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1. Introduction



1.1. The Porphyrin Ligand

1.1.1. Structure of the porphyrin ring

Porphyrin ligands are a class of heterocyclic mawles composed by four pyrrole units
interconnected at the carbons by methine bridges. Porphyrins are ar@ancatnpounds since 26
electrons are delocalized all over the macrocyitig!!, thus respecting the Hiickel rulen).
Hence, the macrocycle forms a rigid and planarcaire in which the four pyrrolic rings lay on an
equatorial plane. Porphine is the parent porphgampound and its structure is represented in

Figure 1 along with the classification of the positions [§f andmesg.

+2H*
+ 2e”
- 2H*
- 2e’
Porphine Chlorin Bacteriochlorin
(@ (b) (©)
1,4,6,9,11,14,16,19: a-positions
2,3,7,8,12,13,17,18: B-positions + .
5,10,15,20: meso-positions +6H", + 6e
H H
H H
Porphyrinogen Corrin
(d) (e)

Figure 1. Porphine and other related tetrapyrrolic macro@&l

Together with their reduced-aromatic forms (chlsrand bacteriochlorins iRigure 1) porphyrins
and other tetrapyrroles derivatives are very resurcompounds in all organisms. Among the most
famous examples there are heme-proteins whoseogetiyrin core is essential for their activity in
a wide variety of biochemical processes and vitaBixnwhich is based on a corrin macrocycle
(Figure 1). These highly coloured ligands, due to their famental biological importance, have

been named “the pigments of lifé".



1.1.2 Synthesis of porphyrins

The first synthesis of a porphyrin was reported926 by Hans Fisch&rby using dipyrromethanes
as starting materials. This synthetic strategyvedld the synthesis of the natural compound
Protoporphyrin IX that was pivotal for Fischer's3IBNobel Prize award.

After this pioneering work, new routes for the $edis of mesesubstituted porphyrins were
developed by Rothemund, who first investigatedsyr@hesis omesetetramethylporphyrin by the
reaction between pyrrole and acetaldehyde in 1935.

This protocol was improved by Adler and Lofgavho found that porphyrins can be synthesised
reacting benzaldehydes and pyrrole in refluxingommic acid Gcheme 1). This reaction allows the
conversion of a wide variety of benzaldehydes adbrrespondingnesesubstituted porphyrins in
yields up to 20%. This method is still one of thestnconvenient to rapidly obtain a good amount
of crystalline and relatively pure material, howewbe harsh reaction conditions do not allow the
synthesis of derivatives carrying sensitive funaéiogroups and the purification may be difficult
since a large amount of by-products is obtainedlima these problems minor modifications may
be applied, such as the use of a reaction solvétht avlower boiling point (e.g. acetic acid,

nitrobenzene/acetic acid mixture) or the use ofavi@ve irradiation’
Qo
] i /
N H  CH3CH,COOH
(W ;

R \

) { Sr

Scheme 1. The classical Adler and Longo’s synthetic methogyplfor meso-tetraarylporphyrins.

In 1987 Lindsey and co-workers proposed a porphgyimhesis at milder reactions conditions via
porphyrinogef! (Scheme 2). In this method a pyrrole and an aromatic aldehyeiet at room
temperature under anaerobic conditions in the poeseof an acid catalyst (e.g. BEtO)
establishing an equilibrium with the porphyrinogaecies, then after the addition of an oxidizing
agent, such as 2,3-dichloro-5,6-dicyano-1,4-benpocie (DDQ), the porphyrinogen undergoes
oxidative aromatisation to give the porphyrin. Thmethod has the advantage that sensitive

aldehydes can be employed for porphyrin synthésésfinal product has an easier purification and
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it is obtained in good yields (30-40%). Howevere thindsey method requires diluted solutions

(10% M) to optimize the porphyrinogen formation, thusking more difficult the reactions on a

large scale.
R R
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Scheme 2. Lindsey’s methodology.

Adler's and Lindsey’s methodologies, and all theiodifications and improvements in the recent
years, are useful strategies to synthesise a lemgety of porphyrins carrying identical substitten
at themesoand/orp positions with a plethora of possible structurad &lectronic properties.

Many other synthetic strategies to synthesise astmenporphyrins, that for example carry
different groups at thenesopositions or differently substituted pyrrole unitgere developed but

these methods will not be discussed since thespa@onds were not employed in the present thesis.



1.2. Porphyrin Complexes

The majority of elements in the periodic table focomplexes with porphyrins, the highly stable
macrocyclic ring and the rigid structure make the&sgnpounds a unique class of ligands.
Porphyrins are called “free-base” in their neufain, with two protonated pyrrolic units, when
these protons are removed the porphyrin becomestradéntate dianionic ligand capable to
coordinate a metal ion in the central cavity of ti@crocycle.

Metal fragments bonded to the porphyrin ligand eaist in a wide range of oxidation number,
electronic and spin state. Their stability to deatagion varies depending on many factors. The
empirical stability is defined on acid resistanite most stable metalloporphyrins are fully resista
to 100% sulphuric acid while the least stable ammetalated by neutral water.

The ion size is an important factor for metallogonins, if the metal atom fits reasonably well into
the central cavity, as generally late transitiontaisedo, only two mutuallyrans sites are available
and a great control over the coordination enviramn® achievedKigure 2, entry a). Conversely,
early transition metals tend to be too large tanfithe central cavity, so they coordinate at ade s

of the porphyrin and have additional ligands placisqFigure 2, entry b).

Figure 2. General coordination mode for porphyrin complexes.

1.2.1 Synthesis of Metalloporphyrins

Different routes have been employed for the ingertof a metal or a M+Lfragment into a
porphyrin ring, mostly depending on the naturehaf inetal source. In the present thesis two main

synthetic strategies were employed:

A) Coordination of a metal from a M(ll) salt: the synthetic procedure simply consists in allavin
the free-base and a divalent metal salt to redattdropportune solvent, in order to get the porphyr
ligand and the metallic reagent simultaneouslyhi $olution under reactive conditions. Usually,
good solvents for porphyrins in their neutral foraxe generally poor solvents for simple metallic

ions and vice versa. Adler and co-worl&rsroved that refluxindN,N-dimethylformamide (DMF)



is a useful reaction solvent, the desired M(porphytomplex is obtained in short reaction times
with good to excellent yields for a number of bestl metals (M = Zn, Co, Cu, Ni, Fe, Cr, Mn, Pb,
Pd, Hg, Cd etc.)Scheme 3). The addition of a weak Brgnsted base promotesdhction rate by

removing the two pyrrolic protons of the free base.

DMF
zn'(OAc), + LH, — > zn'(L) + 2 AcOH

DMF
co''Cl, + LH, —— >  Co'(L) + 2 HCl

L = porphyrin ligand

Scheme 3. Synthesis of metalloporphyrins via a metathesstien.

B) Coordination/oxidation of the metal source:In some cases, an external oxidant has to be
added to the reaction mixture to promote the viarabf the metal oxidation state in order to have
an isolable and stable product. For example, usifg metal source initially an iron(ll) porphyrin
intermediate is formed, then it is oxidized to there stable iron(lll) complex during the work-up
in air and in the presence of a donor ligand (fareple CI from aqueous HCI solution). For other
metals stronger oxidants are necessary to prorhetéormation of the product, for example, the
insertion of rhodium as Rhin a porphyrin ligand is accomplished startingnir@ carbonyl
complex of Rh(l) ([Rh(CQXLI],) in the presence of molecular iodine as the oxidan

Spontaneous oxidation can occur when a M(0) clsiséee used as metal sources. The more
extensively reported way for the preparation ohemium(ll)-carbonyl and osmium(ll)-carbonyl
complexel’ involves the reaction between the free-base poiphand the neutral metal cluster
M3(CO).2 in a high-boiling solvent, such as decahydronagdetie or diethylen glycol monomethyl
ether. In these cases a spontaneous oxidatioreah#tal from 0 to +2 occurs, formally promoted

by the two protons displaced from the free-basmealecular hydrogen.



Fe'Br,+LH, ——  Fe'l(L)(Cl) + 2H"
O,
| +1/21, Il P }
1/2 [Rh(CO),Cl], + LH, _ e RAML)(I)+2CO + 2H + I+ Cl
1/3 Ru3%(CO);, + LH, _— Ru'(L)(CO) + 3CO + H,

L = porphyrin ligand

Scheme 4. Synthesis of metalloporphyrins through the coation/oxidation protocol.

1.2.2. Catalytic Activity of Metalloporphyrins in Nature

The most naturally abundant metalloporphyrin isitbe complex of protoporphyrin IXHigure 3).
The porphyrin ligand is peripherally substituteddvyalkyl or an alkenyl residue at egthosition,

as observed for most natural occurring species.éHBrand its derivatives are the prosthetic group
for a large number of biological active proteinghsmany different functions. Among the most
studied heme-containing systems, cytochromes Pedb0py a prominent role. The P-450 domain
iS present in many monooxygenase, important enzyimesnany metabolic pathways, whose
function is to insert a hydroxyl moiety in a detémed organic substrate. The oxidation of
nonactivated hydrocarbons is promoted by membersthef cytochromes P450 family at
physiological temperature by the activation of nealar oxygen.

COOH
COOH

Figure 3. Iron(Il) protoporphyrin IX complex also known agiide B.

The best structurally and biochemically characestiP450 is the soluble protein P-450cam, which
is able to promote the regioselective camphor hygdabion at 5exo position and was studied to

model the catalytic activity of cythochromes P48bThe catalytic cycle is described Seheme 5.
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The resting state is the hexacoordinated iron¢idinplexA that is activated by the removal of the
sixth ligand and one-electron reduction from a egeme to give a pentacoordinated iron(ll)
complex B that is able to coordinate molecular oxygen. Thea@ivation occurs through the
cleavage of the O=0 bond by addition of one elecfrom a coenzyme and of two protons to
release a water molecule. A very reactiv€=&® intermediate is formed and it is stabilized bg t
donation of one electron from the porphyrin ligayaherating the radical FentermediateG. This
latter compound is able to insert an oxygen atotm sncamphor C-H bond through a very regio-
and stereoselective process. The exact naturee apibcies responsible for the oxygen insertion is a
matter of debate but the formation of an iron ogecies such as compl€kis mostly acceptétt..
The biological pathways can be “short-circuited” using hydrogen peroxide instead of & the
oxidizing agent (so-called “peroxide shunt"Soheme5).

PO e e T |

Scheme 5.Catalytic cycle of P450cam for regioselective caorpxidation.
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Many efforts have been made to synthesise iron lgoips as artificial counterparts of the
biological systems. The first reported biomimeigstem for catalytic hydrocarbon oxidation by the
“peroxide shunt pathway” was published by Groe¢sal in 1979!*? They showed that alkene
epoxidation and alkane hydroxylation could be penfed by Fe(TPP)CI using PhlO as the oxygen
donor. The main problem of this system was thevargible oxidation of the iron center, because,
in absence of the biological superstructrure of é&gmoteins, a significant amount of catalytically
inactive p-oxo iron(lll) porphyrin dimers is prodedc A number of hindered iron-porphyrins
systems was developed in order to better mime tbgip environment of heme-proteins and to
prevent irreversible dimerization/oxidatiff. Among this biomimetic systems the so-called “ptcke
fence” porphyrin§¥ are an important class of ligands, their corrediraniron(ll)-complexes were
studied as models of hemoglobin for oxygen bindRigure 4).1**!

O%i )%O
NH HN

0,

) o

Figure 4. Example of iron(ll) picket fence porphyrin complex N-methyl imidazole.
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1.2.3 Ruthenium Porphyrin Complexes

Ruthenium coordinates strongly to the porphyriratid, these complexes cannot be completely
demetalated even in the presence of concentratpldusic acid. An interesting chemistry is related
in these compounds because of the intriguing pibisgibo have species in an oxidation state
ranging from -2 to +6.

Initially ruthenium porphyrins were studied to reguce the behaviour of cytochrome P450
systems for oxygen activation because of theirtioelahips to iron-porphyrins. These two metals
lay on the same group of the periodic table areteflore, share the same electronic structure in the
outer shell. Indeed, in the 80’s high-valent diouthenium(VI) porphyrins were found to be able to
activate molecular oxygen and to perform catalgtéfin epoxidatiorf'®

The first investigations concerning ruthenium pomolh complexes were restricted to carbonyl
complexes [RU(porph)(CO)], common product of the insertion othenium in the free-base
porphyrin. These compounds are stable and do nd¢rgo metal oxidation in air atmosphere,
conversely to the related iron(ll) porphyrin comqas, thanks to the-acceptor CO ligand which is
strongly bound to the metal centre.

Two routes are possible to remove the carbonyhtigahe first is the photochemical ejection in a
suitable coordinating solvent (e.g. pyridine) obitag complexes of the general formula
RU'(porph)(solvent) The second method is the oxidative removal legtbrhigh-valent ruthenium
porphyrin complexes; for example, in 1984 Groveported the first synthesis of a dioxo-
ruthenium(VI) porphyrin complex by the reaction Rf'(TMP)CO (TMP = dianion ofmeso
tetramesitylporphyrin) withmetachloroperbenzoic acid’. This complex has a truly biomimetic
behaviour since it can transfer the oxygen moietgrt organic substratg, furthermore, because
ruthenium porphyrin are more inert to substituttben the first-row congeners, R(porph)(O)
are good systems for mechanistic investigationgei@¢ dioxo-ruthenium(VI1) porphyrin complexes
were synthesised and found to be active speciesxiggen transfer reactioh, many systems
based on ruthenium porphyrin were developed toopearfcatalytic olefin epoxidation and

hydrocarbons oxidation mainly usitgoxide heterocycles as the oxygen dor@sheme 6).11% 2%

13
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Scheme 6. Proposed mechanism for alkene epoxidation usiniglipg N-oxides as the terminal

oxidants.

Collman and co-workers proposed a mechanism forRitig¢porph) oxidation by reaction of the
ruthenium complex with molecular oxygeBcthieme 7). At first the p-peroxo dimeA should be
formed, then the homolytic cleavage of the O-O bgives the elusive species [R{porph)(O)]B.
Then, depending on the sterical properties of tharplpyrin ligand, B undergoes a
disproportionation reaction that leads to a ruthemidioxo complex @), otherwise a p-0x0
ruthenium porphyrin dimerQ) may be formed by formal addition of a water malec The
oxidation of the sterically encumbered"RIMP)CO leads to a Rltdioxo species, conversely, if
the porphyrin ligand carries less hinderadsearyl groups, a p-oxo-Rliporphyrin dimer species
is formed under the same reaction conditions. This the case when RIPP)CO or
RU'(TTP)CO were used as starting reageft§TPP = dianion of tetraphenylporphyrin, TTP =
dianion of tetratolylporphyrin).

OH

P 7P

-—>/

<

\ )
:
D
Scheme 7. Mechanism of oxidation of Ru(ll) porphyrin com@s)y dioxygen.
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Also the solvent seems to play a key role to cdrtre reaction outcome, it has been shown that
Ru”(TPP)(O) can be obtained even if the porphyrin ligand ésisally unhindered in the presence
of a weak coordinating solvent such as an alcBHol.

The synthesis of oxo-bridged dimers was studiedhm early 80’s using as starting material
ruthenium(ll)-carbonyl complexes of unhindered pomin ligands, such as TPP and OEP
(octaethylporphyrin dianion). The first report cenmts the oxidation of Ru(OEP)CO hwgrt-
butylhydroperoxide to give the dimer complex [ROEP)(OH)}0?, which is highly stable and
diamagnetic, generally unexpected for ruthenium@dnplexes. pu-Oxo dimers easily exchange the
axial ligand under acidic conditions and a numbércompounds of the general formula
[Ru" (porph)(L)LO were producef® However, these compounds did not find any pasicul
application because the p-oxo dimers are genehnalyly stable and do not transfer the oxygen
moiety, therefore, [RU(porph)(L)LO do not promote hydrocarbon oxidation reactionslyO
recently Zhang and co-work&®% created an efficient catalytic system in whichhamium p-oxo
porphyrin dimers catalyse the oxidation of hydrbcas upon photochemical activatioBcljeme

8).

Under irradiation with visible light ( = 350 nm) of [Ru(TPP)(OH)D underwent a
photodispoportionation generating an elusive arghlii reactive RU=0 specieé® which was
responsible for oxygen transfer to a double bontboioxygen insertion in a C-H bond of many
different hydrocarbon substrates. After the rapytirbcarbon oxidation step the so-obtained
RU"(TPP)OH was oxidized by atmospheric oxygen to ¢ieestarting [Ru(TPP)(OH)P catalyst.

1/2 0,

R

OH | rapidly ‘
Substrate Substrate-O

Scheme 8. The catalytic system developed by Zhang.
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1.3. Metalloporphyrin-Catalysed Amination Reaction

The biological and pharmaceutical activities ofasrgnitrogen compounds prompted the scientific
community to develop new methods for the direct aelctive CN bond formation in order to
synthesise useful fine chemicals in an economiaahibn and using environmentally benign
technologies. Recently, the use of nitrene precarkw the introduction of a“NR” moiety into

an organic molecule received special attention @wachy reviews have been published on this
subject?®: 7]

Nitrenes are the nitrogen analogues of carbeneghmidreactivity is due to the presence of four
non-bonding electrons. These species can existardtfferent spin states: in a singlet state nigren
the electrons are arranged as two lone pairs, &herkethe electrons are present in three orbitals,
one filled and two semi-filled, the correspondirirene is in a triplet state and shows a diradical
behaviour Figure 5). In both cases, nitrenes are not stable as fideaules and react very easily

with a great variety of organic substrates.

singlet triplet

R —9@ R —(r?@

oS oS
E/',"' ¢ R i @O

0 "0

Figure5. Singlet and triplet states for nitrenes and carzen

Typical nitrene sources used for the synthesisiwbgen-containing molecules are reported in
Figure 6. The “classical” nitrene source for amination teats are iminophenyliodinanes
(PhI=NR) that can be also formed situ by the reaction of the corresponding amine (RNWhith
an oxidant such as PhI(OA®r PhIO. As indicated below, iminophenyliodinanesgfer from
several drawbacks, therefore alternative nitrogearces such as chloramine-T (TsN(CI)Na)
(Ts=tosyl), bromamine-T (TsN(Br)Na) and especialtyganic azides (RN were recently

investigated.

16



M]

- rI /" + oxidant H2NR

llNRll

\NRJ | MRN

-NaX  organic
substrate

Arl=NR

nitrogen-containing
molecules

Figure 6. General scheme for the nitrene formation and tfans

The formation of the “RN” moiety is promoted by transition metals that céso selectively
drive the nitrene transfer towards organic molezulEransition metal complexes of porphyrins
were shown to be very efficient in both stoichioneetind catalytic nitrene transfer reactions.

The aim of this section is to examine a selectidnpapers concerning the activity of
metalloporphyrins in several nitrene transfer reast using different nitrene sources to give an
overview of the potentiality and limits of thesethmlologies. A particular attention will be given

to the ruthenium-porphyrin-catalysed amination gsiryl azides as nitrene sources.

1.3.1. ArlI=NR as nitrene sources

The synthesis of a new type of iodine-nitrogen gjid-tosylimino aryliodinane together with a
study of its reactivity was reported by Yamada &74?® but it was the group of Evans to develop
the nitrene transfer to olefins by PhI=NTs into yatketically useful method® Breslow and
Gellmar®™ in 1982 demonstrated that PhI=NTs, the tosylimigdalague of iodosobenzene, is
active in the M(TPP)CI (M = Mn(lll), Fe(lll)) catgsed CH amidation of cyclohexanes¢gheme

9). The fact that even cytochrome P-450 is cataliliicactive indicated that this reaction can be

considered a “nitrogen version” of the hydroxylatmf C-H bonds performed in Nature.

<:> + Phi=NTs S8, NHTs+ Phi

cat = Fe(TPP)CI or Mn(TPP)CI or cytochrome P-450
Ts = tosyl

Scheme 9. C-H amidation of cyclohexene.
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The recovered yield of the aminated product way @~ (3—8%) but since the publication of the
previously cited papers several efforts were deltbeimprove the efficiency of the amination of
alkanes, reagents that generally show low chemgattivity. Nitrene insertion reactions occur
more easily into activated C—H bonds such as albtid benzylic onds” In fact, the synthesis of
allylic and benzylic amines was efficiently catagidoy manganese porphyrin complexes also when

using natural products such as equilenin acétatBcheme 10) as starting materials.

O
TsHN
" Mn(TFPP)CI ‘
sont-Jive
AcO AcO

TFPP = dianion of 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin

Scheme 10. Selective amidation of a benzylic C-H bond of expuil acetate.

A mechanism for this reaction was initially propddgy Mansuy and co-workefs! As shown in
Scheme 11, the insertion of the “NR” moiety into the CH bond should occur through a
hydrogen atom abstraction by a metallo-nitreneriméeliate complex. The formation of an active
imido intermediate was suggested on the basisec&tialogy with the €4 hydroxylation, in which

a high valent metal-oxo compound is responsibléiferoxidation reaction.

M + PhI=NTs

l— PhI
N
'_C_H

<

NHTs

,c- + D —C D + ,c NHTSs

NTs *NTs

Scheme 11. Proposed mechanism for the tosyl amidation of adkanatalysed by M(porphyrin)CI
(M =Mn" or F€") complexes.

The possible existence of iron imido intermediateas supported by the isolation and
characterization of complek (Scheme 12) in which a nitrene functionality is bridging timeetal
centre and a nitrogen atom of the porphyrin ligavidnsuy and co-workers proposed thawas
formed by an insertion of the tosylimido moietydrthe iron-pyrrolic nitrogen bond of the unstable
terminal imido porphyrin complex

18



NTs N\
NT——=N - Phi N:‘H‘;N N’—L\N
( _Fel ) +Phl=NTs ———|( ~Fel )|—— ( SFe_ )
N——N N~—N NN
cl cl Cl
<N’“HN)_ . 1
NH— N = porphyrin X-ray

Scheme 12. Synthesis of the bridged iron nitrene porphyrin ptar1.

A significant progress in understanding the medranof the reaction was achieved by using
ruthenium in place of iron because of the highabisity of the imido complexes, this substitution
also allowed the improvement of the efficiencyué tatalytic systents

To investigate the mechanism of the ruthenium-gagal C—H amination, the reaction between
ruthenium(ll) porphyrin catalysts and the nitreparse PhI=NSER was investigatedstheme 13).
Notably, numerousis-imido complexes of the general formula Rporphyrin)(NSGR), were
isolated®*® put unfortunately their poor stability preventetXray characterization at that time
and only very recently an X-ray single crystal stame of [RU'(TMP)(=NMs)] (2) (in which Ms =
SO-p-MeO-GsH4) was obtaine® The general synthesis of ruthenitnis-tosylimido complexes

is reported irSscheme 13.

Ph|=N502R3

CH,Cl, -Phl

2, Rl: 2,4,6'(Me)3C6H3' R2 = H, R3 = 4-(MeO)C6H4

Scheme 13. Synthesis of ruthenium bis-tosylimido porphyrin ptaxes.

The nitrene functionalities of Rl{porphyrin)(NSGR), complexes are transferable to hydrocarbons
affording the corresponding aminated species ancthamcterized ruthenium products. If the

reaction was run in the presence of pyrazole, amitleenium porphyrin complexes were isolated

and fully characterizedstheme 14).
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N 7 NHSO,R
NSO,R \ \ / 2

\
G+ e —— ¢ pwson

NSO,R N/N
\ /7

Scheme 14. Nitrene transfer reaction from the bis-imido ruthen complex to a hydrocarbon with
the concomitant formation of a B(porphyrin)(NHSGR)(pz) complex.

The nitrene transfer reaction was studied in ddtgilChe and co-workers and all collected data

indicated the mechanism illustrateddcheme 15.571

i CRy _
ROZS\ /’)H ‘CR3
NSO,R N NHSO,R
H—CR Hpz
Cru> 0. D |
NSO,R i NSO,R | NSO,R

NHSO,R

_— + RSO,HN-CR; > = porphyiin
Pz

Scheme 15. Proposed mechanism for the nitrene transfer reacto hydrocarbons.

The authors suggested that the amidation reactionepdsvia carboradical intermediates. A
hydrogen atom abstraction by théhenium imido complex should occur on the penghef the
complex, since the imido moiety is bound to the rdomtively and electronically saturated
ruthenium centre. Recently, the nitrene transfactien of2 with ethylbenzene was investigated
also from a theoretical point of view through DFlaulationd®®!

N-tosylimido compounds can be also employed to ®giie aziridinesScheme 16). This class of
molecule¥” show various biological properties and they repmesuseful building blocks in
organic synthesis for the high reactivity of theetsmembered ring. The first metalloporphyrin-
catalysed synthesis of aziridines by a nitrenesfiearreaction from iminoiodinanes was performed

in the presence of iron and manganese compl&Xes.
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N
/— +phi=NTs 3L +Phi

Ar Ar

cat = Fe(porph)Cl or Mn(porph)CI

Scheme 16. Aziridination reaction using N-tosylimidoiodinanas nitrene sources.

Stereospecific versions of this reaction were al®veloped using chiral porphyrin ligands
obtaining the aziridine product in a moderate eioamric exces§? Ruthenium porphyrins also
showed a very good catalytic activity in aziridioat reaction with iminoiodinanéd®! even in
enantioselective reactiofid. If the reaction is conducted using the RIFhI(OAc) protocol,

intramolecular aziridinations can also be perforfiéd

1.3.2. Chloramine-T and bromamine-T as nitrene sowes

In spite of the extensive use of iminoiodinanesréhare some limitations for a practical appliaatio

of this class of reagents. Arl=NR compounds arecootmercially available and their synthesis is
frequently not easy, they have poor solubility amenon organic solvents and the process has not a
good atom economy since the stoichiometric sidaelymb of the reaction is Arl. To overcome
synthetic problems, other nitrene sources such hdgramine-T, the alkylammonium salt of
chloramine-T, and bromamine-T have been exploBetigne 17). In this case the stoichiometric

byproduct is a sodium or alkylammonium salt.

~-

Scheme 17. Chloramine-T, the alkylammonium salt of chloraminand bromamine-T.

chloramine-T X=Cl| Y=Na

7 alkylammonium salt y_~ v=NR.R
~x  of chloramine-T 3

bromamine-T X=Br Y=Na

o
<

O:C|D
pzd

In 1983 Barton and co-workétd reported on the use of situ generated ferrous chloride
chloramine-T complex for the amination and aziradion of several hydrocarbon substrates.
Afterwards, chloramine-T has been employed in tiesgnce of several catalytic systdffis.

One inconvenience associated with the use of amio&T is its poor solubility in low polar
solvents. To circumvent this problem Cenini andwakers*”! reported on the use of the

alkylammonium salt of chloramine-T as aminatingrag# cyclic olefins in the presence of iron or
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manganese porphyrin complexes in methylene chlofitte corresponding allylic amines were
obtained. On the other hand, by using a more podaction solvent such as @EN and
bromamine-T as nitrene source, excellent resultse vaehieved by Zhang's groff in the
aziridination of a broad selection of olefins ahd amination of benzylic 8fC-H bonds using iron

and cobalt porphyrins as the catalyst.

1.3.3. Organic azides as nitrene sources

The chemistry of organic azides (EMs nitrogen sources have been explored to a &tigait due
to the high synthetic versatility of this classreblecules?® The lability of the N-Ng bond of the
N3 group allows the generation of a nitrene unit ("RMith the eco-friendly molecular nitrogen as
the only reaction side-producsgheme 18). Therefore, organic azides can be consideredoas-a

efficient nitrene transfer reagents.

Scheme 18.

The nitrene transfer from RNto an organic substrate can be performed by tHemna
photochemical activatioR but drastic experimental conditions are required wery often the
chemoselectivity of the reaction is not easily colted. The best results have been achieved in
intramolecular reactiofd! that represent an useful methodology to produeehaterocycles such
as carbazoles. To improve the selectivity of in@eaular nitrene transfer reactions and to use
milder reaction conditions, the presence of tramsitnetal catalyst is required. The first metal-
catalysed nitrogen atom-transfer from organic azides reported by Kwart and Kahn, who
demonstrated that copper powder promoted the demsitign of benzenesulfonyl azide when
heated in cyclohexert®!

The first example of a stoichiometric nitrene tfanseaction from an imido porphyrin complex to
olefins to give aziridines was due to Groves ankahashi>® They produced the nitride complex
Mn" (TMP)(N) (3) by photochemical decomposition of the correspogdazido complex and
reacted it with trifluoroacetic anhydride (TFAA) tpve the imido complex4). The addition of
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cyclooctene gave METMP)(TFA) (5) (TFA = trifluoroacetate) and the (trifluoroacésgiridine of

cyclooctene $cheme 19).

CCF3 CCF3

C = s 5

N
CCF,

Scheme 19. The stoichiometric formation of (trifluoroacetyfjadine of cyclooctene.

The use of cobalt porphyrin complexes allowed thelgtic aziridination of olefins by using
organic azides. Zhang and co-work¥tseported on the use of diphenylphosphoryl azideRB)
as the nitrene source in the aziridination of stgeeby Co(TPP). The methodology allowed the

synthesis oN-phosphorylated aziridines in good yiel@&l{eme 20).

o PhO_ O

[ Co(TPP 4
AT+ pho—P—0Ph N .

| -N,

N3 Ar/<l

DPPA

Scheme 20. Synthesis of N-phosphoryl aziridines.

It should be noted thdti-phosphorylated aziridines offer advantages ashsyiat building blocks
because the protecting group can be easily disgplaweyield nonN-substituted aziridines. Very
recently, Che and co-workét¥ demonstrated that the amination of benzylic ahdi@lsubstrates
by phosphoryl azides is also efficiently catalydsd ruthenium(lV) complexes. Among tested
catalysts, RU(F,cTPP)Ch performed the best {FTPP = dianion of meso
tetra(pentafluorophenyl)porphyrin).

Sulphonyl azides can also be employed as nitreneceo Zhang and co-workers reported that

simple cobalt porphyrins, such as'CBPP), could not promote the aziridination reactidrolefin
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using arylsulphonyl azides. However, a differenbalb complex §) functionalised with NH-acyl
moieties at themesearyl groups of the porphyrin ligand was an effeeticatalyst because of
hydrogen bonding interactions between the sulplgroap of the organic azide and N-H bond of
the ligand Scheme 21).1°¢!

o\\s//o
Ar'SO,N
IR 23 N Ar
6, -N, Ar-<
Me
R,=3,5-(But),; Rzz%M
e

Scheme 21. Cobalt catalysed aziridination of olefins by anylshonyl azides.

A significant contribution to this topic was proed by Cheet al. with the investigation of the
catalytic activity of F& (Foo- TPP)CP. The aziridine product was obtained in good yiddgsising

styrene derivatives as substrates and, surprisinglyen a-methyl styrene derivatives were
employed the allylic C-H bond amination occurredthwut the simultaneous formation of

corresponding aziridines S¢heme 22), thus giving an excellent chemoselectivity to sthi
methodology.

R,
'Il\'ls
cat 2% mol cat= Ry Ry
X + TsN3 — »
Rl Rl R2
Cl
cat 2% mol NHTs R F
+ TsNg —_— R
Ry 1 R, = E
F F

Scheme 22. Chemoselectivity of the ¥ .- TPP)Cl-catalysed amination using TsN3 as nitrene
source.
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Our research group intensively studied aryl azidesitrene sources, these compounds can be
prepared through the well-known Sandmeyer readtiprthe reacting the diazonium salts of the
corresponding anilines with sodium azidgeh{eme 23, path A). This methodology, which will be
adopted for the preparation of aryl azides usedH work, is easily carried out on multi-gram
scales. A plethora of diversely functionalised ayides can be synthesised, since, depending on
the feature of the functional group present ingteeting aniline, also neutrabcheme 23, path B)

and basic$cheme 23, path C) conditions are available for their systhe

1) NaNO,, H,S0,
2) NaN;
NH, /(A—)\ N3
1) 'BUONO, DMF, A
2) NaN,
(B)
X X

~_ 7

1) TosN3, NaOH 50%
phase transfer

©

Scheme 23. Main synthetic routes for the preparation of aayides.

Organic azides are active aminating agents in tlesgmce of ruthenium porphyrin complexes
(Scheme 24). Our research group intensively studied the readietween aryl azides and olefins to
give aziridine in the presence of Ru(porphyrin)Camplexed®® Quantitative yields and short
reaction times have been achieved using terminafingl and aryl azides bearing electron
withdrawing groups on the aryl moiety. The effettlee substituents on the porphyrin ligand was
also investigated, it was found that the functi@adion of themesoposition with aryl groups

bearing an EDG or bulky substituents hampers theticn.

Scheme 24. General route for the synthesis of N-aryl azirgBn
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It is worth to report that using the commerciallyadable catalyst Ru(TPP)CO a very high TON
(2300) for the amination af-methylstyrene by 4-nitrophenyl azide was obtained.

Since the uncatalysed reaction between olefinsaayldazides leads to triazolines, these compounds
were often detected in the crude of aziridinatieactions especially by running the reaction at high
olefin concentration, it was found that triazolircesnpete with the azide for the coordination to the
metal centre inhibiting the catalytic proc&85In a precedent thesis work, the catalyticallyctive
ruthenium complex6 (Scheme 25) was isolated and characterized by crystal diffomcanalysis
and it was shown that the axial triazoline ligasdnever transformed into the corresponding
aziridine even under forcing conditions. A detaifadchanistic study in which the inhibitor role of
the triazoline species was demonstrated from arergrpntal and theoretical point of view is

reported inSection 2.3

O,N
Q
N
N02 N\\
! Ru(TPP)CO N
C O — TS
N CcO 7
N3
e
+
co

Scheme 25. Synthesis of compléX

Organic azides can be largely employed as reagenC{fH aminations. A few years ago, our
reasearch group published the first synthesis oyl amines and imines from hydrocarbons

carrying a benzylic group catalysed by cobalt pgrishcomplexes $cheme 26).15"

R Co(TPP) Ry Co(TPP) R,
Ar—>—H Ar—>—NHAr  ————— D=NHAr + ArNH,
% ANg -N,  Rj ArNz, -N A’
if Rl or R2=H

Scheme 26. Cobalt porphyrins-catalysed synthesis of benayiines and imines.
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As illustrated inScheme 26, aryl azides reacted with hydrocarbons to form ¢beresponding
benzylic amines and, if Ror R, was a hydrogen group, the reaction proceededdutthgive the
imine with the consumption of one aryl azide eqléma The study of the reaction scope revealed
that a wide range of aminated products can be aethialso because of the synthetic availability of
aryl azides. The reaction proceeds in good yielderwthe aromatic azide bears electron-
withdrawing substituents and the hydrocarbons atesterically encumbered.
The cobalti) porphyrin-catalysed amination of benzylic suldissavas then performed by Zhang
using 2,2,2-trichloroethoxycarbonyl azide (TrafNs the nitrene sourceSaheme 27).°Y The
benzylic amines were obtained without the contemgoformation of the corresponding imines.
Noteworthy, then-amino ester produ@ was obtained, although in a low yield, from thexdbgdic
amination of ethyl phenylacetate.

0

S
H O Co”(porph) HN (@] CC|3

N
Ar)\R Cl,C” 07 TN N, AR

8, Ar =Ph, R = COOMe

Scheme 27. Co-catalysed benzylic amination using Tree\X nitrene source.

The mechanism of Co-catalysed benzylic aminatioa praposed on the basis of a DFT and EPR
study®? (Scheme 28). In this case the active species is thd' ®itrene radical comple€ which
performs a hydrogen abstraction at the benzyligtiposof ethylbenzene (model substrate for this
study) to give the close catalyst-radical @irThen a facile radical substitution occurs resipthe
Ca' catalystA and the benzylic aming. The imine side-product should be formed by a bgen
abstraction from the benzylic positionBfoy complexC. The same nitrene radical compléxvas

also proposed as active species in Co(porph)-neetiatiridination of olefin&?
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Scheme 28. Proposed mechanism for Co-catalysed benzylic amima

Cobalt porphyrin complexes were also effective nmiraating allylic C—H bondsScheme 29) in
moderate yield€* It should be noted that the double C=C bond ofoepdic olefins, such as
cyclohexene, did not react with the aryl azide teegthe corresponding aziridine therefore

indicating a good chemoselectivity towards thelallgmine formation.

Co(TPP)
O+ w2 Oy
_N2

Scheme 29. Co-catalysed allylic amination of cyclohexene.

Better synthetic results have been obtained bygusithenium porphyrin complexes as catalytic
species which are active in the amination of bathzylid®® and allylid®® C—H bonds $cheme
30). The commercially available R(TPP)CO was found to be a good catalyst and tis¢ be
catalytic results were obtained by using aryl azidearing EWG substituents on the aryl moiety
and a high hydrocarbon excess with yields up to 868¥g a 2% mol catalyst loading.
A very recent advance in this field was reportedCine and LE” who usedis(NHC)ruthenium(Il)
porphyrin complexes for the nitrene insertion reans into saturated C-H bonds (NHC N-
heterocyclic carbene ligands). [Rupfit)PP)(BIMe}] (9) (BIMe = 1,3-di-methyl-2,3-dihydroH-
benzimidazol-2-ylidene, Pp¢F)PP = dianion omesetetrap-fluoro)phenylporphyrin) allowed the
smooth insertion of pentafluorophenyl azide intglal and benzylic spC-H bonds affording the
corresponding amines in 88-96% yields using a \@nycatalyst loading (0.5% mol). The nitrene
insertion reaction proceeded well also with theatimated C-H bond of cyclohexane (90% yield).
28



The authors proposed that the high catalytic dgtild due to the axial NHC ligand which is a
strongo-donor and, therefore, it afford a better stabil@aof thetrans electrophilic M=NR moiety
then ther-acceptor carbonyl, the axial ligand of Ru(TPP)J®is is in accord with the employed

mild conditions since the amination reaction wasied out at 40°C usin§ as the catalyst, whilst

high temperature (80°C) is generally required foriration reactions using Ru(TPP)CO as the

catalyst.

N3
cat R, R3
QI
EWG Ra

EWG

+ cat Rg
Rs
EWG

or

cat= CRUD 9
o D =TeRpe

Scheme 30. Ruthenium catalysed benzylic and allylic amination
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1.3.4. Mechanistic insights of the ruthenium porphsin-catalysed amination reaction of

hydrocarbons by aryl azides.

Our research group devoted many efforts in mecharirsvestigations of Ru(TPP)CO-catalysed
amination. It is generally assumed that the actitermediate in metalloporphyrins-catalysed
nitrene transfer reactions is an imido complex, alvhis formed after the aryl azide activation
through the cleavage of theMNgs bond. Many rutheniurbis-imido complexes were isolated using
PhI=NR nitrene sources as describe&attion 1.3.1and X-ray crystal structure of complgxvas
recently publishe®

A new class ofbisimido complexes was disclosed by our research mriou200%® by the
stoichiometric reaction between ruthenium(ll) pompis and aryl azidesS¢heme 31). Complex
Ru(TPP)(NAr} (Ar = 3,5his(trifluoromethyl)phenyl) {0) was isolated in a 70% vyield and fully

characterized also by X-ray single crystal diffrait

N3

Q -
Ph FsC CF,
> p

N ph
PH benzene, A PH
N
QCF
F3C

CO

3

Scheme 31. Synthesis and X-ray structure Xéf.
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The structures of complexed and 2 share some common features (e.g. similar Ru=N bond
distance) but different Ru-N-X imido angles wersetved (X= S for compleg, X =C for complex
10). The imido angle of 163° & indicates almost a linearity of the imido moietiilst the values
around 140° for Ru-N-C dI0 indicate the existence of bent imido angles. Tast feature is
maybe responsible for the good stability/reactiviéyationship observed for the latter complex.
Complex10 was stable in the solid state for days and, coelxete previously isolated ruthenium
porphyrinbis-imido complexes, it is a very active catalyst #iylic and benzylic C-H aminations
and also performs efficiently stoichiometric niteettansfer reactions. These observations allowed
us to truly consider compled0 as a catalytic intermediate.

It is worth to report that only the reaction of -Ris(trifluoromethyl)phenyl azide and Ru(TPP)CO
afforded a stablebisimido complex. If a different azide bearing EWGsuch as
4-(trifluoromethyl)phenyl azide or 4-nitrophenylide, was employed, spectroscopic evidences of
the formation of @is-imido species were obtained but the isolatiorhef tomplex was not always
successfulf® By using aryl azides bearing EDGs, sucheasbutylphenyl azide, the formation of a
bis-imido complex was never observed.

To shed some light on the catalytic amination meism a kineti€®® and theoretic&’
investigation were undertaken. For this purposeathdic amination of cyclohexene by aryl azides
promoted by Ru(TPP)CO was considered a model ogacti

The kinetic investigation indicated the coexistemdeat least two independent catalytic cycles
based on two different active speci&heme 32). In the catalytic cycld a ruthenium(VI)bis-
imido complex {4) undergo nitrene transfer while the ruthenium(lIMpneimido carbonyl
complex 12 is the active species for cycle. The latter complex was neither isolated nor

spectroscopically observed.
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Scheme 32. Mechanism of Ru(TPP)CO-catalysed allylic aminatidicyclohexene.

@

Kinetic experiments carried out at different cyd®gbne concentrations pointed out that this
parameter is crucial for the prevalence of catalgticleA or B. The latter cycle is likely to be the
dominant one at low hydrocarbon concentration wiiile moneimido complex12 should be
responsible for nitrene transfer at high hydrocarboncentrations.

However, a clear distinction between the two cai@lygycles was observed only by using
3,5-his(trifluoromethyl)phenyl azide as the nitrene souttbe reaction mechanism with other aryl
azides was likely restricted to catalytic cyéle(Scheme 32) because of the poor stability of the
resulting imido derivatives.

Two other ruthenium complexes were identified bglgses of the reaction crudscbieme 33). The
aniline complexl5 was observed when the reaction is run at highotyotene concentration and
3,5-big(trifluoromethyl)phenyl azide is employed as aryide. It should be the product of
decomposition of theanoneimido complex 12 by formal hydrogen abstractiorScheme 33,
equationa). Similar aniline complexes of the general formiiRai(TPP)CO(ArNH)] were the main
product of the stoichiometric reaction between FRFJCO and aryl azide functionalised with
EDGs.

The bis-amido complex6 is a ruthenium (IV) diamagnetic species and thalgst resting state in
the occurrence of the catalytic cydde(Scheme 32), it should be present in the reacting mixture
when the bis-imido complex 10 is formed. An NMR experiment showed the reversible
transformation ofl10 into 16 and vice-versa depending on the [aryl azide]/[alyekene] ratio
(Scheme 33, equatiorb).
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Scheme 33. Proposed mechanism for formation of compleb&eand 16.

A theoretical DFT investigation of the allylic amation of cyclohexene was performed and it
supported the hypothesis of two independent anglistirgg catalytic cycles. The reaction pathway
for azide activation and nitrene transfer was dated for both catalytic cycles.

The ruthenium porphine complex ([Ru]) and methybaavere used instead of Ru(TPP) and aryl
azides in order to facilitate the electronic intetption and to speed up the calculation.

At first the mechanism for azide activation by [R@ was calculated=fgure 7, part 1), the first
step should be the azide coordination to give thraptex [Ru](R-N)(CO) (17) through a slightly
exoenergonic process(-3,5 Kcal/mol) in which thiel@mteracts with the ruthenium centre through
the N, atom. The calculated low stabilization is in agneat with the fact that a ruthenium-azide
adduct was never isolated or detected. The sedepdssnitrogen elimination that goes through a

transition state 18) in which the initially linear N-Ng-N, angle move to 136° and thes-N,
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distance shorten to liberataolecula nitrogen. TheAG cost ofthis step (26.8 Kcal/ol using

methyl azide) is in accord with the need of higmperature (80°C) to run the react

1) azide activatior 2) CH activation
18
HsC. _N=N
' 20+ H,c
[TU]TS ° /CH3 9 6~H aN/CH3
*N
co , |
[Ruly [Rulr
CIIO coO TS
N, + CgHio H\’N/CHg
|
Ru
17 26.8 [I ]D +C6H90
_N 19 Cco
CHz. N 27.9
! NCH 20
[Ru] I 3 H [Ff“]
|
O_\ co [l U]S NCH3 38.6 CGHQ\ "\\\\CH3 CcO
3.5 CO o4 | 53 [Rulr uy * HN(CeHeICH,
[Ru] T37 /e NCHs u
| N3;CH - -CO Il |
CO 3 3 8.5 [RU]S CcO 12.9
'ﬁ'CH3
[FIQU]T
co

Figure 7. Calculated pathway for tl “mono-imidocatalytic cycl.

The so obtained compled9) undergoes a sing->triplet interconversiorbecause somewhat t
monaimido carbonyl complbe is more stable in the triplet stal9y). Since a radical mechanism
involved, 19; should beactive to nitrene transi rather tharl9s. A spin-density calculationFigure
8) indicated a larger coeatration at the N atorof 19; then at the rutheniurcenter. Therefore, a
significant diradical character is attributed te imido ligan(, which is necessary to accomplia

C-H homolytic dissociation of the organic subst.

Figure 8. Spin density plot for complex19y (a ) and22r (b).
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The moneimido carbonyl complex bears a weaker rutheniunb@ayl bond then the former
catalyst one, especially in the singlet stdi®) So,19s is more prone to cleave the loose Ru-CO
bond and yield thenonceimido complex [Ru](NR) 20) which is more stable in the singlet state,
conversely tdl9, and is the starting point for thbi$-imido catalytic cycle” §cheme 32, cycle B).

The azide-activation pathway by comp@&was calculated. It was found that in this casecthst

for azide activation is lower (14 Kcal/mol using timg azide) and théis-imido species42) was
formed with a -41 Kcal/mol energy gap, showing thais a stable complex in its singlet state, in
accord with experimental data. The empirical cai@lgctivity of complex10 was explained since
21s can undergo a singtettriplet interconversion to give the reactive sped@2r) which lies 16
Kcal/mol above and was considered an excited sfafee bis-imido complex. Spin density plot of
22r (Figure 8) showed that the spin is localized on the two dbhe, therefore the two unpaired
electrons are equally distributed on the imidonids

The activation of the allylic C-H bond of cyclohevee(GH10) (part 2 ofFigure 7 andFigure 9)
occurs by abstraction of the allylic hydrogen tlglo@ C-HeeeN adduct detected as a transition state
(21 concerning thanoneimido catalytic cycle Eigure 7). The formation of the desired allylic
amine follows a “rebound” mechanism in which th&#agen and carbon atoms radicals couple to
yield the organic product and the starting catalfiernative pathways are possible for the radical
rebound of the Bis-imido catalytic cycle” Figure 9, pathways a and b) depending on the
occurrence of cyclohexenyl radical migration. Taiglains the observed side reaction to give the

biss-amido specie46.

1) azide activation 2) C-H activation
22
_CHj
"I\ll a~ CeHoe ~b
[IﬁU]T H_ CH3H_® _CH,
N, N N
CHs

_c [Ru] ~— [Rul
Il Il

+CgH1o .N\CH N\CH
12.8 '\ amidofimido 3 3
doublet

CHs
I Ru
b [Ru] [ I ]
27.8 “cH
3

o Fy—
mino/imi%N C~Ho)CH
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CeHg~ CHz  bis-amido
Figure 9. Calculated pathway for the “bis-imido catalyticatg”.
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1.4. Synthesis ofa- and B-Amino Esters: Recent Strategies for

Transition Metal Catalysed C-N bond formation

a-Amino acids are essential molecules in many sifierdreas, for example from a synthetic
chemist point of view these compounds have an isgive number of applications for the
development of organocatalyéts for their use as a chiral pool for ligands deSfymnd in total
synthese&?.

Less naturally abundafitamino acids are also an important class of moésctdr their occurrence
in products of biological and pharmaceutical insgéréaxol and (Rp-Dopa among the most famous
examplesEigure 10), and as potential precursors fafactams, one of the most important classes

of antibiotics.
NH,
HOD)\/COOH
HO

(R)-B-Dopa Taxol

Figure 10. Examples of biologically importagitamino acids derivatives.

The increasing demand of these optically active pmmumds prompted the scientific community to
develop new methodologies for the synthesis-oind-amino acids. Asymmetric catalysis is the
most powerful way to achieve a wide variety of ditanerically enriched compoundgersus
biotechnological processes and resolution of racenmxtures.

A complete overview of the synthetic strategiestfi@se compounds would be a nearly impossible
task. Generally, asymmetric hydrogenation of enanaisters is one of the most important catalytic
enantioselective methods. Since the pioneering wofk Knowle$™®, about the industrial
manufacture of L-Dopa promoted by a rhodium complek a chiral bidentate phosphinscheme

34), the use of transition metal catalysts, espaciBlh and Ru complexes, with chiral ligands

dominated the scerg!
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[Rh(R,R)DiPAMP (COD)]BF, HsCO

H3CO . COOH D/YCOOH
ji>/\|\ECOCH3 H, HsCCO NHCOCH;

HsCCO

Scheme 34. L-Dopa asymmetric hydrogenation reported by Kreswl

This section will be focused on a particular apphotor the amino acid derivatives synthesis, the
introduction of an amino group tnposition of a carboxylic acid derivative. The fation of a new
C-N bond can provide a complementary route to newatural amino acids which are highly
needed in the development of peptide drugs to ceptatural amino acids in order to enhance the
activity or discover new functionalities.

The synthesis of —amino acid derivatives through a C-N bond fororatwill not be discussed
since it mainly concerns the addition of an aminel@ophile to am,p-unsaturated carboxylic acid
derivative through the well-known aza-Michael réaet(Scheme 35).[”® These processes can be
efficiently metal-catalyzed in the presence of ahiigands (e.g. M/chirabis-oxazoline, M = St

CU?*, Mg?* etc.) or promoted by chiral organocatalysts.

o} % N O
/\)J\ N catalyst 0
R; OR, & RRNH ———— g/ OR,

Scheme 35. General Aza-Michael approach to the asymmeiraamino esters synthesis.

1.4.1. Aziridination of imines with diazocompounds

Synthesis of the aziridinecarboxylic acids andrtldeirivatives can be afforded by the reaction of
imines with o-diazoester€” These compounds are useful in the search for nemess of
constraineda-amino acids or as valuable intermediates in theth®gis of natural products
considering the importance of the aziridine ringadsiilding block.

In a relevant example, aziridine carboxylic esteesre obtained in high yields and excellent
enantio- and diastereomeric ratios by employingopbotomplexes derived fronB)¢Vanol (23)
(Scheme 36).17®! The complex gave good results in the generati@hfarther stabilization of the
reactive carbene. Thag/trans ratio (up to >50/1) was another interesting asjpédhis catalytic

enantioselective transformation.
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CHPh, EtOOC
|
H_N NCHPh, O

N,CHCOOEt + catalyst catalyst= PN OH 4+ B(OPh);
TN et HO

Ny, RT O OH
NO, NO, 0 ’s

95%ee, cis/trans = 50:1
Scheme 36. Aziridination of imines catalysed by borate compke

1.4.2. Electrophilic amination of ester enolates

Electrophilic amination of enolates was firstly &ged by reacting azodicarboxylate esters
(RO,CN=NCORR) with activated (coordinating) carboxylic speciesich asp-keto ester or
acyloxazolidinones Scheme 37). Versatile metal-catalys€d and organocatalytic proces<8s

have now become available. However, the resultaritl Hond in the aminated product should

undergo cleavage under relatively harsh reductivelitions, which is often problematic.

N
o o Rl\F)J\ NTo

RlQJ\NJ\O HN"cooR,

|
— R,00C COOR4
N=N_
or COORy4 or
catalyst*
O O O O
_R _R
RZ)J\)J\O 3 RZ)K?)J\O 3
PN
R,00C II\IH
COOR4

Scheme 37. Amination of “activated” esters using azodicarbtate species.
Although other protocols were reported, for exampi®lving the aziridination of silyl enol ethers

with phenyl iodinane (TsN=IPH}' or amidation of aryl ketones and aldehydes withoreimine

T most of them are restricted to the aldehyde atdrie oxidation levels.
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Miura and co-workef8! reported an effective method for the aminationttef o position of
carboxylic esters derivatives by reacting ketenkyl sacetals and hydroxyl amines as the
electrophilic nitrogen sourceéS¢heme 38). The reaction is promoted by a copper(ll) salthe
presence of a bidentate posphine ligand,"{@ppen, dpppen = 1,5-(diphenylposphino)pentane)
and lead to the synthesis of unnatwramino esters with good yields and using mild expental

conditions.

Cu(OAc), 10% mol
OTMS dpppen 10%mol

(@]
additive (2.0 e
anN_OBZ + R:I'\%\OR3 ( q) anN %J\ORS

R DMF, RT R1 Rz

Scheme 38. Ketene silyl acetal electrophilic amination.

1.4.3. Carbene insertion into N-H bonds

The insertion of metal carbenes or carbenoids, rgégr in situ fromu-diazoesters, into N-H bonds
is an efficient approach te-amino acid derivative; it benefits from mild react conditions and
high efficiency. First investigations about N-H émsons employed copper cataly¥s
subsequently many efforts were devoted to the dpweént of modern versions of this reaction, for
example, employing continuous-flow systétflor metal-free reactior&!!

A remarkable work by Zhd®¥' showed that highly stereoselective reactions @aprbmoted by a
copper(l) catalyst in the presence of a spismxazolidine ligand24 (Scheme 39). The use of a
bulky and non-coordinating counteranion (BArtetrakis[3,5bis(trifluoromethyl)phenyl]lborate)

improved the enantioselectivity up to 98%.

5% mol Cu(PFg)

6% mol X
N 6% mol Na(BAr) NHAr
Ar-NH,  + Ryl\[(osn RJ\WOBn X =
RT, CH,Cl,
o) o]

Scheme 39. Relevant example of enantioselective N-H insexiandiazoesters.

An example of a very active porphyrin catalyst wesorted by Woo and co-worké&fé Fe(TPP)CI
(1% mol) promoted the N-H insertion of ethyl diazetate in short reaction times and yields

ranging from 68% to 97%. Another interesting apgdlien of this reaction is the synthesis of proline
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derivatives, published by Che’s grofifl, through an intramolecular carbene N-H insertion

catalysed by [RuG{p-cymene)} and affording the final product in a good diasbsedectivity.

1.4.4. C-H bond amination

As previously discussed iBection 1.3.3.Zhang and co-workers firstly reported the synthes
the a-amino estei8 through the intermolecular benzylic amination tfiye phenylacetate using
TrocN; as the organic azide and cobalt porphyrin catsl\&ihce a poor yield was obtained (18%)
the authors proposed that the reaction was hamjgréue electrondeficiency of C-H bond placed
in o position of a carbonyl group towards radical aation®

Recently the same group reported the synthesisyolicca-amino acid derivatives by the
intramolecular amination of an electron-deficientHCbond®® The starting reagents were a
N-benzyl sulfamoyl azides speci2s functionalised with an EWG, the six-membered podd@6
was obtained using the Co-complk&as the catalysStheme 40). Probably the interaction between
the porphyrin ligand N-H moiety and the sulphonybup and the pre-organization given by the
intramolecular reaction were pivotal to overcome libw reactivity of electron deficient C-H bond

towards homolytic cleavage.

0, gz
BnN/S\N3 6 (2% mOl) BnN/ NH
R COOEt  CeHs, 40° Rz COOE
Ry - R, 26
Me
R,=3,5-(Bu)y; R, = —<M
e

Scheme 40. Co-catalysed intramolecular C-H amination to giwelec a-amino ester.
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1.5. Catalytic Methods for Indoles Synthesis

Indole is unambiguously one the most importantoeiecles. It is an electron rich heteroaromatic
system with an enhanced reactivity in electrophaliomatic substitution, especially at C3 position
(enamine type reactivity) and it is the most wideigtributed heterocycle in Nature. Many indoles
show significant biological activities, thus is msatrprising that this structural motif is a compane

in many of today’s pharmaceuticaiBigure 11).18°

NH, COOH
HO NH;
A\ A\
N N
H H
Serotonin
Tryptophan
H
N NH
) L~
N
N
H H
Lisergic acid diethylamide Paullone

Figure 11. Examples of indole-based compounds with impotiatbgical activities.

A great number of practical synthetic method wesegetbped beside the classical Fischer indole
synthesid®™ however the diversity of indoles as well as thgieat biological/pharmaceutical
relevance still prompts academic and industria¢aeshers to look for new and improved synthesis
for these compounds.

The aim of this section is to take an overviewhs# tecent advances in indole synthesis focusing on
metal catalysis, which has become a powerful tool dynthetic methodologies. Generally the
electrophilic activation of a substrate (such aslkygne or an organic azide) by a transition metal
complex and the subsequent either intermoleculamtcamolecular addition has become a popular

strategy to prepare functionalised indoles.

1.5.1. Catalytic Hydroamination of alkynes with aryhydrazine:
Since 1883 the Fischer reaction has remained otieeaéssential methods for indoles synthesis, it
consists of the condensation of an aromatic hydeawith a ketone followed by a [3,3] sigmatropic

rearrangement, ammonia elimination and rearomatiisathe development of the hydroamination
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reaction permitted a new approach to indole syighieg the reaction between alkynes and aryl

hydrazines with a Fischer-related mechaniBingire 12).

a) Fischer synthesis

R R

L R N \
NH + i ©\ —_— R
| 0~ R -H,0 N -NH, N

NH, N H

b) Indole synthesis via alkyne hydroamination

R R
L S @ " wR
=+
II\IH | | N
R

NH,

Figure 12.

Pioneering studies of this interesting approachewaacomplished by Bergman in 1994 later
catalytic procedures using titanium complexes amlysts and zinc salts as additives were
developed by Odom and co-worké& These protocols unfortunately presented some diekehin
terms of the sensitivity of functional groups todstitanium, the necessity to protect the hydrazine
or low regioselectivities. Some of this disadvaetwere overcome by Beller who was able to use
this methodology to synthesis electron-rich funtiised indoles with high regioselectivits
Subsequently, the use of a titanium catalyst wasdad by using only zinc salts in stoichiometric
amounts both for the hydroamination and the cytibrastep®

Another interesting synthetic strategy was devedope Wakatsuki and co-workétd as a one-pot
synthesis of 2-substituted 3-methylindoles usinidjrees and propargyl alcohol derivativdsigure

13) in the presence of B(CO), as the catalyst and aniline hydrochloride as addifThe same
methodology was improved by Liu and co-workers bing Zn(OTf} as the catalys$t?

N HO

R
g catalyst .
“C L |
NH, Il N

Figure 13. Synthesis of 2-substituted 3-methylindoles bydaydiation/cyclization.
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1.5.2. The reaction between-haloanilines and alkynes: Larock indole synthesis

The so-called Larock synthesis was reported firgtht991°” and has become one of the most
attractive and practical method for the synthedis2@-substituted indoles. It consists in a
palladium-catalysed heteroannulation of internklaés withN-protectedo-aloanilines (generally
o-iodo anilines). The reaction mechanism is repone#igure 14 and shows the reason for the
observed regioselectivity when unsymmetrical allsylaee employed. The more hindered group
(Ry) of the alkyne is inserted away from the stericalhicumbered aryl group of intermedi&@eand

it is recovered in C2 position of the final indgleoduct. Nevertheless, with similarly substituted

alkynes, mixtures of regioisomers are obtained.

R
S NHR
|
N
R > L,PdCl

R, = larger group
Rg = smalller group

O~
base cr
S~

HI

Figure 14. Mechanism for the Larock heteroannulation.

Two more regioselective pathways to obtain 2,3-suesl indoles starting frora-aloanilines were
investigated by Ackermaffl! and Barluend®’. The first one consists in a one-pot titanium-
catalysed hydroamination of asymmetrical alkynedlofeed by a palladium-catalysed
intramolecular Heck coupling. The Barluenga stratekes use of alkenyl bromides as coupling
partner of o-aloanilines, noteworthy, by using Hane catalyst a Buchawald-Hartwig type C—N-
bond formation was performed giving rise to an enamintermediate which underwent an

intramolecular Heck-coupling.
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1.5.3. Cyclization ofo-alkynylaniline derivatives

The transition metal-catalysed hydroamination ceélkynylaniline derivatives has become an
established approach for the preparation of 2-gubsd indoles. This method usually requires two
steps: 1) introduction of the alkynyl moiety thrbu@onogashira reactions and 2) subsequent

cyclization reaction§cheme 41).

Sonogashira coupling / R2
X . Z cyclization mediator A
@E — = R Ry Ra
Ry 1 N

NHR Pd catalyst NHR R

Cu(l) catalyst

base, solvent

Scheme 41.

The second step is feasible by using a wide vadétyetal catalyst® more interesting examples
are the ones that include further functionalisatifom example, at C3 position like the methods
developed by Cacdhi¥ and L%, An impressive one-pot three-component domino tieac
including Sonogashira coupling, cyclization anddimnalisation at C3 position was reported by Lu
and co-workefd® starting from o-iodoanilines and using a Pd(OAchs the catalyst. This
methodology circumvents the time-consuming preparadf o-alkynylanilines and afford the 2,3-

disubstituted indoles in excellent yiel&keme 42).

Pd(OAc), 5%mol

I
PPhs; 20%mol AN
R R
NH K,CO3, DMF H

[PdA(]

R1 N R,

N
CFs

Scheme 42. One-pot multicomponent reaction developed by Lu.

Another example is quite interesting for what consehe present thesis. It consist, to the best of
our knowledge, of the only case of intramoleculanwdations between an alkynyl moiety and an

azide group to give 2,3-substituted inddf84.The reaction is gold-catalysed and includes elegan
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functionalisation at C3 position by a nucleophéitack of a C-H bond of an electronrich arene

species $cheme 43).
R, Ar
= IPrAUNTf, 5%mol
R, + Ar-H Ry N R2
. N
N 1,2-DCE N

Scheme 43. Intramolecular reaction between azide and alkymgive indoles.

1.5.4. Synthesis of Indolesia metal-catalysed nitrene insertions

Modern methods for the synthesis of indoles usuadlg the well-established protocols of cross-
coupling reaction to form C-N bond. Neverthelessslconventional nitrogen sources of nitrogen,
such as nitrenes, have been successfully employedole synthesis.

Nitrenes can be generatéd situ by rearrangement ofHazirine that, when bearing an aryl
substituent at C2 position, could undergo an intl@cular C-H insertion vyielding the
corresponding indole. This transformation can beheei thermallf#® % or catalytically
induced™®”, recently Zheng described the preparation of &8kstituted indole by reactingH2
azirine in the presence of Fel3®, the reaction took place through a ring opening @H-azirine
and the subsequent formation of iron—nitrene spedieen the indole was obtained through

intramolecular aminatiorStheme 44).

RZ R2
R, Rs FeCl, 5%mol x-Rs A
— R
Rl / Rl N 1 R3
N N
[Fel” H

Scheme 44. Synthesis of indole through rearrangement of 2Hhirees.

Readily available azides proved to be convenieetymsors of nitrenes as well. In a series of
studies, Driver developed complementary routesntimles through regioselective intramolecular
amination, which made use @fstyrylazide§°® or o-vinylarylazide§'® as substrates.

These rhodium-catalysed processes could be perfbormder mild reaction conditions, avoiding
undesired by-product formation. For instance, lad carboxylate was obtained almost
guantitatively using vinylazidess¢heme 45, a), while the preparation of 2-aryl substituted ile$o

was accomplished using aryl azid&kheme 45, b). The reaction can be considered a classical
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insertion of a nitrene into a C-H bond; howeveradetl mechanistic studies were performed and

disclosed a more complicated mechanism.

Rhy(0,CC3F7)4
a) N COOEt \
R R COOEt
Na N
H
. ~__Ph Rhy(0,CC3F7)4
N N

Scheme 45. Driver’s synthesis of indoles through intramoleaguhmination.

1.5.5. C-H functionalisation by Oxidative Coupling

The catalytic methods present in sectioh.2, 1.5.3.and1.5.4.requireortho-disubstituted arenes,
which are prefunctionalised substrate that mustsyrghesised thereby lengthening the overall
process. An approach starting freanoncefunctionalised arenes, which should involve a ®aé#hd
functionalization, would be highly desirable. Iristtway, a wider collection of starting materials
would be accessible and synthetic routes wouldhoetened. Generally, the use of an oxidant as
additive was necessary for the catalyst regeneratio

Among the first indole synthesis through oxidati@eH bond functionalisation there is the
cyclization of N-aryl enamines reported by Gloriti§! This palladium-catalysed transformation
made use of easy-to-prepare enamines as startitegiahahowever a large excess of a copper salt
was required as terminal oxidarcfieme 46, a). Hartwig and co-workers reported a synthetic
strategy making use @faryloximes ester derivatiVe¥’ and consisting of a C-N bond formation
via palladium-catalysed intramolecular amination asf aromatic C—-H-bond with no need for

terminal oxidants$cheme 46, b).

Pd(OAc), 10% mol

COOMe  Cu(OAc), (3.0 eq)
0 o€ L T
N
H

K,CO3, DMF N

R2 I:22
Rs Pd(dba), 1% mol N
b) Rl Rl R3
NOAc Cs,CO3 PhMe H

Scheme 46. Indole synthesis developed by a)Glorius and b)Higrtw
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In terms of accessibility of the starting reageirt&germolecular oxidative couplings would be more
convenient approaches to the indole core, as weasity devised by Fagndtt’!

Hence, in an evocation of the Larock indole syntheBSagnou developed a rhodium-catalysed
cyclization of protected anilines with alkynes. &mxgive optimization studies allowed for the
development of mild reaction conditions, which tofrout in a remarkably ample scope and made
possible the use of simple: & terminal oxidantScheme 47). Indoles were obtained with a high
Larock-type regioselectivity (> 40:1) when alkyrfesctionalised with an aryl moiety were used,
while, employing aliphatic alkynes, a poor selatyiwas observed. Later, the use of aliphatic
alkynes bearing an alkenyl group lead to the foionatof 2-alkenyl indoles as single

regioisomer$#

[Cp*Rh(MeCN)][SbFy]

R> 5%mol Rz
Cu(OAc), 20%mol N
Rl + | | Rl R3
NHAC O, (1 atm) H

R, t-AmOH

Scheme 47. Fagnou’s catalytic systemgRlarger group, R = smaller group.

1.5.6. Cycloaddition of nitro and nitrosoarenes wit alkynes

In 2002, Nicholas and Penoni reported a [RuCp*(atalysed reaction of nitroarenes with aryl
alkynes to give indoles at high tempera?d?é Although the reaction proceeded with excellent
regioselectivity in the 3-aryl indole, the yieldstbe corresponding indoles were only moderate. A
more active palladium catalyst for this reactiorsvpaiblished by Ragaini and co-work&f® The
reaction consist in the generation of a nitrosonarepecies by reductive carbonylation of the
nitroarene, this species interacts reversibly with alkyne and gives thd-hydroxyl indoles by
cyclization Scheme 48). The presence of an aryl substituent on the alkstmould be required in
order to stabilize charges or a radical atdhmosition. Finally theN-hydroxyl indole is reduced to

indole.
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[(M]
NO N CO, -CO,

g}
>
IZ;U/ O@U

Scheme 48. Indole synthesis via reductive carbonylation afaarenes.
A similar reaction was reported by Nichdt§, in this case the nitroso species was generabed fr

phenylhydroxylamines in the presence of iron (lfhthalocyanine complex and underwent
cycloaddition with aryl alkynes to give the correaging indole.
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2. Discussion



2.1. 1,2-Dihydronaphthalene amination catalysed b€ o-porphyrins

The reaction between hydrocarbons and aryl azigedysed by metalloporphyrins has been widely
studied by our research group in the last decades.

Depending on the functional groups of the hydrocarsubstrate different reactions were observed.
If ruthenium porphyrins were used as catalysts réaetion between styrenes and aryl azides gave
aziridines®® while in the presence of a substrate carryingctivated allyli¢®® or benzyli€®® C-H
bond, the nitrene insertion was observed and tgamec product was an allyl amine or a benzyl
amine.

The chemoselectivity is also determined by the neatf the metal coordinated to the porphyrin
skeleton. In fact, the amination of a benzylic s¢tdis yields diverse aza-compounds by running the
reaction in the presence of a Co(TPP) or Ru(TPP3€@he catalyst, obtaining an imfffeor an
amine®® respectively (setntroduction , Section 1.33. This different behaviour derives from the
mechanisms of the nitrene transfer reaction thatlies different intermediates depending on the
employed metal.

The stoichiometric reaction between ruthenium-caybgorphyrin complexes and aryl azides
yields bis-imido complexes, which are active species in Crhination Scheme 49).°¢) On the
other hand, Zhang, De Bruin and co-authors propasethe basis of theoretical and EPR data, the
formation of an active cobalt(lll) nitrene radicedtermediate during the cobalt(ll) porphyrin
catalysed amination of both saturated and unsatitatdrocarbonsStheme 49).162(631

NR
RN
Co NR

bis-imido complex

R\—.
RN3 \

nitrene radical

Scheme 49. Reaction between an organic azide and a rutheniuoobalt porphyrin.

If the substrate carries more than one functiomalig that is reactive towards aryl azides, the

chemoselectivity of the reaction may be affectad.the case of cyclohexene, which has an
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endocyclic double bond and four allylic positionsaidéable, the reaction selectivity was totally
driven towards the allyl amine using both Co(T#Pind Ru(TPP)CE! as catalysts.

However, the amination gf-substituted styrenes with an endocyclic doubledh@uch as 1,2-
dihydronaphthalene, showed a low chemoselectivily the ruthenium porphyrin-catalysed
reactions®® This is probably due to the simultaneous presefiem activated double bond, allylic
and a benzylic C-H bonds in the same molecBbtadme 50). A mixture of28 and29 was obtained
using Ru(TPP)CO as the catalyst.

Scheme 50. Amination pathways for 1,2-dihydronaphthalene armora

In order to improve the chemoselectivity of thectemn, we studied the efficiency of cobalt
porphyrins in the catalytic amination reaction dssed above. Experimental data reported herein
show an unusual reactivity of the C-C double bond tb the peculiarity of dihydronaphthalene

being a very active hydrogen donor.

The reaction between dihydronaphthalene and 4pfigoyl azide in the presence of Co(TPP)
yielded three different and unexpected produSthéme 51). Interestingly, compoun@0 is the
organic product usually obtained from the benzgiwgination of tetrahydronaphthalerg, is the
corresponding imine 080 and the keton&2 should be formed by hydrolysis 8fL during the
purification process. It is worth noting that ndpdene was detected in the reaction crude by GC-

MS analysis.
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NHAr

O (AN -Ng_
Co(TPP)

= 4-(NO,)CgH,N3

Scheme 51. Co(TPP)-catalysed amination of 1,2-dihydronaphthale

To rationalise this experimental result we repedbedreaction in absence of the catalyst and the
azide completely converted into a mixture3d@fand32. Since it is known that the reaction between
olefins and organic azideé¥"®¥ can afford imines by thermal decomposition of 3-2iazolines we
proposed the blank reaction mechanism illustrat&gthheme 52.

ArN3
—»

Ar =4- (NOZ)C6H4N3 20

O

32 (:ij + ArNH,

Scheme 52. Blank reaction mechanism.

The reaction conditions were optimised and theti@adetween 1,2-dihydronaphthalene and 4-
nitrophenylazide was chosen as a model reactioa.r@sults of the optimisation are listedTiable
1, the best solvent/catalyst combination was Co(TMOP-dichloroethane (entry 3 able 1),

although the electronic properties of the catatgstm to have just a little influence on the catalys
outcome.
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Table 1. Catalyst/solvent screening for the Co-catalysethation of dihnydronaphthalene by 4-
nitrophenyl azidé.

R __R
Entry . RRR R time(hy’ 3OC St fz

e (%) (%)
1¢ Co(TPP); R=H; R'=R"=GHs 10 23 22
2 Co(TPP); R=H; R'=R"=GHs 3 27 25
3 Co(TMOP); R=H; R'=R"= 4-CHOCsH, 15 40 34
4 Co(4"BUTPP); R=H; R'=R"= 4°BuCGH, 3 32 20
5 Co(4-CRTPP); R=H; R'=R"= 4-CRC¢H,4 4.5 23 41
6 Co(OEP); R=Et; R=R"=H 15 22 21
7 Co(4'MPyP); R=H; R’= GHs; R"=Py 2.5 19 56

%Experimental conditions:  Co/4-nitrophenylazide = 4:50, [Co] = x40°M, solvent = 1,2-

dihydronaphthalene/1,2-dichloroethane 1:1 (5.0 Ailime required to reach complete aryl azide conversisolated

yield. “Reaction run in benzene.

In order to assess the generality of the processrepeated the reaction using different
aryl/sulphonylazides. As reported Tble 2, the yields in the aminé\] were comparable in every
case, longer reaction times were observed usirlgaaiges bearing EDGs. The best results in terms

of productA were obtained using sulphonylazides (MsNsNs; entry 6-7,Table 2).
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Table 2.Co(TMOP) catalysed reaction between dihydronaplethaland organic azidés.

RNz, -
Co(TMOP) “

1,2-dichloroethane

entry azide time() A (%) B+C (%)
1 4-(NQ,)C4H3N3 15 40 34
2 4-(CHO)CyH3N3 11 32 29
3 4-(CN)GH4N3 3.5 34 36
4 4-(Bu)CsH4N; 18 37 19
5 3,5-(Ch),CsH3N3 15 21 20
6 4-(NG,)CsH,SON; 2 41 18
7 4-(CH;)CeH4SON; 5 44 11
%Experimental  conditions: Co(TMOP)/azide = 4:50, [Co= 2 x 10° M, solvent = 1,2-

dihydronaphthalene/1,2-dichloroethane 1:1 (5.0 Filime required to reach complete aryl azide coneerslsolated

yield. Only C was isolated, the imine was detected by GC-MSyaisbf the reaction mixture.

To investigate the reaction mechanism we took atoount that 1,2-dihydronaphthalene can be
easily involved in hydrogen transfer reactiofs™*®! as supported by the presence of naphthalene
in the reaction crude. Considering the model reactive thought that the formation & could be

due either to a hydrogenation process 3df (path g Scheme 53), or to an amination of
tetrahydronaphthalene formed by a cobalt-mediaigaraportionation of dihydronaphthaler@ath

b, Scheme 53). Both proposals were not supported by experinhelatiz.
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path a
NHAr NHAr

NAr
a1 (ij ArNs [Co] +
-N, path b
_N2
Ar = 4-(NO2)CgH4N3; [Co] = Co(TPP)

Scheme 53. Potential pathways for the synthesis30f

Taking into account the aziridination mechanismppsed by Zhang and De Brdff, we proposed
the following catalytic cycleScheme 54). We first suggest the formation of the nitrendical B
that reacts with dihydronaphthalene to form thebeeadical C which could evolve through
different pathways. We propose that the good hyeinogonor capacity of dihydronaphthalene
favoured a hydrogen transfer reactigath g forming benzylic amind& and avoiding the olefin
aziridination toD (path B. The absence of compounds deriving from benzyliallylic amination

of dihydronaphthalene (s&heme 50) is probably due to the high reactivity of the eoygtlic C-C
double bond.

+ \\(
H (;Q/H path b
H NR
E H

F'g path a

eet @Q/

H
- Co(porphyrin)

Scheme 54. Mechanistic proposal for dihydronaphthalene amiorat
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To confirm the direct amination of the double b@mdi to rule out the possibility of C-H benzylic
amination, we studied the reactivity of 4-nitropllenazide towards 1-phenyl-1,2-
dihydronapthalene.

The exclusive formation of amirgtin 54% yield Scheme 55) definitely pointed out the amination
of the unsaturated position to sustain mechaniiostrated inScheme 54. The GC-MS analysis of

the crude revealed the presence of 1-phenylnaméal

NHAr
5. 00 £ O &Sl
AN3 ArNg NZ

NHAr

Scheme 55. 1-phenyl-1,2-dihydronaphthalene amination.

In order to confirm the hydrocarbon involvementimydrogen transfer process, we performed the
reaction using an endocyclic olefin that cannotverhin the corresponding aromatic compound
such as indeneS¢theme 56). When indene was allowed to react with 4-nitraphazide in the
presence of Co(TMOP) the only detected aminatediymtowas the imine86, beside indene
polymerization products. The absence of aniBeonfirmed again that cobalt porphyrins are not
competent catalysts for benzylic C-H amination afd@cyclic styrenes, conversely, using

Ru(TPP)CO as the catalyst for the same reacB®mas obtained in moderate yiéfdl.

NHAr
O‘ —~ D2
ArNy
NHAr A”\'S ~N2 36

2

Ar = 4-(N02)C6H4N3; [CO] = CO(TMOP)

Scheme 56. Reaction between indene and 4-nitrophenyl azidbarpresence of Co(TMOP).
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2.2 Resonance Raman Mechanistic Study of Allylic Amation
Catalysed by Ruthenium Porphyrins

As reported inSection 1.3.4.the mechanism of the allylic amination of cyclrbee catalysed by
Ru(TPP)CO was deeply investigaté®®? It was found that two different catalytic cycleske
place depending on the aryl azide/substrate r&beme 57). At high cyclohexene concentration
the active species is likely to be timeoneimido speciesC which is very reactive and it is
immediately trapped by a substrate molecule givirggaminated product and the starting catalyst
Ru(TPP)CO. If the azide/substrate ratio is low, thencimido C species undergoes a further
reaction with the aryl azide giving thés-imido complexE, formally a RY' complex, which is an
active species in allylic aminatid!

ANy m
NH2AT ArNH, m low
» @ high -CO cyclohexene
cyclohexene w concentration
A -ArNH» B concentration

NS x«

NHAr Q NHAI‘

Scheme 57. Catalytic cycle proposed for allylic amination abtsed by Ru(TPP)CO.

.

This mechanistic hypothesis was supported by a BiEdly®® however, none of the Ruactive
species was ever isolated or detected with commamiques (IR, NMR). For this reason, we tried
to investigate this reaction from a different poafitview, using Resonance Raman Spectroscopy
(RRS). This technique requires a tunable laserceowhose frequency has to be close to the
absorption wavelength of a chromophore of the dealy this way the radiation act as a probe
exciting selectively the analyte molecules andRlagnan signals are greatly enhanced. Using RRS
we could follow the catalyst behaviour by recordihg signals corresponding to the vibrational
modes of the porphyrin skeleton even in the complgtalytic mixture.These experiments were
carried out in the laboratories of Leicester Unsigrwith the collaboration of Dr. A.Hudson and

Dr. G.Solan thanks to an Erasmus grant.



Since the catalytic intermediates reportedStheme 57 have different oxidation state at the
ruthenium atom, we recorded the RR spectra ofleeruam (I1), a ruthenium (V) and a ruthenium
(V1) porphyrin species: [RYTPP)CO], au-oxo dimer species [R{(TPP)(OCH)],0 (92), and the
bis-imido complex10 [Ru”'(TPP)(N=Ar}] (Ar = 3,5-bis(trifluoromethyl)phenyl) EFigure 15). We
obtained spectra with intense signals even in efiliienzene solutions (10M), the signal pattern
for the porphyrin skeleton vibrations in the 12@BQ cni' region was consistent with a previous
RR study performed on Ru(TPP) complexes by Spial & We identified a weak signal around
1020 cniin complex10 spectrum Eigure 15, right spectrum) that was assigned to the aromatic
ring stretching of the nitrene moiety. This sigmnals also observed in the Raman spectrum of the
aniline-complex15 [Ru' (TPP)CO(3,5his(trifluoromethyl)aniline)], hence, it can be cormidd as

an evidence of coordination of an axial ligand eamihg an aryl moiety.

1) 2) Oxidation marker band
130007 "Coordinated
] -aryl group -
12000 - banc
13000
] FaC
12000 - 11000 N pp
Ru(Il)(TPP)CO ] s
11000 4 —— bis-imido Ru(V1) Ph— NL\‘ITN =" pn
— Ru(IV)muoxo 10000 T
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Figure 15. 1) Oxidation marker band of the three Ru(porph) comgd2) RR spectrum of complex
10(right spectrum).

We also identified an oxidation marker band in Ri® spectra of ruthenium-porphyrin complexes
around 1360 cih Generally, a right-shift of this peak is an evide of ruthenium oxidation
(Figure 15, left spectra) while a left-shift of the oxidatianarker band is a sign of electron
enrichment at the metal centre. For example a M fift was observed when 3,5-
bis(trifluoromethyl)aniline 87), a coordinating species, was added to a Ru(TPR@Qion at
room temperature. Upon this addition compl&should be formed in solutidff’
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Keeping in mind this informatiorwe recorded the RR spectrum of Ru(TPP)CO in the presef
3,5-bis(trifluoromethyl)phenyl azic (38) in benzene. Weobtained a clear evidence of
coordinativeinteraction between Ru(TPP)CO and the aryl ¢ through which is believed to b
the very first step of the catalytic cy.[®® The coordinative bond between the ruthenium atoeh
the aryl azide is veryeak, and because of this no evidences of theaictien were found usin
other techniques (such as NMR, IR spectrosc

The changes in the RR spectr of Ru(TPP)CO in the presence of anilBiéor aryl azide38 are
similar: abetter resolved spectruiprobably due t@n increased solubility at RT in benzeand a
left-shift of the oxidation mark band Figure 16, left spectra). The growth of aweak
“coordinated-aryl group bafiéh the 100(-1050 cm' region was observagpon tte addition of aryl
azide38 but the peak had a lower intensity with respethe one observed fcomplex15 (Figure
16, right spectra).

1) 2)

Ru(TPP)CO in presence of aniline
Ru(TPP)CO
Ru(TPP)CO in presence of aryl azide

——[Ru] + aniline
——[Ru] + azide

4000 4

5000 - 3000 { ; : ; .
950 1000 1050 1100 1150

4000 . . Raman shift (cm™)
1400

Raman Shift (cm™)

Figure 16. 1) Ru(TPP)CO gidation marker and shifts upon coordinatioof an axial ligand.2)
Coordinated aryl group band in the spectra of caawyl5 (red line) and of Ru(TPP)CO in tl
presence oB8(black line).

In order to get additionainechanistic informatioron the Ru(TPP)CQ@atalysed amirtion of
cyclohexenewe had to record thtime-resolved RR spectrum tfe catalytic mixture as close
possible athe original reaction conditis (T = 80°C, nitrogen atmosphere). A new experiiale

set up was developed, thpectra of thicatalytic mixure were recorded usi a hermetically closed
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aluminium cell which was loaded with the solutidrtlte reagents in a dry box and heated to 70°C
with a heating plate while kept in optical contaxth the instrument lens.

The catalytic experiment were performed at differesyclohexene concentrations, using
Ru(TPP)CO as the catalyst and BjS{rifluoromethyl)phenyl azide as the aryl azide.

The conversion of the aryl azide in the organicdpied of the allylic amination reaction was
witnessed by the rise of the spectrum baselinendutie reaction as usually happens when a
fluorescent product is formed. In fact, when weorded the RR spectra of a benzene solution of
the organic product in the presence of Ru(TPP)COobtmined a spectrum with the typical
ruthenium porphyrin signals along with a very brpaek around 440 nm.

In the experiment at high cyclohexene concentrafiynlohexene as reaction solvent) we observed
a very slight right-shift of the oxidation markearil and the growth of the “coordinated-aryl group
band” Figure 17). In the last acquisitions the oxidation markendbashifted left to a suitable
frequency for the anilino complek5. It is worth reporting that the aryl azide convwenswas
complete in this experiment as observed by TLCyail This can be the evidence of a catalytic
cycle involving RU-RUY as active species and the ruthenium(ll) anilinmpiex as the catalyst

resting state.
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Figure 17. Time resolved spectra of the catalytic mixturghe region of the “coordinated aryl
group band” (1) and the oxidation marker band regioB),(the red line and corresponds to the
anilino complexl5 spectrum and was added for comparison.

At low hydrocarbon concentration, only an initiaght-shift of the oxidation marker band was
observed without any further change in the spect(kingure 18). This is consistent with an

oxidation of the ruthenium (lI) catalyst to the 'B&Ru"' intermediates of the second catalytic cycle
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reported inScheme 57. Unfortunatel' at these reaction conditioadow conversion of the aryl azi

occurredas observed by TLC analysand no catalyst final state was obser

7000 A
6000 A
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4000 4

3000 4~

Bis-imido

1 ! I ' I ' 1 ! I
1320 1340 1360 1380 1400
Raman Shift (cm™)

Figure 18. Time resolved spectra of the catalytic mixtureh@ dxidation marker band regi, the
pale red line is the first spectrum acquired, tladepgreen is the last acquisition. The bold lines
the reference spectra of Ru(TPP)CO ahe bis-imido compleXO.

In conclusion, a preliminary stucof the ruthenium porphyrigatalysed allyli amination was done,
we demonstrated that RRS is a useful tool to getnmation about the porphyrin compes state in
the catalytic mixture durinthe reactio. An optimisation of the experimental « up and a complete
assignment of the porphyrin signals in the Raispectrum mayead to a better understanding

the reaction mechanism.
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2.3 Mechanistic Insights of the Ru(Porph)-Catalysedziridination of
a-Methyl Styrene by Aryl Azides

The reaction between aryl azides and styrenesysathby ruthenium porphyrins to give aziridines
was already mentioned iSection 1.3.3.and was deeply investigated in the past yearsury o
research group. The first example in which arytiegiwere used as nitrogen source was reported in
1999 by Cenini and co-workéld! and the scope of the reaction was well studieal ubsequent
papef?.

A particular deactivation pathway was discoveredilevistudying the effect of the substrate
concentration on the catalytic outcomes: a linegrethdence between the kinetic constants and the
styrene concentration was observed increasing téfnoamount up to 30% (v/v), at higher
concentrations the observed relationship disapdeanel the reaction rate strongly decreased by

increasing the styrene concentration.

NO2 40
Ru(TPP)CO
+ -
e

N3
O,N
N
Ru(TPP)CO Ney
> N, N >
OZN/Q/ N ‘@ 7
co

39

Scheme 58. Ru-catalysed and uncatalysed reaction betweerethyl styrene and 4-nitrophenyl
azide.

This discrepancy was explained by the competiti@wben the catalytic reaction and the
uncatalysed reaction between styrenes and aryksitagive triazolinesStheme 58). °% This last
reaction is relevant at high substrate concentratiand the triazolin@9 was observed in the
reaction crude beside the aziridih@ Triazoline39is a coordinating species and in the presence of
Ru(TPP)CO vyields the hexa-coordinated complexThis latter compound is not a catalytic
intermediate since both using compléxr Ru(TPP)CO in the presence of the triazo@®ethe
reaction rate decreased drasticakfRU(TPP)COX(7) = 10:1). The logical explanation of this
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lower activity is that the triazoline act as anibitor and competes with the aryl azide for the
coordination at the axial site of Ru(TPP)CO.
To confirm this hypothesis we performed a mechanisivestigation and we implemented the

information obtained from previous wofs®¥ with the data obtained by kinetic and DFT studies.

2.3.1 Kinetic Study

At first, the reaction between 4-nitrophenyl aziged a-methyl styrene was taken as a model
reaction for the kinetic experiments. It was kndwom a precedent stuly that using Ru(TPP)CO
as the catalyst a first-order both in the aryl azdhdo-methyl styrene was observed but the linear
dependence of the kinetic constant with the sutest@ncentration was lost at higkmethylstyrene
concentrations and a progressive inhibition wagoiegl by increasing the substrate concentration.
A first-order was observed with respect to the lgataconcentration.

Interestingly, we found that the functionalisatiah the para position of themesoaryl of the
porphyrin ligand may cause a modification of thaekic order in the aryl azideTgble 3).
Generally, a first-order in the aryl azide was oi#d with ligands bearing EDGs (entries IFable

3) and a zero-order was obtained by functionalisatiih EWGs (entries 4-&able 3).
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Table 3. Dependence of the kinetic order of the aziridiotieaction on the employed porphyrin

ligand.
NO,
©/K Ru(p-X-TPP)CO
+ >
CeHg, 75°C NONOZ

N3
Entry Employed Catalyst t (h) Conv. % (K)irndeetir%
1 Ru@-MeO-TPP)(CO) 6 95 % 1
2 Rup-CI-TPP)(CO) 8 85 % 1
3 Ru@-Bu-TPP)(CO) 2 77 % 1
4 Rup-CF-TPP)(CO) 1.5 100% 0
5 Ru@-COOMe-TPP)(CO) 1.5 100% 0
6 Rup-F-TPP)(CO) 2 100% 0
7 Ruf-nBu-TPP)(CO) 2 100% 0/1

*Experimental Conditions: Ru/4-nitrophenyl azidemethyl styrene = 1:50: 250, nitrogen atmospheBCPKinetic

order with respect to the aryl azide.

This marked change in the kinetics of the reactiepending on the porphyrmesosubstituents is
very hard to explain. Probably the more electrondriawing is the ligand the faster is the
coordination of a sixth axial ligand (such as th@ azide) on the ruthenium centre. Therefore the
aryl azide concentrations should not affect theedpaf the whole process by using catalysts of the
type Rup-EWG-TPP)(CO).

A second kinetic study was performed using anotimedel reaction $cheme 59): Ru(T(p-
CR)PP)(CO) 41) and 3,5big(trifluoromethyl)phenyl azide38) where chosen because their use
ensures the best catalytic performances, as #itestrin the previously performiéd catalysts and

aryl azides screening-Methyl styrene was chosen as model substrate.

F3C CF3 CF3
N Ru(T(p-CF3)PP)CO
> N
CF

N3

3

Scheme 59. Second model reaction for the kinetic study.
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An ambiguous behaviour was obsenfor the kinetic order with respect to the aryl azict
different substrate concentrations: in the typicatalytic conditions (catalyst/azide/substrat:
1:50:250) the kinetic order was z (Figure 19, graph a)at higher substrate concentration (m
than 1.5 M, 20% v/v) the retion started with a ze-order relationship and gradually converted
first-order in the aryl azideF{gure 19, graph b), then at 40% v/v (3M) of a-methylstyrene a
clean first order dependence in the aryl azide oserve (Figure 19, graph ).

1 1
a) [ ) b) ° C) 1 ®
0,8 [} 0,8 08
) ’ )
o 0.6 ¢ PY go,s 06
< ® < ° < d
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Figure 19. Aryl azide consumption monitored by IR spectrosaiggtyrene = 0.1 M @), 2.1 M
(b), 3.0 M ¢€).

A plot of thereaction rate AM/At) versusthe olefin concentration revealeddependence very
similar to the one found for the first model rean (Scheme 60). A first order ino-methyl
styrene at low concentratioud to 0.77 M) followed by a drop irthe reaction ate at high
concentrations. Thiss of linearity in the reaction spevs.olefin concentration dependence ¢

the observation of a change in the aryl azide ldnetder from zero to mixed zerfirst were
coincident.

3,00E-05 e

2,50E-05 - g o\\

2,00E-05 | e °

AM/At (M s?)

1,50E-05

0 1 4 5

2 3
[a-Me styrene ]| M

Scheme 60. Plot of the reaction rate versia-methyl styrene concentratic

As stated abovethe uncatalysed reacti becomes relevardt high olefin concentratio. The
inactive triazoline-complex?2 (Figure 20), which is analogous t@, is formed in the reactin

mixture,as confirmed by NMR analysis of the reaction cr The drop in the reaction speed is (
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to the competition between the aryl azide andribedline for coordination at the ruthenium centre,
thus this substitution becomes rate-determiningredeer, the change in the kinetic order of the
aryl azide is justified since a fist order in threaming coordinative species (the aryl azide) is

suitable for a ligand exchange reactisA.

Figure 20. Triazoline complexX2

To confirm the hypothesis stated above we syntedstomplex42 and we employed it as the
catalyst for the kinetic experiments, using aryldaz38 and a-methyl styrene as reagents. We
observed a much slower reaction and a clean firderoin the aryl azide at any substrate
concentration, thus confirming that the kineticgh# entire process are strongly conditioned by the

presence of the triazoline.

2.3.2. DFT Study

In collaboration with Prof. Carlo Mealli and Dr. B#&le Manca of ICCOM-CNR (Florence) we
performed a computational investigation of the na@itm of Ru(porph)-catalysed aziridination of
olefins. A mechanism analogous to the one repredeintScheme 57 (Section 2.2 was initially
proposed but, since the ruthenium-carbonyl spegiese always detected in the aziridination
reaction crudes by IR analysis, we excluded thesipoisy that the bis-imido species (second
catalytic cycle infScheme 57) may be involved in the aziridination reaction.

Therefore, the starting point of the study was thghenium-porphinemongeimido species
[RU](NCH3)(CO)r (43r) in the triplet state, whose formation by the teac between
Ru(porphine)CO and methyl azide was already digtli§®m a computational point of Vi€lAs

pointed out in the Introductio(Bection 1.3.3, the singlet-triplet interconversion of the ruthem
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monagimido species allowshe possibility of spin localization or the nitrogen iom and is
necessary to reprodutiee observe radical reactivity®”

The reaction of compleX¥3r with isobuteneto give the corresponding aziridine was stud
isobutene was chosen as tiefin instead ofi-methyl styrene in order t§peed u the calculations.
The transition state of the reacti(44 in Scheme 61) was reached witl relatively smalenergy
barrier of +9.3 kcal mdl. The TS nature 44 was confirmed by itsnique imaginary frequency

-267.0 cnt associated to formation of the-C linkage. Any effortto obtdn a similar transition

state starting from compleiBthe singlet spin state faile

Figure 21. Optimised structures of the transition sted4(left structurg and comple45 (right
structure).

The complete formatio of the (-N bond leads to comple#5, in the triplet state through an
exoergonic step (-14.4 kcal il The optimized structure @5 shows a quite large distanof
2.51 A between the nitgen and the distal carbon at. Since the finahziridineproduct is obtained
through a ring closurehe two unpaired electrorof complex45 should be paired, thus a trif-
singlet interconversion must occuihe energy cost of the spin crossings calculated to be clo
to zero since thentersystem crossinoccurs near to thenergy minimum 045 (C-N distance of
2.56 A vs. 2.51 A). After therossing pointthe complex [Ru](aziridingCO)s (46) was obtained
with a free energy gain of30.4 kcal mc*. The Ru-N(aziridineond in complex46 is very
elongated (ca. 2.38\), suggesting that the aziridine moiety is readydepart ancrestore the

precursor [Ru](CO) with alightly endoergonicAG = +8.7 kcal mot) decoordination ste|
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CHj
CHj

N-CHs

Scheme 61. Energy profile for the aziridination starting frofRu](NCHz)(CO)r.

The stability of Ru(porphin€C-triazoline adducts was investigated the optimization of th
structure of complex [Ru](N-methy-5,5-dimethyltriazoline)CO47) (Figure 22). The free energy
gainin the coordination of the triazolirspecies to Ru(porphine)CO wd®-7 kcal mc?, while the
same trasformation in the presence of me azide gives only a -3.kcal mo™ stabilization. This
last datademonstrates that the triazoline is a strongerdinative species then the organic az
thisis in accord with the observation discussed abaveening the inhibition of the aziridinatic

reaction by the triazoline complex7 and42.

Figure 22. Optimized structure ccompound [Ru](triazoline)(C( 47.
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The catalytic cycle represented Scheme 62 was proposed on the basis of the studies discussed
above. Considering the precedent mechanistic stuieelntroduction, Section 1.3.4, the
mechanistic hypothesis was restricted to thericimido catalytic cycle” and a pre-equilibrium

between complexe& andC (Scheme 62) was addedo represent the competition between the aryl
azide and the triazoline.

ArNg N2
L = triazoline
L
C co A B
CcO co
PR

Scheme 62. Mechanistic hypothesis for Ru(porph)CO-catalysaddination.
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2.4 Synthesis of Amino esters by Ruthenium PorphymiCatalysed
Amination of C-H Bonds

The C-H amination of hydrocarbons catalysed by hoatmplexes is an efficient tool to synthesise
high value nitrogen-containing compounds employthgap starting materials. The importance of
amino acid derivatives as well as the wide vargdtgatalytic methods developed for their synthesis
was already discussed Bection 1.4.An appealing strategy affording or -amino ester is the
nitrene insertion into a benzylic C-H bond placedior f position to an ester group respectively
(Scheme 63). As described irsection 1.3, the metalloporphyrin-catalysed nitrene inseriimo C-

H bonds was well studied, however, only a few apions of this methodology feramino esters
synthesis were reportéd} !

R N N3 R
S R-_/ n P2 |

NS

NH
n=1 @COOR' n=2 i COOR
©)\COOR catalyst catalyst ©)\/
-N2 -N»

Scheme 63. Synthesis af- or f-amino esters by the benzylic amination reaction.

This is due to the electron deficiency of the bédinzg-H bonds placed near an EWG, such as a
carboxyl group, which hampers the C-H bond homolgteavage performed by the electrophilic
metallo-nitrene intermediates.

Herein we discuss our results in the ruthenium lpgnip-catalysed benzylic amination of these
challenging substraté?!

We started studying the reaction between methyhylaeetate and 3,bis(trifluoromethyl)phenyl
azide B9) in the presence of different catalysts and sdak/@irable 4).
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Table 4. Amination of methyl phenylacetate by aryl a8é&

H cat NHAr

— Ar = 3,5(CF3),CgH
Ph” “COOMe AN, -N, Ph)\COOMe (CFa)2Cehs

yield
Entry Catalyst conv. % t(h)

0°
1 Ru(TPP)CO 100 8 64
2 Ru(TPP)CO 100 21 30
3 Ru(TPP)CO 100 31 40
4 Ru(TPP)CO 100 '3 70
5 Rup-CRTPP)CO 100 10 60
6 Co(TPP) 100 3 51
7 Mn(TPP)CI 0 ; .
8 Fe(TPP)CI 0 ; ]

*Experimental Conditions: T = 80°C, under nitrogeatalyst/ArN/substrate = 1:10:56IR monitoring.°NMR yield.

9Run in 1,2-dichloroethan&Run in acetonitrile’Run in methyl phenylacetate.

As reported inTable 4 ruthenium porphyrins (entry 1,5) showed a bettgalgtic efficiency in
terms of yield in the desired product. Shorter tieactimes were achieved by using methyl
phenylacetate as the solveiiable 4, entry 4). If the temperature of the reaction mmmethyl
phenylacetate was increased from 80°C to 100°Chi€8B,5-bis(trifluoromethyl)phenylamino)-
phenylacetate4®) was obtained in only 1.5 hours at a 72% yield.

The azide/substrate ratio is a crucial parameteorder to have a good catalytic performance
because it has a strong influence on the transtowmaf the ruthenium-catalyst, as explained

below.
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Figure 23. ORTEP plot of the molecular structuresA8f

The TLC analyses of the crude of the reactionslysegd by Ru(TPP)COT@ble 4, entry 1,4)
revealed the presence of different ruthenium spe@ecording to the employed solvent.
Ru(TPP)CO is the only ruthenium complex observe@mwmethyl phenylacetate is the reaction
solvent, whilst a new purple ruthenium species Yoamed besides Ru(TPP)CO by running the
reaction in benzene. If in the latter case the lgi#taazide concentration was doubled (the
Ru(TPP)CO/azide/methyl phenylacetate ratio of EQOwvas replaced by 1:20:50), the aryl azide
conversion was not complete (80%), organic compaliwas obtained in a low yield (29%) and
the new purple complex was the only ruthenium ssedetectable by TLC of the catalytic mixture.
Conversely, when the reaction was performed in yhgihenylacetate as the reaction solvent, a
complete conversion of the aryl azide was reachked by using a Ru(TPP)CO/azide catalytic ratio
of 1:50 (Table5, entry 1).

Any attempt to recover this new complex in a purenf failed due to the constant presencd®f
traces. By using Rip-CRTPP)CO 4¢1) as the catalyst the purification of the crude flagh
chromatography allowed the isolation of this-amido complex RU(p-CRTPP)(N(R)Ary(R =
CH(Ph)COOMe, Ar = 3,5(CJCeH3) 49 as purple crystals. Compledd was fully characterised
and its molecular structure was determined by siogystal X-ray diffraction as reported kiigure

24.
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Figure 24. ORTEP plot (left) and molecular structure (righf)complexd9.

The average Ru-Nrphyrin bond distance is 2.049(4) A. The coordinationhaf &ixial ligand is also
quite similar to that of othdsis-amido porphyrin complexes: Ru-N(Ar) is 1.944(5)dbmparable
to that of R{Y (p-CHsTPP)p-CICsHNH) 2 or RUY(TPP)(3,5-(CE)2CsH3sN(CsHa)).*®! The most
important change betwed® and49 structures occurs for the NyG bond which is much longer in
49 (1.462(7) or 1.470(6) A) than #8(1.375(3) or 1.376(3) A).

Complex49 is a very stable compound and it does not showcaitglytic activity in the reaction
between azide and methyl phenylacetate. We hypsttethat compled9is a deactivated catalyst
which can be obtained by tHas-imido complex Ruyg-CRTPP)(NArk(50) formed during the
catalysis run at low substrate concentratiddshéme 57 of Section 2.3. We observed that the
formation of 49 from 50 occurs only in the presence of both the substrate the aryl azide
probably through an a homolytic cleavage of thestabe benzylic C-H bond similarly to what
already described for the synthesis of the analsbisamido ruthenium(lV) comple£6.%® When
we employed théis-imido complex50 as the catalyst for the model reaction éh@mino ester8
was obtained in 22 hours at a 51% vyield indicatimag ruthenium(VI)bis-imido complex50 is a
less efficient catalyst than the correspondingeniiim(ll) carbonyl compleAdl (Table 4, entry 5).
The analysis of the reaction crude revealed thegoiee of the inactive complé®.

We propose the following mechanis@clieme 64) taking into account the DFT mechanistic study
concerning Ru(TPP)CO-catalysed allylic aminaff8hA central role in the catalytic cycle is played
by the mongimido ruthenium (IV) complexC. We suggest that compléX reacts with the aryl
azide forming thenonceimido species Ru(TPP)(NAr)CCLC{ that can either be trapped by methyl
phenylacetate to yield the desired amino estereottrnsformed into théis-imido derivative

Ru(TPP)(NAr} (E) depending on the benzylic substrate concentration
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Scheme 64. Mechanistic proposal
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This proposal is in accord with our experimentasufes that indicate that better catalytic
performances are achieved by working at high satestroncentrations, at these conditions the first
catalytic cycle is prominent, therefore, the forimatof thebis-imido complexE and its consequent
decomposition to give the deactivated catdfyate limited Scheme 64).

We investigated the influence of the substrate eotration by measuring the reaction rate at
different methyl phenylacetate concentrations usicgtalyst/azide ratio = 1:5. The employed azide
amount was chosen in order to limit the formatidntlee bis-imido derivative E) and the
occurrence of theycle 2of Scheme 64.

The reaction rate increased by increasing the rhetnylacetate concentration from 0.1 mdf L
to 0.6 mol L*, then a substrate inhibition was evideigure 25a). As clearly reported iffigure
25b, the reaction rate was inversely proportionalne methyl phenylacetate concentration in the
1.0-7.0 mol x L* range.
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Figure 25. Dependence of the reaction rate with respect tarieéhyl phenylacetate concentration.
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The observed inhibition process can be due to erséue coordination of the ester substrate to the
metal centre. This hypothesis was supported byRrenalysis of the reaction between Ru(TPP)CO
and a methyl phenylacetate excess. A shift of tBeaBsorbance was observed after the addition of
methyl phenylacetate to a dichloromethane suspensidRu(TPP)CO Kigure 26). We propose
that the competition among the benzylic substraid the aryl azide for the coordination at the
metal centre generates an equilibrium that is tte¢ $tep of the catalytic cycle, as reported in
Scheme 64. Clearly, the entire process depends also on tbstisution reaction rate, which is

determined by the substrate concentration.

% Transmittance

Ru(TPP)CO/methyl phenylacetate
-1

82—
o Ru(TPP)CO

| -1
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Figure 26. IR spectra of Ru(TPP)CO (red line) and Ru(TPP)@@he presence of methyl
phenylacetate (black line)

The benzylic substrate plays a double role in #ation mechanism: a high methyl phenylacetate
concentration is necessary to avoid the formatioth® inertbis-amido complexX and to maintain
active the catalytic cycle 1 reported Bcheme 64; however, the benzylic substrate is also
responsible for a sort of competitive inhibitionthye generation of complex.

Taking into account all this mechanistic informatiove studied the scope of the reaction by
reacting methyl phenylacetate with other aryl azidad by investigating the reactivity of methyl

dihydrocinnamate as substralalle 5).
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Table 5. Synthesis af- andp-amino esters catalysed by Ru(TPP)CO?*(2).

yield®
%

6 80
1d ©/\CO0Me ©/‘\COOMe 51, 4(CFks)CsH4 5 26
52, 4(NQ,)CeH4 8 32

5

53, 4(Bu)CsH4

entry substrate product Ar 1))

48, 3,5(CF)2CeH3

20

COOMe NHAr
2 @N ©)v°°°“e 543 3,5(CF);CsHs 10 77

543 3,5(CR):CeHs  0.25 65
©)NH$c00Me 553 4(CR)CeHs 2 38
568 4(NO;)CsHa  0.75 55
QTMS 573 3,5(ClpCeHs 1.2 65
3 Z SoMme
54b, 3,5(CR),CeHa  0.25 12
coome  55b, 4(CR)CgH4 2 14
m’” 56b, 4(NO,)CeHs  0.75 21
57b, 3,5(ClbCeHs 1.2 8
4 m o NH(:iOOMe 58 35(CRLCHs 23 oarant™
5 %ZOOME @%ZOOME 59, 3,5(CF);CsHs 6.5 535}322“ =

Reactions were run under nitrogen in benzene af 8@th 2/ArNy/ester = 1:50:1000Time required to complete the

ArN; conversionSlsolated yields’Run in methyl phenylacetate at 100°@/ArNy/substrate = 1:50:250.

Experimental results indicate that aryl az&8is the most effective azide for the amination othb
methyl phenylacetatd @ble 5, entry 1) and methyl dihydrocinnamaieble 5, entry 2). In fact, the
amination of methyl phenylacetate by other aryldagi afforded the corresponding aminated
compounds in a low yield and the reaction of thmesaazides with methyl dihydrocinnamate
afforded only traces of the correspondifigamino esters. It should be noted that the reaction
reported inentry 2 allowed the synthesis of methyl 3-(HBtrifluoromethyl)phenylamino)-3-

phenyl-propanoatesda) in good yields but long reaction time (10 h)thé reaction was carried out
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with a lower azide loading (catalytic ratio Ru/aimhethyl dihydrocinnamate = 1:15:1000) the
reaction time was reduced to 2 hours with an 81etdyof 543 suggesting that a deactivation
process similar to the one observed in the methghplacetate case is occurring. In fact, the TLC
analysis of the reaction crude revealed the preseh@another porphyrin species as a purple spot.
This new ruthenium complex6Q) was isolated by performing the synthesibéé using complex

50 as the catalyst, the analytic data for com@@xare very similar to those reported #@ to
indicate an analogouss-amido molecular structur&igure 27).
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Figure 27. NMR spectra of comples0.

To optimise the synthesis o0b4a we used the ketene trimethylsilyl acetal of methy
dihydrocinnamate@l) as the substrat&g¢heme 65), this compound is a rather strong nucleophile
and carries C-H bond that are both benzylic andi@litherefore, it should be very reactive towards

the electrophilic metallo-nitrene species generdtgthg the catalysis.
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Ar = 3,5'(CF3)'C6H3
OMe NHAr

1) ArN3 Ru(TTP)CO
COOMe ’ COOMe COOMe
©/\/ 1) LDA, THF = OTMS N, ;
2) TMS-CI 2) TBAF NHAr  54b
61 54a

Scheme 65. Synthesis of ketene silyl ace8dland its employment as substrate in catalytic
amination.

The reaction time decreased from 10 hours to 15itesbut in the meantime a decrease of the
reaction selectivity was observed. Theamino ester54a was formed along with the-amino
regioisomers4b in a ratio54a54b = 85/15. The formation of compourtdb can be due to the
reaction of ketene silyl acetal and an electrophitrogen source (see electrophilic amination of
enolates discussed 8ection 1.4.2, also it could be due to the uncatalysed readigtween ketene
silyl acetal61 and the aryl azide, since a similar compound waaioned by the reaction between
tosyl azide an®é1.*%) We repeated the reaction in the absence of themitm catalyst but after 2
hours the IR analysis did not reveal any consumpticdhe aryl azide. The use of ketene silyl acetal
enlarged the scope of the reaction, this experiahgmbcedure allowed the synthesispemino
esters derived from different aryl azides beariMy@ groups in short reaction times and with a
lower excess of the substrafeable 5, entry 3). Even if the employment of the keterlgl sicetal
decreased the reaction selectivity, it is importaninderline that the two obtained isomers can be
separated by flash chromatography. We tried taisdhe product of the benzylic amination of the
ketene silyl acetabl and aryl azide38 before the desilylation with TBAF. We obtained doo
evidences of his presence in the reaction cruddHeMMR analysis, unfortunately any attempt to
purify this product lead to its decomposition.

We performed the synthesis @foxy-f-amino esters using L-3-phenyllactate derivatives a
substrates Table 5, entry 4-5), these products are interesting bexahsy are precursors of
biological relevant compounds such Bdactam§®® and 2-oxazolidinond$?*” The reaction
requires a protective group on tirdnydroxyl moiety of methyl L-3-phenyllactat&heme 66), and
compounds62 and 63 were obtained in moderate yields using acetoxynethoxy moieties as
protective groups and a large substrate excesgpeNermed the reaction using unprotected methyl
L-3-phenyllactate a substrate, but no completeeaziwhversion occurred over 20 h in refluxing

benzene and only traces of product were detect&aldS analysis.
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CF3

R = OAc, 62
R = OMe, 63
N3
COOMe RuTPP)co  F3C NH
©/\( + COOMe
OR N,
FsC CF, OR

Scheme 66. Synthesis af-oxy#-amino esters

A moderatesyn/anti diastereoselection was obtained in the synthdsoompound62 but it was
almost negligible using the methoxy-protected pliantate derivative as substrafieble 5).

The purification of the reaction crude during thathesis of62 allowed the isolation of a new
“purple spot” ruthenium complex, the ESI-MS anaysias compatible with bissamido complex
similar to49 and52.

We studied the conversion of the diastereoisonmaixture of compound@3 into the corresponding
p-lactam, which was obtained as a sindlans diastereoisomer 64) in 30% vyield. The
stereochemistry of compourédl was assigned by comparing its NMR data with theperted in
literature for a similar compourtf® It is worth noting that compoung# was obtained in a few

steps starting from L-phenyl alanirgcieme 67).

©/YCOOH 1) NaNO,, HCI, H,0 ©/YCOOME NaH, CHgl COOMe
- —_—
NH 2) MeOH, H,SO0, cat. OH OMe

Ar = 3,5(CF3)2C6H3 RU(TPP)CO 2% mol
ArN3
. . NHAr
r\'\\fli 1) NaOH, H,O/THF COOMe
R OMe 63

©“ OMe 2) DCC, DMAP
64

Scheme 67. Synthetic pathway fgt-lactam64 starting from L-phenylalanine.
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2.5 Ruthenium Porphyrin-Catalysed Synthesis of Indes by the
Reaction between Aryl Azides and Alkynes

Indole-containing molecules represent a very ingrt class of compounds from a
biological/pharmaceutical point of view. The sciBatcommunity developed a massive number of
methods for indoles synthesis, an overview of #eent advances in this area was given in the
Introduction (Section 1.5).

Herein we reported the first synthetic strategglitain indoles involving an intermolecular reaction
between aryl azides and aryl alkyh&s.

At first, we discovered that the reaction betwegbH®s(trifluoromethyl)phenyl azide38) and
phenylacetylene afforded selectively the ind6ke in the presence of a ruthenium porphyrin
catalyst. This was surprising because generallynwirganic azides and alkynes are allowed to
react the well-known [3+2] Huisgen cycloadditioncocs giving the corresponding triazoles;
moreover, ruthenium-based catalysts for this reaaiie very well-knowH>°

The catalyst and solvent screening for the synsha$€i5 is reported ifTrable 6.

Table 6. Synthesis o85.

CF3 Ph CF3 ph
/@\ . || cat (2 mol%) /@\/\%2
FsC N3 H FsC N
38 65
entry Cat C(Oo/:;’ © t(h) 65yield (%)
1 None 15 6 -
2 RU'(TPP)CO 100 6 65
3 [Ru"(TPP)(OMe)],0 (92) 90 14.5 60
4 Ru”(TPP)(NAr) (10) 100 1 86
5 Ru”'(TPP)(NAr), (10) 10¢F 25 73
6 Ru”'(TPP)(NAr), (10) 2o 12.5 19
7 Ru” (TPP)(NAr) (10) 96° 12 36

“Nitrogen atmosphere, benzene, T = 80 °C cat/adideia = 1:50:250.°NMR yield. “Run in refluxing

1,2-dichloroethanéRun in refluxingn-hexane (T = 69°CfRun in decalin.
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The reaction optimisation enabled the synthesih®fC3-substituted indol&5 in a high yield and
short reaction time, the C2-substituted regioisoma&s never observed. We tested three ruthenium
catalyst with different oxidation stat@dble 6, entries 2-4), the best catalytic performance was
obtained by using the ruthenium(M)s-imido complex10, Ru(TPP)CO and [Ru(TPP)(OMg}]
promoted the formation of the desired product inderate yields but in longer reaction time than
10.

Co(TPP) and Fe(TPP)CI were also tested as catdtysthe model reaction, in both cases a poor
azide conversion was observed and the indole wiadatected by NMR analysis.

As reported in entry 1 ofable 6, the catalyst-free reaction of aryl azig@with phenylacetylene in
refluxing benzene (80 C) occurred without a sigaifit azide conversion (12%) and with the
formation of a mixture of triazole@6aand66b (Scheme 68).

N =" “.‘$N>_<:>
3 — / /
Z FsC N FsC N
+ — +
FsC CF4
38 CF3 66a CF3

66b

Scheme 68. Uncatalysed reaction between phenylacetylene anhi3;(trifluoromethyl)phenyl
azide

The triazoles yield was quantitative when the nieactvas executed in decalin at 120 C; in both
cases the formation of indoB5 was not observed. No reaction occurred when thduna of
so-formed triazoles was treated with Ru(TPP)COs texcluding tha65 was obtained by a metal-
catalysed rearrangement of triazoles formed by#ige-alkyne cycloadditiofi?

Our first concern was to propose a plausible reactnechanism to highlight the synthetic
potentiality of the present procedure, thereforepggormed a series of experiment to gain some

mechanistic information:

- Nitrene-Transfer Experiment: the stoichiometric reaction betweg®and phenylacetylene
yielded the indolé5 in a 25% yield $cheme 69). Aniline 37 was also detected along with
unidentified ruthenium porphyrin species. Thus, thetallo-nitrene species is truly an

intermediate of the catalytic reaction.
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NAr "!i’
CF NH
Ph 4 3 2
e = O™
FsC N
65

PH FsC CF3
10 NAr 37

Ar = 3,5(CF3)2C6H3
Scheme 69. Nitrene transfer experiment.

- Isotope Tracing Experiment: the terminal C-H bond of phenylacetylene is neblaed in
the reaction. When phenylacetylethewas reacted with aryl azid®8 in the presence df0,
the indole65-d; bearing a deuterium atom in the C2 position waduskely formed. The
catalytic performance was almost identical to thee oobtained using regular
phenylacetylene, thus the thermodynamics and tinetiks of the reaction are unaffected by

this isotope change.

v o (D
10 (2%) CF3
+
benzene
F5;C CF
FsC

3
38

A\

\]

- :

8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 76 7.5 74

Scheme 70. Isotope tracing experiment and comparison betweeH NMR spectrum o5
(purple line) and théH NMR spectrum d&5-d; (blue line).
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- Kinetic Isotope Effect (KIE): The aryl azide C-H bond activation is not the rate-
determining step of the entire process. This wasequ by performing a KIE experiment by
two different methods.

In the first experiment, the reaction between plensgtylene and an equimolar amount of
38 and fully deuterated8-d; (seeExperimental Section Section 3.4.5for the synthesis of
38-d3) was performed. Au/kp value of 1.1 was calculated By NMR analysis.

In the second experimekt andky were measured separately by performing the reaatio
two different batches, one usig§-d; and the other using8. The first order kinetic constant
was evaluated by quantifying the azide consumgiipiR spectroscopy. The resultikg/ko

= 1.6 was quite in agreement with the previous erpnt and confirmed that the C-H bond
cleavage in not involved in the rate-determinirepstf the reaction.

- Synthesis of 65 in presence of TEMPQA lack of inhibition of the catalytic reaction was
observed when the radical trap TEMPO (2,2,6,6-tedthyl-1-piperidinyloxy) was added to
the reaction mixture. Thus, a mechanism involvioggHived radical intermediates is

excluded.

The reaction between a nitrene species and allgimagd afford an unstable and antiaromatic 1
azirind'®?, although this species were never truly isofatdbecause of the easy rearrangement to
the more stable B-aziriné®*¥ or other transformatiod¥” Interestingly, 1-aryl-Bi-azirine can
afford 2,3-disubstituted indoles through a ring ripg rearrangement that can be either
thermally*®® or catalyticall{*°® induced (seéntroduction, Section 1.5.4).

Tai-Chu Lau and co-workers recently reported aiqaer reactivity of a ruthenium(VI) nitride
complex towards alkynd§™ As illustrated inScheme 71, the reaction of 1-hexyne with complex
67 affords a ruthenium(lV) aziro (deprotonated aajircomplex68 that undergoes rapidly a
nucleophilic attack by pyridine and rearrange te thore stable 2-aziridine complex69, which
gives the final product by hydrogen atom transtéAT). This mechanism was the result of a
theoretical DFT study.
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We proposed that a similar reaction may occur bAlstween a ruthenium(VBis-imido complex
and phenylacetylene affordingNasubstituted-H-azirine complex (intermediai& in Scheme 72)
in accord with the general reaction between a mitrepecies and alkynes. Intermediateannot
rearrange to a more stablel-azirine because a transposition of the aryl mdietsn position 1 to
position 2 would be required, therefore the azinimelergoes ring opening and activate the C-H

bond inortho position of the aryl moietyScheme 72) obtaining the observed indole product.

77 Pn /A \Ph
F3C/©\ N \H FsCQgAH
- .

+ AI’N3, - N2
CFs  ph
\
> H
FsC N

H 3a

Scheme 72. Proposed mechanism for the reactiorl@fwith phenylacetylene to give 3-phenyl
indole.
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The formation of an “elusive”H-azirine intermediate can explain the experimeataervations,
especially the almost negligible KIE, since thet f@arrangement oA is very unlikely to be the
rate-determining step. The regioselective formatbrthe C3-functionalised indole should derive
by the stabilisation of the positive charge fornaealing the ring opening reaction on the phenyl-
substituted carbon atom of the alkyne. Any attetoptietect intermediaté failed, a theoretical

calculation should be performed in order to confihis mechanistic hypothesis.

Table 7. Synthesis of 3-arylindoles usifi§ as the cataly8t

R4 R4

. O . O

%@

R2
10 (2 mol%)
T T O S e
Rl N3 C6H6 R3 H
Rs
O CF3 OCH3
CF, QD’
N CFs CF3
Sy o \ \
FsC N F.C N F.C FiC
65, 86% yield 72, 75% yield 73, 69%yield 74, 95% yleld 75, 90% y|eld
1.0 h time 0.75 h time 14 h time 0.5 h time 1.25 h time
OB’ (>
- (> (o
CF,
e { L SR VANNOS
O FsC N FsC N O,N N
76, 65% yield FiC N _ ed .
; , 0 yield’ ) o yield’ , 0 0)yie
4.5 h time _ 78, 30% yield® 79, 37% yield 80, 82%(80%) yield
77, 95% yield 16 h time 15 h time 0.5 h(0.5 HYime
1 htime
NO, a No2 No2 /‘:
O,N N N N
’ H O N OaN OaN 85, 60% yield
81, 70% yield 02N N . 1.5 htime
0.5 h time ’ : 83, 68% yield 84, 83% yield
8287% vyield 2.5 htime 0.5 htime

0.25 h time

85



o D <O O O O

CF,

O E.C N N  O,N N N O,N N
N3 H H H H 2 H

87a 45% yield 87b, 15%yield  88a 35% yield 88b, 6% yield

i g i ]
8643, 82% yield? 86b, 5% vyield 45 htime 6.0 htime

6.0 h time

®Nitrogen atmosphere, benzene, T = 801C,as the catalyst, Ru/azide/alkyne = 1:50:250, 1G(4de conversion,
NMR yield. 83% azide conversiofil0/aryl azide/alkyne = 1:50:100089% azide conversiofi81% azide conversior.
‘Complex B9) was used as the cataly$iMR selectivity calculated in th@6a/86b isolated mixture.

In all the cases reported ifable 7 the missing mass balance was the aniline and itueemnke
derived from a partial decomposition of the emptbgezide. Initially the reactivity of aryl azid8
towards differently substituted alkynegable 7, compound¥2-79) was tested. The reaction 88
with aromatic terminal alkynes afforded the 3-pHemples in high yields and with full
regioselectivity. The catalytic efficiency of theaction depends on the electronic characteristic of
the para substituent of the alkyne {Rand best yields and shortest reaction times \aehgeved
when R was an electron-donating group. Internal alkynesevconverted in the desired indoles in
moderate yields, but the azide conversion was ipbet® over 15 hours. The steric hindrance
between thali-substituted alkyne and the porphyrin ligand mayHgecause of the longer reaction
times and modest yields. It is important to undaerlihat when 1-phenylpropyne was used only the
regioisomer78 was observed, supporting the already stated hgpttihat the regioselectivity is
given by a better stabilization of a transient pesicharge by the phenyl group. The procedure was
ineffective towards aliphatic alkynes, no indoleguct was observed using trimethylsilyl acetylene
and 1-heptyne as substrate, while ethyl propialatee the corresponding 3-carboxyethyl indole in
a low yield (13%).

The synthetic versatility of the reported methodglavas then investigated by reacting phenyl
acetylene with different aryl azides. It should eerlined that we employed compl&® as the
catalyst instead of using thHas-imido complex corresponding to the employed aleeach
reaction. This is due to stability problems of thisimido complexes derived from different aryl
azides. Only théis-imido complex Ru(TPP)(NAr") (Ar' = 3,5-(Ng.CsHs) (89) was stable enough
to be prepared in high yields and employed as atedyst for the synthesis 80, as shown iTable

7, a similar catalytic performance was obtained siyn@89 instead ofLO0. It is worth noting that the
use of 10 as the catalyst implied a sacrificial role of mgrene “ArN” moieties which were
transferred to alkyne forming the correspondingasiréd indoles5. This collateral reaction can be
tolerated due to the small quantity ® derived from the nitrene moieties &0 (2% catalyst
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loading) and because it can be separated from #wred indole during chromatographic
purification.

The high reactivity of 3,5-dinitrophenyl azide alled us to perform another alkyne screening using
this aryl azide. We obtained five different derivas (compound80-84, Table 7) with high yields
and short reaction times. It is worth to reporttttiee latter indoles were recovered by simple
filtration since 3-aryl-4,6-dinitroindoles are ingble in benzene, even at refluxing temperaturd, an
in chlorinated solvents. Yields and reaction timesre similar using aryl alkynes with different
electronic properties, maybe because of the driimge given by the insolubility of the organic
products in the reaction media.

We further investigated the regioselectivity of tteaction using aryl azides bearing only one
substituent in thenetaposition. In this case two different C-H bonds nieyinvolved in the HAT

process yielding two different indoles, as reporteSicheme 73.

R3
10 (2 mol%)
+ C6H6
N | | reflux

3
R3 = CF3’ N02

Scheme 73. Reaction between phenylacetylene and mono-sukstituyl azides catalysed Q9.

When 3-trifluoromethylphenyl azide was employea tagioisomeB6awas the strongly favoured
reaction productTable 7) indicating that a trifluoromethyl group activatéte cleavage of a C-H
bond placed in anrtho position better than ipara position. The replacement of €by a NQ a
stronger electronwithdrawing groymovoked a decrease in the reaction selectistyner87b was
formed in higher yields (15%) tha6b. The indole formation was not observed using Leoth
azide bearing EDGs, such as 3,4,5-methoxyphengkaand aryl azides bearing EWGs in plaga
position, such as 4-nitrophenyl azide and 4-tetidpnenyl azide. 4-trifluoromethylphenyl azide
gave only traces of the desired product, as detelosje GC-MS analysis. This pointed out the
relevance of the EWGs on theetapositions of the aryl azide in order to obtain desired product.
Finally, it should be noted that indol@g, 78, 81 and88 were obtained without the contemporary
amination of the benzylic methyl group, althougk tiood catalytic activity of the ruthenium(VI)

bis-imido 10in benzylic aminations by aryl azides was welabefished®®
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Generally, monosubstituted azides were much less effective fer ittdole synthesis then the
correspondingdi-substituted derivatives. For example,nifnitro- or m-(trifluoromethyl)phenyl
azide were employed in the same conditions usedtHercorrespondingli-substituted azides
(Ru/azide/alkyne = 1:50:250) the yield in the desirindole product was less than 25%. To
overcome this problem a consistent alkyne excess briused. The large amount of substrate can
be fully recovered either by distillation as a bemz solution in the case of phenylacetylene or by
chromatographic purification for high boiling allgsm However, the alkyne substrate may be very
expensive and using a large excess in order teaserthe indole yield is not the best solution from
an economical point of view.

We tried many possible additives in order to fé&ié the HAT step and avoid the need of a
substrate excess, the reaction between 3-trifluetbytphenyl azide and phenylacetylene with a
catalytic ratio Ru/azide/alkyne = 1:50:250 was @mss a model reaction for these studies.
Unfortunately the high yields observed using adaalkyne amount were never replicated: the
employment of an H-donor compound, such as cyclehexor of a base, such as triethylamine, led
to the inhibition of the reaction. The use of protonors like methanol or benzoic acid led to a
consistent reduction of the reaction times but amlglight improvement in the indole yield was

observed.
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2.6. New Porphyrin Catalysts for Amination Reaction

2.6.1. p-Oxo Ruthenium Porphyrin Dimers

The catalytic cycle of ruthenium-catalysed aminatieactions was deeply discussed in the previous
sections. A general observation is that the acijvecies are generally Buor Ru”" complexes,
usually derived from the oxidation reaction betwdle® organic azide and the starting catalyst, a
ruthenium(ll) porphyrin carbonyl species. Neverdiss|, thébis-imido complex10, a ruthenium(V1)
species, is a better catalyst then Ru(TPP)CO ih benzylié®®> % and allylic aminatiof® ©®
unless particular deactivation pathways are inwbivethe catalytic cycl&® (seeSection 2.3.

Hence, we focused our attention on the synthesisitbEnium porphyrin complexes with a high
oxidation state; we investigated their reactivdwards organic azides and their catalytic actiwnty

the amination reactions.

In the past years, the synthesis and charactenizafi high-valent metalloporphyrins attracted the
attention of the scientific community due to thekations with the structure of many heme-proteins
in their redox processes. For example, an iron@xf)-porphyrin moiety is involved in the catalytic
cycle of peroxidases and cytochrome P450 and hadgnv ruthenium porphyrin are considered to
be a good model of iron porphyrins. The oxidatiémuhenium(ll) porphyrin complexes can lead
to two different products: a ruthenium(VI)-dioxoegppes or a ruthenium(lV)-p-oxo dimer, as shown
in Scheme 7.°°! Generally, a sterically demanding porphyrin ligamevents the formation of the
dimer species and affords selectively the dioxo miesi*”

Ruthenium(VI) dioxo complexes were largely studiod their catalytic activity in oxidation
reactions of hydrocarbons was well establifle®”. We focused on the synthesis of p-oxo
ruthenium(lV) porphyrin dimers using as startinggent the complex [R(GTPP)(CO)(MeOH)]
(90), whose porphyrin ligand is not sterically hindiréVe chosenCPBA (metachloroperbenzoic
acid) as oxidizing agent.

The reaction 00 with 7.5 equivalents omCPBA in a CHCI, solution afforded the complex
[Ru(TPP)(MCB)],0 (91), a dimer species witmetachlorobenzoatenfCB) anions at the axial
positions Scheme 74). Complex91 was unequivocally identified by mass spectroscapg by
NMR spectroscopy, which detected strongly shiftephas for the aromatic protons of thaCB
moiety as usually happens for axial ligands in pgrim complexes Kigure 28). We clearly
observed also the typical signal pattern of a p-tetcaphenylporphyrin complex, in which the

aromatic protons of theaesasubstituent are split in five different signals.
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Figure 28. '"H NMR spectrum of compleX., typical pattern for Ru(TPP) p-oxo complexes is
observed in the aromatic region, highly shieldedtpns of the benzoate moiety were detected

between 6.5-2.5 ppm.

Complex 91 was obtained in a 39% yield after a filtration owveutral AbOs; using CHCI, as
eluent. The missing mass balance is due to théapdecomposition 091 over the stationary fase
during the purification. The “decomposed productiswecovered by eluition with GEl,/MeOH
10:0.2 as the p-oxo dimer complex [RTPP)(OCH)],O (92) in a 40% yield $cheme 74). The
complex was unambiguously identified by mass spscopy and byH-NMR analysis in @D that
revealed again the typical signal pattern of a p-akmer ruthenium-tetraphenylporphyrin
compleX*® and the signal at negative chemical shift suitalith a methoxy moiety coordinated to
the metal centre. The methoxy group seems to te ¢pbile in chlorinated solvents since if the
spectrum of pur®2 was recorded in chloroform complex multiplets webserved, however, if an
excess of methanol was added to the sample a spesimilar to the one recorded on the benzene

solution was observed. This behaviour was not eleskewith complexd1.
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Scheme 74. Synthesis @1 and92.

We synthesisef2 in high yields by running the reaction in the gmese of methanol. The synthetic
procedure was optimised in terms of oxidant amaundt reaction solvent. The crucial parameter
was the MeOH/CHBLI; ratio to use as reaction solvent, because methametjuired to prevent the
irreversible formation of compleQ1, but an excessive amount of alcohol caused themptete
conversion of the starting compl@&® even if a large oxidant excess was added. An 8#d in

the p-oxo compleX@2 was obtained by suspending comp8in CH,Cl, and adding dropwise a
MeOH/CHCI, (10 :1) solution containing 8 equivalentsaCPBA.

We studied the reactivity the p-oxo dimer completosgards organic azides. Aryl azi@8 did not
react with compleX@1 even under light irradiation, whil®2 readily converted in theis-imido
complex10 (Scheme 75).

CF3
F c/@
3 N 92 91
m [Ru(TPP)(OMe),0  F3C CFs  [Ru(TPP)(mCB)],O
CGHS, _NZ CGHG
N N
FsC 3
10 38
CF,

Scheme 75. Reaction between the p-oxo dimer complexes andhaigé38.
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The reaction between-tért-butylphenyl azide an®2 gave the nevbis-imido complex93. This
latter complex cannot be synthesised by the cormweatreaction between [Ru(TPP)CO] and an
organic azide, the only product obtained wheterdbutylphenyl azide is used is the complex
[Ru'(TPP)CO(4'Bu-aniline)] ©4). Probably this is due to the poor stability oé tmonaimido
intermediate $cheme 76) in which the negative charge on the nitrogen &®iis not stabilized by
an EWG on the aryl group and it reacts by an hyeinogtom abstraction instead of reacting with
another azide molecule. On the other hand, theofiseithenium(lV) complex92 allowed the

synthesis of dis-imido complex which bears an EDG on the nitreng roiety.

>k©\ 92 N NH,
[RU(TPP)(OMe)],0 Ru(TPP)CO * [H] +'m
+ CeHg, - CeHe, -N2
N3 - co co
XQ/ 94

Scheme 76. Reaction between 4-tert-butylphenyl azide and mitira complexes with different
oxidation state.

We allowed to reac®2 with tosyl azide and adamantyl azide but no prodwas observed in both
cases, the reaction with benzyl azide lead to umifled products. When we reacté&® with
organic azides (R}, whose R is a good leaving group (trityl, trimggilyl) for electrophilic
substitution, the new p-oxo dimer complex {RBPP)(N:)].0 (95) was obtainedScheme 77). It is
worth to report that the reaction betwe¥hand trimethylsilyl azide occurred at room temparat
in a few minutes. Compoung5 was completely characterized and its molecularctire was

determined by single crystal X-ray diffraction.
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Scheme 77. Synthesis of compl&6

Figure 29. Structure of comple85 as determined by X-ray diffraction.

We studied the catalytic activity of compl8g in the amination reaction of hydrocarbons by aryl

azides. The experimental results are summarisédhie 8.
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Table 8. Catalytic performances of compl82 as the catalyst for the amination of hydrocarbons.

Substrate Product Yield (%) Time (h)

©—<NHAr 58 0.1

AWt
ot oot -

3,5-big(trifluoromethyl)phenyl azide was used as aryl azftNMR vyield (2,4 dinitrotoluene as internal standard)
’Ru/azide = 1:25, solvent: refluxing cyclohexenesak/ent.’Ru/azide = 1:50, solvent: refluxing cumene as stuilve

“Ru/azided-methyl styrene = 1:50:250, 4-nitrophenyl azide wsed as aryl azide, solvent: benzene.

Complex 92 is an active catalyst in allylic amination, beneybminations and aziridination
reaction. The catalytic performance in the amimatxd cumene is particularly interesting for its
very short reaction time. The catalytic activity @ was investigated in the allylic amination of
cyclohexene using aryl azides bearing EDGs (etgrtdutylphenyl azide and 4-anisyl azide, see
Experimental Section) because of the particulactnagty observed in the formation of the néoig-
imido specie®3 using this kind of nitrene sources. Unfortunatéhg yields in the desired product
are lower than those obtained with the commerciallgilable Ru(TPP)C&" 1%l almost in every

case, thus comple? is not a competitive catalyst.
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2.6.2. Glycoporphyrin Complexes

Glycoporphyrins are generated by the conjugation satcharide units with a porphyrin
molecule!®*® These compounds have several biological applicatiiue to the good activity of
carbohydrates in ligand-acceptor interaction amtgaition and because the porphyrin ligand is a
biocompatible scaffold and photosensiti?&¥. Glycoporphyrin complexes of transition metal could
be active catalysts in reactions commonly catalysedimple metallo-porphyrins but only a few
papers have been published concerning this possipication*” Taking advantage of the chiral
and hydrophilic nature of saccharide units, thesslof compounds can be potentially used either
for asymmetric synthesis or to develop new sustdénaater-soluble catalysts.

The glycoporphyrins synthesis was carried out ilaboration with Prof. Luigi Lay of Milan

University. We followed two strategies to conjugtte porphyrin and saccharide units:

- Aromatic Nucleophilic Substitution (SyAr): mesetetrakis(pentafluorophenyl)porphyrin
(F2o-TPPH) (96) was reacted with a monosaccharide carrying arrategted hydroxyl
moiety @7) in the presence of sodium hydrideclieme78) following a reported procedure
for monesubstituted glycoporphyrif§*™! The substitution of the fluoride atom at thara
position of themesearyl group of R-TPPH with the saccharide unit was achieved, we

obtained the tetra-substituted glycoporph@&in good yields.

Oy

BnO BnO OMe

o

NaH, toluene

98, yield = 54%

Scheme78. Glycoporphyrin synthesis via/&r

Copper-catalysed azide-alkyne cycloaddition (CuAAC) we synthesised the zinc-
porphyrins 99 starting from mesetetrakis(4-aminophenyl)porphyrin  (TAPRH The

glycosylation step was performed by forming a wlazlinkage by the copper-catalysed
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[3+2] cycloaddition between the azido groups98fand a monosaccharide functionalised
with a propargyl moiety1(00 (Scheme 79). The protection of the porphyrin core as zinc
complex was necessary to avoid the complexatiotopper to the porphyrin ligand in the
CUuAAC step. The tetra-glycosylated porphyid®1 were easily obtained adopting the

reaction conditions employed for a similar reactéfl

O Ty

//\
BnO
Bno OMe /_(‘B”O BnO  OMe
2) HCl, -ZnCl,
4

101, yield = 40%

1) Cu?*, ascorbate

Scheme 79 .Glycoporphyrin synthesis via CUAAC

The corresponding cobalt(ll) and iron(lll)-methoggmplexes of the glycoporphyrins derivatives
were obtained by direct metalation using either G&{H,O) or FeBg as metal source following
reported proceduresS¢heme 80).13M44 The axial ligand of the iron (lll) complexes was
considered a methoxide anion. The complexes wera@gnetic as expected for iron (lll) and
cobalt (Il) porphyrin species, therefore, the chimasation by NMR spectroscopy of these
compounds is very difficult, therefore the glycopioyrin complexes were characterised by mass
spectroscopy and UV-Vis analysis. The latter teghaiallowed us to observe the decrease in
number and intensity of the Q bands with respec¢heéofree-base UV spectrum which is typically
observed in iron(lll) porphyrin complex&4® The synthesis of the ruthenium(ll) carbonyl comple
Ru-98 was performed by glycosylation of the complex R{HPP)CO using the \&r protocol
described above. The direct metalation of glycopwrip 98 with Rus(CO), was ineffective under
many conditions, maybe because of the steric hnudraf the saccharide units of the porphyrin
ligand. The glycosylation step afforded the desipedduct in higher yields and shorter reaction
time if Ru(ko-TPP)CO was used instead of the free-bag€HPH, the so-obtained ruthenium(ll)-

carbonyl glycoporphyrin complex was characterisg®NMR and IR spectroscopy.
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Scheme 80. Representation of the synthesised glycoporphynnptexes and the adopted
methodologies.

The catalytic activity of glycoporphyrin complexess tested in carbene/nitrene transfer reactions,
such as cyclopropanation @methylstyrene with ethyl diazoacetate (EDA) andaydic amination

of ethyl benzene with 3,Bis(trifluoromethyl)phenyl azide.

Table 9. Cyclopropanation of-methyl styrene with EDA using glycoporphyrin cosmpk as
catalysts.

N, catalyst 1%mol
+ | - +
COOEt benzene, RT COOEL “/COOEL

cis trans

Catalyst Yield (%) Reaction Time (h) cigtransratio
°Co0-98 14 3.5 1:1
"Fe-98 76 1.5 1:1
‘Ru-98 69 1 2:1

Experimental conditionstatalyst/EDAd-methyl styrene = 1:100:1000, EDA was added wilyringe pump over 100
minutes.”“Catalyst/EDA#-methyl styrene = 1:110:256Ru/EDA/a-methyl styrene = 1:1000:2000, EDA was added

with a syringe pump over 100 minutes.
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Table 10. Benzylic amination of ethylbenzene with 3,5-bi@imromethyl)phenyl azide using
glycoporphyrin complexes as catalysts.

CF3
\ jol
catalyst 2%mol
Q. O o
F3C CF3 T= 136°C
Catalyst Yield (%) Reaction Time (h)
4Co-98 60 4
PFe-98 88 0.66
‘Ru-98 92 1
IFe-101 14 30

Experimental conditions: catalyst/azide/ethylberzerl:50:neat, solvent: refluxing ethylbenzene.

The complexes of ligan€@l8 showed good catalytic activity allowing the format of the desired
product in reasonable yields and reaction timesvefy poor catalytic activity was observed
concerning the iron complex of ligad@1 obtained from the CUAAC protocol, maybe the presen
of a coordinative group such as the triazole mdietyipers the catalytic reaction.

Unfortunately, no enantioselection was observed @rig racemic mixtures were obtained in any
case. The ruthenium compl&u-98 showed a marked diastereoselectivity towardsthsomer in
the cyclopropanation reactions, as expected whencé#talyst is a porphyrin complex carrying
bulky mesearyl groupd*®!

In order to synthesise a water-soluble catalysperformed the deprotection of the saccharide unit
of complexRu-98 removing the benzyl ethers groups by Pd-catalygeldogenation. We obtained
the deprotected ruthenium glycoporphyrin complu-102 (Scheme 81) this complex was

insoluble in both water and chlorinated solventsiamlerate solubility in methanol was observed.

H,/Pd

MeOH/AcOEt

Scheme 81. Synthesis of complex Ru-102.
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A patrticular behaviour was observed whtun-102 was suspended in a hydrocarbon solvent such as
ethyl benzene; when the mixture was heated toxdfle complex was completely dissolved but
when the solution was cooled at RT the complexipitated. The complex could be recovered by
filtration and UV analysis of the filtered hydroban solution detected only tracesRui-102

We performed the benzylic amination of ethylbenzesiegRu-102 as the catalyst, at the end of
the reaction the catalyst was recovered in 78%yiela pure form, as revealed by NMR analysis.
The yield in the benzylic amine was 80%.
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2.7. Conclusion

In this Ph.D. thesis several aspects around thie tdgmetal porphyrins-catalysed nitrene transfer
reactions were investigated. It is worth to rem#rk importance of this sustainable synthetic
methodology, it affords valuable nitrogen-contagncompounds using cheap starting materials and,
if organic azides are employed as nitrene sour@decular nitrogen is the only by-product of the
reaction.

The scope of ruthenium porphyrin-catalysed amimat@action was extended to the synthesis of
important compounds from a biological and pharmacaupoint of view. New strategies to obtain
amino acid derivatives and indoles by C-N bond fmron were developed. In particular, the
reported synthesis of the latter compounds wasifteexample of intermolecular reaction between
an alkyne species and an organic azide affordiagrtiole motif instead of triazoles; thus, it was
demonstrated that a great control on the reacetatsvity can be achieved using metal porphyrin
catalysts.

The optimisation of these transformations was edrout also by studying the mechanism of the
catalytic reaction. The generality of a previoupBrformed mechanistic investigation concerning
ruthenium porphyrin catalysed allylic amination wassessed. The point of view of Resonance
Raman allowed the study of the catalytic systenmfi different perspective, whilst kinetic and
theoretical studies shed some light into the meshanof ruthenium-porphyrin catalysed
aziridination of olefins and benzylic aminationgiwe a- andp-aminoesters.

The development of new catalysts to improve thealgit performances and the process
sustainability was also considered. Glycoporphgomplexes, being potentially active compounds
in promoting asymmetric synthesis or reactions guemus media, seem suitable for the
accomplishment of this target. A preliminary stugyealed the good catalytic activity in nitrene
and carbene transfer reaction of this biocompatsbllestances, moreover the basis for a catalyst

recovery/reuse system were laid.
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3. Experimental
Section



General Conditions.Unless otherwise specified, all the reactions wengied out under nitrogen
atmosphere employing standard Schlenk techniquesreagnetic stirring. Toluen@&-hexane and
benzene were dried by M. Braun SPS-800 solventfigation system. THFg-methylstyrene,
cyclohexene, cumene and decalin were distilled ®atium and stored under nitrogen. 1,2-
Dichloroethane and Ci€l, were distilled over Cajand immediately used. Methyl phenylacetate
was distilled over N&5O, and stored under nitrogen. Phenylacetylene wiasdd through activated
alumina, distilled under vacuum and stored undegogen, phenylacetylendy-was synthesised by
using a reported proceduté” Commercial MCPBA(77%) was purified using a reported
procedur*®! and stored at -20°C. All the other starting mafsrivere commercial products used
as received. NMR spectra were recorded at room deatyre, unless otherwise specified, on a
Bruker avance 300-DRX, operating at 300 MHztdr at 75 MHz for*3C and at 282 MHz fol°F,

or on a Bruker Avance 400-DRX spectrometers, ojreyatt 400 MHz for'H , at 100 MHz forC
and at 376 MHz fot°F. Chemical shifts (ppm) are reported relative kST The'H NMR signals

of the compounds described in the following haverbattributed by COSY and NOESY
techniques. Assignments of the resonancEaNMR were made using the APT pulse sequence
and HSQC and HMBC techniques. GC-MS analyses werfononed on a Shimadzu QP5050A
equipped with Supelco SLB -5 ms capillary column3@m x [.D. 0.25 mm x 0.2xm film
thickness). GC analyses were performed on a Shim@&dz- 2010 equipped with a Supelco SLB -
5ms capillary column (L 10m x I.D. 0.1 mm x Quin film thickness). Infrared spectra were
recorded on a Varian Scimitar FTS 1000 spectropheter. UV/Vis spectra were recorded on an
Agilent 8453E instrument. Elemental analyses andsspectra were recorded in the analytical

laboratories of Milan University.
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3.1. Porphyrin synthesis

Porphyrin syntheses were carried out in the air.

3.1.1 Synthesis omeso-tetraphenylporphyrin (TPPH »).

CHO H CH;CH,COOH
o O .

Reagent grade benzaldehyde (36.5 mL, 360 mmol)diggslved in propionic acid (500 mL). The
colourless mixture was heated to 50°C, then a isoluf distilled pyrrole (25.0 mL, 360 mmol) in
propionic acid (30 mL) was added dropwise in abb@tminutes. The resulting mixture was
refluxed in air for 30 minutes. During this peritige mixture turned to red at first and then to deep
black. The reaction mixture was allowed to cooRat and the formation of a crystalline violet
precipitate was observed. The dark suspension ltaedl, washed with methanol (50 mL), water
(50 mL) and finally again with methanol until thiérite was clear. The crystalline purple solid was
driedin vacuo(10.6 g, 8.2 %).

'H NMR (300 MHz, CDCJ): § 8.86 (8H, s, ), 8.22 (8H, m, i), 7.78 (12H, m, H and H), -2.74

(s, NH).
UV-Vis (CH2Cl,): Amax (log €) 417 (5.66), 514 (4.30), 549 (3.91), 590 (3.73Y €3.74).

3.1.2 Synthesis omeso-tetra(4-(trifluoromethyl)-phenyl)porphyrin (T( p-CF3)PPH,).

Y

CHO H CH3CH,COOH
O -
FsC \ / A

4-(Trifluoromethyl)benzaldehyde (4.50 mL, 33 mmwaixs dissolved in propionic acid (100 mL).
The colourless mixture was heated to 50°C, thevlwisn of distilled pyrrole (2.50 mL, 36 mmol)
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in propionic acid (30 mL) was then added dropwisabout 10 minutes. The resulting mixture was
refluxed in air for 30 minutes during which the moise turned to deep black. The reaction mixture
was allowed to cool at RT and the formation of gstalline violet precipitate was observed. The
dark suspension was filtered, washed with waternfl) and with methanol until the filtrate was

clear. The crystalline purple solid was driadracuo(1.56 g, 21.4 %).
'H NMR (300 MHz, CDCJ): & 8.82 (s, 8H, ), 8.34 (d, 8H,J = 8.1 Hz, H), 8.05 (s, 8H,) = 8.1

Hz, Hy), -2.83 (2H, s, NH).
% NMR (282 MHz, CDGJ): § -62.39 (CR).

3.1.3. Synthesis ofnmeso-tetra(pentafluorophenyl)porphyrin (F 2o-TPPH>).

CH3COOH/PhNO,

H
N
- W ,

Pentafluorobenzaldehyde (1.81 g, 9.2 mmol) wasobisd in a mixture of glacial acetic acid (60
mL) and nitrobenzene (50 mL). The solution was ée&b 50°C then a solution of pyrrole (700 uL,
11 mmol) in acetic acid was added dropwise andotitained mixture was heated to reflux for 2
hours. The solvent was evaporated to dryness gibtack tar which was purified by filtration

over a short alumina column usinghexane and-hexane/CHCI, 100:2 as eluent. The porphyrin

fraction was evaporated to dryness and dnedacuo(249 mg, 10%).

'H NMR (300 MHz, CDCY): & 8.92 (8H, s, i), -2.90 (2H, s, NH)

% NMR (282 MHz, CDGJ): § -136.8 (8F, ddJ = 23.6 Hz,J = 6.6 Hz, k), -151.53 (8F, tJ = 21.0
Hz, F,),-161.71 (8F, td) = 23.6 HzJ = 8.3 Hz, ).

UV-Vis (CHxCl,): Amax (log €) 411 nm (7.43), 506 nm (6.32), 582 nm (5.83), 68¥ 658 nm.
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3.1.4. Synthesis ofneso-tetra(4-aminophenyl)porphyrin (TAPPH ).

\j

CHO H CH3CH,COOH
o™ O =
O,N

SnCl,-2H,0

Y

HCI

1) Synthesis ofmeso-tetra(p-nitrophenyl)porphyrin (T( p-NO2)PPH,).

4-Nitrobenzaldehyde (3.86 g, 26 mmol) was dissoived mixture of propionic acid (80 mL) and

acetic anhydride (4.0 mL). The resulting solutioasvheated to reflux then a solution of distilled
pyrrole (1.80 mL, 26 mmol) in propionic acid (20 jmvas added dropwise in about 15 minutes.
The mixture was refluxed for 30 minutes and allowedcool at RT. The dark suspension was
filtered and washed with water (50 mL x 2). Theefiéd tar was re-crystallised from refluxing

pyridine (25 mL) and washed with acetone. Theritkesolid was insoluble in common laboratory

solvents, therefore, NMR analysis was not performed

2)Reduction of T{-NO,)PPH, to give TAPPH..

Under a nitrogen atmosphere, the previously obthiselid (640 mg, cca 0.81 mmol) was
suspended in HCI 37% (70 mL) and a solution of $1#EL0 (3.92 g, 17 mmol) in HCI 37% (15
mL) was added. The mixture was heated up to 75f@Gdaminutes then cooled using an ice bath. A
30% ammonia solution (65 mL) was added and theltnregususpension was stirred for 1 hour
observing the precipitation of a dark green soktlich was filtered, suspended in NaOH 2% (100
mL) filtered again and washed with,®. The product was recovered by continuous Soxhlet

extraction in acetone (314 mg, total yield = 2%).

'H NMR (300 MHz, CDCJ): 3 8.90 (s, 8H), 7.99 (d] = 7.6 Hz, 8H), 7.06 (dJ = 7.7 Hz, 8H), -
2.70 (s, 2H).
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3.1.4. Synthesis ofmeso-tetra(4-azidophenyl)porphyrin T(p-N3)PPHo..

1) NaNO,

Y

2) NaNs

Under nitrogen atmosphere TAPPEA63 mg, 2.4x1% mmol) was dissolved in trifluoroacetic acid
(5.0 mL) and the dark green solution was cooledgian ice bath. A solution of NaN@134 mg,

1.9 mmol ) in HO (1 mL) was added and the mixture was stirrec?@tfor 15 minutes. A solution

of NaNs (222 mg, 2.0 mmol) in $D (1 mL) was added and the mixture was stirred.fbour at RT
observing a colour change of the solution form dgnéen to dark blue. 4@ (20 mL) was added
and the mixture was extracted with &H, (50 mL x 3). The organic phases were collected and
washed with HO (3 x50 mL) until the solution colour turned torpke. The solution was dried over
NaSO, and the solvent was evaporated to dryness. A datkt solid was obtained (131 mg,
69%).

'H NMR (300 MHz, CDCJ): 5 8.84 (s, 8H), 8.19 (d] = 8.0 Hz, 8H), 7.44 (d] = 7.8 Hz, 8H), -

2.80 (s, 2H).
IR(ATR): 2123 cnit (vn=n), 2085 ¢t (Vn=n).
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3.1.5. Synthesis of Glycoporphyrin 98.

BnO
o 97
HO
NaH e)
> O
toluene BnO™ gno OMe
F F
4
98

Fo,oTPPH (72 mg, 7.4x18 mmol) and monosaccharid@? (207 mg, 4.6x1% mmol) were
dissolved in toluene (10 mL), then NaH 60% (120 @4, mmol) was added and the resulting
mixture was heated to reflux in absence of light\ilsapping the Schlenk flask with an aluminum
foil) for 24 hours monitoring the reaction by TLGIQ,, n-hexane/AcOEt 5:5). 20 mL of HCI
0.5 M were added dropwise to quench the sodiumidgdrxcess, CH@I(40 mL) was added and
the organic phase was washed with water (50 mL wun®) the aqueous phase was neutral. The
organic phase was dried over 8&, and the solvent was evaporated to dryness. Tlaieonas
purified by flash chromatography (silica gelhexane/AcOEt 7:3). Compout®® was obtained as a
dark violet solid (103 mg, 50%).

'H NMR (300 MHz, CDC}) & 8.48 (8H, s, ), 7.50 — 7.01 (60H, m, k), 5.28 (4H, d,J = 10.9 Hz,
C(H)H-OBN), 4.95 — 4.67 (28H, M, skbcharial, 4.45 (4H, dd) = 16.1, 7.1 Hz, CHcchariah 4.31 (d,J
= 8.5 Hz, CHacchariay, 4.06 (8H, m, ChPh), 3.83 (dd,) = 9.2, 2.3 Hz, Ckhccharid), 3.56 (12H, s,
OCH), -3.01 (2H, s, NH).

% NMR (282 MHz, CDGJ): & -139.23 (8F, dJ = 17.2 Hz), -156.36 (8F, d,= 18.5 Hz).

UV-Vis (CHxCl,): Amnax (log €) 416 nm (5,54), 509 nm (4,36), 585 nm (3,90), 666(8.08).
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Synthesis of glycoporphyrin 101.

1) Synthesis of zinc complex 99.

Zn(ACO)Z . 2H20

CH2C|2/MeOH
- 2AcOH

T(p-N3)PPH (75 mg, 9.6x10 mmol) was dissolved in Gi&l, (10 mL) and a solution of
Zn(AcO)- 2H,0 (350 mg, 1.6 mmol) in MeOH (1.5 mL) was addede Tiixture was stirred for 4.5
hours at room temperature, until a complete comwersf the free-base porphyrin into the zinc
complex was observed by TLC monitoring (§i®hexane/ CHCIl, 7:3). The solution was washed
with H,O (50 mL x 3), dried over N&QO, and the solvent was evaporated to dryness obtpain
dark violet solid 99) (70 mg, 87%).

2) Synthesis of zinc glycoporphyrin complex Zn-101.

BnO

\

o
7" BnOTBNO e

6 O Ns N BnO

Cu?*, ascorbate OMe
4

99 4
Zn-101

Zinc complex 99 (30 mg, 3.6x18 mmol) was suspended in THR® 1:1 (8.0 mL), then
monosaccharid&00 (90 mg, 0.18 mmol), CuSbHO (45 mg, 0.18 mmol) and sodium ascorbate
(35 mg, 0.18 mmol) were added. The so-obtainedurextvas heated up to 50°C for 3 hours till the
starting zinc complex was no longer detected by Ho@lysis (SiQ CH,Cl, /MeOH 100:2). The
reaction mixture was cooled 8 (10 mL) was added and the mixture was extractiéd @GH,Cl,

(15 mL x 3), the organic phase was dried ovesSTa and the solvent was evaporated to dryness.
The crude was purified by flash chromatographyogigel, gradient elution from GBI, /MeOH
99:1 to CHCI,/MeOH 98:2 ). Complex¥n-101 obtained as a dark violet solid (40 mg, 40%).

'H NMR (400 MHz, CDC}) § 9.00 (8H, s, k), 8.34 (8H, d,J = 8.2 HZ, Homesspheny), 7.87 (8H,

d, J = 79 HZ, lﬁ{etamesephenyb, 773 (S, 4H, Iﬁ*azohg), 742'717 (GOH, m, kr'), 499 (1H, d,J = 110
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HZ, CS.»accharidE'C(H)H), 4.87 - 4.41 (36H, m, 5H,sﬁ’:charid)3, 3.94 (4H! t, J=9.0 HZ, Cski:charidén
position 4), 3.72 — 3.54 (20H, mgddhariay 3.38 (3H, s, anomeric OMe).

3) Synthesis of the free-base glycoporphyrin 101.

OBn
HCl, -Zn?*

0
/§(\O \ BnO
C o > NN B9 gno acomt OMe

OMe 4
4

Zn-101

Zn-101 (52 mg, 1.8x18 mmol) was dissolved in AcOEt (10 mL), then HCI 3725 mL) was
added. The mixture was stirred for 3 hours, thes washed with water (50 mL x 2) until the
aqueous phase was neutral. The organic phase wed over NaSO, and the solvent was

evaporated to dryness obtaining a dark solid (4894€p).

'H NMR (300 MHz, CDCJ) & 8.96 (8H, s, i), 8.38 (8H, d,) = 8.3 HZ, Htho mesepheny), 8.04 (8H,
d, J = 8.3 Hz, Khetamesopheny), 7-95 (4H, S, Bazold, 7.54 — 7.16 (60H, m, &), 5.24 — 4.50 (28H, m,
Hsaccharia}y 4.39 (4H, ddJ = 15.2, 2.2 Hz, G4)H-OBn), 4.22 (4H, ddJ = 15.3, 2.2 Hz, C(H}-
0OBn), 4.13 — 3.47 (24H, M,k charigy, 3.43 (3H, s, anomeric OMe), -2.71 (2H, s, NH).
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3.2. Ruthenium complexes synthesis.

3.2.1. Synthesis of RiCO)1».

CO(60 bar)
RUC|3'6H20 - RU3(CO)12
MeOH, A

Method A (using RuCk-3H,O as starting material): Trihydrated ruthenium trichloride (1.24 g,
4.8x10° mol) was dissolved in methanol (30 mL) inside @& 0L glass liner equipped with a
screw cap and a glass wool. The dark mixture wadedowith liquid nitrogen and degassed
performing three vacuum-nitrogen cycles. The flasis transferred into a stainless steel autoclave,
three vacuum-nitrogen cycles were performed and(&Xbar) was charged at room temperature.
The autoclave was placed in a preheated oil bat2@tC and stirred for about 8 hours, then it was
cooled at room temperature and slowly vented. Titaimed orange suspension was filtered, the
solid was dissolved in THF and purified by filtiatiin continuous on a celite pad. The solvent was
evaporated to dryness and an orange crystallind s@s obtained (736 mg, 73 %). The mother
liquors of the filtration were collected and stor&d4°C to be used as solvent for the subsequent

Rug(CO)2 synthesis (the same methanol solution was re-umsedmum twice).

IR(nujol): 2059.7 cnit, 2015.4 crit, 1996.6 crit.
Elemental Analysis calc. for.:gD;.Rus: C, 22.54; O, 30.03; Ru, 47.43; found: C, 23.01;

Method B (ruthenium recovery): The following procedure was performed in the Aimy solid or
any solution of a low-boiling solvent containingr@asonable fraction of ruthenium porphyrin
complexes were reunited and evaporated to dryresa. typical experiment, 10 mL of a 7:3
mixture of HNQ (65%) and HO, (30%) were added dropwise to the residue (1.2%g¢wving the
generation of brown fumes and heat. The mixture stered for 1 hour then other 10 mL of the
same mixture were added dropwise. After one houm#5of concentrated HCI (37%) were added
and the solution was stirred overnight. The acsilution was distilled and the obtained dark red
tar was dried under vacuum at 100°C for a coupleownirs. The crude was suspended in 30 mL of
MeOH and filtered. The methanol solution was diseased for the RgCO),, synthesis described
above. Sometimes the final product was a brownta&ltyse solid, in that case re-crystallization

from acetone gave pure GO)..
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The vyield of the entire process was calculated bgluating the ruthenium content of a
dichloromethane solution of the initial crude byPIGanalysis. Since the ruthenium weight
percentage in 1.25 g of crude was 4.66% and wdansutes88 mg of RyCOy,, the total recovery
yield was 31%.

Elemental Analysis calc. for,@:,Rw: C, 22.54; O, 30.03; Ru, 47.43; found: C, 22.570H09.

3.2.2. Synthesis of Ru(TPP)CO.

decalin
+ RU3(CO)12 —_—

A

Rus(CO)» (626 mg, 9.8x16 mmol) and TPPHK(1.23 g, 2.0 mmol) were suspended in dry decalin
(60 mL). The reaction mixture was refluxed for 7ut®) cooled at room temperature and the
precipitate was collected and washed withexane (3x10 mL). The violet solid was then padfi
by flash-chromatography (silica gel, starting frol@H,Cl,/n-hexane 8:2, then using
CH.Cly/n-hexane 8:2 with 2% AcOEt to elute unreacted TRPRRH finally using pure Ci€l;, to
elute the product). The Ru(TPP)CO fraction was exated to dryness and drigdvacuoat 120°C.
The product was obtained as a purple crystallifid §0.09 g, 73%).

'H NMR (300 MHz, CDCJ): & 8.68 (8H, s, k), 8.22 (4H, m, Bno), 8.11 (4H, m, Bne)7.73 (M,
12H, Hreta+para)-

UV-Vis (CH,Cl): Amax (log €) 412 (5.38), 528 (4.29), 588 (3.51).

IR (ATR): 1956 crit (vco), 1008 cnit (oxidation marker band).

ATR-IR spectrum of Ru(TPP)CO in the presence of mdtyl phenylacetate.

Experiment Conditions: Ru(TPP)CO (50 mg, 6.7xFOmmol) was suspended in a mixture of
dichloromethane (4.0 mL) and methyl phenylacetdt® (mL). The resulting suspension was

refluxed until Ru(TPP)CO was completely dissolvelitamming a dark red solution, then
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dichloromethane was evaporated arldexane (10 mL) was added. The so obtained red s@s
filtered and analysed by IR spectroscoO) = 1948 crit.

3.2.3. Synthesis of Ru(T-CF3)PP)CO (41).

decalin
—_——

Rus(CO)» (187 mg, 2.9x16 mmol) and TP-CFs)PPH, (491 mg, 5.5%x1® mmol) were suspended

in dry decalin (60 mL). The reaction mixture wadlueed for 4 hours, when the TLC control
showed the absence of the free-base porphyrinedadlroom temperature and the precipitate was
collected and washed witithexane (3x3 mL). The purple solid was driedvacuoat 120°C (466
mg, 83%).

'H NMR (300 MHz, CDCJ): & 8.67 (8H, s, k), 8.16 ( 8H, dJ = 7.4 Hz, Huno), 7.73 (8H, dJ =
8.0 Hz, Huets.

% NMR (282 MHz, CDGJ): § -62.36 (CH).

IR (ATR): 1981 cn (vco), 1008 cnt (oxidation marker band).

3.2.4. Synthesis of Ru(}o-TPP)CO.

Fs Fs

1,2,4-trichlorobenzene

+ RU3(CO)12
A

Foo TPPH (130 mg, 1.3x1% mmol) and Rg(CO), (85 mg, 1.3x10 mmol) were dissolved in

degassed 1,2,4-trichlorobenzene (20 mL). The maxtuas refluxed for 6 hours, then the solvent
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was evaporated to dryness. The crude was purifiedcHhyromatographic column (4Ds, n-
hexane/CHCI, 1:1 to elute residual free-base porphyrin and,Cpacetone 1:1 to elute the
ruthenium complex). The product fraction was evajeat to dryness and dri@d vacuoto give a
red solid (115 mg, 78%).

'H NMR (300 MHz, CDCJ): 6 8.71 (8H, s, k)
F NMR (282 MHz, CDG)): 6 -136.0 (2F, dJ = 23.4 Hz), -137.6 (2F, d,= 20.3 Hz), 152.0 (1F,

t, J = 20.0 Hz), -161.4 (2F, m), -162.0 (2F,m).
IR(ATR):

3.2.5. Synthesis of Ru(TPP)CO(MeOH) (90).

CH,Cl,/MeOH

Y

Ru(TPP)CO (767 mg, 1.0 mmol) was suspended in 33ofmmixture CHCI,/MeOH 1:2 and
refluxed for 3 h. The reaction was followed by IRj@l) spectroscopy. The orange precipitate was
filtered and driedn vacuoat RT (751 mg, 94%).

'H NMR (300 MHz, CDCJ): 6 8.71 (8H, s, k), 8.21 (8H, M, o), 7.74 (8H, M, Retaandpara)
IR (nujol): 1939 crit (vco), 1008 crit (oxidation marker band)

Elemental Analysis calc. forsHs,N4sO.Ru: CC, 71.40; H, 4.17; N, 7.24; O, 4.14; Ru, 13.06.
Found: C, 70.47; H, 4.11; N, 7.24.
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3.2.6. Synthesis of complex 42.

3.2.6.1. Synthesis of 1-(3,bBis(trifluoromethyl)phenyl)-5-methyl-5-phenyl-1H-1,2,3-triazoline.

CF,
N
3 CeHe
O T
FsC CF, NJ<©

3,5-big(trifluoromethyl)phenyl azide (100 pL, 0.58 mmolasvdissolved into a 1:1 mixture of

methyl styrene and benzene (14 mL) and heated 16 8 16 hours (azide conversion = 98%,
measured by IR spectroscopy= = 2116 cnit). The solution was evaporated to dryness to give a

orange oil (220 mg, 99%).
'H NMR (300 MHz, CDCJ): 6 7.50-7.20 (8H, m, K), 4.71 (1H, dJ = 17.4 Hz, CHH), 4.50 (1H,
d,J=17.4 Hz, ®GiH), 1.77 (3H, s, Ch).

% NMR (282 MHz, CDGJ): § -63.66 (CHR).

3.2.6.2. Synthesis of complex 42.

The previously obtained triazoline (55 mg, 1.5%¥fmol) and Ru(T§-CF;)PP)CO 41) (100 mg,
9.8<10% mmol) were dissolved in benzene (25 mL) and the salutias heated to reflux for 1 hour,
when the TLC control showed a complete conversibR@(T(p-CR;)PP)CO. The solution was
concentrated to about 2 mL amehexane (15 mL) was added. A purple crystallinedsealas

collected by filtration and drieith vacuo(92 mg, 68%).

'H NMR (300 MHz, CDC}): & 8.60 (8H, s, ), 8.38 (4H, d,J = 8.0 Hz, Hy.mes), 8.01 (8H, pst,

Harmesd, 7.91 (4H, dJ = 7.9 Hz, Hmesd, 7.13 (LH, S, Wetriazo), 7.04 (2H, t,J = 7.3 Hz, Hy), 6.89
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(2H, t,J = 7.7 Hz, Hy), 5.69 (2H, S, R-triazd), 5.24 (2H, dJ = 7.7 Hz, Hy), -0.04 (3H, s, Ch), -
1.19 (1H, dJ = 17.1 Hz, CHH), -1.31 (1H, dJ = 17.1 Hz, &H).

F NMR (300 MHz, CDG)): -62.33 (CFE porph), -63.82 (Cftriazo).

IR (ATR): 1968 cnT (vco).

Elemental Analysis calc. forggH3z7/N7F1sORu: C, 57.15; H, 2.69; F, 24.65; N, 7.07; O, 1RG;
7.29. Found: C, 55.98; H, 2.24; N, 6.64.
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3.2.7. Synthesis of [Ru(TPPRCB)].0 (91).

C D> =Tep?
Me. _H

o o) o)
CH,Cl, O O O

co cl o OC

The synthesis was performed in the air. Ru(TPP)G&IM) ©0) (102 mg, 1.4x1® mmol) was
suspended in C4#€1, (20 mL) and a solution ahCPBA (123 mg, 7.2x18mmol) in CHCl, (25
mL) was added dropwise in 30 minutes. The initi suspension turned into a dark red solution.
The reaction was stirred for 1.5 hours, TLC conil,O3;, CH,Cl,) revealed the presence of
unreacted0. An additional amount ahCPBA (52 mg, 3.0xI&mmol) was added and the solution
was stirred for 3 hours. TLC and IR controls (npjelo of 90 at 1939 crit) showed the absence of
the starting reagent . The solution was concemtrigeabout 20 mL and filtered through a short (5
cm) alumina column. The product fraction was evaeaf to dryness, the resulting dark solid was
driedin vacuo(47 mg, 39%).

Hp
Hm Hm
Ho Ho H, H,
O (@]
&g T
(@] o (@]
Cl Hy Cl

'H NMR (300 MHz, CDC}): 5 8.96 (8H, dJ = 7.6 Hz, H), 8.67 (16H, s, k), 7.98 (8H, tJ = 7.2
Hz, Hy), 7.82 (8H, tJ = 7.5 Hz, H), 7.50 (8H, tJ = 7.6 Hz. Hy), 7.25 (8H, overlaid with
chloroform signal, H), 6.14 (2H, dJ = 7.9 Hz, H), 5.66 (2H, tJ = 7.8 Hz, H), 3.54 (2H, dJ =
7.8 Hz, H), 2.74 (2H, s, b).

*C NMR (75 MHz, CDCJ): 8 142.1 (G), 141.3 C-Cinesd, 136.2 (CH:), 135.0 (CH), 131.6 (CHj),
128.9 (C-H), 127.9 (CH), 126.9 (CHy), 126.8 (C-H), 126.6 (CH,), 126.1 (C-H), 124.2 (C-H),
121.1 (Gnesg, the carbonyl signal and ti@&@COO-Ru signal were not detected.

IR (ATR): 1735 T (ve=o), 1014 cnitt (oxidation marker band).

MS (ESI+):m/z1599 [M — 155(1CB)]".
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3.2.8. Synthesis of [Ru(TPP)(OMe)P (92).

Me. _H
o)
mCPBA
» >  MeO o) OMe
CH,Cl,/MeOH
Co 92

The synthesis was performed in the air. Ru(TPP)G&IM) ©0) (103 mg, 1.3x1® mmol) was
suspended in C4€1, (20 mL) and a solution ahCPBA (137 mg, 8.0xI® mmol) in CHCl, (30
mL) and MeOH (3 mL) was added dropwise in 40 miauféhe initial red suspension turned into a

dark red solution. The reaction was monitored byCTdnd IR controls (nujolc=o of 90at 1939
cm?), which revealed the presence of unreacted Ru@®mMleOH) after 5 hours at RT. An
additional amount omMCPBA (45 mg, 2.6x1® mmol) was added and the solution was stirred
overnight. TLC and IR analysis showed the abseridhe starting reagent, so the solution was
washed with a sat. NaHG@olution (50 mLx4) and purified by filtration ovbasic AbOs (eluent:

at first CHCl, then CHCI,/MeOH 100:4). The violet solid was re-crystallidggddissolution in 3.0
mL of CH,Cl, and stratification of 20 mL of MeOH. The slow mmgi (overnight) of the two
solvents afforded the product as dark violet ctisasolid which was collected by filtration and
driedin vacuo(80.5 mg, 81%).

'H NMR (400 MHz, GDe): & 9.18 (8H, dJ = 7.5 Hz, H), 8.70 (16H, s, k), 7.86 (8H, tJ = 7.5
Hz, Hy), 7.60 (8H, tJ = 6.9 Hz, H), 7.26 (16H, m, i and Hy), -3.22 (6H, s, CED).

13C NMR (75 MHz, GDg): & 162.6 (C), 142.4GCmesd, 142.1 (G), 136.5 (CH), 136.1 (CH),
131.3 (CH), 127.8 (CH, overlaid with solvent signal), 126.9 (GH 126.6 (CH,), 120.9 (Gesd, @
signal suitable for OH3; moiety was not observed, however, a good correlattas detected by
HSQC analysis of a CDgbolution of [Ru(TPP)(OMe)D between the methoxy protons signal (-
3.8/-3.9 ppm in CDG) and a spot around 49 ppm.

UV-Vis (CHxCly): Amax (log €) 408 nm (5.37), 524 nm (sh), 550 nm (4.56).

IR (ATR): 1012 cn1 (oxidation marker band).

Elemental Analysis calc. forggHg,NsOsRw: C, 71.79; H, 4.15; N, 7.44; O, 3.19; Ru, 13.48umkd:
C, 70.28; H, 4.25; N, 7.18.
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3.2.9. Synthesis of [Ru(TPP)(§]20 (95).

TMS—N3
MeO @] OMe > N3 0] N3
CsHe 95

Method A: [Ru(TPP)(OMe)O (92)(102 mg, 6.8x18 mmol) was dissolved in benzene (20 mL)
and trimethylsilyl azide was added (36 pl, 2.7%¥Bmol). Immediately the solution turned form
dark red to dark green, the mixture was stirredlLfbour at RT monitoring the reaction by TLC and
IR analysis. The solution was evaporated to drytiess, in the airn-hexane (10 mL) was added
and the dark violet solid was collected by filteatiand washed with-hexane (10 mL) (90 mg,
87%).

MeO o OMe

Y
Z
w
o
Z
@

CeHs

Method B: [Ru(TPP)(OMe)O (92) (108 mg, 7.1x18 mmol) was dissolved in benzene (30 mL)
and trityl azide was added (217 mg, 7.6%10mol). The solution was heated to reflux for 28ri
the reaction was monitored by TLC and IR analyaipdor azide consumption was obserxgedy

= 2101 cnt). The solution was evaporated to dryness, theecwas washed with-hexane (30 mL
x2) and purified by chromatography 68k, n-hexane/CHCl, 6:4). A dark violet solid was
obtained (46 mg, 41%).

'H NMR (300 MHz, CDCJ): & 8.87(8H, d,J = 7.6 Hz, H), 8.65 (16H, s, k), 7.97 (8H, tJ = 7.6
Hz, Hy), 7.84 (8H, tJ= 7.5 Hz, H), 7.56 (8H, tJ= 7.5 Hz, K,), 7.43 (8H, dJ) = 7.6 Hz, H)).

13C NMR (75 MHz, CDCJ): 6 141.69 (G), 141.22 C-Crmes), 136.27 (CH), 135.41 (CH), 131.78
(CHg), 127.97 (CH), 127.00 (CHh), 126.62 (CH), 120.83 (Ges-

UV-Vis (CHxCl,): Amax (log €) 280 nm (4.43), 393 nm (5.46), 554 nm (4.18), 662(4.21).

IR (ATR): 2023 cn (vn=n), 1012 cn (oxidation marker band)

Elemental Analysis calc. forggHsgN14ORW: C, 69.19; H, 3.69; N, 12.84; O, 1.05; Ru, 13.23.
Found: C, 69.31; H, 3.55; N, 12.47.

X-ray quality crystals were obtained by slow diffusof a CDC} solution of95 into n-hexane.
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3.2.10. Synthesis of [Ru(TPP)(NAEg] Ar = (CF3),Ce¢H3 (10).

Ph CF,
Ph co FsC
Na N ph
or benzene f
+ ————————> Ph Ph
Ph Ph FsC CF3 i
Ph
N
Ph Ph 10 CF3
MeO O OMe
Ph Ph
\ \ F3C
Ph Ph

Method A: 3,5-Bis(trifluoromethyl)phenyl azide (368 mg, 1Mmol) was added to a benzene (30
mL) suspension of Ru(TPP)CO (346 mg, 4.7%hmol). The resulting dark mixture was refluxed
for 2.5 hours observing the complete consumptioR@fTPP)CO (TLCn-hexane/CHCl, = 7:3).
The solution was concentrated to cca 5 mL aftebxane (20 mL) was added. A crystalline violet
solid was collected by filtration and driedvacuo(381 mg, 70%).

Method B: 3,5Bis(trifluoromethyl)phenyl azide (52 mg, 2.0%1@nmol) was added to a benzene
(40 mL) solution of [Ru(TPP)(OCH:0 (92) (50 mg, 3.3102 mmol). The red mixture was
refluxed for 5.5 hours monitoring the reaction By(Un=n = 2116 crit) and TLC analysis (ADs,
n-hexane/CHCI, 7:3), which revealed the formation of a rutheniporphyrin species as a green
spot. The dark greenish solution was evaporatedtiamctrude was purified by chromatography
(Al03, n-hexane/CHCI, 9:1). A dark violet solid was obtained (50 mg, §5%

'H NMR (300 MHz, CDCJ) 58.87 (8 H, s, ), 8.08 (8 H, dJ = 6.9 Hz, H), 7.83-7.76 (12 H, m,
Hm-p), 6.60 (2 H, s, i), 2.66 (4H, s, i)

*C NMR (75 MHz, CDC}) 5151.9 (C), 142.5 (C), 141.9 (C), 134.6 (CH), 13(C#), 129.7 (q,)
= 33.2 Hz,C-CF), 128.4 (CH), 127.2 (CH), 123.6 (C), 122.3 Jog 271.7 HzCF3), 118.1 (CH),
117.8 (CH)®F NMR (282 MHz, CDGJ) 5-64.06 (CF).

IR (ATR): 1014 cni (oxidation marker), 877 cih(imido band).

UV-Vis (CH.Cl,): Amax (Iog €) 419 nm (5.03), 526 nm (4.00).
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3.2.11. Synthesis of [Ru(TH-CF3)PP)(NAr),] Ar = 3,5-(CF3),CgH3.(50).

CF3
FsC
Ar N N Ar
benzene i S >
N, N=
i G e
AT FsC CF; \ /I =
(6{0] 41 Ar N
CF3
50
Ar = OCFg
F5C

Method A: 3,5Bis(trifluoromethyl)phenyl azide (42 mg, 1.7x1@hmol) was added to a benzene
(30 mL) suspension of RHCFTPP)CO 41) (41 mg, 4.810% mmol). The resulting dark mixture
was refluxed for 5 hours until the complete constiompof 41 (TLC, n-hexane/CHCI, = 7:3). The
solvent was evaporated to dryness atftexane (20 mL) was added. The precipitated dasletvi
solid was collected by filtration and dried in vaou (29 mg, 50%).

'H NMR (300 MHz, GDe): 5 8.70 (8H, s, k), 7.98 (8H, d,J = 7.8 Hz, H porphyrin), 7.76 (8H, dJJ =
8.0 Hz, Hy porphyrin), 6.50 (2H, s, i), 2.76 (4H, s, ).

C NMR (75 MHz, GDs) 151.6 (C), 144.9 (C), 142.4 (C), 134.4 (GH132.2 (CH)), 131.7 (CH),
129.9 (CR), 124.4 (C), 122.6 (C), 118.3 (CH), 117.8 (CH).

F NMR (282 MHz, GDg) -61.67 (12F, S, Gforphyrin, -63.46 (12F, s, Gfa,).

UV-Vis (CHxCl,): Amax(log €) = 359 nm (4.63), 419 nm (5.24), 524 nm (3.97)) B275).

IR (ATR): 1014 cn1 (oxidation marker band), 884 €nfimido band).

MS (FAB"): m/z1440 [MT.

120



3.2.12. Synthesis of [Ru(TPP)(NAEg] Ar = 3,5-(NO2).CeH4(89).

NO,
O,N
Ph N3 N pp
benzene '
Ph _~>—Ph + ——————> Ph Ph
O,N NO, i
Ph co PH !
89 NO,
O,N

3,5-dinitrophenyl azid¢70 mg, 3.3x10 mmol) was added to a benzene (25.0 mL) suspemsion
Ru(TPP)CO (100 mg, 1.3xX0mmol). The resulting red suspension was reflux@d2D minutes
obtaining a dark solution. The solvent was conegett to 4.0 mL anadh-hexane (10 mL) was
added. The dark purple precipitate was collectetilfogtion and driedn vacuo(97 mg, 69%).

'H NMR (300 MHz, GDs) & 8.90 (8H, s, k), 8.16 (8H, M, Bhhopheny), 7.48 (12H, M, Hetwpara
pheny), 7.16 (2H, overlaid with the solvent signalyi 3.36 (4H, dJ = 1.9 Hz, H,).

C NMR (75 MHz, GDg): § 152.1 (C-NQ), 142.8 (G), 141.5 (C), 134.7 (Chhopheny), 132.3
(CHg), 128.6 (Chhetapheny) 127.5 (CHarapheny), 124.5 (C), 117.1 (CK), 113.7 (CH.,).

IR (ATR): 1012 cn (oxidation marker band) 889 ¢hfimido band).

UV/Vis (benzene)imax (Iog ) = 421 nm (5.23), 527 nm (4.16), 643 nm (3.77).
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3.2.13. Synthesis of Ru(TPP)(NAp)Ar = 4-(‘Bu)CgH4 (93).

OMe
Ph

Ph o s v

Ph benzene [
9 pn + — > Ph ﬂ@ Ph
Ph Ph
Ph N

Ph OMe 92 93

4-Tertbutylphenyl azide (32 mg, 1.8xt0mmol) was added to a benzene (35 mL) solution of
[Ru(TPP)(OMe)}O (92) (42.0 mg, 2.810° mmol). The resulting dark mixture was refluxed for 8
hours till the complete consumption of the orgaadie (IR monitoring/n=y = 2124, 2092 cif).

The solution was concentrated to 5 mL aritexane (15 mL) was added. By cooling the soluition

an ice bath the formation of a violet precipitai@svobserved. The dark violet solid was collected by
filtration and dried in vacuum.

'H NMR (300 MHz, GDe): 4 8.93 (8H, s, i), 8.12 (8H, m, bhorno), 7.47 (12H, M, Bhmetaand -
para), 5.78 (4H, dJ = 8.7 HZ, Hyr-metd, 2.77 (4H, dJ) = 8.7 HZ, Hr.ortno), 0.64 (9H, s, ).

*C NMR (100MHz, GDe): 5 143.0 (G), 134.7 (CHhortho), 131.6 (CH)), 126.7 (CHhmetaand para),
123.1 (CH Hr-metg, 119.1 (CH -ortho), 30.75 (Chky). A little amount of the complex decomposed
during the carbon spectrum acquisition, five quaey carbons were not detected.

IR (ATR): 2954 cn (Ve.y), 1012 et (oxidation marker band).
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3.2.14. .Synthesis of RGCFsTPP)(N(R)Ar)2 (R = CH(Ph)COOMe, Ar = 3,5(CFs),CeH3) (49).

A benzene (30 mL) solution of Ru(P-CRTPP)CO 4¢1) (46 mg, 5.210° mmol)), 3,5-
bis(trifluoromethyl)phenyl azide (141 m§,5x10" mmol) and methyl phenylacetate (384 mg, 2.6
mmol) was refluxed until the complete aryl azidesamption (the reaction was monitored by IR
spectroscopwn-n = 2116 crit). The solvent was evaporated to dryness and heéue purified by
flash chromatography (silica get-hexane/dichloromethane = 7:3) in 75% yield. Thedsulas
dissolved in pentane and the solution was alloveedl@awly concentrate at room temperature to

give X-ray quality crystals.

'H NMR (300 MHz, GDs, 338 K):6 8.40 (8H, s, k), 8.04 (8H, br, k), 7.75 (8H, dJ = 7.7 Hz,
H,), 6.93 (2H, s, ), 6.30 (2H, m, H), 6.11 (4H, m, k), 4.18 (4H, m, k), 4.11 (2H, s, H), 2.58
(3H, s, OCH), 2.52 (3H, s, OCHJ, 1.88 (2H, m, ), -0.88 (s, 2H, B). Proton labels reported in
Figure 30.

¥C NMR (75 MHz, GDs, 338 K): & 162.9 (C=0), 158.6 (C), 145.5 (C), 144.0 (C), 13&CHx,),
132.9 (CH), 131.9 (C), 131.1 (GFporphyrin, 127.4 (CH,), 124.1 (CH,), 121.9 (CH,), 117.3
(CHar), 80.2 (CH), 51.07 (OC#), 51.98 (OCH), the aryl Ck signals and three quaternary carbon
sigals were not detected.

F NMR (282 MHz, GDs, 338 K) -62.01 (12F, GFporphyrin), -62.49 (6F, CFk ), -63.07 (6F,
CFRs ar)-

UV-Vis(CH.CI,): Amax(log €) = 419 nm (5.20), 524 nm (4.53), 553 nm (4.36) sh.

IR (ATR): 1744 cnT (Ve=0), 1014 cni (oxidation marker band).

MS (FAB"): m/z 1362 [M — 376(R-N-Ar)].
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3.2.15. Synthesis of of R@CF;TPP)(N(R)Ar), (R = CH(Ph)CH,COOMe, Ar =
3,5(CR)2CeH3) (60).

CF3 CF3
Fgc/@ MeOOC
N

Ar— l\lR N OCFS
< N” 1l N COOMe
e @N
N

50
Dca Cote COOMe

FsC CF3

3,5Big(trifluoromethyl)phenyl azide (814.0 mg, 3.2 mma¥as added to a benzene (30 mL)
solution of50 (91 mg, 6.310° mmol ) and methyl dihydrocinnamate (2.12 g, 13 mmobhe T
resulting solution was refluxed until the completgyl azide consumption (the reaction was
monitored by IR spectroscopyn-n = 2116 crit). The mixture was concentrated and methyl
dihydrocinnamate was removed by high vacuum dasiilh. The residue was purified by flash
chromatography (silica get-hexane/AcOEt = 50:1) to give a purple solid (46, B@P6 yield).

'H NMR (400 MHz, GDs, 343 K):5 8.43 (8H, m, H), 8.07 (8H, m, H), 7.75 (8H, dJ = 7.8 Hz,
H,), 6.97 (2H, s, k), 6.43 (2H, m, H), 6.20 (4H, m, ), 4.07 (4H, tJ = 7.6 Hz, K ), 3.00 (1H, s,
H,), 2.95 (1H, s, H), 2.69 (1H, s, OCH), 1.89 (1H, s, i), 1.86 (1H, s, i), 0.49 (2H, m, k), -0.64
(2H, m, Hy), -1.72 (2H, dJ = 15.0 Hz, H1). Proton labels reported Figure 31.

¥C NMR (75 MHz, GDs, 343 K): 5 167.7 (C=0), 157.5 (&), 157.3 (G/), 145.1 (G,), 144.0
(Car), 134.4 (CH,), 133.3 (CH,), 133.0 (G,), 131.1 (CE), 127.3 (CH,), 126.8 (CH,), 124.2
(CHa,), 122.1 (CH,), 119.2 (CH,), 117.6 (CH,), 75.2 (CH)50.8 (OCH), 31.7 (CH), one Ck
signal and three quaternary carbon signals werdetetted.

F NMR (282 MHz, GDs, 343 K):5 -62.31 (12F, S, GFoorphyri), -62.81 (12F, s, GFa), -63.53
(12F, s, CEn).

UV-Vis(CH3Clo): Amax(log €) = 419 nm (5.11), 521 nm (4.32), 551 nm (4.20) sh.

IR (ATR): 1740 cn (Ve=0), 1012 e (oxidation marker band).

MS (FAB'): m/z1376 [M — 390 (R-N-Ar)].
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3.2.16. Synthesis of Ru-98.

BnO
o 97

HO

BnO
NaH o)

Y
@]

toluene BnO~ gno OMe

4

Co F F
Ru-98

Ru(RoTPP)CO (115 mg, 1.0xT0mmol) and monosaccharid¥ (290 mg,6.2x1® mmol) were
dissolved in toluene (14 mL), then NaH 60% (166 #hd6 mmol) was added and the resulting
mixture was heated to reflux in absence of light\ilsapping the Schlenk flask with an aluminum
foil) for 10 hours, when the starting complex wasnpletely consumed (TLC monitoring, SiO
n-hexane/AcOEt 7:3). 20 mL of HCI 0.5 M were addedpavise to quench the sodium hydride
excess, CHGI(40 mL) was added and the organic phase was wagitledvater (50 mL x 2) until
the aqueous phase was neutral. The organic phasedrme over Nz&5O, and the solvent was
evaporated to dryness. The crude was purifieddshfchromatography (silica gathexane/AcOEt
7:3). The product was obtained as a dark violet $aB7 mg, 65%).

'H NMR (300 MHz, CDCJ): & 8.31 (8H, br, ), 7.35 (60H, br, &), 5.23 (4H, dJ = 10.7 Hz,
C(H)H-OBnN), 4.94-4.59 (28H, m, 26-Ph, CH)H-OBN, CH in position 1 and 4 of the saccharide
unit), 4.42 (4H, br, CH in position 3 of the saaetia unit), 4.26 (4H, br, CH in position 5 of the
saccharide unit), 4.03 (8H, brHgz-Ph), 3.76 (4H, br, CH in position 2 of the sacataunit), 3.52
(12H, s, OEy).

% NMR (282 MHz, CDGCJ): 5 -138.61 (4F, dJ = 18.3 Hz), -140.41 (4F, br), -156.65 (8F, m).

IR (ATR): 1954 cn (vco).
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3.2.17. Synthesis of Ru-102.

H,/Pd

MeOH

Ru-98 (90 mg,3.1x10° mmol) was suspended in MeOH/AcOEt 1:1 (14 mL). Palladaupported
over activated carbon was added and the mixturestvasd overnight under Hatmosphere. The
resulting dark mixture was filtrated over a ceptad and the solvent was evaporated to dryness. The
resulting solid was washed with chloroform (2 ml) *8 give a violet crystalline solid (43 mg,
76%).

'H NMR (400 MHz, DMSO) 8.86 (8H, s, ), 5.48 (4H, d,J = 6.4 HZ, Hacchariah 5.16 (4H, dJ) =
6.6 Hz, Hacchariah 4.94 (4H, tJ = 5.5 Hz, Hacchariah 4.71 (4H, dJ = 3.1 Hz, Haccharid), 4.54 (4H,
M, Hsaccharigdy 4.08-3.70 (20H, m, Hcchariay 3.42 (12H, s, anomeric OGH

F NMR (376 MHz, DMSO} -141.99 (s), -156.04 (s).
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3.3. Iron complexes synthesis
3.3.1. Synthesis of Fe-98.

E FE BnO R F BnO
% 1) FeBr, THF o}
0 - o)
BnO~™ gno OMe 2) O, MeOH BnO™ gno OMe
%@ \F F 4 OMe \F F A
Fe-98

Free-base glycoporphyri®8 (50 mg, 1.8x18 mmol) was dissolved in THF (15 mL), FeRf00
mg, 4.6x10" mmol) was added and the solution was refluxe®fbhours observing the complete
conversion of the starting reagent by TLC cont{@&,, CH,Cl,/MeOH 100:2). The solvent was
evaporated, MeOH (5.0 mL) was added and the mixta® refluxed for 1 hour in the air, then the
mixture was evaporated to dryness and filtered uidjino a short alumina column using
CH.CIl,/MeOH 100:2 as eluent. The complex fraction waspevaied to dryness giving a dark
greenish solid (76%).

UV-Vis(CHCl,): Amax(l0g €) = 415 nm (5.03), 564 nm (4.05), 635 nm (3.40).
MS (FAB") m/z 2856, 2811.

3.3.2. Synthesis of Fe 101

OBn OBn

o)
R(\o 1) FeBr,, THF k(\o
N BnO C re O N, .\ Bno
. 2N N
N B0 ome 2) O, MeOH N B0 ome
4 OMe 4

101
Fe-101

Free-base glycoporphyrih01 (45.0 mg, 1.6x18 mmol) was dissolved in THF (10 mL), FeBr
(100 mg, 4.6x1® mmol) was added and the solution was refluxed2brhours observing the
complete conversion of the starting reagent by Tdadtrols (SiQ, CH,Cl,/MeOH 100:2). The
solvent was evaporated to dryness, MeOH (5.0 mlg addled and the mixture was refluxed for 1
hour in the air, then the mixture was evaporatedrimess and filtered through a short alumina
column using CHCI/MeOH 100:2 as eluent. The complex fraction waspevated to dryness

giving a dark greenish solid (48 mg, 99%).

UV-Vis(CHxCl,): Amax(log €) = 413 nm (5.46), 571 nm (3.92), 609 nm (3.68).
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3.4. Organic Azide Synthesis

The azide syntheses were carried out in the air.

3.3.1. Synthesis of 4-nitrophenyl azide.

NH, N3
1) NaNO, H*

-
’ o

2) NaN5
N02 NOZ

4-Nitroaniline (5.2 g, 38 mmol) was dissolved inuaqus solution of 50, 30% (75 mL). The
yellow solution was placed in an ice bath and atsmt of NaNQ (2.75 g, 40 mmol) in 25 mL of
water was added. After 30 minutes urea (1.3 g, 2Z®lhwas added in one portion to the pale
yellow solution. Under vigorous magnetic stirring@ution of sodium azide (3.5 g, 54 mmol) in
water (20 mL) was added to the cold mixture in @didu minutes. The resulting yellow framing
mixture was then allowed to reach room temperatane further stirred for 30 minutes.
Dichloromethane (100 mL) was then added under wig®rstirring. The organic layer was
collected, dried over N&Q,, concentrated under reduced pressure to aboutLl@nun-hexane
(150 mL) was slowly added under vigorous magndiitirsg. The so formed yellow solid was
collected and dried under reduced pressure (48%).

IR(nujol): 2125 crit (vn=n).

'H NMR (300 MHz, GDg): 5 7.62 (2H,J = 9.1 Hz, d), 6.15 (2H] = 9.1 Hz, d).

3.4.2 Synthesis of 3,5-dinitrophenyl azide
NH, N

/@\ 1) NaNOZ’ H* /@\
O,N NO, 2) NaN3 O,N NO

3,5-Dinitroaniline (1.58 g, 8.6 mmol) was suspendea solution of 20 mL of b0 and 5 mL of

2

H,SO, conc. The suspension was placed in an ice batla aotution of NaN@(640 mg, 9.3 mmol)
in 8.0 mL of water was added dropwise. After 30 ubés urea (150 mg, 2.5 mmol) was added in
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one portion. Under vigorous magnetic stirring aisoh of sodium azide (688 g, 11 mmol) in water
(8.0 mL) was added dropwise to the cold mixturee Tdsulting mixture was then allowed to reach
room temperature and further stirred for 45 minuBashloromethane (55 mL) was then added, the
phases were separated and the inorganic layer washed twice times with 30 mL of
dichloromethane. By TLC control, an incomplete aension of the starting 3,5-dinitroaniline was
revealed, therefore, purification by chromatograpbblumn was performed (SiOn-hexane
/AcOEt = 8:2). The product was obtained as a yelolid (1.55 g, 86%).

IR(CH,C,): 2130 cm (Vn=n).
'H NMR (300 MHz, CDCY): 5 8.80 (1H,J = 1.9 Hz, t), 8.19 (2H] = 1.9 Hz, d).

3.4.3 Synthesis of 3-nitrophenyl azide
NH, N

NO, 2) NaN3 NO

3-Nitroaniline (3.0 g, 22 mmol) was suspended solation of 33 mL of HO and 9.0 mL of KOy
conc. The yellow suspension was placed in an ite &@d a solution of NaNQ?2.28 g, 33 mmol)

2

in 14 mL of water was added dropwise. After 30 nswrea (820 mg, 14 mmol) was added in one
portion. Under vigorous magnetic stirring a solataf sodium azide (2.0 g, 31 mmol) in water (8.0
mL) was added dropwise to the cold mixture. Theltegy mixture was then allowed to reach room
temperature and further stirred for 45 minutes.himmethane (55 mL) was then added under
vigorous stirring, the phases were separated anhtnganic layer was washed twice times with 30
mL of dichloromethane. The organic layers wereeméd, dried over N&Q,, concentrated under
reduced pressure to about 10 mL arigexane (150 mL) was slowly added. The so formedidwe
solid was collected and dried under reduced preq2.9 g, 81%).

IR(CH,C,): 2122 et (Vn=n).

'H NMR (300 MHz, CDCY): & 8.00 (1H, d,J = 8.2 Hz), 7.89 (1H, t} = 2.1 Hz), 7.54 (1H, 1] =
8.1 Hz) 7.34 (1HJ = 8.1 Hz, d).
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3.4.4 Synthesis of 3-nitrga-tolyl azide

NH, N3
1) NaNO, H*

-
’

NO, 2) NaN3 NO,

4-Methyl-3-nitroaniline (3.5 g, 23 mmol) was susged in a solution of 35 mL of 4 and 10 mL

of H,SO, conc. The yellow suspension was placed in an itie &ad a solution of NaN(Q?2.42 g,

35 mmol) in 14 mL of water was added dropwise. AB® minutes urea (870 mg, 15 mmol) was
added in one portion. Under vigorous magneticisgra solution of sodium azide (2.1 g, 33 mmol)
in water (9.0 mL) was added dropwise to the colgtane. The resulting mixture was then allowed
to reach room temperature and further stirred fhodr. Dichloromethane (60 mL) was then added
under vigorous stirring, the phases were sepaiatddhe inorganic layer was washed twice times
with 30 mL of dichloromethane. The organic layer®erev collected, dried over M&O,,
concentrated under reduced pressure to about 1@nahh-hexane (150 mL) was slowly added. The

so formed yellow solid was collected and dried urrdduced pressure (2.9 g, 81%).

IR(CH,C,): 2128 cnit, 2115 cnil (v=n).
'H NMR (300 MHz, CDC}): § 7.63 (1H,J = 2.4 Hz, d), 7.33 (1H] = 8.3 Hz, d), 7.16 (1H] = 8.3,
2.4 Hz, dd), 2.57 (3H, s).

3.4.5.1. Synthesis of 3,bis(trifluoromethyl)phenyl azide (38).
NH, N3

/@\ 1) NaNOz' H* /@\
FiC CF 2) NaN FsC CF

3

3,5-his(trifluoromethyl)-aniline (3.75 mL, 24 mmol) wassgolved in a solution of 30 mL of HCI
37% and 42 mL of bD. The mixture was placed in an ice bath. To theenduspension was added
dropwise a solution of NaN(2.23 g, 33 mmol) in 30 mL of water. The mixturasastirred for 30
minutes then urea (63 mg, 11 mmol) was added inponigon. Under vigorous magnetic stirring a
solution of sodium azide (3.2 g, 49 mmol) in wg#s mL) was added to the cold mixture in about

15 minutes. The resulting mixture was then allow@deach room temperature and further stirred
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for 30 minutes. Diisopropyl ether (50 mL) was thaded, the phases were separated and the
inorganic layer was washed three times with 50 rhtigopropyl ether. The organic phases were
collected and dried over N&aQ,. The solvent was evaporated under reduced pressugee a
yellow oil (3.86 g, 70%).

IR(nujol): 2116 crit (vn=n).
'H NMR (300 MHz, GDg): & 7.65 (1H, s), 7.14 (2H, s).

3.4.5.2. Synthesis of 3,bis(trifluoromethyl)phenyl azide-d; (38-ds).

FsC CF3 1) D*/D,0, 150°C FsC CF5
2) NaNO,, NaN3, H* 0°C D D

Under nitrogen atmosphere, oxalyl chloride (0.70, 810 mmol) was added dropwise te@(3.0
mL) in a pressure tube. The solution was stirred 8 minutes and then 3,5-
bis(trifluoromethyl)aniline (1.0 g, 4.4 mmol) was add® the mixture. The solution was heated to
150°C for 15 hours then cooled, diluted with L (75.0 mL) and neutralised with an aqueous
solution of NaCQOs;. The organic phase was washed with brines(BmL), dried with NgSO, and
the solvent was removed to give a colourless ail tas directly used for the azide synthégide
suprg with two minor modifications: the acidic aqueosslution was kept at 0°C for all the
reaction time and chromatographic purificationi¢silgel, petroleum ether) was required. The final

product was obtained as a yellow oil (910 mg, 81%).
’H-NMR (300 MHz, CHCY): 6 7.68 (1D, S, Para), 7.48 (2D, S, bhno).

The isotopic purity was evaluated by measuring phatiated residue byH-NMR spectroscopy

using 2,4-dinitrotoluene as an internal standaddat®m % D).
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3.4.6. Synthesis of 4-(trifluoromethyl)phenyl azide

NH, N3
1) NaNO, H*

o
'

2) NaN3
CF, CF,

4-(trifluoromethyl)aniline (3.0 mL, 25 mmol) wassdolved in a solution of 30 mL of HCI 37% and
42 mL of HO. The mixture was placed in an ice bath. To thétevbuspension was added a
solution of NaNQ@ (2.28 g, 33 mmol) in 30 mL of water. The mixtur@asastirred for 30 minutes
then urea (66 mg, 11 mmol) was added in one portimer vigorous magnetic stirring a solution
of sodium azide (3.2 g, 49 mmol) in water (45 mlLasaadded to the cold mixture in about 15
minutes. The resulting mixture was then allowedetach room temperature and further stirred for
30 minutes. Diisopropyl ether (50 mL) was then aljdiee phases were separated and the inorganic
layer was washed three times with 50 mL of diispgtether. The organic phases were collected
and dried over N&O,. The solvent was evaporated under reduced pressugive a yellow oil
(3.18 g, 68%).

IR(nujol): 2129 crit (vn=n).
'H NMR (300 MHz, GDg): 6 7.63 (2H,J = 8.4 Hz, d), 7.14 (2H] = 8.4 Hz, d).
3.4.7 Synthesis of 3-(trifluoromethyl)phenyl azide

NH, Ng

©\ 1) NaNOZ, H* ©\
CF 2) NaN3 CF

3

3-(trifluoromethyl)aniline (1.55 mL, 12 mmol) wassdolved in a solution of 15 mL of HCI 37%
and 21 mL of HO. The mixture was placed in an ice bath. To th&evbuspension was added
dropwise a solution of NaN(1.16 g, 17 mmol) in 15 mL of water. The mixturasastirred for 30

minutes then urea (32 mg, 5.3 mmol) was added éenpamtion. Under vigorous magnetic stirring a
solution of sodium azide (3.2 g, 25 mmol) in wa{eB8 mL) was added dropwise to the cold

mixture. The resulting mixture was then alloweddach room temperature and further stirred for 1
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hour. Diisopropyl ether (50 mL) was then added,ghases were separated and the inorganic layer
was washed twice with 25 mL of diisopropyl etheheTorganic phases were collected and dried
over NaSQ,. The solvent was evaporated under reduced pressugere a yellow oil (2.10 g,
90%).

IR(CH,Cy): 2112 et (Vn=n).
'H NMR (300 MHz, CDC)): 6 7.48 (1H,J = 7.8 Hz, 1), 7.40 (1H) = 7.8 Hz, d), 7.29-7.17 (2H, m,

overlaid with the solvent signal).

3.4.8. Synthesis of 4ert-butyl-phenyl azide

Tf,0+ NaN; —> TiN; + TfONa

NH,
CuSO,

TN + —
Et;N

A solution of NaN (15 g, 220 mmol), water (32 mL) and &H, was cooled at 0°C. Under
vigorous magnetic stirring trifluoromethanesulfomichydride (T§0) (10 g, 35 mmol) was added
and the mixture was further stirred for 2 hour®&. Then the inorganic layer was extracted with
CH.CI, (25 mLx2), washed with an aqueous solution of BatHCGO; (20 mLx2)and dried over
NaSO.

Subsequently, to a solution of 4-tert-butylanil{ded mL, 12 mmol) in CKCl, were added 5.0 mL
of E&N and a solution of CuS96 mg, 3.8x18 mmol) in 2.0 mL of water. Then the solution of
TfN3 in CH,Cl; previously prepared and 8.0 mL of MeOH were addeti¢ reaction mixture.

The resulting mixture was stirred at room tempegafar other 2 hours, agueous sat. NaHC&D
mL) was added to the mixture and the inorganicriayas extracted with Cil, (3x30 mL). The
organic phase was washed with brine and dried dla8Q. The crude was purified by flash
chromatography (silica gel, petroleum ether) (J365%).

IR(nujol): 2123 cnit, 2092 cnt (Vn=n).

'H NMR (300 MHz, GDg) 8 7.39 (2H,J = 8.7 Hz, d), 6.99 (2H] = 8.7 Hz, d), 1.34 (9H, s).
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3.4.5 Synthesis op-toluenesulfonyl azide

Na.N3

acetone
o= S O O:§:O
N3

Tosyl chloride (18 g, 84 mmol) was dissolved intane (40 mL). The solution was placed in an ice
bath and 10 mL of an aqueous solution of Bl&6l5 g, 110 mmol) were added dropwise. The
mixture was stirred for 2 hours. Ethyl ether (20)mtas added to the reaction mixture and the
inorganic layer was washed with ethyl ether (2x20.nThe organic phases were collected and

dried over NgSQ,. The solvent was evaporated under reduced pressgi®e a white oil (16 g,
86%).

IR(CH,Cly): 2123 cnit (vn=n).
'H NMR (300 MHz, GDg): 6 7.72 (2H,J = 8.0 Hz, d), 6.67 (2H] = 8.0 Hz, d), 2.32 (3H, s).

3.4.6 Synthesis of 4-nitrobenzenesulfonyl azide

NO, NO,
NaN3
—_—>
MeOH
O:|S:O O:%:O
o N

4-Nosyl chloride was dissolved in MeOH (50 mL) &@mL of an aqueous solution of Nall.9

g, 29 mmol) were added dropwise. The resulting unéxtvas stirred for 90 minutes. Ethyl ether (30
mL) was added to the reaction mixture and the iaoiglayer was washed with ethyl ether (2x30
mL). The organic phases were collected, dried &0, and concentrated until a precipitation
was observed, then 20 mL of n-hexane were addez niikture was cooled at 4°C and the yellow

solid was filtered and dried under vacuum (4.58§/68

'H NMR (300 MHz, CDCY): 5 8.49 (2H,J = 8.8 Hz, d), 8.19 (2H] = 8.8 Hz, d).
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3.5. Synthesis of the Ester Substrates.

3.5.1. Synthesis of methyl dihydrocinnamate
COOH H,SO, COOMe

The reaction was performed in the air. Dihydrocmi@acid (12.3 g, 82 mmol) was dissolved in

\

methanol (125 mL) and sulfuric acid (5.0 mL, 94 nmimweas added. The resulting solution was
refluxed for 15 hours then NaO; (10.0 g, 94 mmol) was added in order to neutrahgesulfuric
acid excess. The solvent was evaporated, then atieyate (100 mL) was added. The so-obtained
suspension was filtered, the solution was washdia avi aqueous solution of NaHE®.5% (3x50

mL), dried over Ng&SO, and evaporated to dryness to give a pale-yelld\{i18i6 g, 93%).
'H NMR (400 MHz, CDCJ): § 7.33-7.18 (5H, m), 3.68 (3H, s), 2.97 (2H; 7.8 Hz, t), 2.65 (2H])

=7.8 Hz, 1).

3.5.2. Synthesis of silyl ketene acetal 61.
OMe

LDA, TMSCI
COOMe - ©/\/\OTMS
THF

The reaction was performed following a reportedcpdmre[.“g] Diisopropylamine (5.0 mL, 36

mmol) was dissolved in anhydrous THF and coole@%G. 18.0 mL of a butyllithium solution
(1.84 M inn-hexane ) were added drowise, the solution waredtiat 0°C for 10 minutes then it
was cooled to -80°C using a liquid nitrogen/acetdrah. An anhydrous THF solution of
dihydrocinnammate (4.50 g, 27 mmol) and trimethylsshloride (5.0 mL, 39 mmol) was added
dropwise in 40 minutes.

The solution was allowed to reach room temperaaumé stirred for 3 hours during which the
precipitation of a white solid (LiCl) was observeélhe solvent was evaporated amtiexane (100
mL) was added, the suspension was filtered andosatgrl to dryness to give a pale yellow oil (6.5
g, 99%).
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'H NMR (400 MHz, CDCJ): § 7.32-7.13 (5H, m), 3.89 (1H,= 7.4 Hz, t), 3.57 (3H, s), 3.35 (28,
= 7.5 Hz, d), 0.26 (9H, s). Traces of the E stea@wier were observed (methoxy signal at 3.54

ppm).

7.2602
~-7.2339
—0.2616

e n | L

T T T T T T T T T T T T T T T
75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5

Figure 32. *H NMR spectrum of silyl ketene acefal

3.5.3. Synthesis of methyl L-3-phenyllactate from {phenylalanine.

NaNO, H*

1) Synthesis of L-3-phenyllactic acid

The reaction was performed in the air followingeparted proceduré®® Phenylalanine (10.3 g, 62
mmol) was dissolved in #$0, 0.5 M (125 mL) and placed in an ice bath. An agsesolution (25
mL) of NaNG (7.14 g, 64 mmol) was added dropwise then theurexivas allowed to reach room
temperature and stirred for 3 hours. The so-obtBswespension was extracted with ethyl acetate
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(3%100 mL) and washed with brine (3x100 mL). Thgamic phase was dried over JS&, and
evaporated to dryness to give a white solid (7.,916§0).

'H NMR (300 MHz, CDCJ): 6 7.37-7.23 (5H, m), 4.53 (1H,= 7.2 Hz,J = 4.3 Hz, dd), 3.22 (1H,
J=14.0 HzJ = 4.3 Hz, dd), 3.01 (1H] = 14.0 Hz,J = 7.2 Hz, dd). OH and COOH signals were

not detected.

1) Synthesis of Methyl L-3-phenyllactate

The reaction was performed in the air. 3-L-phemyitaacid (7.91 g, 48 mmol) was dissolved in
methanol (120 mL) and sulfuric acid (3.0 mL, 54 mimeas added. The resulting solution was
refluxed for 4 hours then NGOs; (5.67 g, 54 mmol) was added in order to neutrahsesulfuric
acid excess. The solvent was evaporated, then ateyate (100 mL) was added. The so-obtained
suspension was filtered, the solution was washed fine (3x50 mL), dried over NaQO, and
evaporated to dryness to a yellow oil that becaméigish solid after drying in vacuum (6.87 g,
80%).

'H NMR (300 MHz, CDCJ): § 7.34-7.18 (5H, m), 4.46 (1H,= 6.6 Hz,J = 4.5 Hz, dd), 3.78 (3H,
s), 3.13 (1H,) = 13.9 Hz,J = 4.4 Hz, dd), 2.97 (1H = 13.9 Hz,J = 6.8 Hz, dd), 2.68 (1H, br).

3.5.4. Synthesis of @-methyl 3-phenyl-2-acetoxy-propanoate

Ac,0O

COOMe COOMe
—_—

The reaction was performed in the air. Methyl 3Hepyllactate (2.78 g, 15 mmol) was dissolved in

pyridine (30 mL) then acetic anhydride (1.9 mL,fhol) was added. The solution was stirred at
room temperature for 24 hours. 300 mL of a HCI Jdveous solution were added and the resulting
mixture was extracted with diisopropyl ether (3x1%0Q). The organic phases were collected,

washed with brine (3x150 mL), dried over JS&, and evaporated to dryness. The crude was
purified by flash chromatography (silica gethexane/AcOEt 8:2) obtaining a colourless oil (3.04

g, 89%).
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'H NMR (300 MHz, CDCJ): § 7.34-7.18 (5H, m), 5.22 (1H,= 8.6 Hz,J = 4.6 Hz, dd), 3.72 (3H,
s), 3.18 (1H,) = 14.2 Hz,J = 4.6 Hz, dd), 3.08 (1H] = 14.2 Hz,J = 8.6 Hz, dd), 2.08 (3H, s).

3.5.5. Synthesis of @-methyl 3-phenyl-2-methoxy-propanoate

1) NaH

COOMe COOMe
—_—

The reaction was performed following a reportedcpruré=®. Methyl 3-L-phenyllactate (1.99 g,

11 mmol) was dissolved in anhydrous THF (30 mL) aadium hydride 60% (0.498 g, 12 mmol)
was added. The resulting mixture was heated to 50f& methyl iodide (1.1 mL, 18 mmol) was
added dropwise and the mixture was stirred for @$imbserving the precipitation of a white solid.
The reaction was quenched by addition of a smatuarnof water, ethyl acetate (100 mL) was
added and the organic phase was washed with wz#&0(mL) and brine (2x50 mL), dried over
NaSQO, and evaporated to dryness. The crude was purdijeflash chromatography (silica gel,
n-hexane /AcOEt 9:1) obtaining a colourless oil 219 90%).

'H NMR (300 MHz, CDCJ): § 7.34-7.18 (5H, m), 3.98 (1H,= 7.5 Hz,J = 5.4 Hz, dd), 3.72 (3H,
s), 3.35 (3H, s), 3.02 (2H, m).

139



3.6. General procedure for catalytic amination reatton

Here the standard procedure for catalytic aminatieactions is described, the nature and the
amount of catalysts and reagents along with theerxental conditions are reported in each
section.

All the catalytic reactions were monitored by IResfposcopy by measuring the characteristic
v(N=N) signal absorbance in the range 2095-2130.ctdnless otherwise specified, a full
conversion of the aryl azide was reached in ev&peement (the reaction was considered to be
finished when azide absorbance was below 0.006gusi®.1 mm thick cell). The yield in the
desired product was evaluated’pyNMR analysis using 2,4-dinitrotoluene as therimé standard
unless “isolated yield” is clearly specified. Inseathe organic product was a new compound, it was
isolated by flash chromatography on silica gel gsirhexane/ethyl acetate as eluent mixture and

fully characterised.

General experiment: In a typical run, the catalyst and the substradeevsuspended/dissolved in

the solvent and a blank IR spectrum of the mixtas recorded. The organic azide was added and
the initial absorbance value of the characteri®isignal of the azide was registered. The mixture
was heated to the desired temperature (generdilgrdgdboiling temperature) by using a preheated
oil bath. The organic azide conversion was monditdrg IR spectroscopy and the reaction was
followed by TLC and GC-MS analysis. Finally, thdugmn was concentrated to dryness and the

residue was analysed Bt NMR spectroscopy.
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3.7. Dihydronaphthalene amination catalysed by Cogrphyrins

NHAr
ArNg
Co“(porph)

3.7.1. Catalytic Reaction Conditions: The general procedure for amination reactions was
followed. Catalyst amount = 1.1x¥Ommol, azide amount = 1.3xt0mmol, substrate:
dihydronaphthalene (2.5 mL, 19 mmol), catalyst/azidtio = 4:50, solvent: dihydronaphthalene
(2,5 mL) and 1,2-dichloroethane (2.5 mL). T = 75°C.

Chromatographic purification conditions: silica, gehexane/ethyl acetate = 50:1

3.7.2. Blank Reaction: p-Nitrophenyl azide (22 mg, 134 mmol) was dissolved a
dihydronaphthalene/1,2-dichloroethane 1:1 mixt&enl). The solution was heated at 75°C for 4
hours. The solvent was evaporated to dryness andrtlde was purified by flash chromatography

usingn-hexane/ethyl acetate = 50:1 as eluent.
3.7.3. Characterisation for new compounds

a) 4-(1,2,3,4-tetrahydronaphthalen-1-ylamino)benzatrile
oN 'H NMR (400 MHz, CDCY): § 7.46 (d, 2H,J = 8.7 Hz), 7.33 (dphic , 1H,
/©/ = 7.6 Hz), 7.27-7.17 (m, 3H,), 6.66 (d, 2Hz 8.7 Hz), 4.73-4.68 (m, 1H),
HN 4.66 (d, 1HJ = 6.4 Hz, M), 2.93-2.77 (m, 2H), 2.07-1.96 (m, 2H,), 1.94-
(:@ 1.85 (m, 2H)*C NMR (100 MHz; CDGCJ) &: 150.4 (CN), 137.7 (C), 136.6
(©), 133.9 (2 CH), 129.3 (CH), 129.0 (CH), 127. Hj)C126.3 (CH), 120.4

(C), 112.3 (2 CH), 98.6 (C), 50.7 (CH), 29.1 (H28.6 (CH), 19.4 (CH). Anal. Calcd for
CiH16N, C, 82.22; H, 6.49; N, 11.28. Found C, 82.30; 346N, 10.97

b) N-(3,4-dihydronaphthalen-4(1H)-ylidene)-4-nitrobenzenamine
CN 'H NMR (300 MHz, CDCJ): 6 8.28 (d, 1H,) = 7.6 Hz), 7.64 (d, 2H] = 8.6
/©/ Hz), 7.45-7.40 (m, 1H), 7.34 (d, 1B~ 7.6 Hz), 7.26-7.23 (m, 1H), 6.88 (d,

| 2H,J = 8.6 Hz), 2.94 (pst, 2H, = 6.1 Hz), 2.49 (pst, 2H] = 6.1 Hz), 2.01-
1.93 (m, 2H).2*C NMR (75 MHz; CDC}) &: 166.7 (C), 156.4 (CN), 142.1
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(C), 133.7 (2 CH), 133.4 (C), 131.7 (CH), 129.3 [CH27.0 (CH), 126.9 (CH), 120.5 (2 CH),
119.8 (C), 106.6 (C), 30.7 (GH 30.2 (CH), 23.6 (CH). Anal. Calcd for GHaN, C, 82.90; H,
5.73: N, 11.37. Found C, 83.15; H, 5.85: N, 10.95

c) N-(4-tert-butylphenyl)-1,2,3,4-tetrahydronaphthalen-l-amine
'H NMR (400 MHz, CDGJ): & 7.47 (d, 1H,) = 6.8 Hz), 7.30 (d, 2H] = 8.7
/©)< Hz), 7.25-7.22 (m, 2H), 7.20-7.18 (m, 1H), 6.70 281, J = 8.7 Hz), 4.67
HN (m, 1H), 3.85 (bs, 1H, N), 2.94-2.78 (m, 2H), 2.05-1.82 (m, 4H), 1.37 (s,
(;@ 9H, 'Bu). **C NMR (100 MHz; CDGJ) &: 145.1 (C), 139.9 (C), 138.4 (C),
137.7 (C), 129.4 (CH), 129.0 (CH), 127.1 (CH), 2@ CH), 126.1 (CH),

112.5 (2 CH), 51.2 (CH), 31.6 (GH 29.4 (CH), 28.8 (CH),19.4 (CH). Anal. Calcd for GgH2sN
C, 85.97; H, 9.02; N, 5.01. Found C, 86.21: H, 9N.75.31.

d) 3,5-his(trifluoromethyl)- N-(2,3-dihydronaphthalen-4(1H)-ylidene)benzenamine

CF, 'H NMR (400 MHz, CDCJ): 6 8.29 (d, 1H,J = 7.9 Hz), 7.60 (s, 1H), 7.46-
7.42 (m, 1H), 7.36-7.32 (m, 1H), 7.26-7.25 (m, 3P1P6 (pst, 2H,) = 6.1
N cF, Hz), 2.52 (pst, 2HJ = 6.1 Hz), 2.03-1.96 (m, 2H}3C NMR (100 MHz;
CDCly) &: 167.8 (C), 152.9 (C), 141.8 (C), 132.9 (C), 13@4) = 131 Hz,
(:@ 2 CCFs), 131.5 (CH), 128.9 (CH), 126.7 (CH), 126.6 (CH23.5 ( = 270

Hz, g, 2 Ck), 119.9 (2 CH), 116.5 (CH), 30.3 (GH29.8 (CH), 22.8 (CH). *°F NMR (282 MHz,
CDCly) &: -63.2. Anal. Calcd for ¢gHi3FsN C, 60.51; H, 3.67; N, 3.92. Found C, 60.87; 913N,
3.78.

e) 3,4-dihydroN-4-nosylnaphthalen-1(H)-imine
NO, H NMR (300 MHz, CDCJ): § 8.42 (d, 2H,J = 8.9 Hz), 8.26 (d, 2H] =
S/©/ 8.9 Hz), 8.04 (d, 1H) = 7.3 Hz), 7.51 (pst, 1H] = 7.3 Hz), 7.28-7.24
NI O (m, 2H), 3.46 (pst, 2H] = 6.1 Hz), 2.95 (pst, 2H, = 6.1 Hz), 2.19-2.06
(;@ (m, 2H).**C NMR (100 MHz; CDGJ) &: 134.8 (CH), 129.6 (CH), 128.6
(2 CH), 128.1 (CH), 127.3 (CH), 124.5 (2 CH), 34CH,), 29.7 (CH),

22.8 (CH), (quaternary carbons were not detected). AnalcdCtor CgH14sN2O,S C, 58.17; H,
4.27; N, 8.48. Found C, 58.44; H, 4.42; N, 8.22.
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f) 3,4-dihydro-N-tosylnaphthalen-1(2H)-imine
'H NMR (300 MHz, GDg) &: 7.88 (d, 2HJ = 9.0 Hz), 7.16-7.00 (m, 9H),

Q, 5.83 (d, 2H,J = 9.0 Hz), 4.56 (s, 1H, M), 2.70-2.64 (m, 2H), 2.03-1.97 (m,

.S

N b 2H), 1.47-1.34 (m, 2H)**C NMR (75 MHz, GDg) 8: 150.7 (C), 146.9 (C),
(;@ 139.1 (C), 139.0 (C), 137.9 (C), 63.3 (C), 129.84JC129.5 (CH), 129.1

(CH), 128.9 (CH), 128.1 (CH), 127.7 (CH), 127.1 (C#26.9 (CH), 126.8
(CH), 125.7 (2 CH), 114.4 (2 CH), 42.1 (§H30.3 (CH), 20.0 (CH). Anal. Calcd for GoHa0N202
C, 76.72; H, 5.85: N, 8.13. Found C, 76.98; H, 61037.94.
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3.8. Resonance Raman Mechanistic Study otAllylic Amination
Catalysed by Rutheniun-Porphyrins

3.8.1. General Conditions

All the Raman experiments were performed using the insmtahset showed iFigure 33. A laser
source of 405 nm was chosgince it frequency is close to tHeoret band of ruthenium porphyi
complexes Xmax = 418 nm in the case of Ru(TPP)(. An etalon filterwasplaced after the laser
source to get a sharp laser beaith a 1 nn width at half maximumThis was necessain order to
avoid broad peaks in the final spect, however it caused a slight ghdf the laser maximur
frequency, whicthad to be measured every time before starting xperamen. The laser power
was reduced to 4 mV through a 0.3A filter to prev@ecomposition of samg at high laser power
(e.g. photolysis of the rutheniuoarbonyl bon#?®). The diameter of the lasbeam was expanded

using a Keplerian telescop@d directed toward the cell which contained thega

Figure 33. Instrument scheme.
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An objective lens focused the radiation into thi, tean the Raman scattered radiation was isolated
using a series of dichroic mirrors and sent to &r@z Turner Spectrograph. A charge-coupled
device (CCD) was used as detector, it was cooledbonit -80°C to minimize the instrument noise.
The spectra were recorded as function of wavelefrgtt), the conversion of the wavelength in the

Raman shift (cil) was performed using the following formula:

1 1
Ad(em™1) = 107 ( )
vlem™) % laser frequency(nm) + A(nm)

The cell used in each experiment was an aluminusselevith a window over which a cover glass
could be placed and used to ensure an optical cowith the objective lens. This cell could be
opened to load the sample and hermetically closgugua Viton o-ring as gasket. The cell was
tested and showed itself to be resistant when & evearged with benzene and heated up to 80°C
(nominal temperature) on a heating plate.

Reference spectra of Ru(TPP)Cs-imido complex10 and [Ru(TPP)(OCEJ].O were recorded

from freshly prepared solutions in benzene{M).

3.8.2. Aniline coordination experiment

Ru(TPP)CO (5.0 mg, 6.7xFf0 mmol) was suspended in benzene (5 mL) and 3,5-
bis(trifluoromethyl)aniline 87) (4.2 pL, 2.7x18 mmol) were added. The mixture was stirred until

it turned into a red solution, then a sample (cé&arfL) was placed in the cell and analysed by
Raman spectroscopy. The spectrum was compatibetiagt one obtained by dissolving the aniline

complex [Ru(TPP)CQ7)] in benzene. The latter complex was synthesisgdiging a known

procedurd®®

3.8.3. Azide coordination experiment

Under nitrogen atmosphere, Ru(TPP)CO (1.8 mg, &7 ximol) was suspended in benzene (2
mL) then 3,5bis(trifluoromethyl)phenyl azide3g) (12.6 mg, 4.9x16 mmol) was added noticing a
slight color change from orange/red to red-brownsaiple (about 0.5 mL) of the mixture was
loaded in the cell and the Raman spectrum of theltrag mixture was recorded.
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3.8.4. Spectra of the allylic amine(103):
CF;

A,
e

Figure 34. Allylic aminel03.

Compoundl03is the product of the Ru(TPP)CO allylic aminatmfncyclohexene using aryl azide
38. This experiment proved that this compound is oasfple for the increasing fluorescence
observed in the catalytic reaction spectra. The &aspectrum of a 5xT0M benzene solution of
103 was recorded but no signal was detected. Therspeatas recorded again in the presence of a
small amount of Ru(TPP)CO (cca i) and a strong fluorescence centered around 440 n
appeared beside the porphyrin complex signals.

/

3.8.5. General procedure for catalytic experiments

A 2.5x10* M Ru(TPP)CO solution in a cyclohexene/benzene unix{ in which [cyclohexene] =
0.125 M) or in cyclohexene was prepared under gemnoatmosphere. Then the flask was moved
into a dry box were aryl azid#8 (13 mg, 5.0x18 mmol) was added to the reaction mixture and a
small amount (0.5 mL) of the resulting solution vimnsferred into the cell. The cell was closed,
removed from the drybox and placed on a heatintg (flare-heated at 70°C, nominal temperature)
where the cover glass was in optical contact withdbjective lens of the instrument.

The acquisition was performed by continuously rdocay the Raman spectra of the catalytic

mixture for 2-4 hours using an integration time86fseconds.

Oxidation marker band Coordinated aryl band
Complex L L
(cm™) (cm™)
Ru(TPP)CO 1355 -
Ru(TPP)(NAr) @0) 1359 1023
[Ru(TPP)(OCHS3)JO (92) 1362 -
[Ru(TPP)CO87)] 1351 1015
Ru(TPP)CO 38 1351 -

Table 11. Raman shift f the main signal of the employed &pf{pcomplexes.)
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3.9. Mechanistic Insights of the Ru(Porph)-Catalys# Aziridination of
a-Methyl Styrene by Aryl Azides

General procedure for the kinetic experimentsthe catalyst (0.012 mmol, 2% with respect to aryl
azide), the aryl azide (0.60 mmol) aaemethylstyrene were added to benzene in a Schlask f
(total volume = 30 mL) under NThe resulting solution was immediately placeé ipreheated oil
bath at 75 °C. The solution was stirred for oneuterto completely dissolve all reagents and then
0.2 mL were withdrawn for IR analysis at regulaneiintervals. The consumption of the azide was
then followed by measuring the absorbance (A) @& W-n) Signal at 2150-2100 ch Rate
constants with respect to the aryl azide for eathlgst were determined from the specific variation

of A with respect to time.

3.9.1. Determination of the kinetic order in 4-nitophenyl azide concentration using different
Ru(T(p-X)PP)CO catalysts.

NO,
©/g Ru(p-X-TPP)CO
+ Y
CeHg, 75°C NONOz
N3

02 - Ru(T(p-‘Bu)PP)CO 05 - Ru(T(p-OMe)PP)CO
0 - 0 -
-0,2 —..00 0,5 \
. o.
04 - e, -1 ®. .
3 -0,6 - .b._ <o -1,5 ~ ‘.
f;t -0,8 - S < 2 ®.
N ®. ~ | (
c -1 - = 25 ..
- ... -3 - e,
1,2 - P ®
_1,4 : : | '3,5 T T T T 1
0 2000 4000 6000 0 5000 10000 15000 20000 25000
t (S) t (S)
First order kinetick = 2,42x10" s First order kinetick = 1,50x10" s*
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Ru(T(p-F)PP) CO Ru(T(p-COOBU)PP)CO
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3.9.2. Kinetic experiment at different substrate cocentrations

Ru(T(p-CF3)PP)CO

’

CeHe, 75°C

FsC CF3

N3

CF3

-

CF;

Table 12. Kinetic constants with respect to 3,5-bis(trifluorethyl)phenyl azide at differem-

methylstyrene concentration using Ru(T (psJE¥P)CO as the catalyst.

Reaction Rate

Molar Ratio
Catalyst/azide/substrate [e-methylstyrene] (M) X AM/At (M s}
1:50:250 0.10 1.66x10M s* 1.66x10°
1:50 :1000 0.77 2.44x1T0M st 2.44x10°
1:50:2000 0.38 2.94xTOM st 2.94x10°
1:50: 3750 1.50 3.40xToM s 2.90x10°
1:50:5128 2.05 mixed order 2.51x10°
1:50:7692 3.08 2.94x10s* 2.01x10°
1:50:10916 4.37 2.76x 10! 1.94x10°

Catalyst: Ru(T(p-CpHPP)CO (12.5 mg, 0.012 mmol), azide = 3,5-bis(iaflomethyl)phenyl azide (153 mg,

0.60 mmol), the reaction rate was calculated at Sfifversion.

AM/At (M s?)

3,10E-05
2,90E-05
2,70E-05
2,50E-05
2,30E-05
2,10E-05
1,90E-05
1,70E-05
1,50E-05

0

1

2 3
[a-methylstyrene ] M

Figure 35. Plot of the reaction rate versus styrene concdiura
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Table 13. Kinetic constants with respect to 3,5-bis(trifluorethyl)phenyl azide at differemt-

methylstyrene concentration using compi2xas the catalyst.

F2C CFy 42 CFs
+ > N
CgHg, 75°C
N3 CF3
Molar Ratio
) [a-methyl styrene] (M) Kk
Catalyst/azide/substrate
1:50:250 0.10 1.13x1bs?
1:50 :641 0.26 1.97x10s?
1:50:961 0.38 2.03x10s?

Catalyst: complex?2 (16.7 mg, 0.012 mmol), azide = 3,5-bis(trifluorahyd)phenyl azide (0.60 mmol).
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3.10. Synthesis of Amino esters by Ruthenium Porphin-Catalysed

Amination of C-H Bonds

3.10.1. Model reaction

CF;
N3
OCH; s catalyst F3C NH
m solvent ©)\H/ OCHs
FsC CF4 O
Table 14. Catalyst screening
Catalyst Yield (%) Reaction Time (h)
Ru(TPP)CO 64 8
Ru(T(p-CR)PP)CO 60 10
Ru(T(p-CR;)PP)(NAr) (50) 51 22
Co(TPP) 51 3

Experimental Conditionsmolar ratio catalyst/azide/substrate = 1:10:5@algst = 6.0x1F mmol,

3,5-his(trifluoromethyl)phenyl azide = 153 mg (6.0x1@nmol), methyl phenylacetate = 430 pL

(3.0 mmol). Solvent: benzene (30 mL), T = 80°C.

Table 15. Solvent screening

Solvent Yield (%) Reaction Time (h)
1,2-dichloroetharfe 30 21
benzeng 64 8
methyl phenylacetale 70 3
acetonitrilé 40 31

Experimental Conditionsnolar ratio Ru(TPP)CO/azide/substrate = 1:10:5@lgst = Ru(TPP)CO
(44.5 mg, 6.0x18 mmol), 3,5bis(trifluoromethyl)phenyl azide = 153 mg (6.0%1thmol), methyl
phenylacetate = 430 pL (3.0 mmol). Solvent volun89=mL.?T = refluxing solvent®T = 80°C.
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Table 16. Catalytic outcomes with different molar ratios

Molar Ratio . ' _ .
' Conversion Yield(%) Reaction Time (h)
Ru/azide/substrate
1:20:56 80 29 3
1:50 solverft 100 72 6
1:50:1000 44 32 5

Experimental Conditions:Catalyst = Ru(TPP)CO (8.1 mg, 1.1¥10 mmol), azide = 3,5-
bis(trifluoromethyl)phenyl azide, substrate = methylepylacetate. Solvent volume = 10 mL.
®Solvent = benzene, T = 80°complete conversion due to the complete transdfition of
Ru(TPP)CO into the correspondiag-type bis-amido complex”Solvent = methyl phenylacetate, T
= 100°C.

Kinetics of the reaction between 3,Bis(trifluoromethyl)phenyl azide and methyl
phenylacetate catalysed by Ru(TPP)CO.

Kinetic Measurements: The catalyst, benzene (when required), methyl plaeetate and,5
bis(trifluoromethyl)phenyl azidevere added in this order to a Schlenk flask. A kmide/catalyst
ratio was chosen in order to avoid the competitiatalytic cycle (cycle 2 irscheme 64) and the
consequent formation of the indis-amido complex9.

The flask was capped with a rubber septum and imatedyl placed in an oil bath preheated to 75
°C. The solution was stirred for two minutes tosdise all reagents, then the consumption of the
aryl azide was followed by IR spectroscopy by witwing samples of the solution at regular time
intervals and measuring tgN=N) absorbance values. The apparent zero-ordérrespect to the
aryl azide was observed in the range of A/Ao betwkand 0,3-0,4; the linearity was lost at higher
conversion of the aryl azide. The rate constantsewited to the equation dfArN s)/dt
=KopservegRU(TTP)CO]/[methyl phenylacetate]. The concentnatof catalyst was calculated by the
exact amount of catalyst weighed in each run ansl ezsidered to remain constant during the

reaction.

Kinetic order of the aryl azide: The measurements were performed using benzeneaetsore
solvent (7 mL). The employed catalyst/azide/substratio was 1:5:869 (Ru(TPP)CO = 16.6 mg
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(2.2x10° mmol), 3,5-bis(trifluoromethyl)phenyl azide = 28.1 mg (1.1%¥1Gmmol), methyl
phenylacetate = 2.8 mL)

1,2 -
1 eeq R2=0,998
0,8 1 ® ..

0,6 - .'-._.

A/Ao

0,4 - e,

0,2 - ‘® 9

0 50 100 150

t (min)

Figure 36. Zero-order kinetic with respect to the aryl azidghe range of A/Ao between 1 and 0.3.

Kinetic order of Ru(TPP)CO: The measurements were performed using methyl pheetdte as
reaction solvent (10 mL) and 3tfs(trifluoromethyl)phenyl azide (28.1 mg, 1.1%46mol) as aryl

azide.

Ru(TPP)CO (mg)  [Ru(TPP)CO] Kobs (M/s) Kobs*[SUDS] (M/s?)
6.0 0,000809 6.45x10 7,64x10°
8.2 0,00111 6.69x10 7,91x10°
10.4 0,00140 7.51x10 8,89x10°
16.6 0,00224 9.32x10 1,10x10
21.0 0,00283 1.02x10 1,21x10
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1,30E-07
120E-07 | R2=0,990

1,10E-07 K
LOOE-07 e
9,00E-08 - e

8,00E-08 | o .- o
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6,00E-08 . . . . .
0,0007 0,0012 0,0017 0,0022 0,0027 0,0032
[Ru(TPP)CO] (mol L 1)
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K. *[ methyl phenylacetate]

Figure 37. First-order kinetic with respect to Ru(TPP)CO centration.

Kinetic order of methyl phenyl acetate: The measurements were performed using Ru(TPP)CO
(16.6 mg, 2.2109), 3,5bis(trifluoromethyl)phenyl azide (28.1 mg, 1.1%%)0and benzene/methyl
phenylacetate mixture as solvent (benzene volunsoakulated in order to reach a total volume
of 10 mL). The kinetic order with respect to thgl@zide changed from apparent zero order at high
methyl phenylacetate concentration (7.0 - 1.0 Mppparent first order in the aryl azide at low
methyl phenylacetate concentration (1.0 - 0.1 My. fhis reason in the graph reportedFilgure

39, the reaction rateAM/At) was plotted at the Y-axis instead of the obsgkiaetic constants.

Y, szjrgi';rate M 1M K oo (M/S) kobJ[R(LrJrEi'LIi)P)CO]
10 7,01 0,141  9,32x10 4,16x10"
5 3,55 0,282  1,08x1D 4,82x10*
3 2,13 0,470  1,13x1D 5,20x10"
2 1,42 0,704  1,57x10 7,00x1¢*
1,4 0,96 1,05 1,90x10 8,50x10"
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Figure 38. Inverse dependence of the observed kinetic cansitinrespect to the substrate

concentration in the [methyl phenylacetate] rang& ©-1.0 M.

V substrate

1
(mL)c M v(mol sY)x10P
10,0 7,10 0,931
5,0 3,55 1,08
3,0 2,13 1,16
2,0 1,42 1,57
1,400 0,99 1,90
0,800 0,57 2,07
0,400 0,28 1,72
0,140 0,10 1,44
2,00
=)
—
2 1,60 -
»
S
E 1,20 |
>
0,80 | | ] |

0,00 2,00 4,00 6,00 8,00
[methyl phenylacetate] (mol L 1)

Figure 39. Dependence of the reaction rate with respect ¢cstibstrate concentration. Reaction

rate was calculated at 80% conversion of the agytia.
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3.10.2.a-Amino ester synthesis
3.10.2.1 Methyl (3,5-bis(trifluoromethyl)phenylamino)phenylacetate (48).

CF;

N3

OCHj Ru(TPP)CO F.C” jLNH
+ >
FsC CF o

3

Method A: The general procedure for amination reactions fad@ved, a mixture of Ru(TPP)CO
(46.3 mg, 6.2x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (161 mg, 6.3%1Gnmol) and
methyl phenylacetate (478 mg, 3.2 mmol) in benz&emL) was heated to reflux for 8 hours.
Yield = 64%.

Method B: The general procedure for amination reactions fab@wed, a mixture of Ru(TPP)CO
(23.9 mg, 3.2x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (386.7 mg, 1.5 mmai) methyl
phenylacetate (15 mL) was heated to 100°C for Gddteld = 80%.

Characterisation for 48:*H NMR (300 MHz; CDC}): § 7.48-7.34 (5H, m, W), 7.15 (1H, s, i),
6.90 (2H, s, K), 5.48 (1H, br, NH), 5.09 (1H, s, CH(MH), 3.76 (3H, s, OCE]).

13C (75 MHz; CDC})) 8: 171.5 (C=0), 146.5 (), 136.2 (G,), 132.6 (CE, q, J = 32.7 Hz), 129.4
(CHar), 129.0 (CH,), 127.3 (CH,), 125.3 (G(), 121.7 (G,), 112.8 (CH,), 111.3 (CH,), 60.3
(CH), 53.3 (OCH). **F-NMR (282 MHz; CDCJ) -63.62 (CR). EI-MS: m/z = 377 [M]. IR (ATR):
3377 e (nn), 1733 it (Ve=o). X-ray quality crystals were obtained by slow pweation of a

compound48 pentane solution at room temperature.
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3.10.2.2. Methyl (4-nitrophenylamino)phenylacetat¢52).

O,N
N, L
Ru(TPP)CO NH

NO,

OCH;
+
o)

Y
O
Q
@)
&

Method A: The general procedure for amination reactions fad@ved, a mixture of Ru(TPP)CO
(46.3 mg, 6.2x18 mmol), 4-nitrophenyl azide (101 mg, 6.1%16mol) and methyl phenylacetate

(456 mg, 3.0 mmol) in benzene (30 mL) was heatedftax for 7.5 hours. Yield = traces.

Method B: The general procedure for amination reactions fab@wed, a mixture of Ru(TPP)CO
(20.8 mg, 2.8x18 mmol), 4-nitrophenyl azide (225 mg, 1.4 mmol) irethyl phenylacetate (15
mL) was heated to 100°C for 8 hours. Yield = 32%.

Characterisation for 52: *H NMR (300 MHz, CDCI3)3 8.05 (2H,d J = 8.1 Hz, H,), 7.35 (5H,

m, H), 6.54 (2H, dJ = 8.1 Hz, H,), 5.30 (1H, br, NH), 5.15 (1H, s, CH), 3.78 (3HOCH).

3.10.2.3 Methyl (4-(trifluoromethyl)phenylamino)phenylacetate (51).

FsC
s L

OCH, Ru(TPP)CO NH
o]
CF3 ©

Method A: The general procedure for amination reactions fad@ved, a mixture of Ru(TPP)CO
(22.4 mg, 3.0x18 mmol), 4-(trifluoromethyl)phenyl azide (56.4 mg0810* mmol) and methyl

phenylacetate (228 mg, 1.5 mmol) in benzene (30 wdg heated to reflux for 2 hours. Yield =

traces.
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Method B: The general procedure for amination reactions fab@wed, a mixture of Ru(TPP)CO
(22.7 mg, 3.1x1® mmol), 4-(trifluoromethyl)phenyl azide (282 mg,51mmol) in methyl
phenylacetate (15 mL) was heated to 100°C for Sdhdteld = 26%.

Characterisation for 51: *H NMR (300 MHz, CDCY): 8 7.59 (2H, dJ = 8.5 Hz, H,), 7.35 (5H,

m, Ha), 6.57 (2H, d,J = 8.5 Hz, H,), 5.31 (1H, br, NH), 5.12 (1H, s, CH), 3.77 (3HOCH).

3.10.2.4. Methyl (4tert-butylphenylamino)phenylacetate (53).

Ru(TPP)CO NH

OCHg
+ > OCHj,
o)
o)

Method A: The general procedure for amination reactions fad@ved, a mixture of Ru(TPP)CO
(23.0 mg, 3.1x1® mmol), 4tert-butylphenyl azide (56.2 mg, 3.2x10mmol) and methyl
phenylacetate (228 mg, 1.5 mmol) in benzene (30 wd9 heated to reflux for 6.5 hours. Yield =

traces.
Method B: The general procedure for amination reactions fab@wed, a mixture of Ru(TPP)CO
(20.2 mg, 2.7x18 mmol), 4tert-butylphenyl azide (234 mg, 1.3 mmol) in methyl pylacetate

(15 mL) was heated to 100°C for 5 hours. Yield $420

Characterisation for 53: *"H NMR (300 MHz, CDCJ):  7.34 (7H, m, H,), 6.56 (2H, d,J = 8.8
Hz, Ha)), 5.13 (1H, br, NH), 5.11 (1H, s, CH), 3.75 (3HQCH), 1.39 (9H, s'Bu).
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3.10.3. Synthesis df-amino esters using methyl dihydrocinnamate as subrate
3.10.3.1. Methyl 3-(3,3is(trifluoromethyl)phenylamino)-3-phenylpropanoate (4a).
CF;

o) NE

Ru(TPP)CO FCK j\NH 0
OCH; + > 3
benzene
FaC CF, Ej)\)L OCHs

Method A: The general procedure for amination reactions fadeved, a mixture of Ru(TPP)CO
(9.1 mg, 1.2x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (30.8 mg, 1.2%1Gnmol) and
methyl dihydrocinnammate (102 mg, 6.2%1@mol) in benzene (30 mL) was heated to refluxzfor

hours. Yield = traces.

Method B: The general procedure for amination reactions fab@wed, a mixture of Ru(TPP)CO
(7.5 mg, 1.0x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (40.3 mg, 1.6%1Gnmol) and
methyl dihydrocinnammate (1.6 ml, 10 mmol) in bere€¢7.0 mL) was heated to reflux for 2.25
hours. Benzene was evaporated and methyl dihydramate excess was removed by high vacuum
distillation. Yield = 81%.

Method C: The general procedure for amination reactions fadeved, a mixture of Ru(TPP)CO
(7.4 mg, 1.0x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (132 mg, 5.2%1fhmol) and methyl
dihydrocinnammate (1.6 ml, 10 mmol) in benzene (M) was heated to reflux for 10.5 hours.
Benzene was evaporated and methyl dihydrocinnameatess was removed by high vacuum
distillation. Yield = 77%.
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3.10.3.2. Reaction between methyl phenylacetate addnitrophenylazide in the presence of

Ru(TPP)CO

N3 02N
o) Ru(TPP)CO

benzene OCHj
NO,

Method B: The general procedure for amination reactions fab@wed, a mixture of Ru(TPP)CO
(75 mg, 1.0x18 mmol), 4-nitrophenyl azide (24.6 mg, 1.5%10mmol) and methyl
dihydrocinnamate (1.6 ml, 10 mmol) in benzene () was heated to reflux for 1.5 hours.
Benzene was evaporated and methyl dihydrocinnamatess was removed by high vacuum
distillation. Yield = traces, evidences of theamino ester formation were obtained by GC-MS

analysis.

3.10.3.2. Reaction between methyl phenylacetate add(trifluoromethyl)phenyl azide in the
presence of Ru(TPP)CO

N3 F3C
O Ru(TPP)CO
OCH; * —x— NH O
benzene OCHs
CF;3

Method B: The general procedure for amination reactions fab@wed, a mixture of Ru(TPP)CO
(7.5 mg, 1.0x18 mmol), 4-(trifluoromethyl)phenyl azide (30.8 mg,7£10" mmol) and methyl
dihydrocinnammate (1.6 ml, 10 mmol) in benzene () was heated to reflux for 1.5 hours.
Benzene was evaporated and methyl dihydrocinnamatess was removed by high vacuum
distillation. Yield = traces, evidences of theamino ester formation were obtained by GC-MS

analysis.
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3.10.3.3. Reaction between methyl phenylacetate add(trifluoromethyl) phenyl azide in the
presence of Ru (TPP) CO

o) Ru(TPP)CO

OCH; + —>X— NH - Q
benzene ©)\)J\OCH3

Method B: The general procedure for amination reactions fadswed, a mixture of Ru(TPP)CO
(7.4 mg, 1.0x18 mmol), 4tert-butylphenyl azide (30.0 mg, 1.7x10mmol) and methyl
dihydrocinnamate (1.6 ml, 10.3 mmol) in benzen® (L) was heated to reflux for 2 hours.
Benzene was evaporated and methyl dihydrocinnameatess was removed by high vacuum
distillation. Yield = traces, evidences of tieamino ester formation were obtained by GC-MS

analysis.
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3.10.4 Synthesis ofi- and p-amino esters using silyl ketene acetal 61 as sutade

OMe NHAr

COOMe
P s 1) Ru(TTP)CO, ArNs COOMe
2) TBAF NRAT

Experimental Procedure: The general procedure for amination reactions fe@wved, a mixture
of Ru(TPP)CO, the aryl azide and the silyl ketecet@ 61 in benzene was heated to reflux.

Work-up: benzene was evaporated to dryness and THF (25wak)added to the residue, the
resulting solution was placed in an ice bath befadding a THF solution of tetma-
butylammonium fluoride (TBAF) (1.0 molxt, 3.0 mL). The solution was stirred for 15 minuéts
0°C, poured into a saturated agueous,Glrsolution (200 mL), extracted with AcCOEt (50 mL3¥,
dried with NaSQO, and the solvent was evaporated to dryness. Thieamas then purified by flash

chromatography (silica get-hexane/ethyl acetate as eluent. Yields are reppadasolated yields.

3.10.4.1 Reaction between 3Mis(trifluoromethyl)phenyl azide and silyl ketene aceal 61 in
the presence of Ru(TPP)CO.

N
OTMS : 1) Ru(TPP)CO /@\ WOCHBC
Z>ocH, + > FC NH O + HN Fs
2) TBAF
FsC CF3 OCHj
54a 54 (p

Ru(TPP)CO = 7.6 mg (1.0xfommol), 3,5bis(trifluoromethyl)phenyl azide = 133 mg (5.2x410
mmol), silyl ketene acetal = 625 mg (2.7 mmol), Zere = 11 mL. Reaction time = 0.25 hours.
Purification conditions = gradient elution framhexane/AcOEt 9.5:0.5 t@hexane/AcOEt 9:1.

Yield (548 = 65%, yield $4b) =12%.

Characterisation for methyl 3-(3,5bis(trifluoromethyl)phenylamino)-3-phenylpropanoate
(54a): *H NMR (300 MHz, CDCJ): 6 7.38-7.27 (5H, m, W), 7.12 (1H, s, i), 6.90 (2H, s, k),
5.17 (1H, br, NH), 4.85 (1H, dd= 7.7 Hz,J = 5.3 Hz, Gi(NHAr)), 3.67 (3H, s, OCH), 2.90 (1H,
dd,J = 15.2, 5.2 Hz, @H), 2.82 (1H, ddJ = 15.2, 7.8 Hz, CH). **C NMR (75 MHz, CDC}): &
171.4 (C=0), 147.5 (£), 140.6 (G), 132.5 C-CF;, q,J = 32.9 Hz), 129.3 (CH), 128.2 (CH,),
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126.2 (CH,), 123.6 (CR, q,J = 272.5 Hz, 113.0 (CK), 111.0 (CH,), 54.9 (CH), 52.2 (OCH),
42.3 (CH). *F NMR (282 MHz, CDGJ): & (282 MHz, CDC}) -63.58 (CFR). IR (ATR): 3396 crit
(Vnen), 1727 et (Ve=0). EI-MS: m/z= 391 [MT.

Characterisation for methyl 2-(3,5bis(trifluoromethyl)phenylamino)-3-phenylpropanoate
(54b): 'H NMR (300 MHz, CDCJ):  7.35-7.23 (3H, m, i), 7.20-7.12 (3H, m, k), 6.88 (2H, s,
Har), 4.63 (1H, br, NH), 4.40 (1H, 8, = 5.3 Hz, G{(NHAr)), 3.74 (3H, s, OCH), 3.21 (1H, dd, =
13.7, 5.6 Hz, €H), 3.11 (1H, ddJ = 13.7, 5.6 Hz, CH. *C NMR (75 MHz, CDC}): § 172.7
(C=0), 147.3 (G), 135.7 (G,), 132.7 C-CFs, q,J = 32.8 Hz), 129.4 (CHl), 128.9 (CH,), 127.6
(CHar), 123.5 (CR, q,J = 272.7 Hz), 112.7 (CH), 111.5 (CH,), 57.4 (CH), 52.6 (OC}), 38.7
(CH,). **F NMR (282 MHz, CDGJ): § -63.54 (CE). EI-MS: m/z= 391 [M[".

3.10.4.2 Reaction between-@rifluoromethyl)phenyl azide and silyl ketene acedl 61 in the
presence of Ru(TPP)CO.

o]

Ns FsC OCH;
OCHj3 1) Ru(TPP)CO + HN
ZSotms ¢ > P! \©\
2) TBAF QMOCHg CF3
CFy E5a 55b

Ru(TPP)CO = 7.8 mg (1.1xTmol), 4-(trifluoromethyl)phenyl azide = 106 mg{510* mmol),
silyl ketene acetal = 629 mg (2.7 mmol), benzerf®-mL. Reaction time = 2 hours. Purification
conditions = gradient elution fromhexane/AcOEt 9.5:0.5 tohexane/AcOEt 9:1.

Yield (558) = 38%, yield $5b) =14%.

Characterisation for methyl 3-(4-(trifluoromethyl)p henylamino)-3-phenylpropanoate (55a):
'H NMR (400 MHz, CDGY): 6 7.39-7.24 (7H, m, W), 6.58 (2H, dJ = 8.4 Hz, H,), 4.86 (1H, m,
CH(NHAr)), 3.66 (3H, s, OCH), 2.85 (2H, m, Ch), NH signal was not detectetfC NMR (100
MHz, CDCh): § 171.5 (C=0), 149.3 (), 141.3 (G,), 129.1 (CH,), 128.0 (CH,), 126.7 (CH.,),

126.3 (CHy), 122.3 (Ck, q,J = 272.7 Hz), 119.7Q-CF;, q,J = 32.0 Hz), 113.1 (CH), 54.8 (CH),
52.1 (OCH), 42.5 (CH). *F NMR (282 MHz, CDGJ): § -61.48 (CE). EI-MS: m/z= 323 [M]".

Characterisation for methyl 2-(4(trifluoromethyl)ph enylamino)-3-phenylpropanoate (55b)*H

NMR (300 MHz, CDCY): § 7.40 (2H, dJ = 8.5 Hz, H,), 7.29 (3H, m, k), 7.14 (2H, m, H)),
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6.60 (2H, dJ = 8.5 Hz, H,), 4.41 (1H, tJ = 6.1 Hz, CH), 3.71 (3H, s, OGH 3.11 (1H, dd,] =
13.7, 6.3 Hz, €H), (1H, dd,J = 13.7, 5.9 Hz, CH), NH signal was not detectefC NMR (75
MHz, CDCk): 6 173.0 (C=0), 149.0 (£), 136.0 (G/), 129.4 (CH,), 128.8 (CH,), 127.4 (CH,),
126.9 (CHy), 121.3 (Ck, q,J = 276.3 Hz), 120.1G-CF;, q,J = 32.7 Hz), 112.8 (CH), 57.2 (CH),
52.4 (OCH), 38.5 (CH). *F NMR (282 MHz, CDGJ): § -61.53 (CF). EI-MS: m/z= 323 [M]".

3.10.4.3 Reaction between 4-nitrophenyl azide andlyd ketene acetal 61 in the presence of
Ru(TPP)CO.

N3 O2N OCH,4
OCHj3 1) Ru(TPP)CO + HN
“Sotms  * g P \©\
2) TBAF OCHs 56b NO,
NOz 56a

Ru(TPP)CO = 7.6 mg (1.1xFnmol), 4-nitrophenyl azide = 85.0 mg (5.2%xh0mol), silyl ketene
acetal = 606 mg (2.6 mmol), benzene = 10 mL. Readtme = 0.75 hours. Purification conditions
= gradient elution fronm-hexane/AcOEt 9:1 ta-hexane/AcOEt 7:3).

Yield (568 = 55%, yield $6b) =21%.

Characterisation for methyl 3-(4-nitrophenylamino)-3-phenylpropanoate (56a)*H NMR (300
MHz, CDCk): 6 8.00 (2H, dJ = 9.1 Hz, H,), 7.38-7.24 (5H, m, W), 6.51 (2H, dJ = 9.1 Hz,
Ha/), 5.63 (1H, dJ = 6.5 Hz, NH), 4.92 (1H, dd,= 12.7, 6.7 Hz, 6(NHAr)), 3.65 (3H, s, OCH),

2.98-2.79 (2H, m, CH. **C NMR (75 MHz, CDC}): § 171.3 (C=0), 152.2 (§), 140.5 (G,),

138.6 (Gy), 129.2 (CH,), 128.2 (CH,), 126.3 (CH,), 126.1 (CH,), 112.3 (CH,), 54.5 (CH), 52.2
(OCH), 42.1 (CH). EI-MS: m/z= 300 [M]'.

Characterisation for methyl 2-(4-nitrophenylamino)-3-phenylpropanoate (56b):*H NMR (300
MHz, CDCk): 6 8.07 (2H, dJ =9.2 Hz, H), 7.33-7.22 (3H, m, W), 7.16-7.09 (2H, m, W), 6.52
(2H, d,J = 9.2 Hz, H,), 4.97 (1H, dJ = 8.0 Hz, NH), 4.47 (1H, dfl = 8.0, 6.0 Hz, EI(NHAr)),
3.74 (3H, s, OCh), 3.23 (1H, dd,) = 13.8, 6.0 Hz, &H), 3.14 (1H, ddJ = 13.8, 6.2 Hz, CH).
13C NMR (75 MHz, CDCYJ): § 172.2 (C=0), 151.6 (§), 139.1 (G,), 135.4 (G,), 129.3 (CH,),
128.9 (CHy), 127.6 (CH,), 126.5 (CH,), 112.0 (CH,), 56.9 (CH), 52.7 (OC¥), 38.3 (CH). EI-
MS: m/z= 300 [MT.
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3.10.4.4 Reaction between 3,5-dichlorophenyl azidad silyl ketene acetal 61 in the presence
of Ru(TPP)CO.

cl o}
N
OCHs 3 1) Ru(TPP)CO /@\ wocHs
ZNotms  + - NH O + HN c
2) TBAF
Cl Cl OCHj,
57b
57a cl

Ru(TPP)CO = 7.9 mg (1.1xfanmol), 3,5-dichlorophenyl azide = 107 mg (5.7*10mol), silyl
ketene acetal = 629 mg (2.7 mmol), benzene = 10 Radaction time = 1.25 hours. Purification
conditions = gradient elution fromhexane/AcOEt 9.5:0.5 tohexane/AcOEt 9:1).

Yield (578 = 65%, yield $7b) =8%.

Characterisation for methyl 3-(3,5-dichlorophenylanino)-3-phenylpropanoate (57a):'H NMR
(400 MHz, CDC}): & 7.45-7-22 (5H, m, W), 6.64 (1H, brs, &), 6.43 (2H, dJ = 1.6 Hz, H,),
4.78 (2H, m, GI(NHAr) and NH), 3.66 (3H, s, OC#} 2.85 (1H, ddJ = 15.1, 5.3 Hz, €H), 2.85
(1H, dd,J = 15.1, 5.3 Hz, @H), 2.78 (1H, ddJ = 15.1, 7.8 Hz, H). **C NMR (100 MHz,
CDCl): 6 171.4 (C=0), 148.5 (£), 141.0 (G,), 135.5 (G/), 129.1 (CH,), 128.0 (CH,), 126.2
(CHar), 117.7 (CH,), 112.0 (CH,), 54.7 (CH), 52.1 (OC#}, 42.4 (CH). EI-MS: m/z= 323 [M[".

Characterisation for methyl 2-(3,5-dichlorophenylanino)-3-phenylpropanoate (57b):'H NMR

(400 MHz, CDC)): § 7.34-7.23 (3H, m, W), 7.13 (2H, dJ = 6.8 Hz, H,), 6.70 (1H, pst, W),

6.43 (2H, dJ = 1.6 Hz, H,), 4.30 (2H, m, E(NHAr) and NH), 3.72 (3H, s, OG§{ 3.17 (1H, dd,
J = 13.7, 5.4 Hz, @H), 3.08 (1H, ddJ = 13.7, 5.9 Hz, CH). **C NMR (100 MHz, CDGJ): &

172.8 (C=0), 148.1 (), 135.82 (G), 135.76 (G), 129.4 (CH,), 128.8 (CH,), 127.4 (CH,),

118.3 (CHy), 111.8 (CH,), 57.3 (CH), 52.5 (OC}k), 38.5 (CH). EI-MS: m/z= 323 [MT.
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3.10.4.5.*H-NMR spectrum of the crude of the reaction betweerketene silyl acetal and

3,5-his(trifluoromethyl)phenyl azide (see Section 3.10.4)before desilylation with TBAF.
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Experiment Conditions: 3,5-bis(trifluoromethyl)phenyl azide (150 mg, 5.9%1éhmol) was added
to a benzene (12 mL) suspension of Ru(TPP)CO (891n2x1¢ mmol) and ketene silyl acetal
(168 mg, 7.1x1® mmol). The resulting mixture was refluxed usingreheated oil bath until the
complete consumption of the azide (50 min) and thensolvent was evaporated to dryness. The

sample for NMR spectroscopy was prepared dissolWiagrude in anhydrous CDLCI

'H-NMR (300 MHz; CDC}) § 7.48-7.32 (5H, m, W), 7.16 (1H, s, k&), 7.03 (2H, s, i), 5.32
(1H, dd,J = 8.9 Hz, 6.0 Hz, B(NHAr)), 4.44 (1H, dJ = 5.5 Hz, NH), 3.82 (1H, d, J = 7.9 Hz),
3.64 (3H, s, Ch), 0.24 (9H, s, TMS).

We obtained a NMR spectrum suitable with the prodddenzylic amination 061. We tried to

isolate this compound through chromatography &ilgel, n-hexane with 3% TEA) but only
compoundb4b beside unidentified decomposition products wecevered.
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3.10.5. Synthesis ofa-oxy-p-amino esters using methyl L-3-phenyllactate deriviaves as

substrates.

3.10.5.1. Reaction between methyl L-3-phenyllactand 3,5bis(trifluoromethyl)phenyl azide
in the presence of Ru(TPP)CO.

CF;
Q Ru(TPP)CO /@\
+ FsC NH O
OCH;
OH benzene OCHs
OH

Method A: The general procedure for amination reactions whswed, a mixture of Ru(TPP)CO
(7.9 mg, 1.1x18mmol), 3,5bis(trifluoromethyl)phenyl azide (44.1 mg, 1.7x1Gmol) and methyl
L-3-phenyllactatg 958 mg ml, 5.3 mmol) in benzene (12 mL) was hea&berkeflux for 19 hours,
reaching a 90% conversion of the aryl azide. Beazess evaporated and methyl L-3-phenyllactate

excess was removed by high vacuum distillation. désred product was observed in the crude.

3.10.5.2. Synthesis of &-methyl 2-acetoxy-3-(3,3his(trifluoromethyl)phenylamino)-3-
phenylpropanoate (58).

CF4 CF,

0 % Ru(TPP)CO /@ /@
. u(TPP) FoC NH O . FC NH O
OCH, —_— -
benzene
OAc F\C CF, OCH; OCHs

OAc OAc

anti syn

Method A: The general procedure for amination reactions whswed, a mixture of Ru(TPP)CO
(13.9 mg, 1.9x18mmol), 3,5bis(trifluoromethyl)phenyl azide (90.1 mg, 3.5%1thmol) and (2)-
methyl 3-phenyl-2-acetoxy-propanoate (5.4 mL, 19atiim benzene (13 mL) was heated to reflux
for 5 hours. Benzene was evaporated and the stédstx@ess was removed by high vacuum
distillation. Yield =23% sir/anti ratio = 1:3.5.
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Method B: The general procedure for amination reactions fab@wed, a mixture of Ru(TPP)CO
(7.7 mg, 1.0x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (132 mg, 5.2x1@nmol) and (3)-
methyl 3-phenyl-2-acetoxy-propanoate (3.0 mL, 10 ah)nin benzene (7.0 mL) was heated to
reflux for 23 hours. Benzene was evaporated andubstrate excess was removed by high vacuum
distillation. Yield =35%gsi/anti ratio = 1:3.5.

Characterisation for 58: Syn/antiassignment was performed on the basis of cheralafik and
coupling constant trends reported in the literdttfe’H NMR (400 MHz, CDCY) major isomer
(anti): 6 7.38-7.30 (5H, m, W), 7.15 (1H, s, W), 6.91 (2H, s, K), 5.35 (1H, d,J = 4.9 Hz,
CH(OAC)), 5.20 (1H, m, NH), 4.95 (1H, br,HENHAr)), 3.64 (3H, s, OCh), 2.15 (3H, s, CH
acetoxy).Minor isomer(syn): 6 7.38-7.30 (5H, m, W), 7.15 (1H, s, W), 6.91 (2H, s, K), 5.41
(1H, d,J = 2.6 Hz, Gi(OAc)), 5.16-5.05 (2H, m, NH andH{NHAr)), 3.75 (3H, s, OCH), 2.11
(3H, s, CH acetoxy).

3C NMR (100 MHz, CDGJ) major isomer &nti): 5 170.2 (C=O acetoxy), 168.4 (C=O methyl
ester), 147.1 (&), 136.8 (G), 132.6 C-CF;, q,J = 33.1 Hz), 129.1 (CH), 127.2 (CH,), 126.8
(CHar), 1235 (ChB, q, J = 272.8 Hz), 113.0 (CK), 111.4 (CH,), 74.7 CH(OACc)), 58.4
(CH(NHAr)), 52.6 (OCH methoxy), 20.7 (CH acetoxy).Minor isomer (syn): 6 169.7 (C=0
acetoxy), 168.4 (C=0 methyl ester), 147.Q,JC136.1 (G,), 132.6 C-CF3, q,J = 33.1 Hz), 129.2
(CHar), 128.9 (CH,), 128.7 (CH,), 123.5 (CE, g,J = 272.8 Hz), 113.0 (CK), 111.4 (CH,), 75.3
(CH(OAC)), 58.0 CH(NHAI)), 53.1 (OCH methoxy), 20.5 (Cklacetoxy).

% NMR (282 MHz, CDGJ) -63.24 (Ck minor isomer), -63.25 (GFmajorisomer). EI-MS:m/z=
449 [M]*

3.10.5.2. Synthesis of &-methyl 2-methoxy-3-(3,5bis(trifluoromethyl)phenylamino)-3-

phenylpropanoate (59).

n Iy Ru(TPP)CO /@ /©\
. u(TPP) FaC NH O ., FC NH O
OCHj —_— :
benzene
OMe F3C CF3 OCH3 OCH3

OMe OMe

anti syn

Method A: The general procedure for amination reactions whswed, a mixture of Ru(TPP)CO
(7.4 mg, 1.0x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (39.2 mg, 1.5%1éhmol) and (-
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methyl 3-phenyl-2-methoxy-propanoate (1.91 g, 9r8ah) in benzene (8 mL) was heated to reflux
for 2 hours. Benzene was evaporated and the stdbstxeress was removed by high vacuum
distillation. Yield =43%gsin/anti ratio = 1:1.2.

Method B: The general procedure for amination reactions fab@wed, a mixture of Ru(TPP)CO
(11.4 mg, 1.5x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (196 mg, 7.7x1tmol) and (-
methyl 3-phenyl-2-methoxy-propanoate (2.97 g, 15aiim benzene (12 mL) was heated to reflux
for 6.5 hours. Benzene was evaporated and theratdsixcess was removed by high vacuum
distillation. Yield =53%gsin/anti ratio = 1:1.05.

Characterisation for 59: Syn/antiassignment was done on the basis of chemicalafftcoupling
constants trends reported in the literattit®'H NMR (400 MHz, CDCJ) major isomer &nti): &
7.37-7.27 (5H, m, W), 7.11 (1H, s, K), 6.91 (2H, s, W), 5.37 (1H, d,J = 7.3 Hz, NH), 4.85 (1H,
m, CH(NHAr)), 4.20 (1H, dJ = 4.7 Hz, Gi(OMe)), 3.62 (3H, s, OCkEster), 3.48 (3H, s, OGH
ether). Minor isomersyn: 6 7.37-7.27 (5H, m, W), 7.09 (1H, s, &), 6.87 (2H, s, W), 5.27 (1H,
d, J = 7.6 Hz, NH), 4.85 (1H, m, @{NHAr)), 4.05 (1H, d,J = 3.0 Hz, Gi(OMe)), 3.75 (3H, s,
OCHgsester), 3.36 (3H, s, OGldther).

13C NMR (75 MHz, CDC}) major isomer gnti): 8 170.8 (C=0), 147.4 (), 136.6 (G,), 132.4
(CFRs, q,J = 32.8 Hz), 128.9 (CH), 128.6 (CH,), 127.3 (CH,), 123.6 (Ck, q,J = 272.6 Hz),
113.0 (CH,), 110.9 (CH,), 83.2 CH(OMe)), 59.3 (OCH ether), 59.1 CH(NHAr)), 52.1 (OCH
ester). Minor isomersfyn): 6 170.2 (C=0), 147.5 (), 138.2 (G,), 132.4 (CEk, q,J = 32.8 Hz),
129.0 (CHy), 128.3 (CH,), 127.1 (CH,), 123.6 (Ck, g, J = 272.6 Hz), 113.0 (CH), 110.9
(CHar), 83.7 CH(OMe), 59.6 (OCH ether), 59.1CH(NHAr)), 52.5 (OCH ester).

% NMR (282 MHz, CDGJ) -63.59 (CE). EI-MS: 421 [M].
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Figure 40. Complex104.

A porphyrin complex was isolated in the chromatpbia purification of the reaction crude as a
dark violet solid. MS (ESI+) analysis was suitaklgh the bissamido complex104 reported in
Figure 40. MS (ESI+)m/z= 1633 [M+23] (M = CgsHeoF12NsOsRU).

3.10.6 Synthesis of-lactam 64

CF3

1)NaOH/H,0
COOMe  2)pcc, DMAP
59 OMe

Amino ester59 (189 mg, 4.5x16 mmol) was dissolved in THF (35 mL) and water (60Q).
NaOH was added (93 mg, 2.3 mmol). The solution reflaxed for 8 hours, then GBI, (60 mL)
was added HCI| 2M was added until an acidic pH washed. The organic phase was washed with
brine (50 mL x 3), dried over N8O, and evaporated to dryness. The so-obtained criage w
dissolved in CHCI, (23 mL),N,N’-dicyclohexylcarbodiimide (DCC) (157 mg, 7.6%1fhmol) and
dimethylaminopyridines (DMAP) (9.4 mg, 0.077 mma#@re added. The solution was stirred for 2
days at RT, then it was washed withQH(10 mL), AcOH(5%) (10 mL) and 4 again (10 mL),
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then it was dried over N8O, and evaporated to dryness. Chromatographic paitidic (SiO2,
n-hexane/AcOEt 8:2) gave puré4 and unidentified side-products. Only onglactam
diastereoisomer was formed in 30% vyield, it wasiidied as thdransisomer because of the small

coupling constant between the protons of the ladiackbone.

Characterisation for 64: *H NMR (300 MHz; CDC}) & 7.70 (2H, s, K), 7.55 (1H, s, k), 7.44-
7.30 (5H, m, H,), 4.99 (1H, dJ = 1.9 Hz, Gi(Ph)), 4.53 (1H, dJ = 1.9 Hz, G{(OMe)), 3.60 (3H,
s, OCH methoxy).**C NMR (75 MHz, CDC}) & 164.8 (C=0), 138.5 (), 135.0 (G,), 132.8 C-
CFs, q,J = 33.7 Hz), 129.8 (CK), 129.6 (CH,), 126.1 (CH,), 122.9 (CE, q,J = 273.1 Hz), 117.7
(CHar), 117.3 (CH,), 91.8 CH(OMe)), 64.1 CH(Ph)), 58.6 (OCK methoxy).**F NMR(282 MHz,
CDCly) 6 -63.53 (CR). EI-MS: m/z= 389 [M]".
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3.11. Ruthenium Porphyrin-Catalysed Synthesis of ldoles by the
Reaction between Aryl Azides and Alkynes

3.11.1. Catalyst-free reaction of 3,bis(trifluoromethyl)phenyl azide (38) with

phenylacetylene.
Ny P N =)
T : =Z FsC N F3C\©/N
+ +
FsC CFy

38 CF3 66a CF3 66b

Experiment A: 3,5bis(trifluoromethyl)phenyl azide (100.0 mg, 3.9¥10mmol) and
phenylacetylene (0.21 mL, 1.9 mmol) were dissolvedecalin (7.0 mL) and stirred at 120°C for 4
hours. The solvent was evaporated to dryness andrtlde was purified by flash chromatography
(SiO,, gradient elution frorm-hexane/AcOEt = 19:1 to-hexane/AcOEt = 9:1). Compoun@§b
(27.0 mg, 18%) an@6a(118.0 mg, 80%) were both obtained as white solids

Experiment B: The same reaction described above was performading refluxing benzene as
the solvent (T = 80°C). After 5 hours only 12% aid® conversion was observed by measuring the
absorbance value of théN=N) signal (2116 c). GC-MS analysis revealed the presence of

triazoles66aand66b beside the unreacted aryl azide.

1-(3,5his(trifluoromethyl)phenyl)-5-phenyl-1,2,3-triazole (66a): *H NMR (300 MHz, CDC}): ¢
7.92 (1H, s, Hr para), 7.90 (1H, S, Kazold, 7-86 (2H, S, W ortho), 7.52-7.35 (3H, M, Fhmetaand Hbp
para), 7-24 (2H, dd?3uy = 8.1 Hz,%3un = 1.6 HZ, Bhhorno). “°C NMR (75 MHz, CDGCJ) 138.2 (C),
137.9 (C), 134.3 (Clhzoid, 133.2 C-CFs, ¢, *Jcr = 34.4 Hz), 130.3 (Chhpara), 129.5 (Chhmetd,
128.9 (Chbhortho), 124.9 (CHy ortho, 0, 2Jcr = 2.8 Hz) 122.7 (Cl paras M), 122.6 (CE; q, "Jcr =
273.1 Hz)."F NMR (282 MHz, CDG)) -63.52 (CR). Anal. Calcd. for GsHgNsFs: C, 53.79; H,
2.54; N, 11.76. Found: C, 53.61; H, 2.49; N, 11BMMS: m/z= 357 [M]".

1-(3,5hig(trifluoromethyl)phenyl)-4-phenyl-1,2,3-triazole (66b): 'H NMR (300 MHz, CDC}): o
8.31 (3H, M, H ortho @Nd Hriazold, 7.97 (1H, S, b para), 7.95 (2H, M, Fbhortho), 7.49 (2H, t 3y =
7.3 HZ, Hbhmet, 7.41 (1H, t2un = 7.3 HzZ, Bbhpara). “°C NMR (75 MHz, CDCY) 149.6 (Céliazold),
138.2 (G,), 133.9 C-CFs, q, 2Jcr = 34.4 Hz), 129.6 (&), 129.23 (Chhmetd, 129.18 (Chin para),
126.2 (Chbhortho), 122.8 (CF, g, "Jcr = 273.1 Hz), 122.3 (CH para, M), 120.5 (CH: ortho, G, *Jcr =
2.8 Hz), 117.3 (CHazo). “*F NMR (282 MHz, CDGJ) -63.31 (CR). Anal. Calcd. for GsHoN3Fg:
C, 53.79; H, 2.54; N, 11.76. Found: C, 53.66; 342N, 11.41. EI-MSm/z= 357 [M]".
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3.11.2. Indole Synthesis

3.11.2. 1. Synthesis of 4 Bis(trifluoromethyl)-3-phenylindole (65).

4 catalyst
solvent
FoC CF FsC N

3

Method A: The general procedure for amination reactions fe#swed, a mixture of comple%0
(13.7 mg, 12x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (148 mg, 5.8%10mmol) and
phenylacetylene (320 puL, 2.9 mmol) in benzene (12 was heated to reflux for 1 hour. Yield =
86%.

Purification conditionsn-hexane/AcOEt = 9:1

Catalyst and solvent screening using Method ARu(TPP)CO as the catalyst, yield = 65%,
reaction time = 6 92 as the catalyst, yield = 60%, reaction time = h4152-dichloroethane as the
solvent, yield = 73%, reaction time = 2.5Rhexane as the solvent, yield = 19%, reaction tame
12.5h; decalin as the solvent, T= 80°C, Yield = 368action time =12h.

Method A with additives: a) Methanol: The general procedure for amination reactions was
followed, a mixture of comple£0 (13.0 mg, 1.1x16 mmol), 3,5bis(trifluoromethyl)phenyl azide
(135 mg, 5.3x1® mmol), phenylacetylene (290 pL, 2.6 mmol) and raeth (30 pL,
7.2x10" mmol) in benzene (12 mL) was heated to reflux foolrs. Yield = 90%.

b) Cyclohexene The general procedure for amination reactions valewed, a mixture of
complex 10 (13.5 mg, 1.2x1® mmol), 3,5bis(trifluoromethyl)phenyl azide (150 mg,
5.9x10" mmol), phenylacetylene (310 pL, 2.8 mmol) and clyekene (290 pL, 1.0xT0mmol) in
benzene (11 mL) was heated to reflux for 11 howren a 92% conversion in the aryl azide was
reached. Yield §5) = 65%, yield( allylic aminel03) = 8%. Complex16 was detected by TLC
analysis.

c) Triethylamine (TEA): The general procedure for amination reactionsfolé®ved, a mixture of
complex 10 (9.9 mg, 8.4x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (107 mag,
4.2x10" mmol), phenylacetylene (230 L, 2.1 mmol) and THRQ pL, 0.86 mmol) in benzene
(11 mL) was heated to reflux for 6 hours. YieldG9d
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Method B (bisiimido formation in-situ): 3,5-bis(trifluoromethyl)phenyl azide (5.8 mg,
2.3x10°mmol) was added to a benzene (8.0 mL) suspensionrRafTPP)CO (5.6 mg,
7.6x10°mmol). The mixture was refluxed for 30 minutes, whe complete consumption of
Ru(TPP)CO was observed (TLC monitoring, @4, n-hexane/CHCl,=1:1). Then,
phenylacetylene (208 pL, 1.9 mmol) and Bi&trifluoromethyl)phenyl azide (96.8 mg,
3.8x10"mmol) were added to the mixture and the generatqutore for amination reactions for

catalytic aminations was followed. The solution weffuxed for 5 h. Yield = 81%.

Characterisation for 4,64is(trifluoromethyl)-3-phenylindole: *H NMR (400 MHz, CDC})):
o 10§ 8.70 (1H, br, NH), 7.92 (1H, s, H7), 7.73 (1H, §)H7.41 (1H, d3Jy = 2.

CF38 6 Hz, H2), 7.39 (5H, m, k). *C-NMR (75 MHz, CDC}): §136.3 (C7€-
NH), 134.9 (C8c-C3), 131.0 (C8-H), 128.6 (C2-H), 127.7 (C9-H), B7
(C10-H), 124.9 (C4=-C3), 124.5(CE. q, \Jcr = 271.4 Hz) 123.8 (CE, q, “Jcr
= 272.9 Hz), 123.7G-CFs, q,%Jcr = 33.2 Hz), 122.9G-CFs, q, 2Jcr = 33.7
Hz), 119.6 (C3), 115.8 (C5-H, m), 112.7 (C7-H3X¢ = 3.9 Hz).2°F NMR (376 MHz, CDCY): 6 -
58.16 (CR), -61.03 (Ck). Anal. Calcd. for GgHoNFs: C, 58.37; H, 2.76; N, 4.25. Found: C, 58.60;
H, 2.71; N, 4.33. EI-MSm/z= 329 [M]".

FsC

3.11.2. 2. Synthesis of 4 Jas(trifluoromethyl)-3- p-tolylindole (72).

N3
/©/ 0 CF3 O
+ L
[ 1 CeH
FsC CF, ore O
FoC

N
N
H

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0
(10.5 mg, 9.0x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (118 mg, 4.6%X16nmol) and 4-
ethynyltoluene (280 uL, 2.5 mmol) in benzene (910 mas heated to reflux for 0.75 hours. Yield
= 75%.

Purification conditionsn-hexane/AcOEt = 9:1.
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Characterisation for 4,6-bis(trifluoromethyl)-3- p-tolylindole: *H NMR (300 MHz, CDC)):
58.67 (1H, br, NH), 7.91 (1H, s, H7), 7.72 (1H, §)H7.38 (1H, d>J4y = 1.9
Hz, H2), 7.27 (2H, d®Juy = 8.6 Hz, H8), 7.21 (2H, dJuy = 8.0 Hz, HY), 2.43
(3H, s, CH). *C-NMR (75 MHz, CDC}): §137.2 (C8€-C3), 136.3 (CTc-
NH), 131.8 (C10), 130.8 (C8-H), 128.6 (C2-H), 12838-H), 125.0 (C4=-

7 N C3), 124.6 (CE q, "Jcr = 271.6 Hz), 123.8 (GFq, \Jcr = 272.9 Hz), 123.7
(C-CFs, q, 2Jcr =33.2 Hz), 122.9G-CFs, q, 2Jcr = 33.7 Hz), 119.5 (C3), 115.7 (C5-H, m), 112.7
(C7-H, 9,%Jce = 3.9 Hz), 21.4 (CH). *F NMR (282 MHz, CDC}): & -58.38 (CF), -61.34 (CF).
Anal. Calcd. for GH1iNFg: C, 59.31; H, 3.51; N, 4.07. Found: C, 59.10; 833 N, 4.10. EI-MS:
m/z= 343 [M]".

F3C6

3.11.2. 3. Synthesis of 4 Jais(trifluoromethyl)-3-(4-(trifluoromethyl)phenyl)indo le (73).

CF3

gz N3
o7 A O
+ > 3
CeH
FsC N

Method A: The general procedure for amination reactions wlswed, a mixture of complex0
(10.0 mg, 8.6x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (118 mg, 4.6%x16nmol) and 4-
(trifluoromethyl)phenylacetylene (350 pL, 2.1 mmisi)benzene (9.0 mL) was heated to reflux for

14.5 hours, when an 83% conversion of the aryleawids reached. Yield = 70%.

Purification conditionsn-hexane/AcOEt = 9:1).

Characterisation for 4,6-bis(trifluoromethyl)-3-(4-(trifluoromethyl)phenyl)indo le'H NMR (300
MHz, CDCL): 4 8.77 (1H, br, NH), 7.95 (1H, s, H7), 7.75 (1HHS), 7.65
(2H, d, 334 = 8.2 Hz, H9), 7.50 (2H, &)y = 8.0 Hz, H8), 7.43 (1H, d,
33un = 2.6 Hz, H2)*C-NMR (75 MHz, CDC}): J 138.8 (C3€-C8), 136.3
(C7-C-NH), 131.2 (C8-H, qJcr = 1.5 Hz), 128.7 (C2-H), 126.2 (G
C3), 124.7 (C9-H, q®Jcr = 3.7 Hz), 124.5 (C§ q, Jcr = 272.1 Hz), 124.4
(CFs, g, YJce = 271.6 Hz), 123.8G-CFs, q, “Jcr = 33.5 Hz), 123.7 (GF q, }Jcr = 272.7 Hz), 122.9
(C-CFs, q,%Jcr = 33.6 Hz), 118.2 (C3), 116.1 (C5-H, m), 112.94&7q, *Jcr = 3.8 Hz); one&C-CRs
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signal washot detected"*F NMR (282 MHz, CDC}): J -58.43 (C4-E5), -61.47 (C6-E), -62.74
(C10-GF3). Anal. Calcd. for @HgNFg: C, 51.27; H, 2.28; N, 3.52. Found: C, 51.44; H02 N,
3.61. EI-MS:m/z= 397 [M]".

3.11.2. 4. Synthesis of 4 Jais(trifluoromethyl)-3-(4-methoxyphenyl) indole (74).

OCHs

= N3
J©// @ 10 . O
+ 3
CgH
H3CO F3C CF3 6'16 O \
FsC N

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0
(9.3 mg, 7.9x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (99.5 mg, 3.9%1@nmol) and 4-
ethynylanisole (258 mg, 2.0 mmol) in benzene (919 with 3A molecular sieves (130 mg) with

Y

was heated to reflux for 0.5 hours. Yield = 95%.

Purification conditionsn-hexane/AcOEt = 9:1).

Characterisation for4,6-is(trifluoromethyl)-3-(4-methoxyphenyl)indole: *H NMR (300 MHz,
OCH; CDCl): 4 8.70 (1H, br, NH), 7.91 (1H, s, H7), 7.72 (1H, $)H7.38
\ (1H, d,3Jun = 2.8 Hz, H2), 7.29 (2H, dJ.n = 8.3 Hz, H8), 6.93 (2H, d,
3Jun = 8.8 Hz, H9), 3.87 (3H, s, GH “*C-NMR (75 MHz, CDC}): J
159.2 (C10), 136.3 (CT-NH), 132.0 (C8-H), 128.7 (C2-H), 127.1 (C8-

FCP Y H C-C3), 125.2 (C4=-C3), 124.5 (CEq, YJcr = 271.8 Hz), 123.8 (GEFq,
Y = 273.2 Hz), 123.6Q-CFs, q, ek = 33.4 Hz), 122.9G-CFs, q, 2Jcr = 33.2 Hz), 119.1(C3),
115.6 (C5-H, m), 113.1 (C9-H), 112.7 (C7-H2d:r = 4.2 Hz), 55.4 (OCH. **F NMR (282 MHz,
CDCly): J -58.42 (CF), -61.33 (CR). Anal. Calcd. for ¢H1:NOFs: C, 56.83; H, 3.09; N, 3.90.
Found: C, .02; H, 2.85; N, 3.52. EI-M@®/z= 359 [M]".
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3.11.2.5. Synthesis of 4 bis(trifluoromethyl)-3-(4-fluorophenyl)indole (75).

=

N
= 3 (D
10
/©/ ' /@\ i CF3
CeHe
F FsC CF, O N\
FsC N

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0
(4.9 mg, 4.1x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (54.0 mg, 2.1%1@nmol) and 4-
fluorophenylacetylene (120 pL, 1.1 mmol) in benzéhenL) with 3A molecular sieves (37 mg)
with was heated to reflux for 1.25 hours. YieldGo&

Purification conditions: gradient elution framhexane/AcOEt = 9:1 to-hexane/AcOEt = 8:2.

Characterisation for4,6-bis(trifluoromethyl)-3-(4-fluorophenyl)indole: *H
NMR (400 MHz, CDC}): § 8.72 (1H, br, NH), 7.92 (1H, s, H7), 7.73 (1H, s,
H5), 7.40 (1H, d®Juy = 2.4 Hz, H2), 7.33 (2H, m, H8), 7.08 (2H3%,; = 8.7
Hz, H9).*C-NMR (100 MHz, CDC}): J 162.6 (C10-F, d"Jcr = 245.5 Hz),
FC N 136.2 (C7€-NH), 132.6 (C8-H, d3Jcr = 8.8 Hz), 130.6 (C&-C3), 125.0
(C4-C-C3), 124.5 (CEq, “Jcr = 271.5 Hz), 123.9G-CF, q,%Jce = 32.9 Hz), 123.7 (G q, Jer =
272.9 Hz), 122.9G-CFs, q,%Jcr = 33.6 Hz), 118.4 (C3), 115.8 (C5-H, m), 114.6 4€d, 2Jcr =
20.5 Hz ), 112.8 (C7-H, dJcr = 4.0 Hz)."F NMR (282 MHz, CDGCJ): J -58.45 (CF), -61.40
(CR), -115.59 (F). Anal. Calcd. for @HsNF;: C, 55.34; H, 2.32; N, 4.03. Found: C, 55.36; H,
2.40; N, 3.80. EI-MSm/z= 347 [M]".

3
N
N

3.11.2.6. Synthesis of 4 bis(trifluoromethyl)-3-(4-bromophenyl)indole (76).

Br

N
= 3 (o
10
o7 A, e &
CeH
Br FsC CFs o O \
FsC H

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0

(9 mg, 8.4x10 mmol), 3,5bis(trifluoromethyl)phenyl azide (105 mg, 4.1%1Gnmol) and 4-
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bromophenylacetylene (374 mg, 2.1 mmol) in benZ8r&mL) was heated to reflux for 4.5 hours.
Yield = 65%.
Purification conditionsn-hexane/AcOEt = 9:1).

Characterisation for4,6-bis(trifluoromethyl)-3-(4-fluorophenyl)indole: *H
NMR (300 MHz, CDC}): § 8.73 (1H, br, NH), 7.92 (1H, s, H7), 7.73 (1H, s,
H5), 7.52 (1H, d3Juy = 8.3 Hz, H9), 7.39 (1H, dJuy = 2.5 Hz, H2), 7.25
(2H, d,3344 = 8.0 Hz, H8)*C-NMR (75 MHz, CDC}): J 136.3 (C7E€-NH),
133.8 (C10-Br), 132.6 (C8-H), 130.9 (CH-9), 12832{H), 124.7 (C4-C-C3),
124.4 (CR, g, \Jcr = 271.4 Hz), 124.0G-CFs, g, 2Jcr = 33.4 Hz), 123.7 (G

a, “Jer = 273.0 Hz), 121.8 (C8-C8), 122.9 C-CF;, q, 2Jcr = 33.4 Hz), 118.3 (C3), 115.9 (C5-H,
m), 112.8 (C7-H, q%Jcr = 4.0 Hz).*F NMR (282 MHz, CDGJ): d -58.36 (CF), -61.41 (CFR).
Anal. Calcd. for GgHgNFgBr: C, 47.09; H, 1.98; N, 3.43. Found: C, 47.22193; N, 3.35. EI-MS:
m/z= 407 [M]".

3.11.2.7. Synthesis of 4 bis(trifluoromethyl)-3-(4-biphenyl)indole (77).

= N

10
+
CeHe CF3
FsC CF3 O {
FaC N

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0
(12.5 mg, 1.1x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (133 mg, 5.2%16nmol) and 4-
biphenylacetylene (470 mg, 2.6 mmol) in benzen@ (8.) was heated to reflux for 1 hour. Yield =
95%.

Purification conditionsn-hexane/AcOEt = 9:1) in order to obtain the pudnie product.

\]

Characterisation for 4,6-bis(trifluoromethyl)-3-(4-biphenyl)indole: *H NMR (400 MHz,
CDCly): J 8.71 (1H, br, NH), 7.93 (1H, s, H7), 7.75 (1HHS), 7.69 (2H, d3Jy = 7.2 Hz, H11),
7.65 (2H, d 23y = 8.2 Hz, H9), 7.52-7.41 (4H, m, H12 and H8), 7(aH, d,3Juy = 2.2 Hz, H2),
7.37 (1H, t3344 = 7.4 Hz, H13)C-NMR (100 MHz, CDC}): J 141.0 C-C9), 140.2 C-C11),
136.4 (C7€-NH), 133.9 (C3c-C8), 131.3 (C8-H), 128.9 (C12-H), 128.7(C2-H), X{C13-H),
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127.3 (C11-H), 126.4 (C9-H), 124.9 (€3€C4), 124.5 (CE q, “Jcr = 271.7
Hz), 123.81 (CE q, Jcr = 272.9 Hz), 123.77G-CF;, q, 2Jcr = 33.2 Hz),
123.0 C-CF;, q, 3Jcr = 33.7 Hz), 119.1 (C3), 115.8 (C5-H), 112.8 (C7eH,
3Jcr = 3.8 Hz)."F NMR (282 MHz, CDGJ): J -58.30 (CF), -61.35 (CF).
Anal. Calcd. for G;H13NFs: C, 65.19; H, 3.23; N, 3.46. Found: C, 65.10; H,
3.32; N, 3.34. EI-MSm/z= 405 [M]*

3.11.2.8. Synthesis of 4 bis(trifluoromethyl)-2,3-diphenylindole (79).

N [
CF;
P 10
/ + \
CeHs
F3C CF3
FsC

N
H

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0
(12.1 mg, 1.0x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (133 mg, 5.2%1Gnmol) and
diphenylacetylene (455 mg, 2.6 mmol) in benzen@ 18.) was heated to reflux for 15 hours, when
a 88% conversion of the aryl azide was reachedd ¥Ae37%.

Purification conditionsn-hexane/AcOEt = 9:1.

Method B: The general procedure for amination reactions whsewed, a mixture of comple0
(11.0 mg, 9.4x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (112 mg, 4.4%1Gnmol) and
diphenylacetylene (1.42 g, 8.0 mmol) in benzen@ (BL) was heated to reflux for 29 hours, when
a 95% conversion of the aryl azide was reachedz&w®n was evaporated, the crude was filtrated
over a short silica gel pad usinghexane as eluent to recover the alkyne excesssuibsequent
elution withn-hexane/AcOEt 6:4 gave the rest of the crude, whiak analysed b{H-NMR. Yield

= 40%.
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Characterisation for 4,6-bis(trifluoromethyl)-2,3-diphenylindole *H
NMR (300 MHz, CDC}): & 8.81 (1H, br, NH), 7.92 (1H, s, H7), 7.73
(1H, s, H5), 7.41-7.25 (10H, m,sH. *C-NMR (75 MHz, CDC}): J
139.9 (C), 135.8 (C), 134.5 (C), 132.1 (CH), 13(C3, 128.9 (CH),
128.7 (CH), 128.0 (CH), 127.6 (CH), 127.0 (C4c3), 124.6 (CE; q,
Yer = 271.7 Hz), 123.7 (GEq, YJcr = 272.9 Hz), 123.5G-CFs, q, %Jcr = 33.1 Hz), 122.7G-CFs,

q, 2Jcr = 33.6 Hz), 118.2 (C), 116.0 (C5-H, m), 112.2 (€749, *Jcr = 4.0 Hz).*F NMR (282
MHz, CDCk): 0 -58.09 (Ck), -61.34 (CE). Anal. Calcd. for GHi3sNFs: C, 65.19; H, 3.23; N,
3.46. Found: C, 64.91; H, 3.15; N, 3.54. EI-M$z= 405 [M]".

3.11.2.9. Synthesis of 4 bis(trifluoromethyl)-2-methyl-3-phenylindole (78).

N [
10
é ’ /©\ g Iy
CeH
FoC CF, ore O

N
FsC N

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0
(11.1 mg, 9.4x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (120 mg, 4.7%1@nmol) and 1-
phenylpropyne (269 mg, 2.3 mmol) in benzene (9.) wds heated to reflux for 28.5 hours, when
a 99% conversion of the aryl azide was reachedd ¥Ae€30%.

Purification conditionsn-hexane/AcOEt = 9:1.

Characterisation for 4,6-bis(trifluoromethyl)-2-methyl-3-phenylindole *H NMR (400 MHz,
o0 CDCk):  8.49 (1H, br, NH), 7.78 (1H, s, H7), 7.67(1H, $5)H7.45-7.36
(3H, m, H9 and H10), 7.29 (2H, Wy = 7.4 Hz, H8), 2.29 (3H, s, GH °C-
NMR (100 MHz, CDC}): J 138.6 (C2), 135.3 (CT-NH), 134.9 (C3€-C8),
131.5 (C8-H), 127.9 (C9-H), 127.4 (C10-H), 126.84GC3), 124.7 (CE; q,
YJce=271.3 Hz), 123.8 (GFq, Jce = 272.8 Hz), 122.4G-CF, g, %Jcr = 33.3
Hz), 121.5 C-CFs, g, 2Jcr = 33.6 Hz), 115.8 (C3), 115.4 (C5-H, m), 111.544,7, *Jcr = 3.1 Hz),
12.6 (CH). F NMR (282 MHz, CDGJ): J -58.06 (CFE), -60.77 (CK). Anal. Calcd. for
Ci7H1aNFg: C, 59.48; H, 3.23; N, 4.08. Found: C, 59.13; F243N, 4.08. EI-MSm/z= 343 [M]"
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3.11.2.10 Synthesis of 4,6-dinitro-3-phenylindole0).

= catalyst 2
+ >
T
O,N NO O,N N

2

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0
(10.0 mg, 8.6x18 mmol), 3,5-dinitrophenyl azide (88 mg, 4.751fhmol) and phenylacetylene
(230 pL, 2.1 mmol) in benzene (9.0 mL) was heatedeflux for 0.5 hours during which the
formation of a yellow precipitate was observed. Bare was evaporated, the crude was washed

with dichloromethane (2.5 mLx2) obtaining a yellsalid (98 mg). Isolated yield = 82%

Reactions run using “modified Method A”: complex81 as the catalyst, yield = 75%, reaction
time = 0.4h; Ru(TPP)CO as the catalyst, yield = 88action time = 0.6h.

Method B (bis imido formation in-situ): 3,5-dinitrophenyl azide (7.7 mg, 3.7%1@nmol) was
added to a benzene (8.0 mL) suspension of Ru(TPR3CG0mg, 1.1x18 mmol). The mixture was
refluxed for 5 minutes, when the complete consuomptdf Ru(TPP)CO was observed (TLC
monitoring, AbOs, n-hexane/CHCI, = 1:1). Then, phenylacetylene (320 uL, 2.9 mmoll &,5-
dinitrophenylazide (121 mg, 5.8x10mmol) were added to the mixture and the genedqture
for amination reactions for catalytic aminationsswallowed. The solution was refluxed for 0.8 h,
benzene was evaporated, the crude was washed whlormethane (2.5 mLx2) obtaining a

yellow solid (138 mg). Isolated yield = 79%.

Characterisation for 4,6-dinitro-3-phenylindole: *H NMR (400 MHz, DMSO):J 12.89 (1H, br,
NH), 8.72 (1H, d*Juy = 1.0 Hz, H7), 8.54 (1H, &)y = 0.9 Hz, H5), 8.23
(1H, s, H2), 7.39 (2H, m, H9), 7.33 (1H31,4 = 7.1 Hz, H10), 7.23 (2H, d,
3Jun = 7.2Hz, H8).1*C-NMR (75 MHz, DMSO) 140.8 (C5-N§), 140.1
(C7-NOy), 137.4 (C7€-NH), 136.0 (C2-H), 134.0 (C8-C8), 128.2 (C8-
H), 127.8 (C9-H), 126.6 (C10-H), 119.6 (T4C3), 117.2 (C3), 113.3 (C7-
H), 111.7 (C5-H). Anal. Calcd. forgHsNsO4: C, 59.37; H, 3.20; N, 14.84. Found: C, 59.11; H,
2.94; N, 14.64. ESI-MSn/z= 282 [M-1].
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3.11.2.11 Synthesis of 4,6-dinitro-p-tolylindole (81).

e [
Q/ : - I
+
CeH
O,N NO, e O
O,N

N
N
H

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0
(10.6 mg, 9.1x18 mmol), 3,5-dinitrophenyl azide (94.9 mg, 4.5%1Mmol) andp-tolylacetylene
(0.280 pL, 2.2 mmol) in benzene (9.0 mL) with 3Alewular sieves (90 mg) was heated to reflux
for 0.5 hours. While the mixture was cooling at modeemperature the formation of a yellow
precipitate was observed. Benzene was evapordted;rtde was washed with dichloromethane
(2.5 mLx2) obtaining a yellow solid (94 mg). Is@dtyield = 70%

Characterisation for 4,6-dinitro-3-p-tolylindole: *H NMR (300 MHz, CBCl,) & 12.85 (1H, s,
NH), 8.71 (1H, dJu = 2.0 Hz, H7), 8.52 (1H, dJuu = 2.0 Hz, H5), 8.19
(1H, s, H2), 7.20 (2H, dJun = 7.9 Hz, HY), 7.11 (2H, &)y = 8.0 Hz, H8),
2.35 (3H, s, Ch). **C NMR (75 MHz, CDC)) 5 140.9 (C4), 140.0 (C6),
137.3 (C7€-NH), 135.9 (C2-H), 135.8 (C10), 131.0 (€3c8), 128.5 (C7-
H), 128.1 (C5-H), 119.6 (CB8-C4), 117.1 (C3), 113.2 (C8-H), 111.6 (C9-
H), 20.7 (CH).

3.11.2.12 Synthesis of 4,6-dinitro-3- (4-(trifluormethyl))phenylindole (82).

CF3
4 ° 10
CgH
FsC O,N NO, 66 O N\
N
H

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0
(10.3 mg, 8.6x1® mmol), 3,5-dinitrophenyl azide (91.6 mg, 4.4%10mmol) and 4-
(trifluoromethyl)phenylacetylene (360 pL, 2.2 mmat) benzene (9.0 mL) with 3A molecular

O,N

sieves (90 mg) was heated to reflux for 2.5 hourshd which the formation of a yellow precipitate
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was observed. Benzene was evaporated, the crudevasised with dichloromethane (2.5 mLx2)

obtaining a yellow solid (98 mg). Isolated yiel®8%

Characterisation for 4,6-dinitro-3-(4-(trifluoromet hyl))phenylindole: *H
NMR (300 MHz, DMSO)$ 13.04 (1H, s, NH), 8.76 (1H, s, H7), 8.61 (1H, s,
H5), 8.35 (1H, s, H2), 7.76 (2H, Yl = 8.0 Hz, H9), 7.47 (2H, dJun = 8.0
Hz, H8).*C NMR (75 MHz, DMS0)5 140.6 (C6), 140.3 (C4), 138.6 (C3-
C8), 137.6 (CTe-NH), 136.9 (C2-H), 129.1 (C8-H), 127.0 @&jcr= 31.8 Hz,
C9-H), 124.62 (q’Jcr = 3.6 Hz,C-CF), 124.43 (9, Jcr = 271.8 Hz, CF), 119.7 (C3€-C4), 115.8
(C3), 113.7 (C8-H), 112.3 (C9-HY’F NMR (282 MHz, DMS0)5 -61.02 (CHR).

10

3.11.2.13 Synthesis of 4,6-dinitro-3-(4-byphenyl)dole (83).

>

= N
C RN
+
CeHe NO,
O,N NO, O §
O,N H

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0
(10.2 mg, 8.7x1® mmol), 3,5-dinitrophenyl azide (90.8 mg, 4.3%10mmol) and 4-
biphenylacetylene (392 mg, 2.2 mmol) in benzen@ 8L) with 3A molecular sieves (90 mg) was
heated to reflux for 0.25 hours during which thenfation of a yellow precipitate was observed.
Benzene was evaporated, the crude was washedmhiéxane (7.5 mLx2) and dichloromethane
(2.5 mLx2) obtaining a yellow solid (136 mg). Is@ld yield = 87%

Characterisation for 4,6-dinitro-3-(4-byphenyl)indole: *H NMR (300
MHz, DMSO): § 8.75 (1H, m, H7), 8.58 (1H, m, H5), 8.30 (1H, ¥)H
7.73 (4H, t3Juy = 8.1 Hz, H9 and H11), 7.49 (2H 8, = 7.4 Hz, H12),
7.38 (1H, m, H13), 7.33 (2H, dJun = 8.4 Hz, H8), NH was not detected.
13C NMR (75 MHz, CDCI3):8 140.8 (C4), 140.1 (C6), 139.T{C11),
138.3 C-C9), 137.5 (C7=-NH), 136.3 (C2-H), 133.3 (CB-C8), 129.0
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(C12-H), 128.8 (C8-H), 127.4 (C13-H), 126.5 (C11-HP6.0 (C9-H), 119.7 (CB-C4), 116.8
(C3), 113.5 (C7-H), 111.9 (C5-H).

3.11.2.14 Synthesis of 4,6-dinitro-3-(4-bromophenyhdole (84).

Method A: The general procedure for amination reactions fet#swed, a mixture of comple%0
(8.2 mg, 7.0x18 mmol), 3,5-dinitrophenyl azide (71.0 mg, 0.34 mmolnd 4-
bromophenylacetylene (307 mg, 1.69 mmol) in benZ@malL) with 3A molecular sieves (68 mg)
was heated to reflux for 0.5 hours during whichfthrenation of a yellow precipitate was observed.
Benzene was evaporated, the crude was washedmhiéxane (2.5 mLx2) and dichloromethane
(2.5 mLx2) obtaining a yellow solid (102 mg). Is@d yield = 83%

Characterisation for 4,6-dinitro-3-(4-bromophenyl)indole *H NMR (300 MHz, DMSO) 12.95
(1H, s, NH), 8.73 (1H, d*Jyy = 1.5 Hz, H7), 8.57 (1H, dJun = 1.5 Hz,
H5), 8.26 (1H, s, H2), 7.58 (2H, Wu = 8.2 Hz, H9), 7.19 (2H, dJun =
8.2 Hz, H8)."*C NMR (75 MHz, DMS0)é 140.63 (C6), 140.15 (C4),
137.45 (C7€-NH), 136.36 (C2-H), 133.50 (CB-C8), 130.67 ( C9-H),
130.42 (C8-H), 119.84 (C10), 119.63 (C3c4), 115.93 (C3), 113.54 (C7-
H), 112.01 (C5-H).
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3.11.2.15 Synthesis of 4,6-dichloro-3-phenylindo(85).

N [
8 10 Cl
CeHs O N\
cl H

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0

N\
Y

(13 mg, 1.1x18 mmol), 3,5-dichlorophenyl azide (105 mg, 5.6%1®mol) and phenylacetylene
(300 pL, 2.7 mmol) in benzene (12 mL) was heata@flox for 6 hours. Yield = 25%.

Method B: The general procedure for amination reactions whsewed, a mixture of complex0

(9.4 mg, 8.0x18 mmol), 3,5-dichlorophenyl azide (74.4 mg, 4.0%¥8mol) and phenylacetylene
(880 pL, 8.0 mmol) in benzene (9.0 mL) was heatedeflux for 1.5 hours. The mixture was
distilled and the benzene/phenylacetylene mixtuse kept under nitrogen to be used as the solvent
for the subsequent reaction. Yield = 60%.

Purification conditions: gradient elution framhexane/AcOEt = 9.5:0.5 tohexane/AcOEt = 9:1.

Method C (alkyne recycle): Complex10 (9.3 mg, 7.8x18 mmol) and 3,5-dichlorophenyl azide
(77.2 mg, 4.1x16 mmol) were added to the previously distilled berephenylacetylene mixture
(seeMethod B), the general procedure for amination reactions&balytic amination was followed

the mixture was heated to reflux for 3.5 hours.IY e 32%.

Characterisation for 4,6-dichloro-3-phenylindole H NMR (300 MHz,
CDCly): 68.31 (1H, br, NH), 7.50 (2H, dJuy = 6.9 Hz, H8), 7.46-7.34 (3H,
m, H9 and H10), 7.32 (1H, 8Juy = 1.2 Hz, H7), 7.17 (1H, dJun = 2.2 Hz,

O N\ H2), 7.16 (1H, d*Juy = 1.3 Hz, H5).*C NMR (100 MHz, CDG)) 5 137.5
cIe N (C7-C-NH), 134.6 (C3€-C8), 131.0 (C8-H), 128.0 (C-Cl), 127.6 (C9-H), 127
(C-Cl), 126.9 (C10-H), 124.9 (C2-H), 122.2 (€C3c4), 121.8 (C5-H), 119.5 (C3), 110.1 (C7-H).
EI-MS: 261 [M]".
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3.11.2.16 Synthesis of 4-(trifluoromethyl)-3-phenytdole (86a).

N (D (D
= : 10 CFs
+ CsHs O > ¥ O >
CF3 H F3C H

(traces)

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0
(13 mg, 1.1x18 mmol), 3-(trifluoromethyl)phenyl azide (105 mg, 6510 mmol) and
phenylacetylene (300 puL, 2.7 mmol) in benzene (12 was heated to reflux for 11 hours, when a

67% conversion in the aryl azide was reached. Yaek%.

Method A with additives: a) Ethanol: The general procedure for amination reactions was
followed, a mixture of comple%0 (13.8 mg, 1.2x18 mmol), 3-(trifluoromethyl)phenyl azide (112
mg, 6.0x10" mmol), phenylacetylene (320 pL, 2.9 mmol) and ethg68 pL, 1.2 mmol) in
benzene (12 mL) with 3A molecular sieves (118 mgs Wweated to reflux for 14 hours, when a 91%
conversion in the aryl azide was reached. Yi8RH = 24%

b) Benzoic Acid The general procedure for amination reactions vedlewed, a mixture of
complex10 (11.5 mg, 9.8x16 mmol), 3-(trifluoromethyl)phenyl azide (98 mg, §1* mmol),
phenylacetylene (270 pL, 2.5 mmol) and benzoic 217 mg, 1.0x16 mmol) in benzene (10
mL) was heated to reflux for 6 hours, when a 91%vecsion in the aryl azide was reached.

Yield (868) = 35%

Method B: The general procedure for amination reactions whsewed, a mixture of comple0
(8.4 mg, 8.0x18 mmol), 3-(trifluoromethyl)phenyl azide (78.1 mg,2410" mmol) and
phenylacetylene (925 uL, 8.4 mmol) in benzene (8L was heated to reflux for 6 hours.
Purification conditionsn-hexane/AcOEt = 9:1. The product was isolated asxdure of 86a/86b
(as detected by GC-MS analydisgure 41) in a 16:1 ratio (evaluated BF NMR).

Isolated yield = 88%.

Characterisation for 4-(trifluoromethyl)-3-phenylin dole: *H NMR (300
MHz, CDCL): §8.46 (1H, br, NH), 7.62 (1H, dJuu = 8.2 Hz, H7), 7.50 (1H, d,
3Jun = 7.4 Hz, H5), 7.46-7.34 (5H, mpH, 7.29 (1H, m, H6), 7.24 (1H, &)
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= 2.4 Hz, H2)*F NMR (282 MHz,CDCls) -57.99 (CKgsa), -58.45 (CEgs). °C NMR (75 MHz,
CDCly) § 137.16 (C7€-NH), 135.97 C3-C-C8), 130.98 (C8-H), 127.54¢-H), 127.05 (C10-H),
125.89 (C2-H), 124.54 (4Jcr = 272.6 Hz, Cs), 122.6 (C3€-C4),122.16 (q%Jcr = 32.7 Hz, C4),
121.28 (C6-H), 119.0 (C31,18.92 (q%Jcr = 6.2 Hz, C5-H), 115.33 (C7-HEI-MS: 261 [M]".
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Figure41. GC-MS chromatogram of th&6a/86b mixture

3.11.2.17 Synthesis of 4-nitro-phenylindole (87a) and 6-nitro-3phenylindole (87b).

Ns [ ()
= catalyst NO,
+ > +
NO Cefls O > O >
2 N N
H ON H

Method A: Thegeneral procedure for aminat reactionsvas followed, a mixture of comple10
(10.0 mg, 8.6x18 mmol), 3nitrophenyl azide (69.2 mg, 4.2x1@nmol) and phenylacetyle (230
1L, 2.1 mmol) in benzene (9rAL) with 3A molecular sieves (133 mglas heated to reflux 3.5

hours.
Yield (793 = 27%, yield 79b) = 13%

Method A using Ru(TPP)COas the catalys: reaction time = 12h (91% conversioYield (793
= 21%, yield {9b) = 8%.

Method B (bis-imido formation in-situ): 3-nitrophenyl azide (5.4 mg, %3C? mmol) was added
to a benzene (11 misuspension of Ru(TPP)C®.1 mg, 1.1x18 mmol)with 3A molecular sieves
(85 mg) The mixture was refluxefor 20 minutes, when an almosbmplete consumption «
Ru(TPP)CO was observedTLC monitoring, AOs3, n-hexane/CHCl, = 1:1). Then,

phenylacetylene (300 pL, 2r@mol) and3-nitrophenyl azide (84.4 mg, %1C* mmol) were added
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to the mixture and the general procedure for antnateactions for catalytic aminations was
followed. The solution was refluxed for 12 h. Yi€ikBa) = 22%, yield {9b) = 8%.

Method C: The general procedure for amination reactions wlswed, a mixture of complex0
(10.9 mg, 9.2x18 mmol), 3-nitrophenyl azide (76.7 mg, 4.7<1Gmol) and phenylacetylene (1.0
mL, 9.1 mmol) in benzene (8.0 mL) was heated ttuxefor 4.5 hours. Yield{9a = 45%, yield
(79b) = 15%.

Purification conditionsn-hexane/AcOEt = 8:2.

Characterisation for 4-nitro-3-phenylindole: *H NMR (300 MHz, DMS0):012.20 (1H, br, NH),

010 7.88 (1H, d*Jun = 8.0 Hz, H7), 7.80 (1H, s, H2), 7.78 (1H,%d = 8.1 Hz,
H5), 7.39-7.31 (3H, m, H® H6), 7.26 (1H, t3Juy = 7.3 Hz, H10), 7.18 (2H, d,
33un J = 7.0 Hz, H8)."*C-NMR (75 MHz, DMSO) 142.2 (C4), 138.8 (QJ-
NH), 135.4 (C8€-C3), 129.5 (C2-H), 128.0 (C8-H), 127.6 (C9-H), ®XKC10-
H), 120.5 (C6-H), 117.9 (C7-H), 116.6 (C5-H), 116AQ3-C-C4), 115.8 (C3).
Anal. Calcd. for GsHi0N20,: C, 70.58; H, 4.23; N, 11.76. Found: C, 70.21; 993N, 11.87. ESI-
MS: m/z= 237 [M-1].

Characterisation for 6-nitro-3-phenylindole'H NMR (400 MHz, DMSO0):6*H NMR (300 MHz,
DMSO): & 12.13 (1H, br, NH), 8.40 (1H, ). = 2.0 Hz, H7), 8.14 (1H, d,
33un = 2.2 Hz, H2), 8.03 (1H, dJun = 8.9 Hz, H4), 7.97 (1H, ddJ)n = 8.7

/ Hz,*J = 1.7 Hz, H5), 7.72 (2H, &)un = 7.5 Hz, H8), 7.48 (2H, £y = 7.7
N Hz, H9), 7.31 (1H, t3J4 = 7.4 Hz, H10)."*C-NMR (100 MHz, DMSO)
7N 142.0 (C6-NQ), 135.3 (C7€-NH), 134.2 (C3€-C8), 130.3 (C2-H), 129.5
(C3-C-C4), 128.9 (C9-H), 126.8 (C8-H), 126.2 (C10-H)9RBL(C4-H), 116.9 (C3), 114.7 (C5-H),
108.7 (C6-H). Anal. Calcd. for GH10N2O2: C, 70.58; H, 4.23; N, 11.76. Found: C, 70.23; H94.
N, 11.52. ESI-MSm/z= 237 [M-1].

O,N®
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3.11.2.18 Synthesis of 5-methyl-4-nitro-3-phenylirale (80a) and 5-methyl-6-nitro-3-
phenylindole (80b).

» o O
= 10 NO,
+ > +
©/ NO, CeHs O A\ O A\
M OaN N

Method A: The general procedure for amination reactions fetswed, a mixture of comple%0
(10.0 mg, 8.6x18 mmol), 4-methyl-3-nitrophenyl azide (75.1 mg, 412% mmol) and

phenylacetylene (230 pL, 2.1 mmol) in benzene BLY with 3A molecular sieves (133 mg) was
heated to reflux for 4.5 hours.
Yield (80a) = 24%, yield 80b) = traces

Method B: The general procedure for amination reactions whswed, a mixture of complex0
(10.0 mg, 8.8x18 mmol), 4-methyl-3-nitrophenyl azide (77.3 mg, 418% mmol) and
phenylacetylene (950 pL, 8.7 mmol) in benzene L) with 3A molecular sieves (130 mg) was
heated to reflux for 6 hours. Yiel8@a) = 35%, yield 80b) = 6%.

Purification conditionsn-hexane/AcOEt = 8:2.

Characterisation for 5-methyl-4-nitro-3-phenylindole: *"H NMR (300 MHz,
CDCl): & 8.49 (1H, br, NH), 7.46 (1H, dJun = 8.3 Hz, H7), 7.42-7.25 (5H,
m, Her), 7.28 (1H, s, H2), 7.12 (1H, dJn = 8.4 Hz, H6), 2.46 (3H, s, GH
13C-NMR (75 MHz, CDC}): J 143.3 (C4-NQ), 136.6 (C7C€-NH), 134.1 (C3-
C-C8), 128.4(CH}), 128.3(CHby), 127.1 (C10-H), 125.8 (C2-H), 125.1 (C6-H),
122.5 C5-CHs), 117.5 (C3), 117.4 (C&-C3), 114.2 (C7-H), 17.8 (CH Anal. Calcd. for
CisH12N205: C, 71.42; H, 4.79; N, 11.10. Found: C, 71.33; 594N, 10.85. ESI-MSm/z= 252
[M] ™

Characterisation for 5-methyl-6-nitro-3-phenylindole: *H NMR (300 MHz,
CDCL): d 8.57 (1H, br, NH), 8.25 (1H, s, H7), 7.78 (1HHs1), 7.63 (2H, m,
Her), 7.59 (1H, d3Jun = 2.6 Hz, H2), 7.49 (2H, £Jun = 7.7 Hz, By, 7.36 (1H,
m, Hpp), 2.73 (3H, s, Ch). ESI-MS:m/z= 252 [M]"
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3.11.2.19. Synthesis of 4 fais(trifluoromethyl)-2-carboxyethylindole (105).

CFs  CcOOEt

N3
o 10
/lko + — \
= Et C-H 105
~ FsC CF, % R N

Method A: The general procedure for amination reactions fetswed, a mixture of complet0
(11.3 mg, 9.5x18 mmol), 3,5bis(trifluoromethyl)phenyl azide (121.6 mg, 4.8%16nmol) and
phenylacetylene (240 pL, 2.4 mmol) in benzene L) with 3A molecular sieves (130 mg) was
heated to reflux for 13 hours reaching a 98% caigar The corresponding triazole species were
detected in the reaction crude %Y NMR analysis as the major products. Yiel®%) = 13%.

Purification conditionsn-hexane/AcOEt = 8:2.

Characterisation for 4,6-bis(trifluoromethyl)-2-carboxyethylindole: *H NMR (400 MHz,
CDCl) 6 9.26 (1H, s, NH), 8.10 (1H, s, H7), 7.91 (1H, §)H7.87 (1H, s, H2), 4.38 (2H, 3~ 7.1
Hz, O-CH), 1.39 (3H, tJ = 7.1 Hz, CH-CHy).
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3.11.3. Reaction of 9a/9b mixture with Ru(TPP)CO.

Ph ll\lﬁ/
=g L
Ph \\ N~ UN// Ph + \Q/ %>
PR co CFs 66a

Ru(TPP)CO (4.4 mg, 5.9xF0mmol) was suspended in benzene (10.0 mL) and iaeote 66a
(39.7 mg, 1.1x1® mmol) was added. The red solution was refluxed&dn, no reaction was

observed by TLC monitoring.

3.11.4. Reaction between Ru(TPP)(NAs)Ar = 3,5-(CF3)2CeH3) (6) and phenylacetylene (2a).

NAr O
Ph CFs NH,
=
Ph ﬂg Ph + ©/ benzene + /@\
on FsC N FaC CF,
10 NAr 65 37

Ar = 3,5-(CF3)2C6H3

Complex10 (57.4 mg, 4.9x16 mmol) was dissolved in benzene (30 mL) and pheeyléene (27
ul, 2.4x10" mmol) was added. The solution was refluxed ti# tomplete disappearance if
(TLC monitoring, AbOs, n-hexane/CHCI, = 9:1). GC-MS analysis revealed the formation of
indole 65 and 3,5bis(trifluoromethyl)aniline. The solvent was evapotate dryness and the crude
was purified by flash chromatography (silica gehexane/AcOEt = 9:1) obtaining 7.0 mg &8,
(44% vyield, considering the transfer of only ontramie functionality fromilO to phenylacetylene).
The yield was confirmed also by quantitative GClysia (46% considering the transfer of only one

nitrene functionality fronl0to phenylacetylene
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3.11.5 Synthesis of 65 in the presence of TEMPO.

10 (2%)

M Yo P

Z 0 &
+
benzene
FsC CF3

FsC

Y

A\
N 65
H

The general procedure for amination reactions wdewed, a solution of complex0 (11.7 mg,
1.0x10° mmol), 3,5- big(trifluoromethyl)phenyl azide (8@L, 5.0x10" mmol), phenylacetylene

(275uL, 2.5 mmol) and TEMPO (21.0 mg, 1.3%ifhmol) in benzene (10.0 mL) was refluxed for
1.3 h. Yield = 76%.

3.11.6 Isotope Tracing Experiment using phenylacelgne-d;

v D (D
10 (2%) CF3

=
+
benzene A\ D
Fs;C CF3

FsC H 65-d;

Y

The general procedure for amination reactions w#ewed, a solution of compleg (11.7 mg,
1.0x10? mmol), 3,5bis(trifluoromethyl)phenyl azide (8L, 5.0x10> mmol) and phenylacetylene-
di (99 atom % D) (27%L, 2.5 mmol) in benzene (10 mL) was refluxed fd k. The pure product
65-d; was obtained by washing the crude with a few fitits of n-pentane!H-NMR (400 MHz,
CDCls) spectrum of the purified indole showed the abseridd2 signal.
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3.11.7 Kinetic Isotope Effect (KIE) Experiment
3.11.7.1. Determination by NMR analysis.

38-d; O
F3C CF3 CF3
b =Z 10(2%) DM
+ O N\ kykp=1.1
N3 benzene FAC H
Q HID
38
FsC CF, 65, 65-d,

The general procedure for amination reactions wlswed, phenylacetylene (2748, 2.5 mmol)

Y

and an equimolar mixture of 3tBs(trifluoromethyl)phenyl azide38) (64.6 mg, 2.5x1® mmol)

and 3,5bis(trifluoromethyl)phenyl azidel (94 atom % D)38-ds) (65.3 mg, 2.5x16 mmol) were
added to a benzene (10.0 mL) solution of comflex12.0 mg, 1.0x18 mmol). The solution was
refluxed for 15 minutes until an azide conversi6é3@% was reached. The solvent was evaporated
to dryness and the crude was purified by flash miatography (silica geh-hexane/AcOEt = 9:1)

to give a mixture o065 and65-d, (the labile D of the N-D bond was replaced by Himy the
purification). Theky/kp ratio of 1.1 was determined Bi-NMR spectroscopy (300 MHz, CD4JI
(Figure 42).

—8.76
—7.92
—7.74
—7.40
—7.26

_ _ T J
i I J LL
N A ‘
— [ae} (32} (=3

91 90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72

Figure 42. *H NMR spectrum of indole products obtained fromKHe experiment
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3.11.7.2. Determination by evaluation of the singlkinetic constants

Y

D
s8ds 0 Z 10(2%) O
N FsC
FsC CFs benzene D

= 10(2%)
Fs;C CF5 benzene N
H

FsC

Y

General procedure for the kinetic experiments:the catalyst (9.9 mg, 8.5x2ammol), the aryl
azide (4.1x19 mmol) and phenylacetylene (230 pL, 2.1 mmol) watded to 9 mL of benzene in
a Schlenk flask under NThe resulting solution was immediately place ipreheated oil bath at
75 °C and stirred for one minute to completely aigs all the reagents. The consumption of the
azide was then followed by IR spectroscopy withdnagwsamples of the solution at regular time
intervals and measuring the absorbance value (A)ef(N=N) band at 2116 cth Two runs were
performed, one using8 (for ky) and the other using8-ds (for kp) as the aryl azide. First order rate

constants with respect to the aryl azide conceatratere determined=fgure 43).

ky = 1.66 x10%s?  kp=1.04x10"s?

kH/kD =1.6
0,4 -
0,35 - e
.0
0'3 i ’..... ...."
< 025 - L 0. 0% ® Cinetica 38
5% 0,2 1 ..-°°'::o-°"° e Cinetica 38-d3
8 0,15 - g
0.1 - a+d
0,05 1
0 ; ;
0 1000 «(s) 2000
Figure43.
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3.12. Amination reactions using [Ru(TPP)(OCH)],0 (92) as the catalyst
All the following reactions were carried out usitig general procedure for amination reactions for

catalytic aminationsSection 3.6.

Table 17 . Allylic amination of cyclohexene using 3,5-bis(tiadromethyl)phenyl azide

CF,
N3
<;> /@\ [RU(TPP)(OCH3)],0 ©\ /@\
+ '
FsC CF, N CFs

Molar

Compound PM mass (mg) mmol _ V (mL)
Ratio
[Ru(TPP)(OCH)],0  1505.65 22.7 0.015 1
3,5-(Ck)2CsH3-N3 255.12 19.6 0.77 51

Cyclohexene 30

Reaction conditions:cyclohexene as solvent, T = 83°C (refluxing hydrboa).
Yield: 65% Reaction Time:0.75 h

Table 18. Allylic amination of cyclohexene using 4-tert-dbphenyl azide
N3

<;> [Ru(TPP)(OCHa)],0 ©\
+ >

N
H
Molar
Compound PM mass (mg) mmol . V (mL)
Ratio
[Ru(TPP)(OCH)].O  1505.65 10.7 7.1x1H 1
'BuCsH4-N3 175.23 121.8 0.77 108
Cyclohexene 30

Reaction conditions:cyclohexene as solvent, T = 83°C (refluxing hydrton).
Yield: 57% Reaction Time:3 h
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Table 19. Allylic amination of cyclohexene using 4-anisyitlaz

N3
<;> [Ru(TPP)(OCH3)],0 ©\ /@/OCH3
+ Lo
N
H
OCH,4
Molar
Compound PM mass (mg) mmol _ V (mL)
Ratio
[Ru(TPP)(OCH)],O0  1505.65 10.3 6.8x1D 1
CH30-CeH4-N3 149.15 103.8 0.70 102
Cyclohexene 30

Reaction conditions:cyclohexene as solvent, T = 83°C (refluxing hydirbon).
Yield: 20% Reaction Time:1.5 h

Table 20. Benzylic amination of cumene

N3 H CFs
[RU(TPP)(OCH3)],0 N
FsC CF CF,

Molar
Compound PM mass (mg) mmol . V (mL)
Ratio g/mL)
[Ru(TPP)(OCH)],O  1505.65 4.3 2.86x1D 1
3,5-(CR)2CsH3-N3 255.12 72.9 0.286 100
Cumene 10

Reaction conditions:cumene as solvent, T = 152°C (refluxing hydrocajbon
Yield: 58% Reaction Time:0.2 h
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Table 21. Benzylic amination of methyl acetate
CF;

N3 /@\
OCHg [Ru(TPP)(OCH,3)],0 FsC NH
+
m CsHe OCH,
FsC CFs o)
Molar
Compound PM mass (mg) Mmol _ V (mL)
Ratio (g/mL)
[Ru(TPP)(OCH)],O  1505.65 47.3 0.031 1
3,5-(Ck)2CsH3-N3 255.12 161.2 0.63 20
methyl
150.18 470 3.1 100 0.450 1.044
phenylacetate
Reaction conditions:benzene as solvent (30 mL). T = 80°C
Conversion: 98% Yield: 44% Reaction Time:8 h
Table 22. Benzylic amination of methyl dihydrocinnamate
CF4
i ! [RU(TPP)(OCHs)] Q
Ru(TPP)(OCH,3)],0
6'6
FaC CFs ©)\)LOCH3
Molar d
Compound PM mass (mg) Mmol _ V (mL)
Ratio (g/mL)
[Ru(TPP)(OCH)].O  1505.65 7.7 5.1x1d 1
3,5-(Ck)2CsH3-N3 255.12 42.9 0.17 33
methyl
164.20 1696 10 2016 1.6 1.06

dihydrocinnamate
Reaction conditions:benzene as solvent (6.5 mL). T = 80°C.
Yield: 70% Reaction Time:4.5 h
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Table 23. Aziridination ofa-methyl styrene

N3
catalyst
' CeHe - NONOz
NO,
Molar
Compound PM mass (mg) mmol _ V (mL)
Ratio (g/mL)
[Ru(TPP)(OCH)],.O  1505.65 10.2 6.8x1D 1
4-(NO,)-CgH4-N3 164.12 108.4 0.660 97
a-methyl styrene 118.18 0.400 3.4 500 0.440 0.909

Reaction conditions:benzene as solvent (33 mL). T = 80°C.
Yield: 99% Reaction Time:1.0 h
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3.13. Amination reactions using glycoporphyrin comfexes as catalysts

All the following reactions were carried out usitige general procedure for amination reactions
(Section 3.9.

3.13.1. Benzylic amination of ethyl benzene

N H CF5
catalyst
SRS S
FsC CF

3 CF;

Y

Table 24. Benzylic amination of ethyl benzene catalyse@ds98 as the catalyst.

Molar
Compound PM mass (mg) mmol ' V (mL)
Ratio
Co-98 2809.64 6.0 2.2x19 1
3,5-(CR)2CgH3-N3 255.12 36.0 0.14 65
ethylbenzene 5.0

Reaction conditions:ethylbenzene as solvent (5.0 mL), T = 136°C (reflg hydrocarbon).
Yield: 56% Reaction Time:4.0 h

Table 25. Benzylic amination of ethyl benzene catalyseBd98 as the catalyst.

Molar
Compound PM mass (mg) mmol ) V (mL)
Ratio
Fe-98 2837.58 5.0 1.8x19 1
3,5-(Ck)2CsH3-N3 255.12 22.2 0.087 49
ethylbenzene 5.0

Reaction conditions:ethylbenzene as solvent (5.0 mL), T = 136°C (reflg hydrocarbon).
Yield: 60% Reaction Time: 1.5 h
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Table 26. Benzylic amination of ethyl benzene catalyseBds$01 as the catalyst.

Molar
Compound PM mass (mg) mmol ) V (mL)
Ratio
Fe-101 2817.93 5.0 1.7x1d 1
3,5-(CR)2CsH3-N3 255.12 22.2 0.087 50
ethylbenzene 5.0

Reaction conditions:ethylbenzene as solvent (5.0 mL), T = 136°C (refilg hydrocarbon).
Yield: 14% Reaction Time:30 h

Table 27. Benzylic amination of ethyl benzene catalyseRU¥8 as the catalyst.

Molar
Compound PM mass (mg) mmol ' V (mL)
Ratio
Ru-98 2879.78 10.1 3.52x10 1
3,5-(CR)2CgH3-N3 255.12 45.0 0.176 50
ethylbenzene 10

Reaction conditions:ethylbenzene as solvent (10 mL), T = 136°C (reflghydrocarbon).

Yield: 92% Reaction Time:1 h

Molar
Compound PM mass (mg) mmol ) V (mL)
Ratio
Ru-102 1798.31 6.4 3.6x10 1
3,5-(Ck)2CsH3-N3 255.12 45.0 0.18 50
ethylbenzene 10

Reaction conditions:ethylbenzene as solvent (10 mL), T = 136°C (reflghydrocarbon).

Yield: 78% Reaction Time:1 h
At the end of the reaction the precipitation of arkdsolid was observed. Ethylbenzene was

evaporated and CiEI, was added to separate the organic product fornddhle precipitate, which
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was recovered by filtration. NMR analyses of thedsawvere compatible with those obtained in the

characterization dRu-102 (recovery yield = 78%).

3.13.2. Benzylic amination of methyl phenylacetate
CF3

N3

OCH; . catalyst F3C NH
I OCHs
FsC CF 5

Y

3

Table 28. Benzylic amination of methyl phenylacetate catalylsyFe-98 as the catalyst.

Molar
Compound PM mass (mg) mmol ) V (mL)

Ratio

Fe-98 2837.58 5.0 1.8x1d 1

3,5-(CR)2CsH3-N3 255.12 22.2 0.0870 49
methyl
Y 5.0
phenylacetate

Reaction conditions:methyl phenylacetate as solvent (5.0 mL), T = ©0°

Conversion: 80% Yield: traces Reaction Time: 19 h

Table 29. Benzylic amination of methyl phenylacetate catalylsyFe-98 as the catalyst.

Molar
Compound PM mass (mg) mmol ) V (mL)
Ratio
Ru-98 2879.78 5.1 1.8x19 1
3,5-(Ck)2CsH3-N3 255.12 22.2 0.087 49
methyl
Y 5.0
phenylacetate

Reaction conditions:methyl phenylacetate as solvent (5.0 mL), T = ©0°
Yield: 68% Reaction Time:0.5 h
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3.13.3. Cyclopropanation ofx-methyl styrene

The general procedure for amination reactions whewed using ethyl diazoacetate (EDA) instead
of the aryl azide. When specified, the diazoalksolation was slowly added using a syringe pump.
The EDA consumption was monitored by IR spectrogoep-n = 2114 crit) if not specified a

100% conversion of the diazoalkane was reachedd ied diastereoselectivity were evaluated by

'H NMR.
N, catalyst 1%mol
+ l - +
COOEt ‘"
benzene, RT COOEt ‘COOEt
cis

trans

Table 30. Cyclopropanation o#-methyl styrene catalysed Byp-98.

Molar
Compound PM mass (mg) mmol _ V (mL)
Ratio (g/mL)
Co-98 2809.64 7.0 2.5x10 1
ethyl diazoacetate 114.11 28.2 0.25 99 0.026 1.085
a-methyl styrene 118.18 295 2.5 1000 0.325 0.909

Reaction conditions:benzene as solvent (10 mL). An EDA solution inZse (1 mL was added
at RT in 100 minutes using a syringe pump. After sfow addition the solution was stirred at 50°C
for 2 hours. Complete conversion was not reached.

Yield: 14% Syn/transratio: 1:1 Reaction Time: 220 min.

Table 31. Cyclopropanation o#-methyl styrene catalysed By-98.

Molar
Compound PM mass (mg) mmol _ V (mL)
Ratio (g/mL)
Fe-98 2837.58 5.0 1.8x1d 1
ethyl diazoacetate 114.11 21.7 0.19 108 0.020 1.085
a-methyl styrene 118.18 52.7 0.45 253 0.058 0.909
Reaction conditions:benzene as solvent (5.0 mL). T = RT
Yield: 75% Syn/transratio: 1:1.1 Reaction Time: 1.5 h.
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Table 32. Cyclopropanation oéi-methyl styrene catalysed Ry-98.

Molar
Compound PM mass (mg) mmol _ mL)
Ratio (g/mL)
Ru-98 2879.78 51 1.8x1d 1
ethyl diazoacetate 114.11 195 1.7 970 180 1.085
a-methyl styrene 118.18 418 3.5 2010 460 0.909

Reaction conditions:benzene as solvent (4.5 mL). An EDA solution inzene (1 mL) was added

at RT in 100 minutes using a syringe pump. EDA wasipletely consumed at the end of the

addition.

Yield: 69% Syn/transratio: 2:1 Reaction Time: 100 minutes.
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3.13.4. Other amination reactions catalysed by Ru&

Table 33. Allylic amination of cyclohexene

N3 CFS
Ru-90

O Q. 7™ QL

FsC CFs H CF3

Molar
Compound PM mass (mg) mmol ) V (mL)

Ratio

Ru-98 2879.78 5.1 1.8x1d 1

3,5-(CR)2CsH3-N3 255.12 22.2 0.087 49
cyclohexene 5.0

Reaction conditions:cyclohexene as solvent, T = 83°C (refluxing hydirbon).
Yield: 65% Reaction Time:2 h

Table 34. Aziridination ofa-methyl styrene.

N3
i Ru-90
+ —_— N
CGHG Ar
F3C CF;
Molar
Compound PM mass (mg) mmol _ V (mL)
Ratio (g/mL)
Ru-98 2879.78 5.1 1.8x19 1
3,5-(Ck)2CsH3-N3 255.12 44.4 0.17 99
a-methyl styrene 118.18 109 0.92 520 0.12 0.909

Reaction conditions:benzene as solvent (5.0 mL). T = 80°C.
Yield: 87% Reaction Time:0.5 h
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