylendioxy-2H-chromen-2-one - 2b 2"

Isolated as a white solid (eluent EtOAc/Hex 1:4 v/v) with 99% yield (52.5
mg, 0.197 mmol).

"H NMR (300 MHz, CDCL;): & 7.52-7.50 (m, 3H), 7.45-7.39 (m, 2H), 6.89
(s, 1H), 6.82 (s, 1H), 6.23 (s, 1H), 6.04 (s, 2H) ppm; *C{"H} NMR (75.5
MHz, CDCLl;): 5 161.30, 156.02, 151.50, 151.29, 144.97, 135.83, 129.73,
129.03, 128.38, 113.01, 112.37, 104.51, 102.49, 98.71 ppm; ESI-MS
(m/z): 289 (2b + Na*);

6,7-Methylendioxy-2H-chromen-2-one - 2¢ ¥

Isolated as a white solid (eluent DCM) with 94% yield (35.9 mg, 0.189

mmol).

'H NMR (300 MHz, CDCls): 5 7.57 (d, J = 9.5 Hz, 1H), 6.82 (s, 1H), 6.82 (s,
1H), 6.27 (d, J = 9.5 Hz, 1H), 6.06 (s, 2H) ppm; *C{'H} NMR (75.5 MHz,
CDCL): & 161.34, 151.42, 151.41, 145.05, 143.60, 113.54, 112.83,
105.16, 102.48, 98.54 ppm; ESI-MS (m/z): 213 (2¢ + Na*);
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4-n-propyl-6,7-methylendioxy-2H-chromen-2-one - 2d *%

Isolated as a brownish solid (eluent EtOAc/Hex 1:4 v/v) with 97% yield
(45.2 mg, 0.195 mmol).

H NMR (300 MHz, CDCLy): 5 6.98 (s, 1H, Co-H), 6.82 (s, 1H, Ce-H), 6.15
(t, %)= 0.8 Hz, 1H, Cs-H), 6.06 (s, 1H, O-CH,-0), 2,65 (td, 3J= 7.6 Hz, ¥/= 0.8
Hz, 2H, C4-CH,-Cy), 1.71 (ses, 2H, 3J= 7.6 Hz, Cs-CH,-C>), 1.04 (t, 3H, %J=
7.4 Hz, Ce-CHs) ppm; *C{"H} NMR (75.5 MHz, CDCLs): 5 161.69 (s, C,),
156.35 (s, Cs), 150.99 (s, C7), 150.98 (s, C1o), 145.09 (s, Cs), 113.34 (s, Ca),

111.28 (s, Cs), 102.44 (s, O-CH,-0), 102.05 (s, Ce), 98.70 (s, Cs), 34.38 (s,
Cs), 21.52 (s, Ce), 14.04 (s, C») ppm; ESI-MS (m/z): 255 (2d + Na*);
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4-Phenyl-5,6,7-trimetoxy-2H-chromen-2-one - 2e "]

Isolated as a yellowish solid (eluent EtOAc/Hex 1:4 v/v) with 99% vyield
(61.9 mg, 0.198 mmol).

MeO (0] (0]
'H NMR (300 MHz, CDCL;) 5 7.49-7.36 (m, 3H, aryl), 7.36-7.27 (m, 2H,
MeO Z aryl), 6.72 (s, 1H, aryl), 6.05 (s, 1H, vinyl), 3.93 (s, 3H, OCH3), 3.78 (s, 3H,
OMe Ph

OCHg), 3.25 (s, 3H, OCHs) ppm; *C{'H} NMR (75.5 MHz, CDCL;): &
160.73, 157.03, 155.50, 151.82, 151.20, 139.58, 139.16, 128.14, 127.63,
127.33, 114.19, 107.40, 96.40, 61.16, 61.03, 56.38 ppm; ESI-MS (m/z):
335 (2e + Na“);

4-Phenyl-5,6,7-trimethyl-2H-chromen-2-one - 2f

Isolated as a dark yellow (eluent EtOAc/Hex 1:4 v/v) with 98% yield (51.6
mg, 0.195 mmol).

"H NMR (300 MHz, CDCL;): 5 7.48-7.40 (m, 3H, -Ph, Como-H and Cpaa-H),
7.32-7.24 (m, 3H, -Ph, Cpmew-H), 7.11 (s, 1H, Ce-H), 6.19 (s, 1H, Cs-H),
2.37 (s, 3H, Cs-Me), 2.13 (s 3H, C;-Me), 1.75 (s, 3H, Cs-Me) ppm; *C{'H}
NMR (75.5 MHz, CDCL;): 6 160.84 (s, C,), 156.83 (s, C4), 153.05 (s, C1o),
141.47 (s, Cs), 140.44 (s, -Ph, Cipso), 135.21 (s, Cs), 133.24 (s, C5), 128.85
(s, -Ph, Conno), 128.82 (s, -Ph, Cpara), 127.25 (S, -Ph, Cpeta), 116.66 (s, Cs),
116.49 (s, Cs), 116.10 (s, Co), 21.50 (s, Cs-Me), 20.64 (s, Cs-Me), 15.87 (s,
C,-Me) ppm; HRMS (ESI+): calcd for [M+H]" = CqsHq,0,": 265.1223.

Found: 265.1243;
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4-Phenyl-2H-chromen-2-one - 2g #°

Isolated as a white solid (eluent EtOAc/Hex 1:8 v/v) with 80% yield (35.7
mg, 0.161 mmol).

"H NMR (300 MHz, CDCLl;): 5 7.58-7.40 (m, 8H), 7.26-7.21 (m, 1H), 6.37
(s, TH) ppm; *C{'H} NMR (75.5 MHz, CDCL;): 5 160.84, 155.78, 154.32,
135.33, 132.04, 129.89, 128.99, 128.55, 127.13, 124.28, 119.11, 117.43,
115.31 ppm; ESI-MS (m/z): 245 (2g + Na*);

2H-chromen-2-one- 2h !

O° H NMR (300 MHz, CDCLy): 5 7.64 (d, J = 9.6 Hz, 1H), 7.45 (t, ) = 7.9 Hz,
Z 1H), 7.42 (d, J = 7.9 Hz, 1H), 7.25 (d, J = 7.9 Hz, 1H), 7.21 (t, J = 7.9 Hz,
H

1H), 6.39 (d, J=9.6 Hz, 1H);

4-Phenyl-6-tert-butyl-2H-chromen-2-one - 2i 'l
0] O

"H NMR (300 MHz, CDCLls): 5 7.60 (dd, 1H, aryl), 7.54 (m, 6H, aryl), 7.35
tBu (d, 1H, aryl), 6.36 (s, 1H, vinyl), 1.27 (s, 9H, tert-butyl) ppm;
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4-Phenyl-7-tert-butyl-2H-chromen-2-one - 2j 12"

tBu (0] O

Ph

Isolated as a viscous pale whitish oil (eluent EtOAc/Hex 1:8 v/v) with 88%

yield (48.9 mg, 0.176 mmol).

'H NMR (300 MHz, CDCLy): 3 7.54-7.50 (m, 3H), 7.44-7.40 (m, 4H),
7.28-7.25 (m, 1H), 6.32 (s, 1H), 1.36 (s, 9H); *C{'"H} NMR (75.5 MHz,
CDCly): 5 161.28, 156.58, 155.67, 154.39, 135.56, 129.73, 128.95,
128.54, 126.66, 121.82, 116.62, 114.36, 114.25, 35.32, 31.16 ppm; ESI-
MS (m/z): 301 (2j + Na*);

4,6-Di-phenyl-2H-chromen-2-one - 2k 24

Ph
Ph

Isolated as a white solid (eluent EtOAc/Hex 1:5 v/v) with 71% yield (42.4

mg, 0.142 mmol).

H NMR (300 MHz, CDCls): 5 7.75 (dd, J = 8.6, 2.2 Hz, 1H), 7.66 (d, J = 2.2
Hz, 1H), 7.55-7.51 (m, 3H), 7.51-7.43 (m, 5H), 7.43-7.37 (m, 2H), 7.36-
7.30 (m, 1H), 6.42 (s, 1H) ppm; “C{'H} NMR (75.5 MHz, CDCL): 5
160.79, 155.83, 153.76, 139.80, 137.73, 135.31, 131.02, 129.92, 129.12,
129.09, 128.57, 127.83, 127.22, 125.37, 119.33, 117.86, 115.70 ppm;
ESI-MS (m/z): 321 (2k + Na*);

6-Phenyl-2H-chromen-2-one - 21 1?4

0._0O

Ph Z

H

H NMR (300 MHz, CDCLy): & 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;
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4-Phenyl-6-bromo-2H-chromen-2-one - 2m

Isolated as a white solid (eluent EtOAc/Hex 1:10 v/v) with 22% yield (33.7

mg, 0.112 mmol).

0] O

_— "H NMR (300 MHz, CDCL,): 5 7.59-7.66 (m, 2H), 7.55-7.57 (m, 3H), 7.43-
Br

Ph 7.45 (m, 2H), 7.30 (d, J = 8.8 Hz, 1H), 6.40 (s, 1H) ppm; "*C{'H} NMR (75.5

MHz, CDCL;): 5 160.07, 154.67, 153.21, 134.87, 134.64, 130.14, 129.48,
129.25, 128.44, 120.79, 119.20, 117.14, 116.26 ppm; ESI-MS (m/z): 323
(2m + Na®);

4-Phenyl-6-methoxy-2H-chromen-2-one - 2n

© H NMR (300 MHz, CDCLy): 5 7.53 (m, 3H), 7.46 (m, 2H), 7.34 (d, J = 9.0
MeO Z 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 1H), 3.74 (s, 3H) ppm;

4-Phenyl-1-oxaspiro[4,5]deca-3.5,8-trien-2,7-dione — 3n ['4

Isolated as a white solid (eluent EtOAc/Hex 1:20 v/v) with 89% yield
(105.6 mg, 0.44 mmol).

) Ph
N '"H NMR (300 MHz, CDCLy): 5 7.52-7.46 (m, 3H), 7.42-7.37 (m, 2H), 6.72
o}
\ (d, J = 10.2 Hz, 2H), 6.57 (s, 1H), 6.51 (d, J = 9.9 Hz, 2H) ppm; "*C{'H}

NMR (75.5 MHz, CDCL;): & 184.14, 170.58, 165.40, 143.48, 132.15,
131.93, 129.45, 129.00, 127.28, 116.96, 81.46 ppm; ESI-MS (m/z): 261
(8n + Na*);
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6-Methoxy-2H-chromen-2-one - 20 !

O° '"H NMR (300 MHz, CDCLl;): 5 7.65 (d, J = 9.6 Hz, 1H), 7.26 (d, J = 9.0 Hz,
MeO Z 1H), 7.11 (dd, ] = 9.0, 2.9 Hz, 1H), 6.91 (d, J = 2.9 Hz, 1H), 6.42 (d, ) =9.6
H

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

1-Oxaspiro[4,5]deca-3.5,8-trien-2,7-dione - 30 ['*l

0 H
H NMR (300 MHz, CDCLy): 5 7.17 (d, J = 5.7 Hz, 1H), 6.55 (d, J = 10.2 Hz,
N
5 2H), 6.41 (d, J = 10.2 Hz, 2H), 6.36 (d, J = 5.7 Hz, 1H);
o)

9-Methoxy-3H-benzo[f Jchromen-3-one - 2p

0. .0 '"H NMR (300 MHz, CDCL): & 8.44 (d, J = 9.8 Hz, 1H), 7.91 (d, J = 8.9 Hz,
= 1H), 7.81 (d, J = 8.9 Hz, 1H), 7.51 (d, J = 2.4 Hz, 1H), 7.32 (d, J = 8.9 Hz,
H 1H), 7.22 (dd, J = 8.9, 2.4 Hz, 1H), 6.55 (d, J = 9.8 Hz, 1H), 4.00 (s, 3H)

MeO ppm;

e

8-Methoxy-3H-benzo[f Jchromen-3-one - 2q %

Isolated as a white solid (eluent EtOAc/Hex 1:10 v/v) with 92% yield (41.8
mg, 0.185 mmol).

0.0
‘/ 'H NMR (CDCl;, 300 MHz): 5 8.43 (d, J = 9.8 Hz, 1H), 8.12 (d, / = 9.2 Hz,
MeO H 1H), 7.88 (d, J = 9.0 Hz, 1H), 7.44 (d, J = 9.0 Hz, 1H), 7.34 (dd, J = 9.2 and

2.6 Hz, 1H), 7.22 (d, J = 2.6 Hz, 1H), 6.56 (d, J = 9.8 Hz, 1H), 3.95 (s, 3H);
3C{'H} NMR (75.5 MHz, CDCly): 5 161.17, 157.89, 152.61, 139.26,
132.04, 131.80, 124.02, 123.00, 120.59, 117.62, 115.98, 113.35, 107.66,
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55.62 ; ESI-MS (m/z): 249 (2k + Na*);

6,7-Methylendioxy-2H-chromene - 5¢ ¢

2H-chromene - 5h ?”]

o

H

"H NMR (300 MHz, CDCL): 5 6.47 (s, 1H), 6.38 (s, 1H), 6.31 (dt, J = 9.7,
2.0Hz, 1H), 5.89 (s, 2H), 5.66 (dt, J=9.7, 3.6 Hz, 1H), 4.70 (dd, J = 3.6, 2.0
Hz, 2H) ppm;

H NMR (300 MHz, CDCLy): 5 4.82 (dd, /= 1.8 Hz, J = 1.4 Hz, 2 H,), 5.78~
5.74 (m, 1 H), 6.42 (d, J= 8.1 Hz, 1 H), 6.77 (d, J = 8.1 Hz, 1 H), 6.86 (t, J =
7.4,7.3Hz, 1 H),6.94(d,J=7.3Hz, 1H), 7.08 (t, /= 8.1, 7.3 Hz, 1 H) ppm;

6-Methoxy-2H-chromene - 50 2"

O

MeO Z

H

H NMR (300 MHz, CDCLy): 5 6.65 (d, 1H), 6.59 (s, 1H), 6.47 (d, 1H), 6.31
(s, 1H), 5.73 (dt, 1H), 4.67 (dd, 2H), 3.67 (s, 3H) ppm;

4-Phenyl-6,7-methylendioxy-2H-chromene - 5b

91001

08

< 3

0765{
Ph

"H NMR (300 MHz, CDCL;): 5 7.43-7.28 (m, 5H, -Ph), 6.51 (s, 1H, Ce-H),
6.50 (s, 1H, Ce-H), 5.89 (s, 2H, -O-CH,-0-), 5.69 (t, *J = 4.1 Hz, 1H, Cs-H),
4.75 (d, *J = 4.1 Hz, 2H, Cs-CH,) ppm; *C{'H} NMR (75.5 MHz, CDCL;): 5
150.51 (s, Cio), 147.72 (s, C7), 141.92 (s, Cs), 138.62 (s, -Ph, Cipso), 137.66
(s, C4), 128.72 (s, -Ph, Corro), 128.55 (s, -Ph, Cpeta), 127.95 (s, -Ph, Cpara),
117.21 (s, Cs3), 117.11 (s, Cs), 105.71 (s, Cs), 101.25 (s, O-CH,-0), 98.89
(s, Co), 65.44 (s, C,) ppm; HRMS (ESI+): calcd for [M-H]" = C1sH1105™:
251.07083. Found: 251.0716;
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4-Phenyl-6,7-methylendioxy-chromane - 6b *®

"H NMR (300 MHz, CDCL;): 5 7.35-7.18 (m, 3H, -Ph, Corno-H and Cpara-H),
7.18-7.10 (m, 2H, -Ph, Cnew-H), 6.41 (s, 1H, Ce¢-H), 6.26 (s, 1H, Cs-H),

0. 5.87-5.82 (m, 2H, O-CH,-0), 4.11 (t, J = 5.1 Hz, 2H, Cs-CHa), 4.07 (t, J =
O 8 0 O
2
< 6.5 Hz, 1H, Cs-H), 2.35-2.20 (m, 1H, Cs-H), 2.11-1.95 (m, 1H, Cs-H) ppm;
3
Y SG{"H} NMR (75.5 MHz, CDCL): 5 150.07 (s, Ci0), 146.98 (s, Cs), 145.94

(s, -Ph, Cipso), 141.57 (s, C), 128.69 (s, -Ph, Corno), 128.60 (s, -Ph, Crets),
126.63 (s, -Ph, Cpara), 116.07 (s, Cs), 109.17 (s, Cy), 100.96 (s, O-CH»-0),
98.45 (s, Cs), 63.98 (s, C»), 41.19 (s, C4), 31.93 (s, C3) ppm;

Acid-mediated disproportionation of 5b

NTH,
0 o e} o} 0 ol
AN
4 HBF,-Et,0 (20 mol%) 4 4
0] Z > O + e} Z
Ph [BMIM][NTS,], 25°C, 4h Ph Ph
5b 6b 7b
41% converted 18% 20%
“NTf,
o) o o) o o) ON
A
4 HBF,-Et,O (50 mol%) 4 {
0 7 > 0] + 0 Z
Ph [BMIM][NTf,], 25°C, 4h Ph Ph
5b 6b 7b
97% converted 45% 48%

Two blank tests were performed adding 0.2 or 0.5 equivs. of HBF,-Et,O (3 or 7 pl that
corresponds to 0.02 or 0.05 mmol, respectively) to a mixture of 5b (25.2 mg, 0.1 mmol, 1 eq.) in
0.15ml [BMIM][NTf;] under argon atmosphere at 25°C. The stoichiometric formation of 6b and of
the analogous benzopyrylium ion 7b was observed under the reported reaction conditions. '"H NMR
analysis using 1,2-dimethoxyethane as internal standard confirmed the mass conservation over
these two products and the unreacted 5b. To further confirm our hypothesis, HMRS-ESI analysis of

the precursor 5b allowed to assess the formation of the main fragmentation peak at 251.0716 m/z,
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by loss of a formal hydride moiety from the chromene scaffold. Unfortunately, purification of the
crude by column chromatography was unsuccessfully attempted due to the fast oxidation of 7b
over silica-gel: 1b was surprisingly isolated instead. However, 7b could be separately synthesized

by the following methodology.

Synthesis of the benzopyrylium bistriflimide 7b

The ether 4b (25.2 mg, 0.1 mmol, 1eq.) was charged in a 5ml round-bottom flask and dissolved in
0.5 ml of DCM. The acid HNTf, (28.1 mg, 0.1 mmol, 1eq.) was dissolved in 0.5ml of DCM and slowly
added to the other flask. Immediately after the addition, the mixture turned dark and opaque. After
stirring over-night, volatiles were removed under reduced pressure and the mixture was
redissolved in a minimum quantity of DCM. The solution was then treated with hexane at 0°C,
decantated, and the solid residue washed with cold Et,O (2x3ml) to afford 7b as a greenish solid in

43% yield (22.8 mg, 0.043 mmol).

4-Phenyl-6,7-methylendioxy-chromane - 7b

H NMR (300 MHz, CDCls): 5 9.15 (d, J = 4.6 Hz, 1H, C,-H), 7.84 (d, J = 4.6
Hz, 1H, Cs-H), 7.75-7.62 (m, 5H, -Ph), 7.54 (s, 1H, Ce-H), 7.45 (s, 1H, , Cs-
H), 6.42 (s, 2H, O-CH,-O) ppm; *C{'H} NMR (75.5 MHz, CDCLy): 5 166.47
NTf, (5. Cs), 160.93 (s, C2), 160.86 (s, Co), 159.94 (s, Cro), 152.16 (s, Cy), 133.66

9 1
03 ¢ O: 2 (s, C4), 133.29 (s, -Ph, Cpara), 130.11 (s, -Ph, Corino), 130.05 (s, -Ph, Creta),
<O 7 N 3 123.26 (s, -Ph, Cisso), 119.83 (q, Jor = 321 Hz, -CF3), 119.14 (s, -Ph, Cs),
6 4
Ph 105.82 (s, -Ph, O-CH,-0), 103.40 (s, Cs), 99.22 (s, Cs) ppm; “F{"H} NMR

(188.3 MHz, CDCLl;): 5 -78.8 (s, -CFs) ppm; HRMS (ESI+): calcd for [M]* =
C16H11035": 251.0703. Found: 251.0714; HRMS (ESI-): calcd for [M] =
C.FeNO,S,: 279.9173. Found: 279.9189;

Spectroscopic "*C{'H} and "*F{'"H} data for bistriflimide anion were in agreement with the ones

previously reported.?
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Hydroarylation tests with a stoichiometric amount of complex |

OA o/.\c COOEt
|Pr\ HO

0 OH COOEt _| p—
SoAR S eSO
e} Ph AcFOH/CD,Cl; 4:1

Ph PH

X X 1 1-2b’

Complex I (16.8 mg, 0.025 mmol) was placed in a Schlenk tube under argon atmosphere together
with sesamol (3.5 mg, 0.025 mmol) and 0.75 ml of AcFOH/ DCM-d? 4:1,,. The obtained greenish
mixture was transferred to an NMR tube that was previously flushed with argon and a first '"H and
S'P{'H} NMR spectrum was collected. Ethyl phenylpropiolate (4.2 pl, 0.025 mmol) was then added
to the tube, which made the solution turn color to reddish: consumption of the alkyne occurred
within few minutes, with the solution turning back to the previously observed greenish color. The
sample was subjected to the same analytic routine to determine both the formation of the
coumarin 2b and a not negligible conversion of complex | to a new species. Further additions of
sesamol and the alkyne were performed, to detect the almost complete consumption of | after

addition of 10 eq, of the two substrates.

scale : 4.7230]
I + 1 equiv. sesamol J

J scate : 41650
cale @ 55z,

seate : 0.0a0sl]

160 140 120 100 20 80 10 ppm]

Figure 3.3 - *'P{"H} NMR spectra of the reaction mixture at different loads of the substrates (x =
number of eq. of substrates added).

120



I + 1 equiv. sesamgl n HH
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fjimJJn»M QAL "
x=10 fl V- A

Figure 3.4 - "H NMR spectra of the reaction mixture at different loads of the substrates (x = number
of eq. of substrates added).

The same experiment was performed by maintaining the original 1:2 alkyne/phenol ratio, obtaining
analogous results and almost complete conversion of | after addition of 5 eq, of the alkyne and 10

eq. of sesamol, respectively.

I + 2 equivs. sesamol

A

T T T T T T T T T T T T T
140 120 100 80 [ppm]

Figure 3.5 - *'P NMR spectra of the reaction mixture after successive additions of the substrates
(x=eq. alkyne; 2x = eq. sesamol).
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The experiment was repeated using as solvent 0.74 ml AcFOH/DCM-d? 1:20 ([AcFOH]/[Au] = 17.2).
Complete conversion of the complex is detected after 30 minutes and only traces of the

hydroarylation product are detected.

OA OAc COOEt

OH COOEt | iPr HO
<o:©/ . / ., PPpP—Au—OAC" _ < m . PP
o Ph ACFOHICD,Cl, 1:20
Ph PH

10 5 1 Traces 1-2b

Figure 3.6 - *'P{'"H} NMR spectra of the reaction mixture before (red line) and after (blue line)
addition of ethyl phenylpropiolate.

| \\\MUM Nl ) Lo

ppm]

Figure 3.7 - "H NMR spectra of the reaction mixture before (red line) and after (blue line) addition
of ethyl phenylpropiolate.
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The reaction crude was then concentrated under vacuum and subjected to ESI-MS analyses

(HPLC-acetonitrile as solvent).

francesco FRV 238 #22 RT: 0.52 AV: 1 NL: 1.05E7
T + ¢ ESI Full ms [150.00-2000.00]

846.90

e
© o
=1

J

@
(=]

N
S
0 S ) S A 5 | ot [ B

Relative Abundance

768.87

321.07 533.84
1

1198.12
24296 / |

704.77 - 1045.15 |

| 44083 | 61415 || BECH | 128238 145488 1683.69 406,00

ol 7 waes letts ] G g, )t ‘ 1, 180

200 400 800 800 1000 1200
m/z

T T T T
1400 1600 1800 2000

Figure 3.8 — ESI-MS analysis of the reaction mixture.

francesco FRV 238 #2 RT. 0.04 AV: 1 NL: 2.16E7
T: + ¢ ESI Full ms [150.00-2000.00]

769.05
100

90 —

80 —

70—

60 —

50

40+ i 770.97

=0 d 846.90

20
104 24288  321.00 704.98 102091 1087.08 ileiafe 122878
z it -
1 | 63415 | Il il o 126622 | 1527.09 1785.94
T Tt T [ [ e r [ T T
200 400 600 800 1000 1200
m/z

Relative Abundance

1888.99
el

I AT ey —
1400 1600 1800 2000

Figure 3.9 - ESI-MS analysis, chloride exchange at the charged species under diluted conditions.

The two reported mass spectra refer to the same solution under different dilution conditions. The
signal at 769 m/z is indeed a secondary signal due to the exchange of a trifluoroacetate anion with
a chloride. Analysis of the spectra allowed to assign to the two peaks the chemical formula

[CseH34AuF;06P]" and [CasH3:4AuCLlO4P]*. The isotopic distribution of both the fragments are in line
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with the simulated ones. MS/MS experiments allowed to identify the following fragmentations

peaks:

francesco FRV 238 msms847 #7-23 RT: 0.16-0.59 AV: 17 NL: 1.94E7
T: + ¢ ESI Full ms2 847.00@cid30.00 [230.00-2000.00]

704.89
1004

] _AGF
5] 847 m/z — Ac"OH 247 m/z — AcFOL

wl ethylene 73V

70
60
50

40

Relative Abundance

30

20
. 47973  662.80
- \ i [745.40
|242.93 | 55287 \-\
D \ T T | ‘ |
400 600 800

10

456.55
I

T T T T

l l [ I I I
1000 1200 1400 1600 1800 2000

m/z

Figure 3.10 - MS/MS fragmentation spectrum of 847 m/z

francesco FRV 238 msms769 #10-26 RT: 0.25-0.7 AV: 17 NL: 4.60E6
T: + c ESI Full ms2 769.00@cid30.00 [210.00-2000.00]

2o 704.88

71 769 m/z—HCl -
%7 ethylene

70—

60—

205 768.93

40

30

Relative Abundance

20—

515.48

q 390.90 | | 676.89 938.02
0t T

T |
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T T e et T
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Figure 3.11 - MS/MS fragmentation spectrum of 769 m/z
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Synthesis and characterization of I-2b’

OAcF

0 OH COOEt o ‘ o
{ ]@/ R / , iPrP—Au—OAc
Ph

°

2eq. 1.24 eq. 1eq.

AcFOH/CD,CI, 1:50

‘ EtOOC HO

N\ o}

Ph O)

93% after 24h
(1H, 31P NMR yield)

Complex I (16.8 mg, 0.025 mmol, 1 eq.) and sesamol (7.0 mg, 0.05 mmol) were placed in a flame-

dried Schlenk flask under argon. The two solids were solubilized in 0.7 ml of DCM-d? and

transferred into an NMR tube that was previously purged with argon. At this point, the alkyne (5.1

ul, 0.03 mmol) was added and "H and *'P{'H} spectra were collected as reference. The reaction

started upon addition of 14 pl AcFfOH to convert 93% of | to I-2b’ after 24 hours.

Complex reference in DCM-d, }

Reaction mixture in DCM-d? J

Addition of AcFOH ’

scale : Loaszl]

Reaction crude after 24h

T T T
160 140 120

Figure 3.12 - *'P{'"H} NMR monitoring of the reaction

Complete characterization of the reaction mixture by NMR spectroscopy ('H,

S'P{'H} and 2D correlation experiments).
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(IPr.P,C)Au(lll)-vinyl complex - 1-2b’

AcfO

Ph

12 13

iPrZP—Au " / 14

2

1 6 7

s COOEt

H NMR (300 MHz, CD.Cl,/AcfOH 50:1): 5 8.12 (ddd, J = 7.9, 3.0, 1.3 Hz,
1H, Ha), 7.89 (dt, J = 7.3, 2.0 Hz, 1H, Hio), 7,77 (ddd, J = 9.8, 7.1, 1.2, 1H,
H,), 7.70 (dd, J = 7.8, 3.1, 1H, Hs), 7.58-7.53 (M, 2H, Hormo and Hme:w),
7.51-7.45 (M, 1H, Hpara), 7.45-7.41 (M, 1H, Homno), 7.40 (s, 1H, H17), 7.37-
7.28 (m, 3H, Hs, Ho and Humes), 7.02 (s, 1H, His), 6.29 (d, J = 0.7Hz, -O-
CH,-0-), 5.05-4.85 (m, 2H, -Et, -CH,-), 3.02-2.83 (heptd, J = 9.7, 7.1 Hz,
2H, -iPr, CH), 1.43 (t, J = 7.1 Hz, 3H, -Et, -CHs), 1.34 (dd, J = 16.7, 7.1 Hz,
3H, -iPr, -CHa), 1.25 (dd, J = 19.5, 7.1 Hz, 3H, -iPr, -CHs), 1.12 (dd, J =
19.0, 7.1 Hz, 3H, -iPr, -CHs), 0.97 (dd, J = 18.6, 6.9 Hz, 3H, -iPr, -CH,)
ppm; *C{"H} NMR (75.5 MHz, CD.Cl,/Ac"OH 50:1): 5 170.26 (d, J = 1.1
Hz, C1,), 169.86 (d, J = 4.4 Hz, C=0), 159.40 (q, J = 41.5 Hz, OAcf and
HOACT, C=0), 155.58 (s, C), 151.29 (s, C1s), 149.74 (d, J = 0.8 Hz, C1s),
148.46 (d, J = 27.3 Hz, Cq), 144.80 (d, J = 125.8 Hz, C11), 137.70 (d, J = 3.0
Hz, Cn, ipso), 135.39 (d, J = 14.8 Hz, Cs), 135.13 (d, J = 0.5 Hz Cs), 134.29
(d, J = 2.6 Hz, C4), 132.96 (d, J = 1.6 Hz, C;), 132.37 (d, J = 1.6 Hz, C,),
130.94 (s, Ceh, para), 129.71 (S, Ceh, meta), 129.55 (S, Cen, ortno), 129.35 (s, Cen,
meta), 129.42 (s, C1o), 128.39 (s, Cs), 128.37 (S, Cpn, omno), 127.41 (d, J = 9.3
Hz, Cs), 123.44 (d, J = 55.0 Hz, C1), 119.59 (d, J = 6.4 Hz, C1s), 115.34 (q, J
= 286.0 Hz, OAc™ and HOAC, -CF), 105.00 (s, -O-CH,-0-), 104.77 (d, J =
0.5 Hz, C1s), 98.59 (s, C1y), 71.45 (s, -OFEt, -CH,-), 26.52 (d, J = 27.3 Hz,
iPr, CH), 26.31 (d, J = 27.4 Hz, iPr, CH), 18.07 (s, iPr, -CHs), 17.99 (d, J =
1.9 Hz, iPr, -CHs), 17.79 (d, J = 3.3 Hz, iPr, -CHs), 17.03 (d, J = 1.5 Hz, iPr,
CHs), 14.17 (s, -OEt, -CH:) ppm; *P{'H} NMR (121.5 MHz,
CD.Cl,/Ac"OH 50:1): 5 90.1 (s) ppm;
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Synthesis and characterization of I-2b

OAG ACF(ID 0 o
| AcFOHICH,CI, 1:20 iPr,p—
o OH _ COOEt iPr,P— Au—OAC” c 22120 iprp—A—N o>
< + = + > 1) s J7 .
o Ph Crystallization OO Ph
3 9
5

4 eq. 2 eq. 1eq.

Gold complex I (30.0 mg, 0.045 mmol, 1 eq.) and sesamol (24.9 mg, 0.18 mmol, 4 eq.) were
placed in a flame-dried round-bottom flask under argon. The two solids were solubilized in 2 ml of
AcfOH/DCM 1:20; ethyl phenylpropiolate (15 pl, 0.09 mmol, 2 eq.) was then added and the reaction
was stirred for 2 hours. A first attempt of isolating 1-2b’ by column chromatography was ineffective.
On the other hand, the direct crystallization by layering n-hexane on a concentrated DCM solution
gave better results, allowing to isolate a mixture of sesamol and I-2b which could be analyzed by

the same characterization routine as above.

(IPr.P,C)Au(lll)-coumarinyl complex - 1-2b

H NMR (300 MHz, CD,CLy): 5 8.01 (ddd, J = 7.9, 2.5, 1.0 Hz, 1H, Ha),
7.78 (dd, J = 8.1, 1.2 Hz, 1H, H1o), 7.71 (d, J = 7.4 Hz, 1H, Hs), 7.66 (ddd, J
=9.0,7.1, 1.2 Hz, 1H, H,), 7.59 (dd, J = 7.9, 2.6 Hz, 1H, Hs), 7.58-7.52 (m,
1H, Hen, ortho), 7.46-7.38 (M, TH, Hen, mets), 7.31 (t, J = 7.8 Hz, 1H, Hs), 7.30-
7.23 (M, 2H, Hen, pora @Nd Hen, ortho), 7.18-7.10 (M, TH, Hen, mess), 6.90 (s ,1H,

AcFo ON O X, o Hi) 8:58(s,TH, Hu), 6.01 (s, -0-CH>-0-), 2.92 (heptd, 9.5, 7.1 Hz, 2H, -
iPr2P—Alumo> iPr, CH), 1.26 (dd, J = 16.6, 7.0 Hz, 3H, -iPr, -CH,), 1.21 (dd, J = 19.3, 7.1
28 P Hz, 3H, -iPr, -CHs), 0.99 (dd, J = 18.8, 7.1 Hz, 3H, -iPr, -CH), 0.93 (dd, J =
R 17.3, 7.0 Hz, 3H, -iPr, -CHs) ppm; “C{'H} NMR (75.5 MHz, CD.CL,): &

163.97 (d, /= 6.9 Hz, C=0), 160.60 (g, J = 36.6 Hz, OAcF, C=0), 154.69 (d,
J=1.5Hz, Cy), 1563.81 (d, J = 129.3 Hz, C44), 150.99 (s, Cis), 150.27 (s,
Cie), 148.56 (d, J = 32.1 Hz, Cs), 144.81 (brs, C+s), 138.98 (d, J = 4.3 Hz,
Ceh, ipso); 135.63 (s, Cs), 134.86 (d, J = 14.4 MHz, Cs), 133.48 (s, Cy),
133.42 (d, J = 2.4 Hz, C.), 131.32 (s, C,), 130.05 (s, Cepn, ortho), 128.84 (s,

127



Cen, mets), 128.68 (S, 2C, Cpn, ortho @Nd Cot, meta), 128.46 (S, Cen, para), 128.15
(s, Cio), 128.10 (s, Cs), 126.31 (d, J = 8.4 Hz, C3), 125.06 (d, J = 51.6 Hz,
Ci), 117.40 (q, J = 290.4 Hz, OAcF, -CFs), 116.57 (d, J = 0.9 Hz, Cis),
104.67 (s, Cis), 102.69 (s, -O-CH,-0-), 98.50 (s, C1), 26.16 (d, J = 25.7
Hz, iPr, CH), 26.06 (d, J = 25.7 Hz, iPr, CH), 17.83 (d, J = 2.3 Hz, iPr, -
CHa), 17.78 (s, iPr, -CHz), 17.76 (d, J = 1.5 Hz, iPr, -CHa), 17.23 (d, J = 2.4
Hz, iPr, -CHs) ppm; *'P{'H} NMR (121.5 MHz, CD,CL,): 5 80.8 (s) ppm;
1F NMR (188.3 MHz, CD,CL,): 5 -74.3 (s) ppm; ESI-MS (m/z): 705 (I-2b -
AcfO™);

Direct protonolysis of the Au-C bond was carried out by addition of TfOH (4.0 ul, 0.045 mmol, 1

eq.). Formation of the coumarin 2b was detected, along with a consistent shift of the *'P signal at

lower field, due to the labile character of the triflate anion tethered to gold.

- .

Scale : L.sazl |
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Figure 3.13 - "H NMR before (red line) and after (blue line) addition of 1 equiv. TFOH.
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Figure 3.14 - *'P{'"H} NMR before (red line) and after (blue line) addition of 1 equiv. TFOH.

Attempts to achieve Au-C bond cleavage in I-2b’ by addition of 1 eq. of TFOH were ineffective;

partial degradation of the gold complex was detected instead.

Scale : 1.217 FRV-239 35 1 "C:\Dsers\raver\OneDrive\Desktop\PHDVIR data”l ]

me LJjL eal, [ e L

Scale : 1.183 FRV-233 42 1 ":\Users\raver\OmeDrive\Desktop\PRD\ITR dara”| |

T T T T T T T
8 6 4 2 0 ppm]

Figure 3.15-"H NMR before (red line) and after (blue line) addition of 1 equiv. TFOH.
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Figure 3.16 - *'P{"H} NMR before (red line) and after (blue line) addition of 1 equiv. TFOH.
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ESI-MS analyses of catalyst activation

The complete extrusion of the iodide moieties at the gold(lll) pre-catalysts lll and IV upon
catalyst activation was confirmed by ESI-MS analyses. In a 1 ml round-bottom flask, direct
activation of the complex Ill (2.8 mg, 4.0 pmol) was performed by adding 0.3 ml of a freshly
prepared solution of AgSbFs (2.8 mg, 8.1 pmol, 2.0 eq.) in [BMIM][NTf;] (0.3 ml) under argon
atmosphere. The mixture was stirred for one hour and the crude was then passed through a PTFE
syringe-filter to remove the precipitated silver iodide. An aliquot of the filtered mixture was
dissolved in HPLC-grade ACN and analyzed by ESI-MS (Figure 3.17). Separately, analytical data of
the employed silver salt solution and the pure [BMIM][NTf,] were also collected (Figures 3.18 and
3.19 respectively).

The recorded data of the medium were in agreement with the fragmentation pattern previously
reported in the literature. A minor impurity peak was also visible, due to traces of silver coming
from former analyses we performed. Interestingly, this signal was located at 383 m/z (Ag* + 276
m/z) and it could be undoubtedly assigned to Ag* ions in the ionic liquid medium by means of the
unique isotopic distribution of this metal ion ("“’Ag : 'Ag = 51.8 : 48.2). The shift of the observed
m/z value was imputed to the formation of adducts with neutral decomposition fragments of the
imidazolium cation. Several reports in the literature already described the formation of free N-
heterocyclic carbenes (NHCs) by abstraction of the relatively acidic proton at the pro-carbene
carbon atom.B%34 Detection of free carbenes is possible only upon installation of a charge-tag at
the organic precursor,®=8 since imidazole-2-ylidenes and, in general, most NHCs are formally
neutral. Despite the absence of a strong H-bond donor in the ionic couple, the high vacuum
conditions ensured by the mass spectrometer apparatus may allow the formation of these species.
Hence, we have reason to believe that the presence of soft metal ions, such as Ag or Au, may result
in an easier stabilization and detection of newly formed NHC ligands under ESI conditions.

From this analysis we could assign the peak at 996 m/z as the cationic gold(lll) complex with the
loss of a bistriflimide moiety: m/z = [(iPr.P,C)Au(NTf,)]" + 276. The additional mass of 276 Da fits
well with two NHCs moieties which originated from the [BMIM]" precursor. As well, the isotopic
distributions of both fragments [Ag(NHC).]" and [(iPr.P,C)Au(NHC),]NTf," are in agreement with the

calculated ones while no traces of iodides at the gold complex could be observed.
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To confirm this result, control tests were conducted upon treating Il (15 mg) with AgNTf,-ACN (2
eq.) in DCM (1 ml) under argon atmosphere. After 1 hour stirring, the suspension was filtered
through a PTFE syringe filter and the volatiles removed under reduced pressure. ESI-MS analyses of
the obtained yellow solid allowed to observe an intense signal at 720 m/z (Figure 3.20 and 3.21).
This peak corresponds to the mono-cationic fragment [(iProP,C)Au(NTf,)]*, generated by loss of a
bistriflimide moiety from the neutral [(iPr.P,C)Au(NTf,).] complex. This fragmentation pattern was
already reported for the analogous bis-trifluoroacetate (iPr,P,C)-catalyst I. However, dissolving the
solid in [BMIM][NTf,] determined an analogous result as activating Ill directly in the IL medium: the
peak corresponding to the metal complex was indeed found shifted at 996 m/z (Figure 3.22). This
result further confirms the complete cleavage of the iodide moieties at the gold metal center after

treatment with 2 eq. AgSbFe.
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Figure 3.17 - ESI-MS spectrum of complex lll activated in BMIM NTf,
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Figure 3.18 — ESI-MS spectrum of the silver salt AgSbFg in BMIM NTf,
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Figure 3.19 - ESI-MS spectrum of BMIM NTf,
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Figure 3.20 - ESI-MS spectrum of complex lll activated in DCM
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Figure 3.21 - MS/MS experiment of the peak at 720 m/z
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Figure 3.22 - Catalyst activated in DCM and dissolved in BMIM NTf,
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4. Direct hydroarylations of organic isocyanates with
heteroarenes

4.1. Introduction

Organic isocyanates are a class of molecules characterized by the heterocumulene -N=C=0
functional group."? They can be conveniently synthesized either by direct phosgenation of a
primary amine or by a Curtius rearrangement of acyl azides under thermal conditions;** the latter
method is particularly suited for laboratory—scale syntheses. From an industrial point of view,
catalytic decomposition of carbamates is as well a valuable strategy, avoiding the use of dangerous

reagents, such as phosgene or analogous species (Figure 4.1).1258

Curtuis rearrangement

R R
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Figure 4.1 - Common methods for the synthesis of organic isocyanates;

The enhanced electrophilic character of the heteroallene carbon makes these molecules prone to
nucleophilic attack by a wide range of Lewis bases, affording diverse carboxamide derivatives (e.g.
urethanes, ureas, amides). Moreover, organic diisocyanates are widely employed in the industrial

manufacture of polyurethane materials.?

139



Turning to organometallic chemistry, isocyanate coordination to transition metal centers (e.g. Ni,
Fe, Ti) has been comprehensively reviewed by Pierre Braunstein and Dominique Nobel.[”! Such
coordination can trigger migratory insertion reactions of the -N=C=0 group into various M-X bonds
(with X= H, O, N or C), thereby expanding the synthetic utility of this functional group. More
complex pathways involving unsaturated or polyunsaturated substrates may lead to cycloisomers
through multiple insertions driven by the metal center. Additionally, isocyanates can serve as

precursors to carbodiimides and participate in diverse cycloaddition pathways.

Over the past two decades, particular attention has been directed toward the synthesis of amides
via insertion of the -N=C=0 fragment into M-C bonds. Traditionally, the synthesis of amides from
carboxylic acids and amines is quite straightforward, but it often require the use of coupling
reagents (di-substituted carbodiimides or azodicarboxylates) to promote the condensation of the
two reacting moieties, with the inevitable formation of stoichiometric quantities of by-products.
This new approach has proven applicable across a wide range of metal centers, enabling
interception of various organometallic intermediates to afford the desired amides with an improved

atom-economy and without waste production (Figure 4.2).5-'%

More recently, independent works by Hashmi!'® and Melen!"”! introduced a novel activation mode
based on direct Lewis—acid—-mediated activation of this heterocumulene fragment (Figure 4.3).
Withdrawal of electron density from the -N=C=0 group increases the electrophilicity of the carbon
atom, thereby facilitating attack by nucleophiles. Specifically, Melen and co—workers reported that
N-substituted indoles undergo conversion to 3—aminocarboxy derivatives using 0.3 equivalents of
B(CsFs)s as a catalyst,["! while Hashmi reported that the salt AuBrs; can similarly activate

isocyanates to promote addition and ring-opening reactions of azirines.!"®

In the final part of this thesis, we describe the direct activation of organic isocyanates using a well-
defined Au(l) complex to enable hydroarylation across the N=C fragment. Optimization of reaction
conditions revealed a narrow window of choice concerning the ligand tethered to gold. In particular,
only the NHC-carbene complex IPrAu* and the cyclometalated (iPr,P,C)Au?* complex showed
appreciable activity at 0.5 mol% loading, utilizing either [BMIM][NTf,] or dichloromethane. Under
neat conditions, the process could be further optimized and the substrate scope examined. Both
aryl- and alkyl-isocyanates were successfully employed, affording modest to good yields.
Additionally, a variety of nucleophiles, including substituted pyrroles and indoles, were found to

participate with comparable results.
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Figure 4.2 — Selected examples from the literature of transformation with isocyanates in organic

synthesis.
Me
N
B(CgF5)3 (30mol%) p
TFT, 80°C, 24h o)
HN
R=Me \ o
Ph 58%

+
21

©/N:C:O

Melen et al. Catal. Sci. Technol. 2022, 12, 5982-5990

tBu

tBu tBu

H
AuBr3 (10mol%) R’N fo)
N A (9.3mol%) \’\T

o)
)%Ph + g R\N//C’ R o
PH DCE, 3A MS, 80°C N\\%Ph

Ph

Hashmi et al. Chem. Eur. J. 2019, 25, 4093 — 4099
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Mechanistic studies suggest that the process operates via an outer-sphere pathway. Both
Hammett analysis and kinetic isotope effect (KIE) experiments indicate that direct auration of N—
methylpyrrole contributes only minimally to the reaction kinetic. This aspect is important since
there is no evidence in the literature for a TM-catalyzed hydroarylation at isocyanates residues by
an outer-sphere mechanism. To value our hypothesis we obtained evidence for the formation of a
family of well-defined IPrAu—(isocyanate) adducts. These adducts were characterized by
multinuclear NMR spectroscopy ('H, °C, "N, and 2D experiments) at variable temperatures and

shown to generate the corresponding products in the presence of N-methylpyrrole.

4.2. Process Optimization and Reaction Scope

The direct amidation of N-methylpyrrole with phenylisocyanate was selected as benchmark

reaction for optimization. The results of this screening are summarized below (Figure 4.4).
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Figure 4.4 - a) Effect of the IPrAuNTf, loading on the reaction kinetic; b) effect of different reagents
stoichiometries on the reaction kinetic; c) screening of the catalyst (solvent [BMIM][NTf.], chlorido
complexes are activated in-situ with AgSbFg); d) subgroup of the catalyst scope tested in DCM
(activation performed in-situ with AgNTf,); e) effect of the solvent.
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The reaction proceeded under mild conditions (T =40 °C) with moderate catalyst loadings (down to
0.5 mol% IPrAuNTf,). A blank test underscored the essential role of the gold complex in promoting
reactivity (Figure 4.4a, green lines). The presence of an acidic additive significantly increased the
reaction rate, enabling a reduction in the required catalyst quantity (Figure 4.4a). An increased
reaction rate was also observed with an excess of phenylisocyanate (2 equivalents), while no
change was detected using 2 equivalents of N-methylpyrrole; this observation was consistent
when employing (iPr,P,C)Aul, as the catalyst (Figure 4.4b). Notably, only the aforementioned
complexes exhibited appreciable catalytic activity among those tested (Figure 4.4c, [BMIM][NTf,]
as the solvent). The structures of the employed ligands are shown in Figure 4.30 of the
“Experimental section”. The result is confirmed by testing a subset of these complexes in DCM
(Figure 4.4d): IPrAuNTf, and the (P,C)-gold(lll) complex remained the most active catalysts, while
other complexes mediated the process with lower yields (<40%). More in specific about the choice
of the medium, DCM as a solvent afforded higher yields, whereas [BMIM][NTf,] provided faster
initial kinetics followed by attenuation of the reaction rate(Figure 4.4f), likely due to competing
processes such as oligomerization of N-methylpyrrole mediate by acid or formation of aniline from
phenyl isocyanate via hydration/decarboxylation of the allene. Interestingly, changing the complex
anion to hexafluoroantimonate did not improve the catalytic performance, which is an unusual
behavior if compared to most of gold(l)-catalyzed processes where the anion choice cover an

important role for optimization (Figure 4.5). '8
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Figure 4.5 — Anion effect on the reaction kinetic. Figure 4.6 — Attempts to improve the yield.

Ultimately, employing neat conditions proved most effective for increasing the reaction rate,

achieving full conversion of N-methylpyrrole within 3 hours. Attempts to further increase the yield
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were unsuccessful: neutral conditions led to lower yields and longer reaction times (46% in 24 h),

while syringe—-pump methods provided similar results to bulk conditions (Figure 4.6).

The reaction scope was investigated on a 0.5-1 mmol scale (Figure 4.7). Aryl isocyanates with both
electron-withdrawing (EW) and electron-donating (ED) substituents were successfully utilized
showcasing a low influence of the electronic effects on the final yield. On the other hand, in the
presence of hindered groups near the nitrogen atom affected negatively the performance (e.g.,
substrate 3ai vs. 3ab and 3af). Specifically, mesityl and 2,6-dimethylphenyl derivatives afforded
modest yields only after 20 h, whereas the Dipp—substituted isocyanate remained unreactive, likely
due to higher energy barriers for nucleophilic attack. This behavior contrasts with methodologies
that rely on H-bond-directed catalysis, which are less affected by ortho-substituents on aryl
isocyanates, as independently reported by Neri and Song.!* 2" This suggests that the active adduct
is probably different from the H-bonded aggregates formed in protic environments such as
resorcinarene capsules or HFIP (hexafluoroisopropanol). Other isocyanates bearing unsaturated
residues such as naphthyl, benzyl, and allyl groups were successfully employed (3ao, 3aq and
3ar), though reporting a modest yield for the latter. Finally, alkyl isocyanates could be included as
well to the scope (3as and 3at). In contrast, ethyl isocyanate and phenyl isothiocyanate failed
under the same conditions over 24h reaction time (3au and 3ap). While the thio-derivative was
expected to have a more inert character toward nucleophilic attacks, the reason why
ethylisocyanate was found unreactive stays controversial. In this case, the low steric hindrance

may result detrimental for the formation of the active adduct.

The methodology demonstrated of good generality with respect to the nucleophile scope. Both
unsubstituted and N-phenyl pyrroles showed appreciable reactivity, with a higher yield obtained for
the less hindered nucleophile (67% of 3ba vs 44% of 3ca). Expectedly, increasing the number of
EDGs at the heterocycle enhanced the yield (3da, 74% vyied), according to a higher nucleophilic
character at the carbon atom at position 2. Selective amidation at position 3 was achieved when
positions 2 and 5 were blocked by methyl groups (3ea, 45% vyield) and the introduction of a
carboxylate function as EWG was also possible, albeit increasing the reaction time due to lack in
activity (3fa, 32% yield). Indoles were tested and displayed moderate reactivity. Protection at the N-
position was essential to maintain good selectivity, due to potential hydroamination side reactions.
This was evident when comparing 1-, 2—, and 4-methyl indoles: 1-methyl or 1,2-dimethyl indoles

did not form hydroamination products, although lower yields were determined, which correlates
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with a higher steric hindrance near the nucleophilic carbon (3ga vs. 3ha vs. 3ia). Conversely, 2-
methylindole yielded both the hydroarylation and hydroamination products, although proceeding
with comparable yields regarding the amide 3ja (38% vs. 43% for 3ha). In 4-methylindole, steric
hindrance slowed the hydroarylation rate, concurrently to a decrease in selectivity toward 3ka, that

could be isolated in 21% yield.
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Figure 4.7 — Reaction scope

4.3. Mechanistic Studies

To elucidate the reaction mechanism, a Hammett analysis was performed using selected aryl
isocyanates in DCM-d, at 25°C (Figure 4.8). The kinetic constants were determined via linear
fitting of pseudo zero-order kinetics. Substrates with ED-substituents (p-methoxy, p-chloro, p-
methyl) exhibited increased kinetic constants, while a modest decrement in the k values was
recorded for p-acetyl and m-nitro derivatives. A slightly negative slope indicated that electron-
donating groups stabilize the transition state without generating explicit positive charges,
suggesting that the rate-determining step may either involve nucleophilic attack at the activated

Au-isocyanate adduct or protodeauration of the Au—amido intermediate.['*?2
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Figure 4.8 - Hammett plot
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Figure 4.9 — KIE determination

Complementary KIE studies (kinetic isotopic effect, Figure 4.9) comparing pyrrole and pyrrole-dg
revealed a discrepancy of the obtained kinetic constants by a factor 2.0 (1.5 in the linear plot). This
implies that the direct metalation of pyrrole plays a minor role in influencing the reaction kinetics

and that the C-H bond cleavage at the pyrrole moiety is unlikely to be rate—determining.?®
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4.4. Au(l)-Isocyanate Adduct Characterization

Further studies focused on generating and characterizing Au(l)-isocyanate adducts were
performed. IPrAuSbF4 was identified as the most suitable scaffold to model the adduct formation.
The choice was made due to the instability of other phosphine ligands and higher degree of
complexity introduced by the (P,C)-cyclometalated Au(lll) structure. In this last case, the presence
of two coordination sites may result in different coordination isomers and other undesired

decomposition pathways.
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~Di

. N
_Dipp Me AN
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CHwmes DCM-d,

7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20  ppm

Figure 4.10 — Reaction mixture at rt (blue line) vs isolated Mes—NCO (red line)

Mesityl isocyanate (Mes—NCO) was used to sterically stabilize the allene carbon. The coordination

was confirmed by NOESY NMR (Figure 4.11), showing cross—peaks between the mesityl ring and IPr

ligand (a), and exchange between free and coordinated Mes-NCO (b).
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Figure 4.12 - DOSY spectrum

DOSY analysis supported coordination (Figure 4.12), allowing us to observed a D value of
(1.17£0.02)-10° m?/s for the coordinated species vs. the (2.20+0.11)-10° m?/s of Mes-NCO in
absence of gold. That value is also similar to the D value determined for the IPrAu* fragment Day.

complex = (9810.3) -10"°m?/s.
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IPrAuSbF¢ line) of IPrAuSbFs

Moreover, "’N-labeling enabled detection of minor variations in the nitrogen atom chemical shift
upon coordination at -20°C (Ad+sny = 1.7ppm, Figure 4.13). Monitoring of the heteroallene carbon
showed an analogous result, recording a minor deshielding (Ad+sc = 0.9ppm, Figure 4.14). More
diagnostic was a variation in the Jocy coupling constant value that decreases from 63.4Hz (free Mes-
®NCO) to 50.9Hz (adduct), suggesting a weaker character of the N=C double bond upon
coordination to the metal center. A much stronger deshielding affects the caron atoms at the
mesityl ring, especially the ones at ortho positions for which the relative signal is found dowfield by

7.0ppm (Figure 5b). Conversely, no important changes in the measured Jyc values are detected. IR

spectra of the obtained species were inconclusive, showing only negligible shifts in the
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antisymmetric -N=C=0 stretch prior and after coordination to gold for both Mes-NCO the
5N-labeled reagent (Figures 4.15 and 4.16).

= [IPrAu(phenylisocyanate)][SbF.]

Phenylisocyanate (Ph-NCO) coordinates with the gold complex in the presence of AgSbF,. Partial
formation of the adduct is observed, while uncoordinated IPrAuSbF, decomposes to form
[(IPr),Au][SbF,] (Figure 4.17). This last species was separately synthesized from a control test and

characterized by 'H and "*C NMR spectroscopies.
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7 "N N=C=0 AgSbFg (1eq.) -/ Au
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Figure 4.17 — Evolution of the reaction mixture over-time; the decomposition product
[(IPr),Au][SbF] is highlighted in the red rectangle

Addition of N-methylpyrrole (1 eq.) led at first to isocyanate displacement and formation of a new

species that we had identified as a m—complex of N-methylpyrrole. After 24h at 25°C, product 3aa

was identified in solution, as a new m—coordinated ligand at gold (Figures 4.18, 4.19 and 4.20). The
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HRMS data further corroborate this results; HRMS (ESI+): calcd for [M]* = C39H4sAUN,O": 785.3494
m/z. Found: 785.3502 m/z.
Ph-NCO
[ —

N-methylpyrrole ‘
added ‘W

J_JU_LU_..‘.. I I N N SO ,_W;L,L"~

Figure 4.18 — Reaction mixture after adding  Figure 4.19 — Reaction mixture after 24h from
1 eq. N-methylpyrrole (blue line) vs. pure the addition of N-methylpyrrole (T =25 °C).
phenylisocyanate in DCM-d; (red line).
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Figure 4.20 - Reaction mixture after 24h from the addition of N-methylpyrrole (blue line) vs
IPrAuSbF¢ + 3aa in DCM-d. (red line).

e [IPrAu(benzylisocyanate)][SbF,]

Similar reactivity was observed with benzylisocyanate (Bn—-NCO), but the differences between
coordinated and uncoordinated species were evident only at low temperatures, with coalescence
of the '"H NMR signals at —20 °C (Figure 4.21). NOESY NMR was inconclusive due to low sensitivity,
but exchange between the coordinated and non-coordinated Bn-NCO was evident. DOSY (Figure
4.22) suggests coordination of Bn—NCO to the cationic complex. Direct comparison of the D values

corresponding to the CH, at benzyl position outlines a significative difference Dgee/Dcoora® 3.
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Moreover, D value calculated for the coordinated isocyanate is similar to the one determined at the

IPr signals Day-comptex = (7.8%0.8)-10""m?/s.
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Figure 4.22 - DOSY NMR spectrum (T =-80°C).
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¢ [IPrAu(cyclohexylisocyanate)][SbF.]

Coordination attempts with cyclohexylisocyanate (Cy-NCO) yielded as previously observed two

species in solution: likely coordinated and uncoordinated forms. The most relevant signals in

Figures 4.23 and 4.24 were attributed by 'H-'*C HSQC and HMBC analyses. HMBC indicated a 17

ppm shift in the allene carbon of one species (Figure 4.25). This results is interesting and would be

in line with the increased electrophilicity experimented by Cy-NCO in presence of the gold

complex.

(\N/Dipp N=C=0
3O
Dlpp/ Au

Cl

(1.5eq.)

Figure 4.23 - "H NMR spectra of the reaction
mixture (blue line, —=80°C) vs pure Cy—-NCO in
DCM-d; (red line, RT spectrum).
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Figure 4.24 - "H-"3C HMBC spectrum of the

reaction mixture, zoom on the allene carbon; the
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Figure 4.25 - "*C{"H} NMR spectra of the pure Cy-NCO in DCM-d2 (red line, RT spectrum) and the
reaction mixture (blue line, —-80°C).



4.5. Gold-N-methylpyrrole Complex

A new m-complex formed upon addition of N-methylpyrrole to Au(l)-isocyanate adducts,
characterized by 'H, "*C, and 2D NMR. The signals of the N-methylpyrrole are indeed retained in
solution but found at different ppm values than the pure species in DCM-d,. The signals of the N-
methylpyrrole are indeed retained in solution but found at different ppm values than the pure
species in solution. Signals of residual N-methyl pyrrole are also found, but they are shifted at
higher ppm values than expected: probably due to other interaction in solution. NOESY analysis
confirmed the coordination at gold (Figure 4.26). This can be stated observing the cross-peaks
between the heteroaromatic ring and the CH; groups of the IPr ligand.

The complex was isolated via precipitation n-pentane on a 0.1 mmol scale (81.6 mg, 90% yield).
Crystals suitable for XRD were obtained by layering n—pentane over a saturated DCM solution at
25-30°C. The observed coordination lengths were consistent with previously reported t-
complexes of phosphine/NHCs-supported Au(l) metal centers with arenes and styrene-

derivatives.?* P
X

rb
-
oy Ny
CHs . N /N\J(N Dipp ‘(ZI%')'\’,
-az Ipp ~ y
IPrAuCl  + AgSbFg  + EN) . Au* SbFg ¢ }.—~\‘,b
Y -30°C to RT N,CH3 y '%
7
(1.25 eq.) O 90% / |
@

XRD-structure

_tJJJ‘L\_ ‘ L_ — !

Figure 4.26 - 'H NMR spectrum after generating the adduct (upper spectrum) and comparison
with the pure N-methylpyrrole in DCM-d, (bottom spectrum).
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Guinchard and co-workers have recently presented a new class of cationic Au(l) complexes bearing
Buchwald-type phosphines as ancillary ligands and indole derivatives as tt-donor moiety.?® In
analogy, the complex ll-a exhibits unequal distances between gold and the C3 and C2 carbon
atoms of 2.21 and 2.53 A, respectively. This result is in line to the higher electron density localized
at the C3 position of N-methylpyrrole. These structural features hinder for the direct metalation of
N-methylpyrrole by the gold catalyst, making unlikely the operation of an inner-sphere mechanism

under our reaction conditions.

CHPyr CHPyr CHapwr‘ o

_-‘_Jll_ﬁ s I, l e
. g

=10 0 C

D

CH,PieP

\
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Figure 4.27 - Synthesis of [IPrAu—-(N-methylpyrrole)][SbFs] with XRD and NOESY analysis.

A direct comparison with the *C NMR spectrum of N-methylpyrrole shows that the aromatic
carbon of the molecule are the ones that are more affected after coordination to gold. On the other
hand, the signal corresponding to the methyl group stays at similar ppm values (37.1ppm vs

36.3ppm for the m-complex and the free substrate, respectively).

" “I 4 ) | " l
T 1 E e v e oot e A s

Figure 4.28 - "H-"C HMBC spectra and comparison with the pure N-methylpyrrole "*C['H}
spectrum (red line).
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This species is stable in solution (marginal decomposition observed within 1 day) and it is stable in
presence of air and/or water. The formation of this complex may indeed stabilize IPrAu* under
catalytic conditions, however, the N-methylpyrrole is also a strong competitor for coordination at
the metal center. This T—-complex represents a clear example of resting state for our catalytic cycle,

which can be drawn as follows.
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Figure 4.29 - Revised mechanism for the direct hydroarylation of organic isocyanates by

IPrAuNTf,.
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4.6. Conclusions

The direct activation of organic isocyanates using a well-defined Au(l) complex has been disclosed
and it represents the first case of TM-catalyzed hydroarylation of isocyanate by an outer sphere
mechanism. An initial optimization of the reaction conditions revealed a strict dependence on the
catalyst employed: only IPrAu* and (iPrzP,C)Au2+ exhibited appreciable activity at 0.5 mol% loading
and 40°C (solvents [BMIM][NTf,] or DCM). Under neat conditions, the process activity was
maximized, enabling the analysis of the substrate scope. Various aryl and alkyl isocyanates were
employed, achieving modest to good yields. Additionally, different nucleophiles, including
substituted pyrroles and indoles, were incorporated with comparable results.

Mechanistic studies suggest that the process operates via an outer-sphere mechanism. Both the
Hammett analysis and KIE determination experiments indicate a limited contribution of direct
auration of N-methylpyrrole to the reaction kinetics. Evidences for the formation of genuine IPrAu-
isocyanate complexes were obtained by NMR spectroscopy ('H, "°C, °N, and 2D experiments). The
adduct with phenylisocyanate was shown to lead to product formation in the presence of N-
methylpyrrole. Under this framework, an unprecedent IPrAu—N-methylpyrrole T-complex was also

found as a potential resting state of the catalytic cycle.
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4.7. Experimental section

General remarks

Unless differently stated, all manipulations and reactions were carried out under an argon
atmosphere, using standard Schlenk techniques and flame-dried glassware. Dry, oxygen—free
solvents were employed: tetrahydrofuran (THF), dichloromethane (DCM), toluene (Tol) and
acetonitrile (ACN) were dried on a MBraun SPS-800 solvent purification system, and degassed by
two freeze-pump-thaw cycles. Deuterated solvents, DCM-d, and THF-ds were dried over CaH, and
stored in presence of freshly activated 3A molecular sieves. Phenyl-, cyclohexyl- and benzyl-
isocyanates used for coordination tests were distilled over P,Os, degassed and stored in a glovebox
at —20°C. Unless otherwise noted, all starting materials used for synthesis and catalytic tests were
purchased and used directly as received. The complexes IPrAuNTf,,128 SIPrAuClL,?”! IMesAuCl,?”
SIMesAuCL*" liPrAuCL?! Me,NImPyAuCL,?% PedroPhosAuCL,? (iPr,P,C)Aul,,?" (Ph,P,C)Aul.,®*" and
(N,C,C)AuCI® were synthesized by previously reported procedures (see Scheme S1). Purifications
were performed by flash—column chromatography on silica gel, using mixtures of ethyl acetate
(EtOAc) with petroleum ether (PE) or n—hexane (Hex) at different compositions. Analytical thin layer
chromatography (TLC) was performed to optimize the eluent and monitor the isolated fractions; the
TLC plates were visualized under UV-light or by staining with potassium permanganate or
iodine/silica indicators. Multinuclear NMR spectra ('H, '°C, *'P, "°F and "N nuclei) were recorded on
Bruker Avance 300, 400, 500 or 600 at 298K, unless otherwise stated. The 'H and *C chemical
shifts (&) were calibrated with respect to signals of the deuterated solvent ('*C) and its protonated
residue ('H).’** Chemical shifts of *'P, '°F and ®N heteronuclei were calibrated indirectly® and
referenced to 85% H3;PO,, CFCl; and liquid NH3, respectively. The following abbreviations and their
combinations are used for the compressed notation of the characterization data: br, broad; p,
pseudo; s, singlet; d, doublet; t, triplet; g, quartet; quint, quintet; m, multiplet; hept, heptet. Data
elaboration was performed with the software TopSpin 4.4.1. DOSY experiments were analyzed with
the software Dynamics Center 2.8.5. HRMS data were recorded in positive (or negative) mode on a
Waters UPLC Xevo G2 Q TOF apparatus for ESI. GC-MS analyses were performed on a MS Perkin
Elmer Clarus MS560, GC PerkinElmer Clarus 500 and Agilent HP6890. IR spectra were collected in
DCM or DCM-d, using a Thermo Scientific™ Spectrometer or a ReactlR™ 15 apparatus for reaction

monitoring.
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Figure 4.30 - Summary of the ligands at Au(l) and Au(lll) complexes employed for the catalyst

scope.
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Synthesis of IPrAuCl
IPrAuCl was synthesized by a modified procedure in the literature (weak-base route):!?”!

In a Schlenk flask with IPr-HCLl (400mg, 0.94mmol, 1.0eq.), [Au(DMS)Cl] (278.1mg, 0.94mmol,
1.0eq.) and K,CO; (200mg, 1.45mmol, 1.5eq.). The flask was capped with a rubber septum and
purged by three vacuum/argon cycles and acetone (5.0ml) was added. The resulting white
suspension was slowly taken to reflux while stirring. Progressive darkening of the mixture was
observed overtime. The mixture was monitored by '"H NMR (acetone presaturation), after sampling
an aliquot of the crude and diluting it in CDCls;. Once IPr-HCl was completely consumed (1.5-3h),
volatiles were evaporated in vacuo. The resulting residue was taken up in DCM (5ml), filtered
through silica and the filtering pad was further washed with DCM (3x5ml). The collected solution
was concentrated (ca. 3ml) and cold pentane (20ml) was added to it, resulting in a fine white
suspension of the desired complex. The solid was left to sediment at —-20°C for 4h and then it was
filtered off, washed with pentane (2x5ml) and dried under vacuum. IPrAuCl was isolated as a white
powder in 92% vyield (537.9mg, 0.87mmol). Spectroscopic data are in agreement with the ones

previously reported.®®

/\N»,/Dipp K,CO3 (1.5eq.) (\N/Dipp
NJ/ cr + (DMS)AuCI - NA
Dipp. Acet;)n;éLeﬂux Dipp AUCI

H NMR (300MHz, CDCLy): & 7.50 (t, 3J = 7.8 Hz, 2H, Dipp, CHpar), 7.29 (d, % = 7.8 Hz, 2H, Dipp,
CHumew), 7.17 (s, 2H, vinyl, CH), 2.55 (hept, 3 = 6.9Hz, 4H, iPr, CH), 1.34 (d, 3 = 6.9Hz, 6H, iPr,
CHa), 1.22 (d, 3 = 6.9Hz, 6H, iPr, CH3) ppm.

Synthesis of (CAAC-Cy)AuCl

The complex (CAAC-Cy)AuCl was synthesized by a modified procedure reported for the synthesis
of the complex (CAAC-Cy)Rh(COD)CI®”! (strong-base route):

Inside a glovebox, (DMS)AuCL (44.2mg, 0.15mmol. 1.0eq.) and CAAC-Cy-2HCL (59.6mg, 0.15mmol,
1eq.) were added to a 10ml Schlenk flask and suspended in 3ml of THF. In a separate vessel,
KHMDS (60.2mg, 0.30mmol, 2.0eq.) was solubilized in THF (5ml). The resulting solution was

charged in a syringe and the needle capped with a rubber septum. Out of the glovebox, the
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(DMS)AuCL suspension was cooled to -80°C and the KHMDS solution was added dropwise. The
mixture was kept under stirring for 15min at low temperature before it was allowed to slowly warm-—
up to RT and further stirred for 16h. The resulting crude was then evaporated in vacuo, allowing to
remove all volatiles. The resulting residue was taken up in DCM (5ml), filtered through silica and the
filtering pad was further washed with DCM (2x3ml). The obtained solution was concentrated (ca.
1ml) and layered with pentane (4ml) to yield the desired complex as an off-white solid in 69% yield
(57.5 mg, 0.10mmol). Spectroscopic data are in agreement with the ones previously reported.?

Complete assignments were made based on COSY, HSQC and HMBC analyses.

Me
M .
e - Dipp KHMDS (2.0eq.)
] THF, -80°C to RT
Cl 16h

'H NMR (300MHz, DCM-d.,): & 7.48 (t, 1H, %) = 7.7Hz, Dipp, CHpar), 7.30 (d, 2H, %) = 7.7Hz, Dipp,
CHumeta), 2.77 (hept, 2H, ®) = 6.7Hz, iPr, CH), 2.36-2.22 (m, 2H, Cy), 2.17 (s, 2H, C3, CH>), 1.89-1.77
(m, 2H, Cy), 1.77-1.68 (m, 1H, Cy), 1.61-1.50 (m, 1H, Cy), 1.48-1.34 (m, 15H, Cy, ™CH; and
CAACCHa), 1.31 (d, %) = 6.7Hz, iPr, CH3) ppm; *C{'H} (75.48MHz, DCM-d,): & 236.0 (s, 1C, C,),
145.5 (s, 2C, Dipp, Corno), 134.4 (s, 1C, Dipp, Cipso), 130.3 (s, 1C, Dipp, Cpara), 125.5 (s, 2C, Dipp,
Cmeta), 80.7 (s, 1C, C4), 59.3 (s, 1C, C»), 45.6 (s, 1C, Cg3), 36.7 (s, 2C, Cy), 29.8 (s, 2C, CAAC, CHjy),
29.4 (s, 2C, iPr, CH), 27.1 (s, 2C, iPr, CHj3), 25.5 (s, 1C, Cy), 22.9 (s, 2C, iPr, CHz3), 22.1 (s, 2C, Cy)
ppm; HRMS (ESI+): calcd for [M+ACN]" = CasHzsAuN,*: 563.2701m/z. Found: 563.2700 m/z.

General procedure for catalytic tests

N',V'e N=C=0 [Au] cat. (0.5mol%) N
+
E/) ©/ HBF,-Et,0 (10 mol%) WNQ

solvent, 40°C

Inside a glovebox, the gold catalyst (2.5umol, 0.5mol%) and a stoichiometric amount of AgSbFs or
AgNTf, (2.5umol, 0.5mol%) were placed in a 10ml Schlenk flask. The flask was then moved under a
fume-hood, where dimethylsulfone (internal standard, 10mg, 0.1mmol), the solvent (0.75ml) and
N-methylpyrrole (44pl, 0.5mmol, 1.0eq.) were sequentially added under a positive back-flow of
argon. The solution was stirred for two minutes, after which a to NMR check was taken.

Phenylisocyanate (54ul, 0.5mmol, 1.0eq.) and HBF,-Et,O (7.0ul, 0.05mmol, 0.1eq.) were added to
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the solution, and the reaction was placed in a thermostatic bath at 40°C. The reaction was

monitored over-time by 'H NMR spectroscopy of sampled aliquots of the reaction crude.
Addenda to the procedure:

o Forthe sampling, an aliquot of 0.05ml was taken and diluted in 0.5ml of CDCl;; presaturation of

the solvent signal was used to better visualize the signal of interest;

o No solvent was added when neat conditions were employed;

o No acid was added when neutral conditions were employed;

o Blanktests were performed in absence of the gold catalyst;

o Any changes in the reagents stoichiometry, loading of catalyst and/or temperature of the

reaction were applied without further modifications of the described procedure;

o Theionic liquid [BMIM][NTf,] allows to form stable solutions of the salt AgSbFs, which are easier

to manipulate than the solid;

o The silver salt was omitted when pre-activated complexes were employed, such as IPrAuNTf,,

tBusPNTf; and (N,C,C)AuNTf;;

o Complete cationization of bis—-iodo (P,C)-cyclometalated Au(lll) complexes was achieved

employing 2 equivalents of AgSbFs or AgNTf,;
General procedure for catalytic tests with syringe—-pump setup

IPrAuNTf, (4.3mg, 5.0pmol, 0.5mol%) was placed in a 10ml Schlenk flask and the vessel purged
with inert gas by three vacuum/argon cycles. N-methylpyrrole (ca. 120ul) was then charged in a
250ul Hamilton™ syringe coupled with a PTFE cannula (the junction was manually sealed with PTFE
tape and parafilm). Phenylisocyanate (108ul, 1.0mmol, 1.0eq.) and HBF,-Et,O (14.0ul, 0.1Tmmol,
0.1eq.) were added to the flask, and the reaction was placed in a thermostatic bath at 40°C. N-
methylpyrrole (88ul, 1.0mmol, 1.0eq.) was slowly added to the mixture by aid of a syringe—pump
setup.* In particular, the elution rate was decided to complete the addition within 0.5h and 1.5h in
two different tests and the cannula removed immediately after the injection of N-methylpyrrole was
completed. The reaction was kept stirring at 40°C for 5h since the syringe pump system was
started. The obtained residue was taken up in DCM (40ml, dissolution was helped by sonication)

and quenched with a saturated solution of NaHCOs;. The aqueous solution was counter—extracted
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with DCM (2x20ml) and the combined organic phase dried over Na,SO,. The solution was filtered,
evaporated to obtain a residue that was purified by column chromatography (EtOAc/PE 1:5).
Evaporation of the relevant fractions allowed to obtain the desired product 3aa as a white solid.

Spectroscopic data were in agreement with the ones previously reported.

* The free—end of the cannula was constantly kept submerged in the reaction mixture along the
entire injection process. This ensured a uniform addition of N-methylpyrrole, rather than a slow

dropwise addition;

General procedure for the synthesis and isolation of products 3aa-3ax and 3ba-3

7
NQ . ON:C:O IPrAuNTf, (0.5mol%) “/NQ o . %
% s SR
@)
To a 10ml Schlenk flask, IPrAuNTf, (2.2mg, 2.5pmol, 0.5mol%) was added, and the vessel was
purged with inert gas by three vacuum/argon cycles. The aromatic nucleophile (0.5mmol, 1eq.) and
the isocyanate (0.5mmol, 1eq.) were then added under a positive argon backflow, and the mixture
was stirred for two minutes. Subsequently, HBF,-Et,O (7.0pl, 0.05mmol, 0.1eq.) was added, and
the vessel was immediately transferred to a thermostatic bath at 40 °C. The reaction was stirred at
this temperature for the time indicated in the table. The obtained residue was taken up in DCM
(40ml, dissolution was helped by sonication) and quenched with a saturated solution of NaHCOs.
The aqueous solution was counter-extracted with DCM (2x20ml) and the combined organic phase
dried over Na,SO,. The solution was filtered, evaporated and the resulting residue was purified by
column chromatography. Evaporation of the relevant fractions allowed to obtain the corresponding

secondary amide.

* The same protocol was adapted to Tmmol scale syntheses without modifications of the

procedure.

P.1 - 1-Methyl-N-phenylpyrrole-2-carboxamide (3aa)
Me Synthesized at Tmmol scale using N-methylpyrrole and phenyl-
0]
N isocyanate as starting materials. The reaction was quenched after

()X
HN@ 5h and purified by column chromatography on silica gel (eluent

EtOAc/Hex 1:5). Isolated as a white solid in 63% yield (125.6mg,
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0.63mmol). Rf(EtOAc/Hex 1:5) = 0.31; m.p. 104.0-104.8°C; 'H
NMR (400MHz, CDCLl;): 8 7.64 (brs, 1H, NH), 7.58-7.53 (m, 2H, Ph,
CH), 7.37-7.31 (m, 2H, Ph, CH), 7.14-7.08 (m, 1H, Ph, CH), 6.78
(pt, J = 2.1Hz, 1H, CHyrote), 6.70 (dd, J = 4.0, 1.6Hz, CHpyrote), 6.14
(dd, J = 4.0, 2.6Hz, CHpyrote), 3.98 (s, 3H, CHs) ppm; *C{"H} NMR
(100.6MHz, CDCl;): & 160.1 (s, 1C), 138.1 (s,1C), 129.0 (s, 2C),
128.8 (s, 1C), 125.8 (s, 1C), 124.0 (s, 1C), 120.2 (s, 2C), 112.4 (s,
1C), 107.5 (s, 1C), 36.8 (s, 1C) ppm.

Spectroscopic data were consistent with the ones previously

reported. 2%

P.2 — 1-Methyl-N-(4-methylphenyl)pyrrole-2—-carboxamide (3ab)

Me

Synthesized at Tmmol scale using N-methylpyrrole and p-tolyl-
isocyanate as starting materials. The reaction was quenched after
7.5h and purified by column chromatography on silica gel (eluent
EtOAc/Hex 1:5). Isolated as an off-white solid in 61% yield
(130.2mg, 0.61mmol). Rf(EtOAc/Hex 1:5) = 0.31; m.p. 78.8-
79.5°C; '"H NMR (400MHz, CDCLl;): & 7.78 (brs, 1H, NH), 7.48-7.43
(m, J = 8.4Hz, 2H, p-Tol, CH), 7.16-7.10 (m, J = 8.3Hz, 2H, p-Tol,
CH), 6.76 (pt, J = 2.1Hz, 1H, CHgyymoe), 6.71 (dd, J = 4.0, 1.6Hz,
CHpyrrote), 6.12 (dd, J = 4.0, 2.6Hz, CHgyrote), 3.95 (s, 3H, CHapyrrote),
2.33 (s, 3H, p-Tol, CHs) ppm; "*C{'H} NMR (100.6MHz, CDCL;): 5
160.0 (s, 1C), 135.5 (s, 1C), 133.5 (s, 1C), 129.4 (s, 2C), 128.6 (s,
1C), 125.9 (s, 1C), 120.3 (s, 2C), 112.2 (s, 1C), 107.4 (s, 1C), 36.7 (s,
1C), 20.8 (s, 1C) ppm.

Spectroscopic data were consistent with the ones previously

reported. 2%

P.3 — N-(4-methoxyphenyl)-1-methylpyrrole-2—carboxamide (3ac)

Me
N 0]

E/)_I-I<N4<j>*OMe

Synthesized at 0.5mmol scale using N-methylpyrrole and 4-
methoxyphenyl-isocyanate as starting materials. The reaction was
quenched after 7.5h and purified by column chromatography on
silica gel (eluent EtOAc/Hex 1:5). Isolated as a white solid in 55%
yield (63.2mg, 0.27mmol). Rf(EtOAc/Hex 1:5) = 0.21; m.p. 114.0-
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114.5°C; "H NMR (400MHz, CDCLls): & 7.52 (brs, 1H, NH), 7.47-7.42
(m, J =9.0Hz, 2H, 4-MeO-Ph, CH), 6.91-6.86 (m, J = 9.0Hz, 2H, 4~
MeO-Ph, CH), 6.77 (pt, J = 2.1Hz, 1H, CHpyw.), 6.67 (dd, J = 4.0,
1.6Hz, CHpyiroe), 6.13 (dd, J = 4.0, 2.6Hz, CHpyrote), 3.97 (s, 3H, CHj),
3.80 (s, 3H, OCHz3) ppm; *C{"H} NMR (100.6MHz, CDCLl;): 5 160.1
(s, 1C), 156.4 (s, 1C), 131.1 (s, 1C), 128.6 (s, 1C), 125.9 (s, 1C),
122.2 (s, 2C), 114.3 (s, 2C), 112.1 (s, 1C), 107.5 (s, 1C), 55.6 (s, 1C),
36.9 (s, 1C) ppm.

Spectroscopic data are consistent with the ones previously

reported. 2%

P.4 — N-(4-chlorophenyl)-1-methylpyrrole-2—-carboxamide (3ad)

Me

Synthesized at 0.5mmol scale using N-methylpyrrole and 4-
chlorophenyl-isocyanate as starting materials. The reaction was
quenched after 5h and purified by column chromatography on
silica gel (eluent EtOAc/Hex 1:5). Isolated as a white solid in 69%
yield (81.4mg, 0.35mmol). Rf(EtOAc/Hex 1:5) = 0.34; m.p. 141.8-
142.6°C; "H NMR (400MHz, CDCLls): & 7.74 (brs, 1H, NH), 7.53-7.46
(m, J =8.9Hz, 2H, 4-C|-Ph, CH), 7.30-7.23 (m, J = 8.9Hz, 2H, 4-Cl-
Ph, CH), 6.78 (pt, J = 2.1Hz, 1H, CHgyo), 6.71 (dd, J = 4.0, 1.7Hz,
CHpyrrote), 6.12 (dd, J = 4.0, 2.5Hz, CHyyirote), 3.94 (s, 3H, CHs) ppm;
8C{"H} NMR (100.6MHz, CDCLls): & 160.0 (s, 1C), 136.7 (s, 1C),
129.2 (s, 1C), 129.0 (s, 2C), 128.9 (s, 1C), 125.4 (s, 1C), 121.4 (s,
2C),112.6 (s, 1C), 107.7 (s, 1C), 36.9 (s, 1C) ppm.

Spectroscopic data are consistent with the ones previously

reported. 2%

P.5 — N-(4-fluorophenyl)-1-methylpyrrole-2—-carboxamide (3ae)

Me
1N405 6
W
e

Synthesized at 1mmol scale using N-methylpyrrole and 4-
fluorophenyl-isocyanate as starting materials. The reaction was
quenched after 5h and purified by column chromatography on
silica gel (eluent EtOAc/PE 1:5). Isolated as a white solid in 52%
yield (113.0mg, 0.52mmol). Rf(EtOAc/PE 1:5) = 0.49; m.p. 131.4-
132.2°C; "H NMR (300MHz, CDCLls): & 7.59 (brs, 1H, NH), 7.54-7.46
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(m, 3Jun = 9.1Hz, “Jue = 4.8Hz, 2H, 4-F-Ph, Css-H), 7.08-6.97 (m,
Jun = 3Jue = 9.0Hz, 2H, 4-F-Ph, Cee—H), 6.79 (pt, 3J = 2.1Hz, 1H, C+-
H), 6.69 (dd, %) = 4.0Hz, %) = 1.7Hz, C,-H), 6.14 (ddd, ®J = 4.0Hz, %) =
2.6Hz, °)J = 0.6Hz, Cs-H), 3.97 (s, 3H, CHs) ppm; "C{'H} NMR
(75.5MHz, CDCL;): & 160.0 (s, 1C, C=0), 159.4 (d, "Jcr = 242.9Hz,
1C, C-F), 134.1 (d, “Jor = 2.8Hz, 1C, Cipso—NH), 129.0 (s, 1C, Cy),
125.6 (s, 1C, C4), 122.0 (d, ®Jcr = 8.0Hz, 2C, Csss), 115.8 (d, 2Jcr =
22.5Hz, 2C, Cep), 112.4 (s, 1C, C,), 107.7 (s, 1C, Cs), 37.0 (s, 1C,
CHs) ppm; F{"H} NMR (282.4MHz, CDCLs): & -118.4 (s, 1F) ppm;
HRMS (ESI+): calcd for [M+H]* = Ci,H:i,FN.O™: 219.0928 m/z.
Found: 219.0937 m/z.

Complete assignments were made based on COSY, HSQC and
HMBC analyses. The Jur coupling constants were assessed by a

comparative "H{'°F}experiment.

P.6 — 1-Methyl-N—-(3-methylphenyl)pyrrole-2—-carboxamide (3af)

Me
N (0] Me

L

Synthesized at 0.5mmol scale using N-methylpyrrole and m-tolyl-
isocyanate as starting materials. The reaction was quenched after
7.5h and purified by column chromatography on silica gel (eluent
EtOAc/Hex 1:5). Isolated as a white solid in 67% yield (71.4mg,
0.33mmol). Rf(EtOAc/Hex 1:5) = 0.35; m.p. 99.9-100.7°C; '"H NMR
(400MHz, CDCLl;): 8 7.70 (brs, 1H, NH), 7.46 (pt, J = 1.8Hz, 1TH, m-
Tol, CH), 7.32 (dd, J = 8.0, 1.8Hz, 1H, m-Tol, CH), 7.22 (pt, ] = 7.8Hz,
1H, m-Tol, CH), 6.95-6.91 (m, J = 7.6Hz, 1H, m-Tol, CH), 6.77 (pt, J
= 2.1Hz, 1H, CHpyroe), 6.71 (dd, J = 4.0, 1.7Hz, 1H, CHyyrroe), 6.13
(dd, J = 4.0, 2.6Hz, 1H, CHpyiote), 3.97 (s, 3H, CHapyrote), 2.35 (s, 3H,
m-Tol, CHs) ppm; "*C{"H} NMR (100.6MHz, CDCL;): & 160.0 (s, 1C),
138.9 (s, 1C), 138.0 (s, 1C), 128.84 (s, 1C), 128.79 (s, 1C), 125.9 (s,
1C), 124.8 (s, 1C), 120.7 (s, 1C), 117.1 (s, 1C), 112.3 (s, 1C), 107.5
(s, 1C), 36.9 (s, 1C), 21.5 (s, 1C) ppm; HRMS (ESI+): calcd for
[M+H]" = C43H1sN20": 215.1179 m/z. Found: 215.1185 m/z.
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P.7 — N-(3-chlorophenyl)-1-methylpyrrole-2—carboxamide (3ag)

Me
0

N
L

Cl

O

Synthesized at 0.5mmol scale using N-methylpyrrole and 3-
chlorophenyl-isocyanate as starting materials. The reaction was
quenched after 5h and purified by column chromatography on
silica gel (eluent EtOAc/Hex 1:5). Isolated as a white solid in 72%
yield (84.2mg, 0.36mmol). Rf(EtOAc/Hex 1:5) = 0.38; m.p. 93.6-
94.2°C; '"H NMR (400MHz, CDCLl;): & 7.75 (brs, 1H, NH), 7.69 (pt, J =
2.1Hz, 1H, 3-Cl-Ph, CH), 7.37 (ddd, J = 8.0, 2.0, 0.8 Hz, 1H, 3-Cl-
Ph, CH), 7.22 (pt, J = 8.0Hz, 1H, 3-Cl-Ph, CH), 7.06 (ddd, J = 8.0,
2.0, 1.0Hz, 1H, m-Tol, CH), 6.78 (pt, J = 2.1Hz, 1H, CHynoe), 6.71
(dd, J=4.0Hz, 1.7Hz, CHyyrrote), 6.13 (dd, J = 4.0, 2.6Hz, 1H, CHyrote),
3.95 (s, 3H, CHoapyole) ppm; *C{"H} NMR (100.6MHz, CDCLs): &
159.9 (s, 1C), 139.3 (s, 1C), 134.7 (s, 1C), 130.0 (s, 1C), 129.3 (s,
1C), 125.3 (s, 1C), 124.0 (s, 1C), 120.1 (s, 1C), 118.0 (s, 1C), 112.7
(s, 1C), 107.7 (s, 1C), 37.0 (s, 1C) ppm; HRMS (ESI+): calcd for
[M+H]" = C4,H1,%CIN,O*: 235.0633 m/z. Found: 235.0690 m/z.
[M+H]" = C12H1,*CIN,O": 237.0606 m/z. Found: 237.0662 m/z.

P.8 — 1-Methyl-N-(4-nitrophenyl)pyrrole-2—carboxamide (3ah)

Me
N 0]

W

NO,

0

Synthesized at 0.5mmol scale using N-methylpyrrole and 3-
nitrophenyl-isocyanate as starting materials. The reaction was
quenched after 5h and purified by column chromatography on
silica gel (eluent EtOAc/Hex 1:5). Isolated as a yellow solid in 55%
yield (67.2mg, 0.27mmol). Rf(EtOAc/Hex 1:5) = 0.25; m.p. 153.9-
154.7°C; '"H NMR (400MHz, CDCLls): & 8.46 (pt, J = 2.2Hz, 1H, 3-
NO:-Ph, CH), 7.97-7.92 (m, 2H, 3-NO>-Ph, CH), 7.82 (brs, 1H, NH),
7.49 (pt, J = 8.2Hz, 1H, 3-NO,-Ph, CH), 6.83 (pt, J = 2.1Hz, 1H,
CHpyirole), 6.77 (dd, J = 4.1Hz, 1.7Hz, CHpyroe), 6.17 (dd, J = 4.1,
2.6Hz, 1H, CHpyroe), 3.99 (s, 3H, CHapmoe) ppm; *C{'H} NMR
(100.6MHz, CDCLl;): & 159.9 (s, 1C), 148.8 (s, 1C), 139.4 (s, 1C),
129.9 (s, 1C), 129.8 (s, 1C), 125.6 (s, 1C), 124.9 (s, 1C), 118.6 (s,
1C), 114.6 (s, 1C), 113.1 (s, 1C), 108.0 (s, 1C), 37.1 (s, 1C) ppm;
HRMS (ESI+): calcd for [M+H]" = Ci2H12N3Os™: 246.0873 m/z.

167



Found: 246.0872 m/z.

P.9 - 1-Methyl-N—-(2-methylphenyl)pyrrole-2-carboxamide (3ai)

Me
/

)

Me

Synthesized at 0.5mmol scale using N-methylpyrrole and o-tolyl-
isocyanate as starting materials. The reaction was quenched after
7.5h and purified by column chromatography on silica gel (eluent
EtOAc/Hex 1:5). Isolated as a white solid in 27% yield (29.2mg,
0.27mmol). Rf(EtOAc/Hex 1:5) = 0.34; m.p. 114.7-115.2°C; 'H
NMR (400MHz, CDCLl;): & 7.89 (ds, J = 8.0, 0.6Hz, 1H, o-Tol, CH),
7.49 (brs, 1H, NH), 7.28-7.19 (m, 2H, o-Tol, CH), 7.09 (td, J = 7.4,
1.2Hz, 1H, o-Tol, CH), 6.80 (pt, J =2.1Hz, 1H, CHpynoe), 6.71 (dd, J =
4.1Hz, 1.7Hz, CHpyote), 6.16 (dd, J = 4.1, 2.6Hz, 1H, CHpyote), 3.98
(s, 3H, CHoapyrole), 2.32 (s, 3H, o-Tol, CHz) ppm; C{'H} NMR
(100.6MHz, CDCL;): & 160.0 (s, 1C), 135.9 (s, 1C), 130.6 (s, 1C),
129.0 (s, 1C), 128.8 (s, 1C), 126.9 (s, 1C), 126.0 (s, 1C), 124.9 (s,
1C), 122.9 (s, 1C), 112.1 (s, 1C), 107.6 (s, 1C), 36.9 (s, 1C), 17.9 (s,
1C) ppm.

Spectroscopic data are consistent with the ones previously

reported. %

P.10 - N—(3,5-dimethylphenyl)-1-methylpyrrole-2—-carboxamide (3aj)

Me
/

L

Me

Synthesized at 0.5mmol scale using N-methylpyrrole and 3,5-
dimethylphenyl-isocyanate as starting materials. The reaction was
quenched after 7.5h and purified by column chromatography on
silica gel (eluent EtOAc/Hex 1:5). Isolated as a crystalline white
solid in 61% yield (69.7mg, 0.31mmol). Rf(EtOAc/Hex 1:5) = 0.41;
m.p. 151.3-152.0°C; '"H NMR (400MHz, CDCLls): & 7.53 (brs, 1H,
NH), 7.20 (s, 2H, 3,5-Me-Ph, CH), 6.78 (pt, J = 2.1Hz, 1H, CHyyrrote),
6.77-6.75 (m, 1H, 3,5-Me-Ph, CH) 6.67 (dd, J = 4.0Hz, 1.7Hz,
CHpyroe), 6.14 (dd, J = 4.0, 2.6Hz, 1H, CHgyymoe), 3.98 (s, 3H,
CHapyirole), 2.31 (s, 6H, 3,5-Me-Ph, CH;) ppm; "C{'H} NMR
(100.6MHz, CDCLl;): & 160.0 (s, 1C), 138.9 (s, 2C), 138.0 (s, 1C),
128.8 (s, 1C), 126.0 (s, 1C), 125.9 (s, 1C), 117.7 (s, 2C), 112.1 (s,
1C), 107.5 (s, 1C), 37.0 (s, 1C), 21.5 (s, 2C) ppm; HRMS (ESI+):

168



calcd for [M+H]" = C14H17N,O": 229.1335 m/z. Found: 229.1345 m/z.

P.11 - N-[3,5-bis(trifluoromethyl)phenyl]-1-methylpyrrole-2—-carboxamide (3ak)

Me

!

0]

N
L

CF3

CF;

Synthesized at 0.5mmol scale using N-methylpyrrole and 3,5-bis-
trifluoromethylphenyl-isocyanate as starting materials. The
reaction was quenched after 5h and purified by column
chromatography on silica gel (gradient from pure Hex to EtOAc/Hex
1:10). Isolated as a crystalline white solid in 24% vyield (39.7mg,
0.12mmol). Rf(EtOAc/Hex 1:10) = 0.32; m.p. 121.5-122.3°C; 'H
NMR (400MHz, CDCLl;): 3 8.08 (s, 2H, 3,5-CFs—Ph, CH), 7.90 (brs,
1H, NH), 7.58 (brs, 1H, 3,5-CFs;—Ph, CH), 6.83 (pt, J = 2.1Hz, 1H,
CHpyirole), 6.77 (dd, J = 4.0Hz, 1.7Hz, CHpyroe), 6.17 (dd, J = 4.0,
2.6Hz, 1H, CHpyroe), 3.98 (s, 3H, CHapymoe) ppm; *C{'H} NMR
(100.6MHz, CDCLs): & 159.9 (s, 1C), 139.8 (s, 1C), 132.5 (q, cr =
33.4Hz, 2C), 130.1 (s, 1C), 124.7 (s, 1C), 123.3 (q, "Jer = 273.0Hz,
2C), 119.6 (q, 3Jcr = 3.3Hz, 2C), 119.2 (s, 1C), 117.2 (hept, *Jcr =
3.8Hz, 1C), 113.4 (s, 1C), 37.1 (s, 1C); *F NMR (376.5MHz, CDCL,):
8 -63.0 (s, 6F) ppm.

Spectroscopic data are consistent with the ones previously

reported. [

P.12 - N-(2,6—dimethylphenyl)-1-methylpyrrole-2—-carboxamide (3al)

Me
1

OMe5

Synthesized at 1Tmmol scale using N-methylpyrrole and 2,6-
dimethylphenyl-isocyanate as starting materials. The reaction was
quenched after 20h and purified by column chromatography on
silica gel (eluent EtOAc/PE 1:10). Isolated as a light—-brown solid in
21% vyield (47.1mg, 0.21mmol). Rf(EtOAc/PE 1:10) = 0.13; m.p.
121.9-123.0°C; '"H NMR (300MHz, CDCL;): & 7.18 (brs, 1H, NH),

7.14-7.07 (m, 3H, 2,6-Me-Ph, CHmew and CHpar), 6.79 (pt, J
2.1Hz, 1H, Ci-H), 6.76 (brs, 1H, 3,5-Me-Ph, C,-H) 6.16 (pt, J
3.0Hz, Cs—H), 3.96 (s, 3H, N-CHs), 2.28 (s, 6H, 2,6-Me-Ph, Ces—
CHs) ppm; C{'"H} NMR (75.5MHz, CDCLy): & 160.3 (s, 1C, C=0),
135.8 (s, 1C, Csss), 133.9 (s, 1C, NH-Cipso), 128.5 (s, 1C, C1), 128.3
(s, 2C, Ces), 127.3 (s, 1C, C5), 125.7 (s, 1C, Cy4), 112.1 (s, 1C, Co),
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107.5 (s, 1C, Cs), 36.8 (s, 1C, N-CHjs), 18.6 (s, 2C, Cs5—CHs) ppm;
HRMS (ESI+): calcd for [M+H]" = C14H17N>O": 229.1335 m/z. Found:
229.1342 m/z.

Complete assignments were made based on COSY, HSQC and
HMBC analyses.

P.13 — 1-Methyl-N-(2,4,6-trimethylphenyl)pyrrole-2-carboxamide (3an)

Me

Synthesized at Tmmol scale using N-methylpyrrole and 2,4,6-
dimethylphenyl-isocyanate as starting materials. The reaction was
quenched after 20h and purified by column chromatography on
silica gel (gradient EtOAc/PE 1:20 to 1:6). Isolated as a pale yellow
solid in 40% vyield (97.3mg, 0.40mmol). Rf(EtOAc/PE 1:6) = 0.29;
m.p. 133.9-125.1°C; '"H NMR (300MHz, CDCLls): & 7.09 (brs, 1H,
NH), 6.92 (s, 2H, Mes, CHnmetw), 6.78 (pt, J = 2.1Hz, 1H, C+-H), 6.76
(d, 1H, Mes, J = 2.8Hz C»-H) 6.16 (pt, J = 2.8Hz, Cs-H), 3.96 (s, 3H,
N-CHs), 2.29 (s, 3H, Mes, C;—CHs), 2.23 (s, 6H, Mes, Cs5—CHs)
ppm; *C{"H} NMR (75.5MHz, CDCLl;): & 160.4 (s, 1C, C=0), 136.9
(s, 1C, C;), 135.6 (s, 2C, Css5), 131.2 (s, 1C, NH-Cipso), 129.0 (s, 2C,
Cere), 128.4 (s, 1C, C1), 125.8 (s, 1C, C4), 112.0 (s, 1C, C,), 107.4 (s,
1C, C3), 36.8 (s, 1C, N-CHs), 21.1 (s, 1C, Mes, C;—CHs3), 18.6 (s, 2C,
Mes, Cs5—CHs;) ppm; HRMS (ESI+): calcd for [M+H]" = C15H1sN,O":
243.1492 m/z. Found: 243.1497 m/z.

Complete assighments were made based on COSY, HSQC and

HMBC analyses.

P.14 — 1-Methyl-N-naphthalen—-1-ylpyrrole-2—carboxamide (3ao)

Me
N (0]

L

Synthesized at 0.5mmol scale using N-methylpyrrole and 1-
naphthyl-isocyanate as starting materials. The reaction was
quenched after 7.5h and purified by column chromatography on
silica gel (eluent EtOAc/Hex 1:5). Isolated as a crystalline white
solid in 40% vyield (50.3mg, 0.20mmol). Rf(EtOAc/Hex 1:5) = 0.29;
m.p. 115.8-116.1°C; '"H NMR (400MHz, CDCLls): & 8.01 (brs, 1H,
NH), 7.95 (d, J = 7.6Hz, 1H, Nap, CH), 7.93-7.86 (m, 2H, Nap, CH),
7.72 (d, J = 8.3Hz, Nap, CH), 7.56-7.47 (m, 3H, Nap, CH), 6.86 (dd, J
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= 4.0, 1.6Hz, 1H, CHpyroe), 6.83 (pt, J = 2.1Hz, CHpyrrole), 6.20 (dd, J =
4.0, 2.6Hz, 1H, CHpyoe), 4.00 (s, 3H, CH3) ppm; *C{'H} NMR
(100.6MHz, CDCLs): & 160.5 (s, 1C), 134.3 (s, 1C), 132.5 (s, 1C),
129.0 (s, 1C), 128.9 (s, 1C), 127.6 (s, 1C), 126.4 (s, 1C), 126.1 (s,
1C), 125.9 (s, 1C), 125.81 (s, 1C), 125.76 (s, 1C), 121.1 (s, 1C),
120.9 (s, 1C), 112.4 (s, 1C), 107.7 (s, 1C), 37.0 (s, 1C) ppm;

Spectroscopic data are consistent with the ones previously

reported. 2%

P.15 — N-benzyl-1-methylpyrrole-2—-carboxamide (3aq)

Me
/

L

Synthesized at Tmmol scale using N-methylpyrrole and benzyl-
isocyanate as starting materials. The reaction was quenched after
20h and purified by column chromatography on silica gel (gradient
EtOAc/Hex 1:20 to 1:5). Isolated as a white solid in 55% vyield
(126.2mg, 0.55mmol). Rf(EtOAc/Hex 1:5) = 0.16; m.p. 72.4-
73.6°C; '"H NMR (400MHz, CDCL;): & 7.38-7.31 (m, 4H, benz, CH),
7.31-7.26 (m, 1H, benz, CH), 6.73 (pt, J = 2.1Hz, 1H, CHgyro), 6.53
(dd, J = 4.0Hz, 1.6Hz, CHyyrrole), 6.15 (brs, 1H, NH), 6.07 (dd, J = 4.0,
2.6Hz, 1H, CHpyroe), 4.57 (d, J = 5.6Hz, benz, CH,), 3.97 (s, 3H, CH5)
ppm; *C{'H} NMR (100.6MHz, CDCL;): & 161.9 (s, 1C), 138.8 (s,
1C), 128.8 (s, 2C), 128.1 (s, 1C), 127.8 (s, 2C), 127.6 (s, 1C), 125.8
(s, 1C), 111.6 (s, 1C), 107.3 (s, 1C), 43.4 (s, 1C), 36.9 (s, 1C) ppm;

Spectroscopic data are consistent with the ones previously

reported. 2%

P.16 — N-allyl-1-methyl-pyrrole-2—-carboxamide (3ar)

Me

Synthesized at 1Tmmol scale using N-methylpyrrole and allyl-
isocyanate as starting materials. The reaction was quenched after
20h and purified by column chromatography on silica gel (gradient
EtOAc/Hex 1:20 to 1:5). Isolated as a clear viscous oil in 16% yield
(26.5mg, 0.55mmol). Rf(EtOAc/Hex 1:5) = 0.15; "H NMR (400MHz,
CDCLl;): 8 6.71 (pt, J = 2.1Hz, 1H, CHyyoie), 6.54 (dd, J = 4.0Hz,
1.7Hz, CHpyiroe), 6.08 (dd, J = 4.0, 2.6Hz, 1H, CHyyrroe), 5.98-5.85 (m,
2H, NH and Ce¢—H), 5.24 (dq, *Juans = 17.1Hz, ?Jgem = *J = 1.5Hz, 1H,
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C7—Huans), 5.16 (dq, *Juans = 10.2HZ, 2Jgem = %) = 1.5Hz, 1H, C;—H.i),
4.00 (tt, 3) = 5.8Hz, *J = 1.6Hz, 2H, allyl, N-CH,), 3.94 (s, 3H, CHa)
ppm; *C{'H} NMR (100.6MHz, CDCL;): & 161.9 (s, 1C, C=0), 134.8
(s, 1C, C¢), 128.1 (s, 1C, C4), 125.8(s, 1C, Cu4), 116.4 (s, 1C, Cy),
111.5 (s, 1C, C,), 107.3 (s, 1C, C3), 41.7(s, 1C, Cs), 36.8 (s, 1C, CHs)
ppm;

Complete assignments were made based on COSY, HSQC and
HMBC analyses. Spectroscopic data are consistent with the ones

previously reported. ['%

P.17 — N-cyclohexyl-1-methylpyrrole-2—-carboxamide (3as)

Me

Ly

Synthesized at 1mmol scale using N-methylpyrrole and
cyclohexyl-isocyanate as starting materials. The reaction was
quenched after 20h and purified by column chromatography on
silica gel (gradient EtOAc/PE 1:20 to 1:5). Isolated as a white solid
in 67% yield (137.4mg, 0.67mmol). Rf(EtOAc/PE 1:5) = 0.28; m.p.
100.7-101.6°C; '"H NMR (300MHz, CDCL): & 6.69 (pt, J = 2.1Hz, 1H,
CHpyrrole), 6.49 (dd, J = 4.0Hz, 1.7Hz, CHpyoe), 6.06 (dd, J = 4.0,
2.6Hz, 1H, CHgyroe), 5.76 (brd, J = 6.0Hz, 1H, NH), 3.92 (s, 3H, CH3),
3.91-3.80 (m, 1H, Cy, N-CH), 2.03-1.91 (m, 2H, Cy, CH,), 1.73
(dquint, J = 13.3, 3.9Hz, 2H, Cy, CH,), 1.63 (dquint, J = 12.6, 3.9Hz
1H, Cy, CH,), 1.39 (qt, J = 12.6, 3.4Hz, 2H, Cy, CH,), 1.27-1.13 (m,
3H, CH,) ppm; C{'H} NMR (75.5MHz, CDCL;): & 161.2 (s, 1C),
127.7 (s, 1C), 126.2 (s, 1C), 111.0 (s, 1C), 107.1 (s, 1C), 48.1 (s, 1C),
36.8 (s, 1C), 33.5 (s, 2C), 25.7 (s, 1C), 25.1 (s, 2C) ppm;

Spectroscopic data are consistent with the ones previously

reported. [4%

P.18 — N-tert-butyl-1-methylpyrrole-2—carboxamide (3at)

Me
N (0]

E/)_H<N—tBu

Synthesized at 1Tmmol scale using N-methylpyrrole and tertbutyl-
isocyanate as starting materials. The reaction was quenched after
20h and purified by column chromatography on silica gel (gradient
EtOAc/PE 1:20 to 1:5). Isolated as a white solid in 28% yield
(50.8mg, 0.28mmol). Rf(EtOAc/PE 1:5) = 0.25; m.p. 84.5-85.6°C;
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"H NMR (300MHz, CDCL;): & 6.66 (pt, J = 2.1Hz, 1H, CHpyrote), 6.43
(dd, J = 4.0Hz, 1.7Hz, CHpyirote), 6.04 (dd, J = 3.8, 2.6Hz, TH, CHpyrote),
5.71 (brs, 1H, NH), 3.91 (s, 3H, CHs), 1.42 (s, 9H, tBu, CHs) ppm;
3C{'H} NMR (75.5MHz, CDCLl;): & 161.8 (s, 1C), 127.6 (s, 1C),
127.0 (s, 1C), 110.9 (s, 1C), 106.9 (s, 1C), 51.3 (s, 1C), 36.8 (s, 1C),
29.2 (s, 3C) ppm;

Spectroscopic data are consistent with the ones previously

reported. (4"

P.19 — N-phenyl-1H-pyrrole-2—carboxamide (3ba)

H

/

N O

Ve

Synthesized at Tmmol scale using pyrrole and phenyl-isocyanate
as starting materials. The reaction was quenched after 20h and
purified by column chromatography on silica gel (eluent EtOAc/Hex
1:5). Isolated as a white solid in 67% yield (124.8mg, 0.67mmol).
Rf(EtOAc/Hex 1:5) = 0.20; m.p. 152.9-153.7°C; '"H NMR (400MHz,
CDCls): 8 10.03 (brs, 1H, NHyyrrote), 7.71 (brs, 1H, NH), 7.64-7.59 (m,
2H, Ph, CH), 7.39-7.32 (m, 2H, Ph, CH), 7.17-7.10 (m, 1H, Ph, CH),
6.97 (dt, J = 2.6, 1.3Hz, 1H, CHyywo), 6.74(ddd, J = 3.8, 2.6, 1.3 Hz,
CHpyrrote), 6.28 (dt, J = 3.8, 2.6Hz, CHyyroe) ppm; *C{'H} NMR
(100.6MHz, CDCLls): & 159.4 (s, 1C), 137.9 (s, 1C), 129.2 (s, 2C),
126.1 (s, 1C), 124.4 (s, 1C), 122.7 (s, 1C), 120.3 (s, 2C), 110.2 (s,
1C), 109.8 (s, 1C) ppm.

Spectroscopic data were consistent with the ones previously

reported. 2%

P.20 - N,1-diphenylpyrrole-2—-carboxamide (3ca)

o

N O

WN@

Synthesized at Tmmol scale using 1-phenyl-pyrrole and phenyl-
isocyanate as starting materials. The reaction was quenched after
20h and purified by column chromatography on silica gel (eluent
EtOAc/Hex 1:10). Isolated as a crystalline white solid in 44% yield
(114.4mg, 0.44mmol). Rf(EtOAc/Hex 1:10) = 0.19; m.p. 152.9-
153.7°C; '"H NMR (400MHz, CDCL;): & 7.50-7.35 (m, 8H, NH and
CHer), 7.30-7.24 (m, 2H, Ph, CH), 7.09-7.03 (m, 1H, Ph, CH), 7.06
(dt, J = 7.4, 1.1Hz, 1H, CHyyrote), 6.95 (ddd, J = 13.8, 2.7, 1.7 Hz,
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CHpyrrote), 6.32 (dd, J = 3.9, 2.7Hz, CHpyoe) ppm; "C{'"H} NMR
(100.6MHz, CDCLs): & 159.0 (s, 1C), 140.3 (s, 1C), 138.1 (s, 1C),
129.2 (s, 2C), 129.1 (s, 2C), 128.7 (s, 1C), 128.0 (s, 1C), 127.5 (s,
1C), 126.0 (s, 2C), 124.1 (s, 1C), 119.9 (s, 2C), 115.0 (s, 1C), 109.2
(s, 1C) ppm.

Spectroscopic data were consistent with the ones previously

reported. 2%

P.21 - 3,5-Dimethyl-N-phenyl-1H-pyrrole-2—-carboxamide (3da)“?

H

1

N )

W
=)
Me

Synthesized at 1mmol scale using 2,4-dimethyl-pyrrole and
phenyl-isocyanate as starting materials. The reaction was
quenched after 20h and purified by column chromatography on
silica gel (eluent EtOAc/Hex 1:5). Isolated as an off-white solid in
74% vyield (157.7mg, 0.74mmol). Rf(EtOAc/Hex 1:5) = 0.25; m.p.
155.7-156.5°C; 'H NMR (400MHz, CDCLly): & 9.92 (brs, 1H,
NHpyirole), 7.63-7.58 (m, 2H, Ph, CH), 7.48 (brs, 1H, NH), 7.37-7.31
(m, 2H, Ph, CH), 7.14-7.08 (m, 1H, Ph, CH), 5.82-5.81 (d, J = 2.8Hz,
CHoyrroe), 2.45 (s, 3H, CHs), 2.23 (s, 3H, CHs) ppm; "*C{'H} NMR
(100.6MHz, CDCLls): & 160.2 (s, 1C), 138.2 (s, 1C), 132.3 (s, 1C),
129.1 (s, 2C), 124.0 (s, 1C), 121.7 (s, 1C), 121.3 (s, 1C), 120.2 (s,
2C),111.6 (s, 1C), 13.7 (s, 1C), 12.9 (s, 1C) ppm.

Spectroscopic data were consistent with the ones previously

reported.

P.22 - 1,2,5-Trimethyl-N-phenylpyrrole-3—-carboxamide (3ea)"”

Me

Me
/
N
| / Me

@)
HN

O

Synthesized at 1mmol scale using 2,4-dimethyl-pyrrole and
phenyl-isocyanate as starting materials. The reaction was
quenched after 20h and purified by column chromatography on
silica gel (gradient EtOAc/PE 1:5 to 1:1). The remaining impurities
were removed by precipitation with PE from a saturated EtOAc
solution at -20°C. Isolated as an off-white solid in 45% vyield
(102.4mg, 0.45mmol). Rf(EtOAc/PE 1:1) = 0.38; m.p. 197.9-
199.1°C; 'H NMR (300MHz, CDCL;): & 7.62-7.54 (m, 2H, Ph, CH),
7.44 (brs, 1H, NH), 7.36-7.27 (m, 2H, Ph, CH), 7.11-7.02 (m, 1H,
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Ph, CH), 6.07 (s, TH, CHyymote), 3.40 (s, 3H, CHas), 2.56 (s, 3H, CHa),
2.21 (s, 3H, CH3) ppm; *C{"H} NMR (75.5MHz, CDCLl;): & 164.3 (s,
1C), 138.8 (s, 1C), 134.6 (s, 1C), 129.0 (s, 2C), 128.2 (s, 1C), 123.5
(s, 1C), 119.9 (s, 2C), 113.5 (s, 1C), 103.7 (s, 1C), 30.3 (s, 1C), 12.5
(s,1C), 11.4 (s, 1C) ppm.

Spectroscopic data were consistent with the ones previously

reported.

P.23 - Ethyl 2-methyl-5—-(phenylcarbamoyl)-1H-pyrrole-3—carboxylate (3fa)

H
Me 1 N 0
| /4
2

0

Synthesized at 1mmol scale using ethyl 2-methylpyrrole-3-
carboxylate and phenyl-isocyanate as starting materials. The
reaction was quenched after 20h and purified by column
chromatography on silica gel (gradient EtOAc/PE 1:20 to 1:5).
Isolated as a white solid in 32% yield (87.7mg, 0.32mmol).
Rf(EtOAc/PE 1:5) = 0.16; m.p. 208.7-210.0°C; 'H NMR (300MHz,
CDCls): & 9.98 (brs, 1H, NHyyoe), 7.62-7.55 (m, 3H, CHomo and
NH), 7.40-7.32 (m, 2H, CHmet), 7.18-7.09 (m, 2H, CHg. and
CHoyrrote), 4.30 (q, 3 = 7.1Hz, 2H, Et, CH,), 2.57 (s, 3H, C—CHj), 1.37
(t, 3 = 7.1Hz, 3H, Et, CH3) ppm; *C{"H} NMR (75.5MHz, CDCL;): &
164.9 (s, 1C, COOEt, C=0), 158.8 (s, 1C, CONH, C=0), 139.4 (s,
1C, C3), 137.6 (s, 1C, Cipso), 129.3 (s, 2C, Creta), 124.6 (s, 1C, Cpara),
123.8 (s, 1C, C4), 120.2 (s, 2C, Cortno), 114.0 (s, 1C, C4), 111.7 (s, 1C,
Cs), 60.0 (s, 1C, Et, CH,), 14.6 (s, 1C, Et, CHs), 13.5 (s, 1C, C1—CHs)
ppm; HRMS (ESI+): calcd for [M+H]" = C4sH17N,O3": 273.1234 m/z.
Found: 273.1245 m/z.

Complete assignments were made based on COSY, HSQC and

HMBC analyses.
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P.24 — 1-Methyl-N-phenylindole-3-carboxamide (3ga)

Me
N
Y

0]
HN

O

Synthesized at Tmmol scale using N-methylindole and phenyl-
isocyanate as starting materials. The reaction was quenched after
20h and purified by column chromatography on silica gel (gradient
EtOAc/Hex 1:10 to 1:2). Isolated as a white solid in 46% yield
(115.9mg, 0.46mmol). Rf(EtOAc/Hex 1:2) = 0.24; m.p. 165.1-
165.9°C; '"H NMR (400MHz, CDCL;): & 8.08-8.02 (m, 1H, CHing),
7.75 (s, TH, CHing) 7.70-7.63 (m, 3H, NH and CHey), 7.43-7.29 (m,
5H, CHin¢ and CHey), 7.16-7.10 (m, 1H, CHe:), 3.86 (s, 3H, CH,)
ppm; *C{'H} NMR (100.6MHz, CDCLl;): & 163.4 (s, 1C), 138.7 (s,
1C), 137.5 (s, 1C), 132.7 (s, 1C), 129.2 (s, 2C), 125.6 (s, 1C), 124.0
(s, 1C), 122.9 (s, 1C), 121.9 (s, 1C), 120.3 (s, 1C), 120.2 (s, 2C),
111.2 (s, 1C), 110.3 (s, 1C), 33.4 (s, 1C) ppm.

Overlap of the NH signal with others makes it difficult to identify.
Changing solvent from CDCl; to DMSO-dg allows to identify this
signal. Moreover, the spin system of the indole moiety can be
resolved.

'H NMR (400MHz, DMSO-d¢): & 9.71 (brs, 1H, NH), 8.26 (s, 1H,
CHing), 8.21 (dt, J = 7.8, 1.0Hz, 1H, CHing), 7.80-7.74 (m, 2H, CHex),
7.53 (dt, J = 8.2, 0.8Hz, 1H, CHind), 7.36-7.30 (m, 2H, CHey), 7.26
(ddd, J = 8.2, 7.1, 1.2Hz, 1H, CHin), 7.19 (ddd, J = 7.8, 7.0, 1.1Hz,
1H, CHing), 7.04 (tt, J = 7.4, 1.0Hz, 1H, CHind), 3.88 (s, 3H, CH3) ppm;
Spectroscopic data were consistent with the ones previously

reported.344

P.25 - 1,2-Dimethyl-N-phenylindole-3-carboxamide (3ha)

Me
N
/ Me

)
HN

O

Synthesized at Tmmol scale using 1,2-dimethylindole and phenyl-
isocyanate as starting materials. The reaction was quenched after
20h and purified by column chromatography on silica gel (gradient
EtOAc/PE 1:20 to 1:5). Isolated as a white solid in 43% yield
(113.8mg, 0.43mmol). Rf(EtOAc/PE 1:5) = 0.18; m.p. 189.1-
190.0°C; 'H NMR (300MHz, CDCLl;): & 7.83-7.76 (m, 1H, CHing),
7.74 (brs, 1H, NH), 7.69-7.62 (m, 2H, CHp:), 7.42-7.33 (m, 3H, CHpn,
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and CHing), 7.31-7.22 (m, 2H, CHing), 7.13 (m, 1H, CHey), 3.70 (s, 3H,
N-CHjs), 2.76 (s, 3H, CHs) ppm; "*C{'H} NMR (75.5MHz, CDCL;): &
164.5 (s, 1C), 143.2 (s, 1C), 138.8 (s, 1C), 136.6 (s, 1C), 129.2 (s,
2C), 125.0 (s, 1C), 123.9 (s, 1C), 122.0 (s, 1C), 121.6 (s, 1C), 120.0
(s, 2C), 118.4 (s, 1C), 109.9 (s, 1C), 107.9 (s, 1C), 29.7 (s, 1C), 11.7
(s, 1C) ppm.
Spectroscopic data were consistent with the ones previously
reported.l'!
P.26 — 1-Methyl-N,2-diphenylindole-3-carboxamide (3ia)
Synthesized at Tmmol scale using 1-methyl-2—-phenylindole and
phenyl-isocyanate as starting materials. The reaction was
quenched after 20h and purified by column chromatography on
silica gel (gradient EtOAc/PE 1:20 to 1:5). Isolated as a white solid
in 25% yield (80.1mg, 0.25mmol). Rf(EtOAc/PE 1:5) = 0.44; m.p.
118.4-119.2°C; "H NMR (300MHz, CDCLl;): & 8.56-8.48 (m, 1H, Ce-

H), 7.69-7.60 (m, 3H, Ph-2, CHpeta and CHpar), 7.60-7.53 (m, 3H,
CH), 7.42-7.30 (m, 3H, CH), 7.25-7.13 (m, 4H, CH), 7.06-6.95 (m,
2H, NH and CHpas) ppm; *C{"H} NMR (75.5MHz, CDCL;): & 163.2
(s, 1C, C=0), 141.3 (s, 1C, C4), 138.6 (s, 1C, Ph-1, Cips), 136.9 (s,
1C, Cs), 130.98 (s, 2C, Ph-2. CHomno), 130.97 (s, 1C, Ph-2, Cips),
130.4 (s, 1C, Ph-2. Cpan), 129.7 (s, 2C, Ph-2. Cmew), 128.9 (s, 2C,
Ph—1. Cmeta), 127.3 (s, 1C, Cs), 123.4 (s, 1C, C4), 123.3 (s, 1C, Ph-1.
Cpara), 122.4 (s, 1C, Cs), 122.2 (s, 1C, Cs), 119.1 (s, 2C, Ph-1. CHorno),
109.7 (s, 1H, C), 109.3 (s, 1C, C,), 30.9 ppm; HRMS (ESI+): calcd
for [M+H]" = C2,H1sN>O": 327.1492 m/z. Found: 327.1500 m/z.

Complete assignments were made based on COSY, HSQC and

HMBC analyses.
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P.27 - 2-Methyl-N-phenyl-1H-indole-3-carboxamide (3ja)

Synthesized at Tmmol scale using 2-methylindole and phenyl-
isocyanate as starting materials. The reaction was quenched after
20h and purified by column chromatography on silica gel (gradient
EtOAc/Hex 1:10 to 1:2). Isolated as a white solid in 38% yield
(95.4mg, 0.38mmol). Rf(EtOAc/Hex 1:2) = 0.24; m.p. 166.9-
167.8°C; '"H NMR (400MHz, CDCL;): & 8.62 (brs, 1H, NHinq), 7.82-
7.77 (m, 1H, CHind), 7.72 (brs, 1H, NH), 7.68-7.62 (m, 2H, CHpy),
7.41-7.34 (m, 3H, CHinq and CHe:), 7.24 (quintd, J = 7.4, 1.8Hz, 2H,
CHing) 7.16-7.10 (m, 1H, CHen), 2.74 (s, 3H, CH3) ppm; *C{"H} NMR
(100.6MHz, CDCL;): & 164.5 (s, 1C), 141.9 (s, 1C), 138.6 (s, 1C),
134.9 (s, 1C), 129.2 (s, 2C), 125.6 (s, 1C), 124.1 (s, 1C), 122.4 (s,
1C), 121.8 (s, 1C), 120.1 (s, 2C), 118.4 (s, 1C), 111.5 (s, 1C), 108.4
(s, 1C), 13.8 (s, 1C) ppm.

Spectroscopic data were consistent with the ones previously

reported.s!

P.28 — 4-Methyl-N-phenyl-1H-indole-3-carboxamide (3ka)

+ H
5 N
1
GV

Me (0]
HN

Synthesized at Tmmol scale using 4-methylindole and phenyl-
isocyanate as starting materials. The reaction was quenched after
20h and purified by column chromatography on silica gel (gradient
EtOAc/Hex 1:10 to 1:2). Isolated as a white solid in 21% vyield
(563.3mg, 0.21mmol). Rf(EtOAc/Hex 1:2) = 0.20; m.p. 210.8-
211.3°C; '"H NMR (400MHz, CDCLl;): & 10.68 (brs, 1H, NHing), 9.27
(brs, 1H, NHixa), 7.89-7.83 (m, 3H, C1—H and CHonno), 7.36-7.28 (m,
%)ina = 7.6Hz, 3H, CHmeta and C—H), 7.09 (t, ®J = 7.4, 1H, Cs—H), 7.08-
7.03 (m, 1H, Ph, CHpan), 6.92 (d, 3 = 7.2Hz, 1H, Cs-H), 2.70 (s, 3H,
CHs) ppm; *C{'H} NMR (100.6MHz, CDCLl;s): & 165.1 (s, 1C, C=0),
141.2 (s, 1C, Ph, Cipso), 137.8 (s, 1C, Cs), 132.1 (s, 1C, C,), 129.4 (s,
2C, Ph, Cneta), 128.3 (s, 1C, C4), 125.6 (s, 1C, C3), 123.7 (s, 1C, Ph,
Crara), 123.4 (s, 1C, Cg¢), 123.1 (s, 1C, Cs), 120.3 (s, 2C, Ph, Corno),
115.3 (s, 1C, Cy), 110.3 (s, 1C, Cy), 21.6 (s, 1C, CH;3) ppm; HRMS
(ESI+): calcd for [M+H]* = C4eH1sN2O*: 251.1179 m/z. Found:
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251.1207m/z.
Complete assignments were made based on COSY, HSQC and

HMBC analyses.

General procedure for the synthesis of isocyanates

Isocyanates were synthesized from the corresponding aryl-amine by a modified literature

procedure:
(0]
DIPEA (2eq.)
Cl;C. _CClI
NH, . 3 O)J\O 3 > NCO
DCM, 0°C then
(BTC, 0.5eq.) reflux for 4h

The aromatic amine (4.0mmol, 1.0eq.) and DIPEA (1.4ml, 8.0mmol, 2.0eq.) where added to a
Schlenk flask and dissolved in DCM (10ml). In a separate vessel, BTC (600mg, 2.0mmol, 0.5eq.)
was dissolved in DCM (10ml) under an atmosphere of argon. The flask was cooled with an ice-bath
and the amine/DIPEA solution was slowly added at that temperature. The resulting mixture was
stirred for 10 minutes, before the ice-bath was removed. The reaction was gently taken to reflux and
stirred for 4h (reaction monitoring by TLC). After this time, the crude was allowed to cool to RT and
directly filtered through silica. The filtering pad was rinsed with DCM (ca. 30ml) until no more
compound could be extracted The desired compound was isolated after evaporation of the solvent

and stored in a glovebox at low temperature.

ISO.1 - Mesityl-isocyanate (Mes—NCO)

Me Synthesized wusing mesityl-amine as starting material. The
/@NCO corresponding isocyanate was isolated as a colorless, crystalline
Me Me solid in 97% yield (622.7mg, 3.86mmol). The 'H NMR characterization

is in agreement with previously reported data.!®!

'H NMR (600MHz, DCM-d,): & 6.86 (s, 2H, Ca—H), 2.28 (s, 6H,
metaCHs), 2.25 (s, 3H, **?CH;) ppm; *C{'"H} NMR (150.9MHz, DCM-d,):
8 135.6 (s, 1C, Cpara), 133.1 (s, 2C, Corno), 129.1 (s, 2C, Cimeta), 128.9 (s,
1C, Cipso), 124.7 (s, 1C, N=C=0), 20.9 (s, 1C, P**CHjs), 18.8 (s, 2C,
°othoCHg) ppm.

Complete assignments were made based on COSY, HSQC and HMBC
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analyses.

ISO.2 - 2,6-Di-methyl-phenyl-isocyanate (Dmep-NCO)

Me

Me

Synthesized using 2,6-di-methyl-phenyl-amine as starting material.
The corresponding isocyanate was isolated as a clear, colorless oil in
94% yield (553.8mg, 3.76mmol). The 'H NMR characterization is in
agreement with previously reported data.[*®

'H NMR (300MHz, CDCLl;): & 7.07-6.97 (m, 3H, Ca—H), 2.33 (s, 6H,
CHs) ppm.

ISO.3 - 2,6-Di-isopropyl-phenyl-isocyanate (Dipp—-NCO)

iPr

NCO

iPr

Synthesized using 2,6-di-isopropyl-phenyl-amine as starting
material. The corresponding isocyanate was isolated as a pale yellow
oil in 95% vyield (774.7mg, 3.81Tmmol). The "H NMR characterization is
in agreement with previously reported data.*®

"H NMR (300MHz, CDCL;): & 7.21-7.09 (m, 3H, Ca—H), 3.22 (hept, J =
6.8Hz, 2H, iPr, CH), 1.26 (d, 12H, J = 6.8Hz, iPr, CH3) ppm.

ISO.4 - 2,6-Di-mesityl-phenyl-isocyanate (Dmp-NCO)

Mes

NCO

Mes

Synthesized at 1Tmmol scale, using 2,6-di-mesityl-phenyl-amine as
starting material (the employed volume of DCM stays unchanged). The
corresponding isocyanate was isolated as a white solid in 99% yield
(352.2mg, 0.99mmol). The 'H and *C NMR characterizations are
consistent with previously reported data in C¢Dg.[*”

'H NMR (600MHz, DCM-d,): 8 7.36-7.33 (M, *Jortho = 7.6Hz, 1H, CHpara),
7.13(d, *Jorno = 7.6Hz, 2H, CHmeta), 7.00-6.97 (M, 4H, Mes, CHmeta), 2.33
(s, 6H, Mes, P*®CHj), 2.02 (s, 12H, Mes, °*"°CHs) ppm; "*C{'"H} NMR
(150.9MHz, DCM-d,): & 138.1 (2C, Mes, Cpara), 137.3 (2C, Conno), 136.7
(4C, Mes, Comno), 135.6 (2C, Mes, Cixso), 131.9 (1C, C-N), 129.7 (2C,
Creta), 128.6 (4C, Mes, Cmeta), 126.5 (1C, Cpaa), 126.1 (1C, N=C=0),
21.2 (2C, Mes, "™CHjs), 20.3 (4C, Mes, °""°CHs) ppm.

Complete assignments were made based on COSY, HSQC and HMBC

analyses.
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The 2,6-di-mesityl-phenyl-azide (Dmp-N3;) was synthesized according to a reported literature
procedure, starting from 1,3-di-chloro benzene.®*®! Tosyl-azide (TsNs) synthesis was as well
previously described,® whereas the Grignard reagent MesMgBr was prepared by a modified

procedure.B!

Preparation of Dmp-NH.

Me Me Me
cl . o Me O i o Me O LiAlH,4 (5eq.) Me
1. nBuLi (1.05 eq.), -80°C, 1h, THF Me 1. nBuLi (1.05eq.), 0°C, THF, 1h Me 4 (5eq. Me
- -
> | > N3 NH.
2. MesMgBr (2.5 eq.), -80°C to RT Me 2. (1.0 eq.), 0°C then RT, 2h Me Et,0 -60°C to RT in 1h, O Ve
Cl overnight then reflux for 2h then reflux for 2h
3.1 (2.5 eq.) in THF, 0°C to RT, 24h O O O
Me Me’ Me

Me Me | 1. NaNj3 (1.0 eq) as an aqueous

Br Mg powder (1.05¢4) MgBr | 3 z,/o solution, iPrOH, 1h, RT
THF, BrCH,CH,Br cat. (50ul) | ! cl »
Me' Me Me' Me 1 | HaC 2.H,0, 1h, RT

0°C then reflux for 2h

Preparation of MesMgBr

Me Me
Br Mg powder (1.05eq.) MgBr

THF, BrCH,CH,Br cat. (50ul)
Me Me 0°C then reflux for 2h Me Me

Magnesium powder (2.55g, 105mmol, 1.05eq.) was added to a 100ml Schlenk-flask inside a
glovebox. The flask was then taken under a fume-hood, where THF (50ml), mesityl bromide
(15.3ml, 100mmol, 1.0eq.) and 1,2-di-bromo-ethane (50ul, 0.55mmol, 0.006eq.) were sequentially
added under a back-flow of argon. As soon as the reaction started (exothermic reaction) the flask
was cooled down to 0°C and stirred for 30 minutes. The ice bath was then removed and the mixture
was refluxed for 2h. The resulting dark—green solution was cooled to room temperature and directly

used for the preparation of Dmp-I.

Preparation of Dmp-I

Me
(¢]] . o Me O
1. nBuLi (1.05 eq.), -80°C, 1h, THF Me
> [
2. MesMgBr (2.5 eq.), -80°C to RT O Me
Cl overnight then reflux for 2h
3.1, (2.5 eq.) in THF, 0°C to RT, 24h O
Me
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To a solution of 1,3-dichlorobenzene (4.6ml, 40mmol, 1.0eq.) in THF (125ml), nBuLi (1.6M, 26.3ml,
42mmol, 1.05eq.) was added dropwise at —80°C over a period of 30 minutes. After stirring for 1.5h
at this temperature, a freshly prepared solution of MesMgBr (100mmol, 2.5eq.) in THF (50ml) was
added via filter cannula at —80 °C over a period of 1h. The resulting mixture was allowed to slowly
warm up to RT, stirred overnight at that temperature and then refluxed for further 2h. The flask was
then cooled with an ice-bath and a solution of |, (25.4g, 100mmol, 2.5eq.) in THF (100ml) is added
dropwise over a period of 1h. The resulting brownish solution is allowed to warm up to RT and
stirred overnight. The mixture was finally quenched with a saturated NaSO; solution (300ml) and
separated by aid of a separation funnel. The aqueous layer was back-extracted with Et,O
(3x300ml), and the combined organic concentrated and dried over Na,SO,. The solution was
filtrated and the volatiles removed under vacuum. The resulting yellowish crystalline residue is
dissolved in hot ethanol and crystallize overnight at -20°C. The supernatant is removed by
decantation and the crystalline residue is washed with cold ethanol (2x100ml) and dried in vacuo.
The desired product was isolated as a white crystalline solid in 58% yield (10.23g, 23.2mmol).

Spectroscopic data are consistent with the one previously reported.

"H NMR (300MHz, CDCLl,): & 7.43 (t, *Jorno = 7.5Hz, 1H, CHpara), 7.15 (d, 3Jomno = 7.5Hz, 2H, CHueta),
6.94 (s, 4H, Mes, CHpet), 2.37 (s, 6H, Mes, *#CHj), 2.09 (s, 12H, Mes, *""°CHs) ppm;

Preparation of TsN;

o 1. NaN3 (1.0 eq) as an aqueous
n_0 solution, iPrOH, 1h, RT

s?
cl >
2. H,0, 1h, RT
HsC

To a 500ml round bottom flask, p-toluenesulfonyl chloride (15.25g, 80mmol, 1.0eq.) was added

along with isopropanol (45ml) in an air atmosphere. Separately, a solution of NaN; (6.24g, 96mmol,
1.2eq.) in H,0 (25ml) was prepared and immediately added to the TsCl suspension. The reaction
mixture was stirred for 1h at RT. After that, H,O (250ml) was added and the mixture stirred for
another 1 h. The crude was transferred to a separation—-funnel and extracted with DCM (4x200ml).
The combined organic phase was finally washed with brine and dried over Na,SO,. The solution
was filtered and the solvent removed by aid of a rotary evaporator to obtain a colorless oil. Eventual

traces of DCM were removed by stripping with argon flow. Tosyl-azide was obtained in 94% vyield
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(14.85g, 75.3mmol). Spectroscopic data are consistent with previously characterized products in

the literature.®

"H NMR (300MHz, CDCL): & 7.84 (pd, J = 8.5Hz, 2H, CH), 7.41 (pd, J = 8.5Hz, 2H, CH), 2.48 (s,
3H, CH3) ppm.

Preparation of Dmp-N;

Me Me 1. nBuLi (1.05eq.), 0°C, THF, 1h Me Me

| > N,
O Me 2. (1.0 eq.), 0°C then RT, 2h O Me
Me O Me O

Me Me

In an inert atmosphere of argon, Dmp-I (2.22g, 5.0mmol, 1.0eq.) was suspended in Et,O (100ml).
The flask was cooled in an ice-bath and "BuLi (1.6M, 3.3ml, 5.28mmol, 1.05eq.) was added
dropwise at 0 °C over a period of 30 minutes with stirring which results in a golden solution. After
stirring for one hour at this temperature, p-toluenesulfonylazide (0.77ml, 5.0mmol, 1.0eq.) was
added dropwise at 0 °C. The bath was removed, and the resulting yellowish solution was stirred at
RT for 2h. An aqueous solution of sodium hydroxide NaOH (0.05M, 50mL) was then added, and the
yellowish organic layer was separated and washed again with NaOHgq, (0.05M, 50mL). The
combined aqueous phase was counter-extracted with diethylether (3x100ml). The obtained Et,O
solution was then dried over Na,SO,, filtered, and volatiles were removed in vacuo to yield a
yellowish crystalline solid. Recrystallization in a minimum quantity of Et20 provided the desired
compound as a colorless, crystalline solid in 90% yield (1.61g, 4.5mmol). Spectroscopic data are

consistent with the one previously reported.®

'H NMR (300MHz, DCM-d,): & 7.35-7.28 (M, *Jorno = 7.6Hz, 1H, CHyar), 7.09 (d, %Jomne = 7.6Hz, 2H,
CHumeta), 7.02-6.96 (m, 4H, Mes, CHnew), 2.33 (s, 6H, Mes, #?2CHj), 1.98 (s, 12H, Mes, °"°CHs) ppm;

Preparation of Dmp-NH,

Me Me

Me O LiAIH, (5eq.) Me O

Me Me
N3 NH
O Me Et,0 -60°C to RT in 1h, O Me
then reflux for 2h
Me ! Me g

Me Me
Inside a glovebox, LiAlH, (380mg, 10mmol) was loaded in a 100ml Schlenk-flask and suspended in

Et,O (40ml). Out of the glovebox, a solution of Dmp-N; (718mg, 2.0mmol) in Et,O (20ml) was
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separately prepared, loaded in a syringe and added dropwise to the LiAlH, suspension the at -60
°C. The resulting yellowish mixture was allowed to slowly warm-up to ambient temperature and
heated to reflux for further 2h. The mixture was quenched with NaOH,q (0.01 M, 20mL) at 0°C. The
organic layer was separated and again extracted with an aqueous solution of sodium hydroxide
NaOH (0.01 M, 50mL). The two aqueous layer were collected and back-extracted with Et,O
(3x100ml). The combined organic fractions were dried over Na2S04, filtrated and the solvent
removed in vacuo to yield a yellowish solid. Recrystallisation from n—-pentane allowed to obtain the
desired product as a white crystalline solid in 84% yield (562mg, 1.7mmol). Spectroscopic data are

consistent with the one previously reported.®

'H NMR (300MHz, CDCL,): & 7.00 (s, 4H, Mes, CHpeta), 6.97-6.85 (M, 1H, CHpmeta and CHpar), 3.17
(brs, 2H, NH,), 2.36 (s, 6H, Mes, P#CHj3), 2.09 (s, 12H, Mes, “"°CH3;) ppm;

Synthesis of *N-labeled mesityl isocyanate (Mes-">"NCO)
®N-labeled mesityl-amine was synthesized according to a modified literature procedure:?

Mesityl-boronic acid (164.5mg, 1.0mmol, 1.0eq.) and methanol (2ml), "“NHz.q (6M, 0.42ml,
2.52mmol, 2.5eq.) and Cu,O (0.1mmol, 14.7mg, 0.1eq.) were sequentially added to a round-
bottom flask. The flask was not sealed, and the mixture was allowed to stir at 25°C for 24h. The
mixture was then filtered and volatiles were removed in vacuo. The obtained residue was purified by
column chromatography on silica gel (EtOAc/PE 1:20) to provide the desired product as a dark-
brown oil in 57% yield (78.0mg, 0.57mmol).

The synthesis of the labeled Mes-">*NCO was performed following the general procedure for the

synthesis of isocyanates previously described:

The "*N-labeled mesityl-amine (0.2mmol, 1.0eq.) and DIPEA (1.4ml, 0.4mmol, 2.0eq.) where added
to a Schlenk flask and dissolved in DCM (5ml). In a separate vessel, BTC (600mg, 0.1mmol, 0.5eq.)
was dissolved in DCM (5ml) under an atmosphere of argon. The flask was cooled with an ice-bath
and the amine/DIPEA solution was slowly added at that temperature. The resulting mixture was
stirred for 10 minutes, before the ice-bath was removed. The reaction was gently taken to reflux and
stirred for 4h (reaction monitoring by TLC). After this time, the crude was allowed to cool to RT and
directly filtered through silica. The filtering pad was rinsed with DCM (ca. 10ml) until no more
compound could be extracted. The obtained solution was evaporated until all volatiles were

removed, taken up in PE (5ml) and filtered again through silica. The pad was then rinsed with PE (ca.
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15ml). The desired compound was isolated as a colorless crystalline solid in 82% vyield (27.5mg,
0.17mmol). Mes-">NCO was immediately transferred in a glovebox and stored at low temperatures

(-20°C).

N.1-2,4,6-trimethylphenyl-amine ("*N-labeled)

Me 'H NMR (600MHz, CDCLl;): & 6.80-6.78 (m, CHmet), 3.52 (brs, 2H,

15
/@NHZ NH,), 2.23 (s, 3H, PCH;), 2.18 (s, 6H, °®"°CHs) ppm; "*C{'"H} NMR
Me Me (150.9MHz, CDCLl;): & 140.1 (d, "Jen = 10.3Hz, 1C, C-NH,), 129.0 (s,

2C, Creta), 127.3 (8, 1C, Cpara), 122.0 (d, Zon = 2.1Hz, 2C, Conno), 20.5 (s,
1C, P™CHy), 17.7 (d, 3Jen = 1.1Hz, 2C, °™°CH;) ppm; N NMR
(60.8MHz, CDCLl;): 6 48.5 ppm.
Complete assignments were made based on COSY, HSQC and HMBC
analyses. The "*C{'H, "*N} NMR spectrum is in line with previously
reported data for the non-labeled 2,4,6-trimethylphenyl-amine.’®?
13C{'H, 5N} NMR (150.9MHz, DCM-d.): 5 140.1 (s, 1C, C-NH,), 129.0
(S, 2C, Cmetw), 127.3 (s, 1C, Cpara), 122.0 (s, 2C, Comno), 20.5 (s, 1C,
pasCH,), 17.7 (s, 2C, °"°CH,) ppm.

N.2 - 2,4,6-trimethylphenyl-isocyanate ("*N-labeled)

Me H NMR (600MHz, DCM-d,): 8 6.86 (S, CHumew), 2.28 (s, 6H, *™"°CHs),
/@”’NCO 2.24 (s, 3H, PCHs) ppm; *C{'"H} NMR (150.9MHz, DCM-d.): 5 135.6
Me Me (S, 1C, Cpara), 133.1 (d, 2on = 2.5Hz, 2C, Conno), 129.1 (d, %Jon = 2.1Hz,

2C, Cueta), 128.9 (d, "Jon = 18.9Hz, 1C, C-N), 124.7 (d, "Jon = 52.5Hz,
1C, N=C=0), 20.9 (s, 1C, P®®CHj3), 18.8 (d, ®Jcn = 1.4Hz, 2C, °""°CHy)
ppm; "*N NMR (60.8MHz, DCM-d,):  43.1 ppm.

Complete assignments were made based on COSY, HSQC and HMBC
analyses. The "*C{'H, >N} NMR spectrum agrees with the one obtained
from the non-labeled Mes-NCO.¢!

3C{'H, >N} NMR (150.9MHz, DCM-d,): & 135.6 (s, 1C, Cpar), 133.1 (s,
2C, Cortho), 129.1 (s, 2C, Creta), 128.9 (s, 1C, Cipso), 124.7 (s, 1C,
N=C=0), 20.9 (s, 1C, PCHs), 18.8 (s, 2C, °""°CHz;) ppm.
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General procedure for the preparation of [IPrAu(isocyanate)]SbFs; adducts

_Dipp
. 7\
fN/D'pp AgSbFs (1eq.) GL SbFe

J N=C=0 N
N’( + Di Au
Au o DCM or DCM-d, PP

./
Dipp
cl low temperature O

C‘O

(1.25eq.)
Inside a glovebox, a screw—cap NMR tube was loaded with AgSbFs (10.3mg, 0.03mmol, 1eq.) and
0.2ml of DCM-d.. In separate vial, a solution of IPrAuCl (18.6mg, 0.03mmol, 1eq.) and the
isocyanate (0.038mmol, 1.25eq.) in DCM-d, (0.5ml) was prepared, loaded in a syringe and the
needle capped with a septum. Out of the glovebox, the NMR tube was cooled at low temperatures
(-80°C to -30°C) and the solution was slowly added along the walls to ensure the liquid could
properly cool down before reaching the second reagent. After 2 minutes from the addition, the tube
was taken and gently shaken while keeping the low temperature. Immediate formation of AgCl was
observed, while the solution remained colorless. The tube was directly inserted inside a NMR

machine at variable temperature.
Comments to the procedure:

o Decomposition with formation of colloidal gold is recorded overtime at different extents

depending on the relative stability of the adduct and the temperature;

o Exposure of the adduct to moisture or using regular solvents leads to the formation of the
corresponding [IPrAu-aniline]SbFs complex, via hydration and decarboxylation of the

isocyanate moiety;

o In some cases (Mes-NCO, Bn-NCO) the mixture can be moved inside a glovebox and

manipulated at RT for short periods of time;

o The IPrAu(Mes-NCO) adduct can be prepared directly in the glovebox at RT using DCM or
DCM-d; as solvent and filtered through a PTFE syringe—filter to remove AgCLl. Nevertheless,

the mixture must be stored at low temperature (-20°C) to avoid decomposition;
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C.1-[IPrAu(Mes-NCO)]SbFg

_Dipp Me

N AgSbFg (1eq.

Q . N=C=0 9SbFe (Teq.)

- Au DCM-d

Di . 2

PP cl Me Me -30°C to 25°C
(1.25eq.)

'H NMR (600MHz, DCM-d.): 3 7.64 (t, *Jono = 7.8Hz, 2H, Dipp, CHpara), 7.38 (d, Jorno = 7.8Hz, 4H,
Dipp, CHmeta), 7.37 (s, 2H, CHindote), 6.60 (brs, 2H, Mes, CHpeta), 2.29 (hept, 3) = 6.8Hz, 4H, iPr, CH),
2.09 (brs, 6H, Mes, °*™CHs), 1.96 (brs, 3H, Mes, PCH,), 1.23 (d, 3J = 6.8Hz, 12H, iPr, CHs), 1.20
(d, 3 = 6.8Hz, 12H, iPr, CHs) ppm; *C{'"H} NMR (150.9MHz, DCM-d,): & 169.4 (s, 1C, C-Au),
146.1 (s, 4C, Dipp, Corno—iPr), 140.0 (s, 2C, Mes, Corno), 135.4 (s, 1C, Mes, Cyan), 133.5 (s, 2C, Dipp,
Cipso=N), 132.6 (brs, 1C, Mes, Cipso=N), 131.8 (s, 2C, Dipp, Cyara), 125.6 (brs, 1C, N=C=0), 124.8 (s,
6C, ®"Crera aNd CHimigazot), 116.4 (s, 2C, Mes, Crew), 29.1 (s, 4C, iPr, CH), 24.7 (s, 4C, iPr, CH),

Dipp

Me

24.1 (s, 4C, iPr, CHs), 21.7 (brs, 1C, Mes, P™CHj3), 19.5 (brs, 2C, Mes, °""°CH;) ppm.

Complete assignments were made based on COSY, HSQC and HMBC analyses. The *C signal of
the N=C=0 carbon atom was identified by comparison with J-mod and DEPT-135 experiments.
No information regarding the nitrogen atom could be collected by 2D 'H-"°N experiments. NOESY

and DOSY analyses are consistent with coordination of mesityl-isocyanate to the IPrAu”

fragment.

11.96",
12.39,

2 1 ppm

Figure 4.31-'H NMR (600MHz, DCM-d,) spectrum of [IPrAu(Mes—-NCQO)]SbFs.
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Figure 4.32 - "°C{'"H} NMR (600MHz, DCM-d) spectrum of [IPrAu(Mes-NCO)]SbFs.
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Figure 4.33 — Stacked "°C{'H}, J-mod and DEPT-135 spectra (600MHz, DCM-d.), zoom on the

heteoallene carbon region.
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Figure 4.34 — a) NOESY (600MHz, DCM-d,) spectrum of [IPrAu(Mes-NCQ)]SbFes; b) zoom on the
cross—-peaks between the mesityl moiety and the iPr group at the NHC ligand; ¢) evidence for

exchange between coordinated and non-coordinated Mes—NCO.
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Figure 4.35 - DOSY (600MHz, DCM-d,) spectrum of [IPrAu(Mes-NCQ)]SbFs.

Diffusion coefficient values are obtained by exponential fit of the datasets collected from the
following peaks intensities (fitted at 95% of confidence level). The error is reported as maximum
semi-dispersion of the obtained values.
o dy(IPrAu’): 7.65,7.64,7.62 (t, Dipp, CHpar), 7.39, 7.37 (d, Dipp, CHmew), 1.23, 1.22 (d, iPr,
CHzs), 1.20, 1.19 (d, iPr, CHs) ppm > Dau-compiex = (9.8+0.3) - 107"°m?/s
e &y (Mes-NCO, coord.): 6.60 (brs, Mes, CHumet), 2.09 (brs, Mes, °*"°CHjs), 1.96 (brs, Mes,
°"°CHa) ppm = Dwmes-nco, coora= (1.17£0.02) - 10°m?/s
The diffusion coefficient of Mes-NCO was separately determined by DOSY analysis of the pure
compound in DCM-d,:
84 (Mes-NCO, coord.): 6.86 (s, 2H, Ca—H), 2.28 (s, 6H, ™*CHj3), 2.25 (s, 3H, P?CHs) ppm = Dyes-
NCO, free = (2.20£0.11) - 10°m?/s
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C.2 - [IPrAu(Mes-"*NCO)]SbF

_Di
Q o SbFg

. N
D Me
(\N PP 15N=C=0 AgSbFg (1eq.) Dipp A4 °
N_J,( + > Me 15N$C;
Di / Au- DCM-d2
pp Cl
Me Me -30°C to -20°C

Me

(1.25eq.) Me

'H NMR (600MHz, DCM-d,, 253K): & 7.62 (t, *Jortno = 7.8Hz, 2H, Dipp, CHpar), 7.37 (S, 2H, CHingole),
7.36 (d, %Jortno = 7.8Hz, 4H, Dipp, CHumeta), 6.58 (s, 2H, Mes, CHnew), 2.22 (hept, ®) = 6.8Hz, 4H, iPr,
CH), 2.05 (s, 6H, Mes, °*"°CHz), 1.92 (s, 3H, Mes, P*?CHj3), 1.20 (d, ®J = 6.8Hz, 12H, iPr, CHs), 1.15
(d, ®) = 6.8Hz, 12H, iPr, CHs) ppm; 3C{'H} NMR (150.9MHz, DCM-d,, 253K): & 168.7 (s, 1C, C-
Au), 145.7 (s, 4C, Dipp, Corno—iPr), 139.8 (s, %Jon = 2.8Hz, 2C, Mes, Comno), 135.0 (s, 1C, Mes, Cpara),
133.0 (s, 2C, Dipp, Cipso=N), 132.0 (d, "Jen = 20.0Hz, 1C, Mes, Cipse=N), 131.3 (s, 2C, Dipp, Cpars),
125.2 (d, "Jex = 50.9Hz, 1C, N=C=0), 124.4 (s, 4C, Dipp, Cmet), 124.3 (s, 2C, CHimidazot) 115.8 (d, Jon
= 1.9Hz, 2C, Mes, Cumesw), 28.7 (s, 4C, iPr, CH), 24.5 (s, 4C, iPr, CH3), 23.7 (s, 4C, iPr, CHs), 21.4 (s,
1C, Mes, "CH), 19.3 (d, %Jex = 1.4Hz, 2C, Mes, *™CH;) ppm; N NMR (60.8MHz, DCM-d,,
253K): 8 45.2 ppm.

D
6.9 8 6.7 6.6 pem
i
M
ANVEU
_w_l-ll IS TIN L 2.25  2.20 ppn
b
o . \
L..ul ‘ ulh JJ‘\-.)«_.JJ_;
1 10 9 8 7 6 5 4 3 2 1 ppm

o
423
6.03
289

12.34°_

12,59,/

Figure 4.36 - 'H NMR (600MHz, DCM-d,, 253K) spectrum of [IPerAu(Mes-">*NCQO)]SbFe.
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Figure 4.37 - J-mod (600MHz, DCM-d,, 253K) spectrum of [IPrAu(Mes—-NCO)]SbFs.
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Figure 4.38 - "*C{'H,"”® N} NMR (600MHz, DCM-d,, 253K) spectrum of [IPrAu(Mes-">"NCOQO)]SbFs.
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Figure 4.39 - °*N NMR (600MHz, DCM-d,, 253K) spectrum of [IPrAu(Mes-">NCQO)]SbFe.
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Figure 4.40 - *C-">N HMBC (600MHz, DCM-d., 253K) spectrum of [IPrAu(Mes-">*NCQO)]SbF;
(_ICN= 1 OHZ)
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Figure 4.41 - Staked "*C{'"H} NMR spectra of [IPrAu(Mes-">*NCO)]SbFs (600MHz, DCM~-d,, 253K)
and Mes-">*NCO (500MHz, DCM-d,, 253K); zoom over the N=C=0 carbon atom.
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Figure 4.42 — Staked >N NMR spectra of [IPrAu(Mes-"*NCQO)]SbFs (600MHz, DCM-d,, 253K) and
Mes-"SNCO (500MHz, DCM~d., 253K).
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Figure 4.43 - NOESY (600MHz, DCM-d,, 253K) spectrum of [IPrAu(Mes-NCO)]SbFs.
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Figure 4.44 - NOESY (600MHz, DCM-d,, 253K) spectrum of [IPrAu(Mes—-NCQ)]SbFs; zoom on the

cross—peaks between the mesityl moiety and the iPr group at the NHC ligand.
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C.3 - [IPrAu(Ph-NCO)]SbFs

/)N/D'pp N=C=0 AgSbFg (1eq.) Dipp,N Au
/N/AA i ©/ DCM-d =00
Dipp u'CI -dz

-30°C to 25°C @
(1.25eq.)

Only partial coordination of Ph—-NCO was detected. Fast decomposition was also recorded, with
formation of the homoleptic [(IPr).Au]SbFs complex. This species was also found in the case of

[IPrAu(Mes—-NCO)][SbFs] but in minor quantities.

|
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Figure 4.45 - "H NMR (300MHz, DCM-d,) spectrum of the reaction mixture.

The species [(IPr).Au]SbFe is forming from the cationic complex IPrAuSbFs, consistently with the
reduction of part of the complex to Au®. This last species, IPrAuSbFs was formed and revealed

unstable at 25°C in DCM-d,.

. / N SbFG
@N/Dlpp AgSbFg (1eq.) @ Di
N4 X Doy AUyt A
Dipp A4 pCM-dy, 30" R
Cl then 25°C for 72h DipP/N\/

For the control test, the same procedure for the synthesis of [IPrAu(Ph—-NCO)]SbFes was followed, but
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in absence of phenylisocyanate. The reaction was monitored by '"H NMR spectroscopy at different
times. After 72h, the crude was filtered through celite, the solution was concentrated and cold
pentane added. The obtained white solid was filtered from the supernatant, washed with pentane
(2x5ml) and dried under vacuum. The characterization data are in agreement with the ones previously

reported for the [(IPr),Au]" fragment.

'H NMR (300MHz, DCM-d.): 5 7.48 (t, J = 7.8Hz, 4H, Dipp, CHpar), 7.14 (d, ) = 7.8Hz, 8H, Dipp, CHmets),
7.04 (s, 4H, CHimiaszot), 2.27 (hept, J = 6.9Hz, 8H, iPr, CH), 1.04 (d, J = 6.9Hz, 24H, iPr, CH3), 0.85 (d, J =
6.9Hz, 24H, iPr, CHs) ppm; *C{"H} NMR (75.5MHz, DCM-d,): & 184.9 (s, 2C), 145.5 (s, 8C), 134.3 (s,
4C), 131.2 (s, 4C), 125.4 (s, 4C), 124.8 (s, 8C), 29.0 (s, 8C), 24.5 (s, 8C), 24.2 (s, 8C) ppm.

The spectrum of IPrAuSbFs is of difficult interpretation. Signals belonging to two different species are
present after activation of the corresponding chlorido complex. This pattern of signals is as well found
in the coordination attempt with Ph—NCO, confirming that only part of the cationize complex is

effectively coordinated by the isocyanate.
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Figure 4.46 - 'H NMR spectrum of IPrAuCl in presence of 1 equivalent of AgSbFe.
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C.4-[IPrAu(Bn-NCO)]SbFe

, =c=0
(/\N/Dlpp AgSbFe (Teq.) Dipp’ _
NA + S —— ‘N=C~
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Dipp . 2
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(1.25eq.)

| .ﬁ\‘l\ A
. AT e}
fo
P - S
\\ 2.6 2.4 2.2 2.0 pp
N\
\ .
N N\
\
\\
‘L\ N PN )‘ ‘Lg
1 10 9 8 7 [ 5 4 3 2 1 ppm

4.75 4.70 4.65 4.60 4.55 4.50 4.45 4.40 4.35 4.30 ppm

Figure 4.48 - NOESY (400MHz, DCM-d,, -80C°) spectrum of the adduct with Bn-NCQO, zoom on the
CH, groups.

198



i ‘ I JW it

F-10.4

L -10.3
F-10.2
- -10.1
)
\ ) \

0 i -100

N J )
"l 1
i ol
f ‘ P -9.9

v

9.8
1 F-9.7

! F -9.6

T T T T T T T T T T T -9.5
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure 4.49 - DOSY (400MHz, DCM-d,, -80C°) spectrum of the adduct with Bn-NCO

Diffusion coefficient values are obtained by exponential fit of the datasets collected from the
following peaks intensities (fitted at 95% of confidence level). The error is reported as mean value

of the given uncertanty over each measurement.

o &y (IPrAu’): 7.60, 7.68, 7.56 (t, Dipp, 2H, CHya), 2.26, 2.25 (m, iPr, CH), 1.13, 1.12 (m, iPr,
CHS) ppm 9 DAu—complex = (78108) -1 0_11 mz/S

e 34 (Bn-NCO, coord.): 4.46 (brs, 2H, Bn, CH») ppm = Dmes-nco, coord= (7.5%1.3) - 107" m?/s

e 34 (Bn-NCO, free): 4.53 (s, 2H, Bn, CH.) ppm = Dwmes-nco, free = (2.02%0.25)-107"°m?/s
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C.5-[IPrAu(Cy-NCO)]SbFs

/D.
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Figure 4.50 - 'H NMR (400MHz, DCM-d,, -80C®) spectrum of the adduct with Cy-NCO.
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Figure 4.51 - "3C{'"H} NMR (400MHz, DCM-d,, -80C°) spectrum of the adduct with Cy-NCO.
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Figure 4.52 - 'H-"*C HMBC (400MHz, DCM-d,, -80C°) spectrum of the adduct with Cy-NCO.
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Figure 4.53 - 'H-"3C HSQC (400MHz, DCM-d,, -80C°®) spectrum of the adduct with Cy-NCO.

'H and *C NMR data relative to Cy-NCO are reported for clarity:

'H NMR (500MHz, DCM-d,): & 3.44 (tt, ) = 9.,1, 3.7 Hz, 1H, CH), 1.93-1.85 (m, 2H, CH,) 1.75-1.67
(m, 2H, CH>), 1.55-1.42 (m, 3H, CH), 1.38-1.26 (m, 3H, CH,) ppm; *C{"H} NMR (125.8MHz, DCM-
dz): 8 122.8 (s, 1C, N=C=0), 53.9 (s, 1C, CH), 35.2 (s, 2C, CH), 25.6 (s, 1C, CH,), 24.2 (s, 2C, CH,)

ppm.
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Characterization of the IPrAu-(N-methylpyrrole) m-complex

Inside a glovebox, a screw—cap NMR tube was loaded with AgSbFs (10.3mg, 0.03mmol, 1eq.) and
0.2ml of DCM-d,. In separate vial, a solution of IPrAuCl (18.6mg, 0.03mmol, 1eq.) and N-
methylpyrrole (3.4ul, 0.038mmol, 1.25eq.) in DCM-d, (0.5ml) was prepared, loaded in a syringe and
the needle capped with a septum. Out of the glovebox, the NMR tube was cooled at -30°C and the
solution was slowly added along the walls to ensure the liquid could properly cool down before
reaching the second reagent. After 2 minutes from the addition, the tube was taken and gently
shaken while keeping the low temperature. Immediate formation of AgCl was observed. The tube

was then moved inside a NMR machine at 25°C for routine characterizations.

"H NMR (300MHz, CDCLls): & 7.60 (t, ¥/ = 7.8 Hz, 2H, Dipp, CHy.r), 7.36 (d, °J = 7.8 Hz, 2H, Dipp,
CHnmeta), 7.32 (s, 2H, vinyl, CH), 6.87 (pt, J = 1.7Hz, 2H, N-CH,y), 5.91 (pt, J = 1.7Hz, 2H, CH,y.), 3.39
(s, 3H, CHapyn), 2.37 (hept, ¥ = 6.9Hz, 4H, iPr, CH), 1.23 (d, ¥ = 6.9Hz, 6H, iPr, CH3), 1.22 (d, % =
6.9Hz, 6H, iPr, CHs) ppm; *C{"H} NMR (300MHz, CDCLls): & 175.5 (s, 1C, C-Au), 146.1 (s, 4C, Dipp,
Cortno)s 133.7 (s, 2C, Dipp, Cipso), 131.4 (s, 2C, Dipp, CHpara), 128.9 (s, 2C, N-CHyyrr), 124.7 (s, 4C, Dipp,
CHmeta), 124.5 (s, 2C, IPr, CHimidazot), 98.1 (s, 2C, CHyyr), 37.1 (s, 1C, CHspyir), 29.1 (s, 4C, iPr, CH), 24.8
(s, 4C, iPr, CHs), 24.0 (s, 4C, iPr, CH3) ppm.
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