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Abstract

Carneiro, Leonardo Simdes de Abreu; Muller, Camilla Djenne Buarque
(Advisor). Arylation of carbonyl compounds via photoredox catalysis. Rio
de Janeiro, 2020. 201p. Tese de Doutorado - Departamento de Quimica,
Pontificia Universidade Catdlica do Rio de Janeiro

The advent of photoredox catalysis allowed the development of a series of new
C-C bond formation reactions using visible light and photocatalysts to generate
organic radicals. It allows methodologies to be developed at room temperature and
within short periods of time. Arylation reactions, which involve the insertion of aryl
groups, can be performed using diazonium salts as source of aryl radicals. The aim of
this dissertation was to study a-arylation reactions of carbonyl compounds using
photoredox catalysis. This dissertation is divided into four chapters, being the General
Introduction the first one. In the second chapter, a coumarin arylation methodology
was developed, based on Konig’s Arylation, to obtain 4-(N-phenyl)amino-3-
phenylcoumarins. These compounds were obtained in up to 95% yield. The reaction
mechanism was studied from trapping experiments with TEMPO and Stern-Volmer
correlation. The obtained coumarins had their biological activities evaluated, and three
of them showed promising results as antileishmaniasis candidates. Finally, one of the
coumarins was used for the synthesis of azacoumestan, a nitrogenous analog of the
natural product coumestan. In the third chapter of the thesis, a theoretical study via
Density Functional Theory (DFT) was carried out to study the a-arylation of enols
acetates to obtain aryl ketones. Previous studies have shown that these reactions
perform better when electron withdrawing groups are present in diazonium salts. The
use of the Fischer-Radom model allowed us to verify that polar effects are more
prominent than enthalpic effects. The origin of these effects was verified as field effects
and not resonance effect, since the SOMO orbital in phenyl radicals is orthogonal to
the 11 system. Finally, the effect of substituents on enol acetates was studied by Taft
and Charton correlations. In the fourth and last chapter, attempts were made to a-
arylate cyclic ketones combining photoredox catalysis with organocatalysis, work

developed during the internship period at the University of Michigan. Several
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methodologies were tried, however none allowed the formation of the desired product.
Studies via DFT showed that the combination of ketone nucleophilicity and steric
effects prevented this reaction from being carried out. Therefore, a new methodology
was tested using isonitriles of alkyl halides. After extensive optimization, it was
possible to obtain a nickel-catalyzed tosylation methodology.

Keywords

Photoredox catalysis, arylation, coumarin, enol acetate, tetralone.
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Resumo

Carneiro, Leonardo Simdes de Abreu; Muller, Camilla Djenne Buarque
(Advisor). Arilacdo de compostos carbonilicos via catalise fotorredox. Rio
de Janeiro, 2020. 201p. Tese de Doutorado - Departamento de Quimica,
Pontificia Universidade Catdlica do Rio de Janeiro

O advento da catélise fotorredox permitiu o desenvolvimento de uma série de
novas reacdes de formacéo de ligagdo C-C utilizando luz visivel e catalisadores para
gerar radicais organicos. Isso permite que metodologias sejam desenvolvidas a
temperatura ambiente e com curtos periodos de tempo. Reacdes de arilacdo, que
envolvem a insergéo de grupos aril, podem ser realizadas utilizando sais de diazénio
como fontes de radicais arila. O objetivo dessa tese foi estudar rea¢fes de a-arilacdo
de compostos carbonilicos usando catélise fotorredox. A tese é dividida em quatro
capitulos, sendo o primeiro, a Introducdo Geral. No segundo, foi desenvolvida uma
metodologia de arilacdo de cumarinas, baseada na Arilacdo de Kdnig, para obtencao
de compostos do tipo 4-(N-fenil)amino-3-fenilcumarina. Esses compostos foram
obtidos em rendimentos de até 95%. O mecanismo da reacao foi estudado a partir de
experimentos de trapeamento com TEMPO e correlagcdo de Stern-Volmer. As
cumarinas obtidas tiveram suas atividades bioldégicas avaliadas, e trés delas
mostraram-se promissoras como farmacos contra leishmaniose. Por fim, uma das
cumarinas foi utilizada para a sintese do azacumestano, analogo nitrogenado do
produto natural cumestano. No terceiro capitulo da tese, um estudo tedrico via Teoria
do Funcional da Densidade (DFT) foi realizado para estudar a a-arilagédo de endis
acetatos para obtencao de aril-cetonas. Estudos previamente realizados mostraram
gue essas reagOes tém melhor performance quando grupos retiradores de elétrons
estdo presentes nos sais de diazdnio. O uso do modelo de Fischer-Radom permitiu
verificar que efeitos polares sdo mais proeminentes do que efeitos entalpicos. A
origem desses efeitos foi verificada como partindo de efeitos de campo e ndo de efeito
de ressonancia, uma vez que o orbital SOMO em radicais fenila € ortogonal ao
sistema T1. Finalmente, o efeito de substituintes nos endis acetatos foi estudado a

partir das correlagbes de Taft e Charton. Finalmente, no quarto capitulo foram
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abordadas as tentativas de a-arilagdo de cetonas ciclicas combinando-se catalise
fotoredox com organocatalise, trabalho esse desenvolvido durante periodo sanduiche
na Universidade de Michigan. Diversas metodologias foram testadas, entretanto
nenhuma permitiu a formacao do produto desejado. Estudos via DFT mostraram que
a combinacao da nucleofilicidade das cetonas e efeitos estéricos impediram que essa
reacao pudesse ser realizada. Sendo assim, uma nova metodologia foi testada a partir
do uso de isonitrilas de haletos de alquila. Ap6s extensa otimizagao, foi possivel obter

uma metodologia de tosilacdo catalisada por niquel.

Palavras-chave

Catalise fotorredox, arilagcdo, cumarina, enol acetato, tetralona.
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1

General Introduction

1.1.
Photoredox catalysis — general aspects

Organic photochemistry is the area that studies the effects of light on organic
compounds. When a compound is irradiated and absorbs energy, it is excited from the
ground state (So) to a high energy state (usually S1). Jablonski diagram summarizes
the physical processes that can occur after the excitation (Figure 1). Two processes
are related to relaxation of S; state: internal conversion (IC), where the emitted energy
is equal to the absorbed one, and vibrational relaxation followed by fluorescence, in

which there is emission of photons.?

vibrational
. v relaxation IS

S 5
8 > T1
5 &
3 8
[7)] —
o g
3 g
= c

S0 v v

Figure 1: Jablonski diagram.

As there is no spin change, which is quantically prohibited, the first excited
state is singlet as the ground state. However, some species can have its spin changed
migrating to a triplet state (T1) by a process called intersystem crossing (ISC). In such
case, the route back to the ground state can have photon emission as a
phosphorescence process.? Some organometallic compounds of ruthenium and
iridium can generate triplet excited states with high lifetime. In such cases, these
species are prone to make oxidations or reductions to generate radicals in the reaction
media.® The methodology that employs these compounds as catalysts is called

photoredox catalysis.
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The most important ruthenium complex used in photoredox catalysis is
[Ru(bpy)s]Cl.. Its excited state has a lifetime of 1100 ns in acetonitrile'? and 580 ns in
water'®, which is long enough to be prone to bimolecular SET reactions. After the
excitation irradiating it with the white or blue light source, one electron of ruthenium taq
orbital is promoted to bpy 1" orbital with spin change. This process is called metal-
ligand charge transfer (MLCT) (Figure 2). The maximum absorbance of light is around
450 nm, that is, at visible-light region, and corresponds to MLCT.**

Figure 2: The MLCT process at [Ru(bpy)s]>*.

Once the excited photocatalyst (PC), *[Ru(bpy)s]?*, is generated in the reaction
media, it can donate or accept one electron by outer-sphere single electron transfer
(SET) mechanism, changing its formal charge and returning to the ground state
(Figure 3). Ifitis quenched by an acceptor species (A), it donates an electron, oxidizing
itself, and is converted to a Ru(lll) species. A second SET occurs with a donor species
(D) to recover the photocatalyst. This mechanism is called the reductive quenching
cycle. On the other hand, the first SET can also be done against a donor species. In
this case, ruthenium is reduced to Ru(l) and the second SET occurs with an acceptor

species. This pathway is called the oxidative quenching cycle.

+.
D A
Ru(lll)
D A
Oxidative
quenching cyc?%/

Ru(ll) 4'—> Ru(lly*

Reductive
quenching cycle

A//) CD“

Figure 3: The photoredox catalysis cycles.
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As the transformations are based on redox reactions, the redox potentials (E12)
must be evaluated. Organometallic photocatalysts are influenced by the nature of the
ligands.*® The PC that possesses electron-rich substituents tends to be more reducing.
The presence of electron-poor substituents increases its oxidizing power. The notation
used in this Dissertation for redox potentials is E12(PC*/PC*), which means that this is
the potential to transform PC* to PC*, for example. A set of electrochemical data is
shown in Figure 4.16%7

To preview the suitability of a certain PC* to be quenched by a substrate, the
redox potential of the other chemicals must be known. In the case of no data available,
cyclic voltammetry is the recommended technique to obtain the redox potential. For
an electrochemical transformation to be spontaneous, its Gibbs free energy must be
negative (Equation 1). The energy of the system, defined as the difference of donor

and acceptor potentials, must be positive (Equation 2).

AGsgr = - NFEsystem (l)

Esystem = E12 (donor) — E12 (acceptor) (2)

One of the first reports of a reaction that involves this approach was proposed
by Cano-Yelo and Deronzier.* The authors showed the formation of phenanthrenes
by a photocatalytic version of Pschorr reaction (Scheme 1A). The diazonium salt 1
would quench the ruthenium salt in the excited state generating a phenyl radical
(Scheme 1B). After a homolytic aromatic substitution, the desired product 2 was
achieved in quantitative yield. The same substrate was submitted to direct photolysis,
but the product was formed in 20% yield. In such case, 3 was observed as byproduct
in 80% yield (Scheme 1C).
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Oxidizing photocatalysts
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Figure 4: Electrochemical data of the most used photocatalysts.
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A) Cano-Yelo and Deronzier (1984)

[Ru(bpy)sl(BF4), (5 mol%) -

COLH

l

28

MeCN, rt
visible light
CO,H
— 2
Ph 100%
N,*BF,”
1 direct photolysis LOzH
(A>360 nm) —
> Ph o+ 2
MeCN, 0 °C NHAc
20%
3
80%
B) Photocatalytic Pschorr reaction C) Formation of 3 by direct photolysis of 1
Ru*(Il) CO,H
_ CO,H
1
Ru(lln)
4 2
MeCN
CO H
2 COZH . COZH
Ru 1)
=z
Ru(II

5 6

Scheme 1: Photoredox version of the Pschorr reaction.

At the beginning of this century, three different works revisited this Chemistry

introducing a milestone to Photoredox Catalysis. In 2008, Yoon et al reported the

photocatalytic [2+2] cycloaddition of enone 9 with high diastereoselectivity (Scheme

2).® The authors proposed that, after reduction of Ru*(Il) to Ru(l), the activated enone

11, where Li acts as a Lewis acid, is reduced to 12 by the photocatalyst, as described

by Krische in reactions catalyzed by cobalt®’ and copper®. A control reaction with no

'Pr,NEt gave no product, which corroborates the purpose that Ru(l) is the species that

reduces the enone. Once 12 is formed, an intramolecular cycloaddition gives the

product 10.
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A) Yoon's [2+2] cycloaddition of enones

[Ru(bpy)3]Cl; (5 mol%) o o
o o i 1 2 Selected examples:
ProNEt (2 eq) R R
. R? 10a: R' = R? = Ph; X = CH, 89% (dr > 10:1)
| X | LiBF4 (2 eq), CH5CN, rt H H 10b: R' = R2 = 4-OMePh; X = CH, 98% (dr = 10:1)
0 White light 275 W X 10c:R'=R?=Ph;X=0 90% (dr = 5:1)
10 10d: R" = Ph; R? = NEty; X = CH,  74% (dr > 10:1)

B) Proposed mechanism *(Il)
K i-Pr,NEt
+e
i-Pr,NEt
N \x/

1 A, N B
12

Scheme 2: Yoon'’s [2+2] cycloaddition of enones.

In the same year, Nicewicz and MacMillan combined photoredox catalysis with
organocatalysis to promote enantioselective a-alkylation of aldehydes (Scheme 3).°
The organocatalysts 16 reacts with the aldehyde 14 to make a SOMOphilic enamine
18. The photoredox cycle initiates by sacrificing part of the amine to reduce Ru*(ll) to
Ru(l). Then, the alkyl bromide 15 is reduced to the alkyl radical 20. Finally, it couples
with 16 through the Si face to give the radical 19, which by SET with Ru*(ll), gives 21

and then the desired product 17, in high enantioselectivity.
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A) MacMillan's enantioselective a-alkylation of aldehydes
0, Me

[Ru(bpy)s]Cl5 (0.5 mol%) o R2 : /
0o R2 16 (20 mol%) J\H\ ' B
N - > |
HJ\/R g NR3  26-lutidine, DMF, rt H R 1 Me™ ™\ TBu

15 W fluorescent bulb R? H  HOTf

14 : 16
15 up to 93%, up to 99% ee 7 .

B) Proposed mechanism (6] Me

Q
Q

/Me
N'NIe j )
I)”“ Me' (;?)"”Bu R? and R
Me N Bu )K(\ omitted for clarity
H R
H)\ 21

R1
18 R

fo) Me Ru*(Il)

/
20 jN
Me N) "By
. Ru(l)
R?and R° H R
omitted for clarity R! 15 Ru(ll)
19

2
R\/R3

20

Scheme 3: MacMillan’s enantioselective a-alkylation of aldehydes.

Finally, Stephenson et al proposed the reductive dehalogenation of alkanes
like 22 (Scheme 4).1° Usually, this kind of reaction is carried out by using a huge variety
of metals, most of them toxic such as tin, as demonstrated by Yus et al.'! As well as
Yoon'’s cycloaddition and MacMillan’s alkylation, a tertiary amine was used to generate
a Ru(l) species as reducing agent; it was essential to reaction, affording trace amounts
of the product after 48 h without it. The radical 26 abstracts the hydrogen from 25 to
give the product 23. An alternative abstraction was proposed, in which formic acid

would be the hydrogen source. However, such path might be minor.
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A) Stephenson's reductive dehalogenation

Br. [Ru(bpy);]Cl; (2.5 mol%) H
@f@\l i-PryNEt (10 eq), HCO,H (10 eq) @f@
“Boc “Boc
N H DMF, rt, 4 h N H

Boc 14 W fluorescent bulb Boc

B) Proposed mechanism

Y
—Q 24

[Ru(bpy)s]**

[Ru(bpy)s]*

[Ru(bpy)s]** 3 !

22 27

Scheme 4: Stephenson’s reductive dehalogenation.

1.1.1. Applications in natural products synthesis

The use of photoredox catalysis in Organic Synthesis has gained attention
because of its advantages as compared to classical methodologies like cross-coupling
reactions. The possibility of metal-free photocatalysts, room temperature reactions,
use of visible-light and formation of new and unique radical species are some reasons
why this methodology might be considered when a syntesis is planed. Some reviews
reported its use in the synthesis of complex natural products. In this subsection, some
recent examples are presented.

Luo et al (2020) showed the total synthesis of (-)-batrachotoxinin A (Scheme
5A).'8 This alkaloid was first extracted from the skin of Phyllobates sp., a poison-dark
frog.'® In their route, a coupling between 32 and 33 was planned as one of the key
steps. The intermediate 32 was prepared from an attack of vinyl ether to 29 to 28
followed by hydrolysis and a-bromination in high yields. The desired substitution was

carried out as a Sn2 reaction; however, the attempts were not successful because of
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steric and stereoelectronic effects. It was decided to employ Luo’s a-alkylation of 3-
ketocarbonyls using primary amines as organocatalysts.?° This reaction is based on
the coupling of radical 37, formed from the reduction of a-bromoketone, with enamine
36 (Scheme 5B) through two possible transition states, TS1 and TS2. The reaction
was successfully done in 70% vyield. After more 13 steps, (-)-batrachotoxinin A (40)

was achieved.

/\OEt 29
1
Br BuL| 78°C g (*)-CSA Br
MeO

79%

1) TMSOTf, Et;N
(i H

Me Br [Ru bpy)s]Clo.6H,0 (2 mol%) Me 13 5‘9"5
Br —>
HNCH,CHoNMe,. HOTF
MeO' NaHCO;3 rt, 2 h
65 W CFL MeO
0%

IIII

r BE
NMe, Me
HNT N Me ’L ®
33 35 HT
y Me Oio HN
= Aunw 9“
\T/O
o) HN
;f E T\ N\Me, OMe
=z 36
A

MeO'

via TS1

orrsz /\ Ru(lll)

37
l Ru(II)
Me
Ru ) Br
MeO'

Scheme 5: Total synthesis of (+)-batrachotoxinin A.

Qin et al proposed the total synthesis of (+)-actinophyllic acid (Scheme 6A).%*
These compounds were isolated in 2005 from the aqueous extract of Alstonia
actinophylla leaves and showed great activity as carboxypeptidase U inhibitor.?> The
first key step of their plan was based on asymmetric a-alkylation of the aldehyde 42
with 43, obtained after Swern oxidation of the commercially available alcohol 41. The
combined photoredox organocatalytic methodology proposed by MacMillan et al® was
modified and followed by reduction with NaBH4 to achieve 45 in 61% yield and 92%

ee. The authors increased the scale to 10 g with no loss of yield and enantioselectivity.
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After its bromination to make 46, another photoredox step was employed: to couple
the indole nucleus, they used Stephenson’s methodology of reductive
dehalogenation'® (Scheme 6B), trapping the formed radical with indole to achieve 49
in 65% yield. After more 14 steps, (+)-actinophyllic acid (50) was obtained.

A)
(COCl), DMSO 16 (20 mol%) o Bn
Bn DCM, -78 °C o) Bn Br Ir(ppy)s (0.5 mol%) N
I - J\/\/l . H Cbz
HO” N""""Cbz  then Et;N H N bz Me0,C” CO,Me 2,6-lutidine, THF, 25 °C
78 °C to rt 15 W fluorescent light MeO,C COyMe
4 2 43
95% 44
Bn Bn
“N—Cbz “N—Cbz Me
NaBH, MeOH, 0 °C ] LS, NBs | - Q—§ [Ru(bpy)sICl,.6H;0
_— 5 —_— MeO) H + -_—
Me0Co, X < -MeOPhNPh, (48
19 8¢ p-Me  (48)
61% (2 steps) p THF, -78 °C Brjj> N DMF, 25 °C
45 5 g
e e ° 46 47 65%

HO H

(+)-actinophyllic acid (50)

g on app to sy of #
-
NPh,
48 ; 51
Ru*(ll) Ru(l)
46
2
‘ Ru(ll)
Bn
coMe  \
e~ ez
\ 47
o >
o]

52

Scheme 6: Total synthesis of (+)-actinophyllic acid.

Mateus-Ruiz and Cordero-Vargas worked in the total synthesis of aspergillide
A (Scheme 7A), a natural product extracted from the marine fungus Aspergillus
ostianus.??* Starting from the epoxide 54, it was treated with MesSI and n-BuLi to
achieve 55. Then, the desired transformation was the lactonization with 56 to make
the intermediate 57. The application of Kokotos’'s photoredox lactonization®® was

employed to achieve 58 in 65% yield. The proposed mechanism (Scheme 7B) is based
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on the reduction of a-iodoacetic acid to make the radical 62. Then, it adds to an alkene,
like 63, forming 64 that, iodinated from 56, gives 65. After deprotonation and
intramolecular nucleophilic substitution, the lactone 66 is formed. Another
methodology was tried, but the photoredox reaction was easier to be purified and
scaled up. Finally, aspergillide A (59) was obtained after more 11 steps.

A)
1“ " NCco,H 56
o OTBDPS  MeSI, nBuLi OH OTBDPS [Ru(bpy)sICl, (2 mol%)
—_— ’
y, THF, -40 °Ct0 0°C X NaAsc, MeCN/MeOH
54 55 Blue LED

95%

HO,C i
2 OTBDPS ©
O OTBDPS __,
B —_—
O°Ctort 11 steps
|

65% (2 steps)

HO

Aspergillide A (59)

B) Kokoto's lactonization

sc Ru(ill) s
K A
63 -
coH RN""co,H
64

Ru* (||) Ru(l) 62

Scheme 7: Total synthesis of aspergillide A.

1.2.
Radical addition to C=C bonds

The advent of photoredox catalysis was an important step in radical chemistry.
After the formation of such radicals in the reaction media, they proceeded with the
main types of reactions (Figure 5): combination, abstraction of atoms, fragmentation,
and addition to multiple bonds. The latter is one of the most used in photoredox
methodologies and allows the formation of new o bonds. The chemistry behind this
class of reactions was built up based on industrial applications of radical-induced
polymeric reactions. One example of this reaction is the synthesis of polystyrene

(Scheme 8). Benzoyl peroxide (67), used as the initiator, fragments in two radicals 68
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when heated, which, after decarboxylation, are converted to phenyl radicals 69. Then,
they are added to styrene (70) to produce the radical intermediate 71. After successive
additions to 70, the chain grows up and a polymer 73 is formed. Finally, the termination
step can be fulfilled by a combination of two 73 to set the desired polymer 74.

R R .
— R/ -_ 2R
combination fragmentation
o XR X, o

abstraction

A x e &
3

addition ~"x

Figure 5: Main types of radical reactions.

A) Initiation

o 2CO,
o {
o heat . >
o~ —_— 2 o
(o}
67 68 69
B) Propagation

- PO 0 O QO
e SR S|

C) Termination

'SV« <"
o I &

73 74

2n

Scheme 8: Mechanism of radical polymerization.

The reactivity and regioselectivity of radical addition to C=C bonds were
extensively studied, and some models were developed. The first was introduced by
Giese and Tedder and tries to qualitatively explain the influence of substituents at the
alkene. The variables that would be controlled are expressed as two effects: enthalpic
and polar effects.?®?2 Giese proposed that the rates are influenced by substitution at

radical and both atoms of C=C alkene bond.??20
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Enthalpic effects are related to the relative strength of the bonds broken and
formed among the reaction. In a general view, addition reactions are based on the
break of a Tmc=c bond and formation of a oc.c one. Such bonds are stronger (81 kcal/mol
compared to 67 kcal/mol of T bond).3! Hence, the reaction is exothermic (AH < 0) and
the radical adduct formed is thermodynamically more stable than the starting
materials. This fact has direct influence on the transition state. Tedder proposed the
First Law of free radical reactions based on the exothermicity.?’

If the heat of reaction AH of a free radical process is large and
negative, the transition state is early and the reaction will be fast and
unselective; if AH is large and positive the transition state will be late
and the reaction slow and selective: but if AH is small (positive or
negative) the relative rate and selectivity will depend on other factors,
especially polarity. (TEDDER, 1982)

Clearly, this is the contextualization of Hammond Postulate to radical additions.
According to this principle, the transition state of a reaction that produces high
stabilized product needs less reorganization energy of reactants; in other words, the

transition state is more reactant-like than product-like (Figure 6).%2

R\/\X

reaction coordinate

Figure 6: Energy profile of a reaction with early transition state.

The electronic nature of radical and alkene can also influence the addition
reaction rates. It can be explained in terms of frontier molecular orbitals (FMO). The
interaction between the SOMO of the radical and the HOMO or LUMO of the alkene
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dictates which one is the nucleophile or the electrophile. This is known as a polar
effect.

The Klopman-Salem equation (Equation 3) describes the change of energy of
two approaching chemical species, in terms of their molecular orbitals, based on a
Taylor expansion of the total energy (perturbation theory).2® The first term is related to
the interaction between filled orbitals. The second term computes the Coulombic
interactions (repulsion or attraction). The third term of this equation is the second-order
perturbation, which comes from the interaction between filled/unfilled orbitals. In terms
of radical additions, the second-order perturbation is related to SOMO-HOMO and
SOMO-LUMO interactions. Mathematically, two orbitals closer in energy contribute
more to the interaction energy. The equation can summarize the phenomenon that
happens when two molecules approach each other to react at the orbital level. Besides
the repulsion of filled orbitals, filled and unfilled orbitals interact causing the attraction

of the molecules.

OCC unocc occ unocc

2
_ QkQ| Z(Zabcracsbsab)
AE—iZ(qa+qb)BabSab +kz<1: R, +Z Z iZ Z E<E, (3)

ab

gaand gp: electron populations at atomic orbitals a and b.

Bab: resonance integral between atoms a and b.

Sab: overlap integral between atoms a and b.

Qkxand Q:: total charges at atoms k and I.

Ru: distance between atoms k and I.

craand csp: coefficient of atomic orbital a at molecular orbital r and atomic orbital b at molecular orbital s.
Er and Es: energy of molecular orbitals r and s.

The Natural Bond Orbitals (NBO) are a description of the localized Lewis
structure.® As two orbitals get closer, delocalization occurs due to their interaction.
According to NBO analysis, such interaction is described as a second-order
perturbation (E(2), Equation 4).*® As at Klopman-Salem equation, E(2) relates the
perturbation and the energy difference between the orbitals in the same manner: the
preferred perturbation will be the one with higher energy, which gives the closest

approximation.

2

_ Fi 4
E@)=-n4E (4)

. n: population of the donor orbital.
. Fij: Fock matrix element between orbitals i and j.
= AE: energy difference between orbitals i and j.
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According to Giese, substituents will influence the orbital levels depending on
the nature of the polar effect.?®*° The interaction SOMO-LUMO indicates that alkene
acts as the electrophile. Then, substitutions at C=C would have a higher impact on the
reaction rate. Electron withdrawing groups (EWG) lower the LUMO energy at both
carbons, but more strongly at the not attacked one. In the interaction SOMO-HOMO,
the alkene acts as the nucleophile. On the other hand, substitutions at the radical
would impact the rate. The presence of EWG groups lower the SOMO level, and such
interaction gets stronger, thus increasing the rate.

To exemplify this approach, Giese and Meister studied the addition of different
alkyl radicals (76 — 78) to substituted styrenes (75a — d) (Scheme 9).%¢ The Hammett
plot at -56 °C indicated a linear relation with good correlation and positive p constants.
It means that at the not attacked carbon there is the formation of negative partial
charge. Thus, the alkyl radicals act as the nucleophiles, while the styrenes act as

electrophiles.

86 RE:
S [ g
N
79 TS3 i
SE;
| O
R// |//
TS4
75a: R = 4-Cl 80 R i
75b: R = 3-Cl e "
75¢c: R = 4-Me
75d: R = 4-OMe | | X
=0.60
B & AP
81 R TS5

Scheme 9: Addition of alkyl radicals to styrenes and p constants.

1.2.1. The Fischer-Radom model

Both polar and enthalpic factors interfere with kinetics. Methyl radical addition
was used over the years as a good model to study radical additions to alkenes. Its low
size reduces sterics and allows the evaluation of those effects. Despite the contribution
of Giese and Tedder work, no quantitative relation was expressed in terms of kinetic

or thermodynamics. To overcome it, Fischer and Radom combined their kinetic data
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set with computational insights to propose a model that could explain the influence of
alkene structure.

The origin of this model is the Pross and Shaik approach to organic reactivity.
Two radicals R* and X* are considered to combine, forming a R-X bond. The two main
valence-bond contributions for R-X are represented in the energy diagram of Heitler-
London (Figure 7): [Re oX], in which each electron of the bond is associated to R and
X, and [R* :X7; in this configuration, both electrons are associated to X, generating a
zwitterionic form. In solution, the solvation effect to stabilize R* and X" minimizes their
energy and, hence, the curves cross each other. Taking a linear combination of the
contributions, both wavefunctions mix in a manner to generate R-X bond in the ground
state (So) and in the first excited state (Si). The effect of the crossing curves is
observed at the Sp R-X bond (red dotted line). As R-X is stretched, its energy increases
until reaching the crossing point, where the energy of covalent and ionic configurations
is the same. After this point, the most stable configuration is the ionic one, indicating
that through a SET from R to X, [Re eX] switched to [R* : X].

E A E A
\ e
_____ linear S @ O
Lo combination lR X l
in solution | R--X l
S (RX)s,
R---X distance R---X distance

Figure 7: Linear combination of the two main valence-bond contribution to R-X bond.

Fischer and Radom proposed that four configurations are possible in a radical
addition to alkenes: the ground state approximation of radical and alkene [R*+C=C1],
the radical approximation to triplet state alkene [R*+C=C?], and two charge-transfer
configurations - [R*+C=C7] and [R+C=C*] (Figure 8). The energy of [R*+C=C]
increases as R*® approximates to C=C and no bond is formed because C=C bond
stretches and crosses the excited state configuration. This mixing is the key factor to
describe the reaction barrier energy. On the other hand, the charge-transfer

contributions are stabilized as both charges approach, as described by Coulomb Law.
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The higher is this stabilization, the more influence these configurations have: the
minimum gets closer to the crossing point and influences the barrier.

The evaluation of this diagram can predict how energy parameters control the
reaction. When such contributions are deciphered, quantitative approaches can be
used to rationalize the reactivity. The enthalpic effect will be the major contribution
when the charge-transfer configurations have low or no influence. In such a case, the
energy barrier is related to the exothermicity of the reaction. The Evans-Polanyi
equation dictates this relation (Equation 3): there is a linear relationship between
activation energy and the enthalpy of the reaction, where a is a constant that varies

between 0 and 1 and Eg is the barrier at 0 K. ¥

Ea.=Eo+ a AH (3)

Carbon-centered radical additions to alkenes are usually governed by
enthalpic effects. Radom et al studied the addition of methyl radical 82 to substituted
alkenes and 83 calculated the activation energy and reaction enthalpy (Scheme
10A).383° The extreme barriers were calculated to be 8.4 kcal/mol for the non-
substituted alkene and 4.9 kcal/mol for the one CN substituted. The enthalpy was
observed to have the opposite trend: higher barrier was related to lower exothermicity
(-22.0 kcal/mol), while the lower barrier was defined by higher reaction enthalpy (-30.4
kcal/mol). A good correlation between these values (r> = 0.973) indicated that
exothermicity governs the reactivity of such alkenes. Fouassier et al worked on the
addition of different radicals to methyl acrylate (Scheme 10B). Except for aminoalkyl
(87-90) and dialkylketyl radicals (91 and 92), the activation energy of the other alkyl
radicals correlates with enthalpy according to Evans-Polanyi relation, which means

that the transition state structure is controlled by an enthalpic effect.
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A) Radom et al (1993)

E,=0.41AH+72.6
R2=0.973

: X = H, F, OH, Me, NH, SiHz Cl, CHO, NO, CN'

AH = -22.0 kcal/mol
E, = -30.4 kcal/mol

B) Fouassier et al (2004)
. AN OMe R _~_ _OMe
R+ S \/\n/ E, = 0.37 AH + 60
O o)
85 86

Exceptions: : .
v Me( o~ Et\N/\M Me\'(

Scheme 10: (a) Methyl radical addition to substituted alkenes. (b) Alkyl radical addition to methyl
acrylate.

The second effect related only to [R*+C=C'] and [R*+C=C?] is their energy
difference with no approximation. As both configurations get closer, the activation
energy decreases as a non-thermodynamic contribution.*® As it lowers E,, the

transition state is more reactant-like and becomes eatrlier.
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[R'+C=C7|
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reaction coordinate

Figure 8: Configuration mixing for radical addition to alkene.

If the charge-transfer configurations contribute significantly, polar effects are
observed. The energy of such configurations is expressed in terms of activation energy
(AE) and ionization potential (IP) of radical and alkene (Equations 4 and 5). Due to the
electrostatic behavior of this interaction, a coulombic contribution C is depicted, but

often neglected.

E ([R*+C=C7) = IPr — AEc-c — C (4)

E ([R+C=C"]) = IPc=c — AEg — C (5)

A consequence of these relations is the characterization of the radicals as
nucleophilic or electrophilic relative to the alkene. If E ([R'+C=C"]) > E ([R*+C=C]) the
latter configuration is more stabilized than the former, which means that the radical
has nucleophilic behavior and the alkene acts as the electrophile. The opposite
analysis is true: when E ([R"+C=C"]) < E ([R*+C=C), the radical is the nucleophile and

alkene the electrophile.
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1.2.2. The Meerwein arylation reaction

The use of radicals to promote arylations is studied since 1939 when Meerwein
et al reported the arylation of unsaturated compounds 94 using diazonium salts 93 in
the presence of CuCl; in acid buffer at room temperature (Scheme 11).%* A large scope
of unsaturated compounds and diazonium salts were employed. As examples, the
arylation of coumarin (96a-d) showed the insertion of aryl group at position C3 in

reasonable yields and styrenes were arylated at 3 carbon (97a-b).

A) Meerwein arylation (1939)

N,*CI | N
—R
1 CuCl,
| N + R\/\Rz > Z + Ny + CuCl + Cly
;\/ NaOAc, acetone, rt ' B
R R /U, R2
93 94 95
Q
N
® e
AP
R1
96a: R'=R?=H 61% 97a:R'=R2=H 37%
96b: R' = H; R2 = 4-C| 78% 97b: R'=H; R2=4-Me  49%
96c: R'= H; R?=4-SO;H 59% 97c:R'=H; R?=2-NO, 44%
96d: R' = OH; R2 = 4-C| 48% 97d: R' = OMe; R2=4-Cl 61%

Scheme 11: Meerwein arylation and selected examples.

The authors proposed that diazonium salt decomposes to form phenyl cation
99. Then, C=C bhond attacks 99 generating the intermediate 100. This cation can
undergo different mechanisms depending on the nature of the alkene. Quinones,
coumarins, cinnamaldehydes and cinnamonitriles suffer elimination to give a product
like 101. Fumaric, maleic and cinnamic esters generate the product 102, where
chloride anion, the counterion of diazonium salt, attacks the carbon that is the positive
charge center. Finally, when cinnamic acid is used, the product 103 is observed; in
this case, the carboxylate anion attacks the positive carbon followed by elimination of
CO; (Scheme 12).
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© © RIS R
2
® R
98 99 94 100

RV\@
Rl 103

R2

101 R cinnamic acid

R2
quinone, coumarin,
cinnamaldehyde, cl
cinnamonitrile 102

fumaric, maleic
and cinnamic esters

Scheme 12: First proposed mechanism of the Meerwein arylation.

According to Rondestvedt, this mechanistic proposal fails at one point. Alkenes
with EWG at the attacked carbon gave the best results; however, these compounds
are low reactive towards electrophilic additions.*? Koelsch and Boekelheide carried out
Meerwein conditions to a large scope of a,B-unsaturated compounds.*® They observed
the same trend of Meerwein: when the phenyl group bonds to the a-carbon (104, 106
and 108), the chloride anion bonds to the B-carbon (105, 107 and 109). The phenyl
group bonds to the p-carbon when there is a Ph group (110) or dienes (112, 114 and
116). The former produces 111, where the double bond was not formed. As for the
dienes cases, two situations were possible: if an ester was bonded to B-carbon this
group was maintained in the product 113; however, when a carboxylic acid was

bonded, there was a decarboxylation, forming the conjugated alkenes 115 and 117.
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Scheme 13: Selected examples of the different products obtained by the Meerwein reaction as a
function of the alkene.

The authors proposed that diazonium salt 98 cannot decompose by itself; it
needs to react with acetate anion to make a diazoacetate species 118 that is prone to
cleave the C-N bond into phenyl radical 69 and acetoxy radical. The next step is the
radical attack to 94. It was observed that 69 prefers to attack the carbon in which the
intermediate is better stabilized by resonance. The role of the copper catalyst is to
oxidize 119 to afford the cation 100. Anion chloride attacks the positive carbon,

generating 102, and gives the product 101 after elimination (Scheme 14).

c) OAc

N, |

S) =N °

OAc N O
—_— —_—
R
R2
69
98
118

100
+ OAc o
+ N, OAc+Cu(||) C|@
1
R /£ i
101 Cl 102

Scheme 14: Mechanism of the Meerwein arylation based on the formation of diazoacetate species.
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Obushak et al suggested a third mechanism to Meerwein’s arylation (Scheme
15).% The authors proposed that Cu(l) is the active species that reduces the diazonium
salt to phenyl radical, although the reaction setup needs a Cu(ll) salt as catalyst. They
believe that the excess of alkene would act as a reservoir of Cu(l) species by donating
an electron to Cu(ll) and forming the radical cation 120, which could be recovered by
reduction of Cu(l). Once 69 is formed, the radical addition is followed as it is known.

Cu(l) reservoir

Cu(ln 1 " cu(ll)
R1\/\R2 R R2
94 120 cul)
cu())
94
Ot 5 O L,
R
08 Cull)  gq 19

101 102

Scheme 15: Mechanism of the Meerwein arylation based on the Cu(l) as the active species of the
catalysis.

However, Bondarchuk and Minaev say that decomposition of diazonium salt to
phenyl radical is impossible at the ground state.*® They calculated, by Hartree-Fock
(HF) theory, that LUMO of 98 is located at C-N bond (o"c.n), suggesting that excitation
would stretch this bond. The Sy — T; transition is prohibited and the organic species
needs, initially, So — S; so that S; — T1 occurs by ISC. However, they found that S
level of diazonium salt is so high that this transition is neglectable.

The reaction needs water to work. In aqueous media with an excess of CI',
Cu(ll) exist as [CuCl4)?*, a tetrahedral complex with split 3d orbital.*® The electronic
configuration [Ar]3d°4s® suggests that an unpaired electron is at dy orbital. The
approximation of diazonium salt to [CuCl4]** would cause a metal-to-ligand donation
where an electron at HOMO orbital of 98 is donated to 4s orbital of [CuCls** at the

same time that the unpaired electron of t, level is donated to LUMO (Figure 9). Then,
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the electron at 4s orbital relaxes to t,. The magnetic moment is conserved and
diazonium salt is promoted to triplet state without passing through any excited singlet
state. After the excitation, the Cu(l) species promotes the fragmentation, generating
the phenyl radical.

@ | o :
O
[CuClJ*

Figure 9: The excitation of diazonium salt promoted by [CuCl4]?* as a spin catalysis followed by
formation of phenyl radical.

The Obushak’s mechanism and the above triplet excitation model have a fail:
several reports show that Meerwein reaction can work with no catalyst.*’
Bondarchuk and Minaev again turned their attention to this reaction to understand the
mechanism with no copper salt (Scheme 16).*® They believe that light or heating could
break C-N bond to make 99. This species can undergo spin-orbital couple (SOC) to
generate a triplet oTr cation 121. It happens because triplet state of aryl cations is low
energy and S — T transition is allowed.**° This reactive intermediate causes S — T
transition of an alkene to give 122; they react to give the excited singlet diradical cation
123 and, finally, are transformed into the carbocation 100. The mechanism proceeds

as previous approaches.

®
N> ® R
hv or Soc 2
- R
heat ®
56° 100
98 99 121

Scheme 16: Mechanism of the Meerwein arylation based on spin-orbital couple.
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A drawback of the Meerwein arylation is the limited scope. As pointed by the
seminal paper, this reaction works only with alkenes with EWG*!, but this arylation is
still important and deserves more research. In a recent review, Kindt and Heinrich
highlight the actual directions in this area.>* The discovery of new aryl radical sources
and reaction conditions are popular, but increasing the substrate scope is also
important.

Heinrich et al showed that 124 can undergo intramolecular 5-exo-trig
cyclizations in the presence of stoichiometric amounts of FeSO. which act as a
reducing agent (Scheme 17A).52 Substituted 2,3-dihydrobenzofurans (126, 128 and
130) were obtained in moderate yields. The authors proposed that, after the reduction
of diazonium salt by Fe(ll) salt and cyclization, the intermediate 131 attacks the alkene
to form 132 (Scheme 17B). Then, the liberation of a halogen radical occurs after
elimination. This radical is quickly reduced to form halide anion, preventing undesired
side reactions. Trapping 132 with TEMPO to obtain the class of products 126 was also
used by Studer et al.*® Later, they also reported that diazonium salts can be generated

in situ by adding MeSO3H and isoamyl nitrite in the reaction media.>
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A) )\R3
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131 o o

Scheme 17: Intramolecular 5-exo-trig cyclizations catalysed by Fe(ll).

1.2.3. Obtention of phenyl radicals

Phenyl radicals have an important role in many areas and not exclusively in
organic synthesis. In Biochemistry, for example, the metabolism of aniline in the
human body generates phenyl radical by the action of myeloperoxidase (MPO).®® This
radical attacks MPO, generating MPQO®* at neutrophils, which causes its depletion
(agranulocytosis). Such side reaction is associated with toxic side-effects of aniline
containing drugs. Siraki et al showed that polyunsaturated fatty acids can trap such
radicals preventing the reaction with MPO and, hence, agranulocytosis.®®

It is remarkable that Meerwein reaction was used as a model to study phenyl
radical additions to alkenes. Besides Meerwein mechanism that proposed the
formation of a phenyl cation, all other proposals have in common the formation of
phenyl radicals, a reactive intermediate that could explain the reactivity discussed
above. Galli in his review details the timeline of the radical approach.®” The advantage

of using phenyl radicals in arylation reactions is the adoption of mild conditions.*®


DBD
PUC-Rio - Certificação Digital Nº 1613320/CA


PUC-Rio- CertificagcaoDigital N° 1613320/CA

50

Diazonium salts are good candidates to generate them because they are easy to
make, stable when BF4s and PFs are the counterions, and easy to be reduced based
on their reduction potentials (Table 1). The positive values indicate that they are good
oxidants and, in other words, prone to be reduced. EWD increase the potentials, while
EDG decreases them. This trend was confirmed by the linear fit between Ei, and
Hammett o* constants with positive slope (o = 0.229).%°

Table 1: Reduction potentials of substituted diazonium salts in sulfolane.>®

R E1/2 vs. SCE R E1/2 vs. SCE
V) V)
N 4-NO, 0.450 4-Me 0.250
4-CN 0.433 4-OMe 0.140
4-Cl 0.350 4-NMe; -0.095
4-Br 0.383 3-Cl 0.410
R 4-| 0.383 3-Me 0.285
4-COy 0.328 2-Cl 0.410
H 0.295 2-OMe 0.153

Besides the use of such compounds as sources of phenyl radicals, other
compounds were used to generate them. Aryl halides are good candidates for this
proposal. They are commercially available, ready to be used, bench-stable in
reactions, and inexpensive. The drawback of these compounds is related to their high

reduction potentials (Figure 10).60-62
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-2.23
-2.50

-1.94 -2.21 -2.90

> E1/2 vs. SCE (V)

Figure 10: Selected reduction potentials of aryl halides.

Two possible mechanisms are proposed to reduction of 134 (Scheme 18).%°
The first is based on reduction to form a radical anion 135, which undergoes
fragmentation to afford 69 and halide anion. A concerted mechanism could also be
plausible. For bromo- and chlorobenzene, the stepwise mechanism is preferred due
to the large bond dissociation energy of C-Cl and C-Br bonds and a low-level 7 orbital
able to accommodate foreign electrons. lodobenzene is a borderline case and the
mechanism is apparently a transition between concerted and stepwise, where

increasing the temperature favors the former.

stepwise
X - :
S ©
_— e © + Br
134 135 69
e T
concerted

Scheme 18: Possible mechanisms to reduction of aryl halides to phenyl radical.
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Many types of methodologies were developed to generate phenyl radicals from
aryl halides. One of the most popular is the use of tin hydrides.® Tributylstannane
("BusSnH) is widely used as a source of "BusSn* radical, which can make homolytic
halogen abstractions to generate carbon-centered radicals.®® Therefore, to generate
the tin radical, an initiator, like azobisisobutyronitrile (AIBN), must be used to abstract
the hydride (Scheme 19). AIBN decomposes into the radical 136 and abstracts the
hydride 137 forming 139. Once in the reaction media, 139 can undergo halogen
abstraction. The driving force of this transformation is that tin radicals have higher
nucleophilic character than carbon-centered ones, so polar factors stabilize TS6 and
the reaction works.®® The Hammett correlation of chloride abstraction to generate
benzylic radicals with tributylstannane have a positive slope (o = 0.81), confirming that

tin radical is nucleophilic.®’

Me>k Me - _Me
N CN 5 > \( + Ny

Me
AIBN 136
Me Me Me Me
R3Sn—H \|/ — R;Sn - D+
1. 138 CN
137 CN
136 139
R L L L LR LR LR ELEEELILEET Halongen abstraction ------------=-=--cczcuu--- "
E + -
: X 5@ / \
i RsSn- —>| R3Sn-—-X--{50 | + RsSnX
138 5O — a0
: 134 TS6 69

Scheme 19: General mechanism of phenyl radical formation by tin hydrides.

The “halophylic” character of tin radicals can be explained in terms of Molecular
Orbital (MO) Theory.%® Sn-X bonds are weaker than C-X bonds, which could be a
drawback to such transformation. However, halogens can donate their lone pairs at p
orbitals to tin through its d empty orbitals (Figure 11). Such interaction is not possible

at C-X bonds, as carbon does not have empty d orbitals available.
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Figure 11: The d-p orbital interaction at Sn-X bond.

The intramolecular version of this approach was widely used in the synthesis
of cyclic compounds. Curran et al treated 141 with 6 equivalents of Me;SnPPh; in the
presence of V-40 as initiator (Scheme 20).%° The first iodine atom is replaced by PPh;
group to give 143, while the second is responsible to generate the radical 144 that
attacks the C=C bond of cyclohexenyl ring. After treatment with Sg the product 142

was achieved in 63% yield.

). YT
Ac A 1) MesSnPPh,, V-40 N O\ N :
' N

I H P(S)Ph, CN

benzene, 80 °C Phy(S)P.
I >
2)s
) S V40
v T
e Me 142
M e
141 ; via /a :
Ac 2 / Ac g /
; N SN 5
: PhyP. i o Me3Sn Ph,P. :
Me Me
‘ 143 144

........................................................................

Scheme 20: Synthesis of 142 by intramolecular cyclization using MesSnPPh;.

Li and Castle synthetized the spirocycle analogous of acutumine (148)
(Scheme 21), an alkaloid isolated from Menispermum dauricum, isolated from an
Asian vine.”® Starting from 145, after 9 steps the intermediate 146 was obtained, the
precursor of spirocycle. The authors used (BusSn). as an initiator to make the radical
149, which attack the C=C bond in a 5-exo-trig cyclization. At the same pot, a radical-
polar crossover was achieved using EtsAl to give 150 followed by hydroxylation with

oxaziridine to afford 147. The spirocyclization was afforded in 62% yield.
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0]
' )
CHO o steps TBSO
| Cl (BusSn),, EtAI (3 eq)
e
BnO OMe oxaziridine (5 eq)
OMe hv, THF, 0°C
145 BnO OMe 62% OMe
OMe Acutumine (148)
146 147
(0] Et,AlIO
TBSO Et;Al oxaziridine
> TBSO
O BnO
BnO OMe
OMe OMe
OMe
146 149 150 147

Scheme 21: Synthesis of 147 by intramolecular cycilzation with (BuszSn), as intermediate of the
synthesis of acutumine

Hart and Wu were interested in the synthesis of gelsemine (151).”* Starting
from 152, they obtained the intermediate 154, after treatment with dialkylaluminum
153 followed by amide methylation, in 72% yield (Scheme 22). Then, the use of
"BuSnH combined with AIBN allowed the spirocyclization to achieve 155 in 95% in
equal amounts of diastereomers. These reactions were used as a model to the
synthesis of 151. Compound 156 was used as starting material and, after 4 steps, 157
was prepared. Treatment with tin hydride and AIBN gave 158 and 159 in 42% each. If
the alkyl group bonded to the amide nitrogen is bulker, it would induce the formation
of the right stereochemistry at C4. So then they tried a new route starting with the
available 160 and, after 4 steps, submitted 161 to radical arylation and obtained 162

in 46% as a gelsemine analogue.
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Br,
Br;
1) MezAIHN j@
Me ny
153 - Mesy BuSnH, AIBN
o

W
2) NaH, THF, Mel benzene, reflux )/\\\
(0]
72% (2 steps) MeO 95% MeO
154

B)

OMe Me

\
4 steps Br \ "BuSnH, AIBN OMe N

—M —_
e o e _OMe Me—N ca + \
5 benzene, reflux MeO /MeO
156 o =

157
Br.
Cc
) OMe MeOH,C,_ @
N OMe
4 steps (e} "BuSnH, AIBN
I
o) ‘N e o
\ benzene, reflux
Me MeO' ‘N
=" \ 46%
Me pp
=
Ph
160 161 Ph

Scheme 22: Total synthesis of a gelsemine analogue.

Silicon would be expected to have similar properties as tin. They are elements
of group IV and Si also have available d orbitals to interact with halogens making Si-
X bonds.®® Silane compounds are the ones that have Si-H bonds. Compounds like
(TMS)sSi-H, called as supersilane or TTMSS, have Si-H bonds weaker compared to
MesSi-H according to their bond dissociation energy (83.7 and 94.6 kcal/mol,
respectively).”>”® The radical (TMS)sSi® is more stable than MesSi® and more capable
of abstract halogens.”>7*

The mechanism associated of halogen abstraction to generate phenyl radicals
is like stannanes. AIBN can be used as initiator to generate (TMS)3Si®.”>"® Reports
show the reductive dehalogenation of 163 to give phenanthrene 165" (Scheme 23A)
and generation of phenyl and heterophenyl radical followed by radical trapping to
make C-C bonds (Scheme 23B).78"°
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TTMSS (1 eq) 00B
164 (5 mol%), MsOH 5mo|% u
OOBu
DCM, rt, 30 min
94%

B) H Br,
R H
N R N
I / TTMSS, AIBN \ N
P o\ @ —_—
Br Nx CHClj reflux Ph ON=
N O NN
\\/N\ Br X~ TBn
Bn
166a-c 167a:R=H 90%

167b:R=Ph  90%
167c: R =2-Py 94%

Me Me

Me |
Me HN N
RN TTMSS, AIBN .
S N > %
7N | xylene, 80 °C cl
oo M
Br cl

Me 169 Me 170
168 63% 18%

/

Scheme 23: The use of TTMSS in the reductive dehalogenation of aryl halides.

Kizil and Murphy used TTMSS approach in a step of synthesis of a tetracycle
found in indole alkaloids like aspidospermidine (175) (Scheme 24).8° Starting from
171, the intermediate 172 was obtained after 4 steps. The treatment with TTMSS in
the presence of AIBN afforded 173 in 43% yield. After 10 steps, the desired tetracycle

174 was achieved.

45'9"5 N, TTMSS, AIBN NH 10 10 steps
e
benzene, 80 °C

43%
171

Aspidospermidine (175)

Scheme 24: Synthesis of the tetracycle 174.

1.2.4. Kinetics of phenyl radical addition to C=C bonds

The study of kinetics provides some information about the reaction

mechanism, which is useful for synthetic purposes. The evaluation of rate constants
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was a popular field of study in Organic Chemistry in the 70’s and 80’s. Techniques like
laser flash photolysis and time resolved measurements are used to photogenerate
radicals in the presence of a substrate to trap it. The former technique is based on the
absorption of photons with specific wavelength emitted from a pulse laser. In the
desired reaction, the C-X bond is photochemically broken to generate phenyl radicals.
This approach can measure rate constants for the radical addition step. For this, the

following mechanism is considered:

Initiation
| + Ar-X — Ar® (7)

Phenyl radical addition
Ar* + C=C — ArC-C* 8)

Once the radical is formed, the aryl radical addition step dictates the reactivity,
i.e., the radical addition to the unsaturated compound is the rate-determining step, as
previously reported.?¥® Phenyl radicals can either promote hydrogen atom
abstractions or additions to 1T-systems, with the latter tending to be faster. The work
of Skoultchi et al was one of the first reports to study phenyl radical additions to
olefins.8* The authors tried to use kinetic data to understand the mechanism of
Meerwein reaction. The reactions were carried out mixing excess of the alkene with
diazonium salt at room temperature under nitrogen atmosphere. The complete data

set is shown at Table 2.

Table 2: Relative kinetic constants for phenyl and p-chlorophenyl radical addition to different alkenes.

Alkene 69 181
Kx/K177 Kx/K179 Kx/K177
70 0.86+0.02 0.74+0.02 1.47+0.03
176 0.79+0.03 0.69+0.02 0.97+0.04
177 1.00 1.00
178 1.07+0.01 0.93+0.06 1.52+0.06
179 1.00
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Figure 12: Alkenes and phenyl radicals studied by Skoultchi et al.

Styrene (70) showed a significant change in reactivity when a chlorine atom is
present at phenyl radical. Its reactivity increased, which evidenced the presence of
polar effects acting on phenyl radical. As chlorine is an EWG, it makes the radical
more electrophilic and 70 would act as a nucleophile. The same trend was observed
to the other alkenes. Methyl acrylate (176) was less reactive than acrylonitrile (177),
which suggests that the CN group tends to stabilize more the radical adduct formed.
However, when a methyl group is bonded to the not attacked carbon (178), Kre
increases compared to 176, suggesting that the reactivity also increases.

The reactivity under polymerization conditions was investigated by Bevington
and Ito.®® Benzoyl peroxide was used as phenyl radical source and the reactions were
carried out in the presence of DMF at 60°C. The authors observed that addition to
styrene is almost 12 to 20 times faster than hydrogen abstraction. As shown above,
178 is more reactive than 70 and the rise in temperature increases the reactivity
difference (Table 3). On the other hand, vinyl acetate (180) is much less reactive then
70. It clearly indicates that EWG-activated alkenes react faster than the deactivated

vinyl acetate.

Table 3: Relative rate constants for phenyl radical additions at 25 and 60 °C obtained by Bevington and
Ito.

Temperature (°C) 70 178 180
60 1.0 1.7 0.08
25 ®4) 1.0 1.2

Pryor and Fiske observed the same kind of results of Bevington and Ito (Table
4).8¢ |t is clear that the activation of alkene increases the reactivity. Compounds 180
and 182 were 3.4 and 1.7 times, respectively, less reactive than 176. Adding
substituents at the not attacked carbon increased reactivity, as reported previously by
Skoultchi et al. Surprisingly, 185 was 2.17 times more reactive than styrene. The

attack promotes the formation of a radical adduct stabilized by resonance, but the
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presence of a heteroatom increased such stability. Kirschstein et al. showed that

addition to 182 is 10 times slower than addition to ethyl acrylate.®’

Table 4: Relative rate constants of phenyl radical addition obtained by Pryor and Fiske.

Alkene kx/Ksa Alkene kx/Ksa
70 1.0 184 1.24
180 0.23 178 1.78
182 0.46 185 2.17
176 0.78 178 2.46
183 0.79

CO,Et | X :

ad Et0,C_~ NS :

182 183 184 185 ;

Figure 13: Alkenes studied by Pryor and Fiske.

These three works above reported relative rate constants. Until that moment,
no absolute data was published. Scaiano and Stewart obtained absolute rate
constants for a series of phenyl radical reactions. The addition to 70, 186 and 176 are
considered fast processes, with rate constants ranging from 107 to 108 M s1.88
Preidel and Zellner found slower additions to 187, 188 and 189 (k = 1.2x10%, 1.6x10*
and 4.8x10° M* s1, respectively).® It proofs that substituents that stabilize in a certain

way the radical adduct increase the reaction rate.

Figure 14: Alkenes and 4-nitrophenyl radical used in Scaiano and Stewart work.

The presence of EWG substituents at phenyl radical tends to increase the rate.
Kosugi et al. observed that p-nitrophenyl radical (192) adds 10.7 times faster to allyl
methyl sulfide (190) and 15.4 times faster to allyl phenyl sulfide (191).%° Vismara et al.

pointed that reaction of p-chlorophenyl radical to a,B-unsaturated carbonyl compounds
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prefer the addition to a-carbon with rate constants ranging from 1.77x10’ to 1.33x108
M1s1 % DFT analysis, at B3LYP/6-311++G(d,p) level of theory, of the addition of
phenyl radical to 176 revealed that phenyl radical had no remarkable nucleophilic or
electrophilic character.®? Zhao et al. estimated that addition of p-chlorophenyl radical
to vinyl acetate has k = 2.7x10° M1s1.%3

Finally, the influence of solvent polarity was also evaluated for addition to 178
relative to 70 at 60 °C. Solomon et al** observed that at apolar solvents like benzene
and toluene the rates are similar (ke = 1.00 and 1.03, respectively). At polar solvents
70 tends to be less reactive (ke = 1.22 and 1.14 for acetone and butan-2-one,

respectively).

1.3.
Photoredox a-arylation of carbonyl compounds

As shown above, radical arylations gained attention after the development of
the Meerwein arylation. During the 80’s and 90’s, the use of tin hydrides to generate
aryl radicals was desired as an efficient methodology. However, the use of tin
complexes, which are highly toxic, is a disadvantage. Alternatives to generate such
radicals are being researched. In this section, the use of photoredox catalysis is
discussed as a platform for the a-arylation of carbonyl compounds. Such compounds

have three preferential positions to be attacked by radicals (Figure 15).

Direct (ipso) o

arylation a-arylation

Figure 15: The possible positions of aryl radical attack onto carbonyl compounds.

The first direct arylation of carbonyl compounds was developed by Xia et al
(Scheme 25).% The reduction of C=0 and C=NR bonds is a challenge and proton-
coupled electron transfer (PCTE) showed great advances to this proposal.®®®’ The
authors suggested two photocatalytic cycles, each one generating a radical to
combine and form the product. In both cases, EtsN was used as a photocatalyst

reducing agent. The radical cation 197 can act as Lewis acid (199) or its tautomer can
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be a hydrogen bond donor (200). A PCTE reaction carries out to generate the radical
201. The second cycle is responsible to generate the aryl radical reducing 202 to 203.
After radical combination (204) and loss of cyanide, the product 195 is achieved. This
approach was supported by other kinds of ipso-functionalization.%-10

X CN XH

[Ir(ppy)2(dtbbpy)]PFg (1 mol%)
R + X > X
| _ Et;N (3 eq), MeOH, 1 h R
v 20 W Blue LED Y
X=0,NR} iY=CHCN, N 35-97% 195
193 194

SN == " X
Ir(ll R —_—
1& I r(in) O)‘\ _ ©)‘\R

1
196 Ir*(IIU(III) ‘R /\
Ir(lll
y cN Ir(im)

Ir*(llr)

196
Ir(l1)
197

204

Scheme 25: Xia’s direct arylation of carbonyl compounds.

The B-arylation was established by MacMillan et al based on the activation of
enamides (Scheme 26).1°? This methodology was an important advance in B-carbonyl
functionalization, as usually such reaction is achieved by addition of soft nucleophiles
to a,B-unsaturated carbonyls. The key step is the formation of the B-enaminyl radical
(214). The authors supposed that B C-H bond of radical cation 213 is weak and prone
to ease deprotonation. The generated 5tre species 214 was able to couple with the
radical anion 203 to give the intermediate 215 and, finally, the product 211. The

functionalization of B-position was further expanded to other kinds of radicals. %314
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Scheme 26: B-arylation of carbonyl compounds.

1.3.1. Generation of phenyl radicals by photoredox catalysis

This Dissertation’s interest is the discussion on photoredox a-arylations. But
before presenting the Chemistry behind these methodologies, it is reasonable to show

how phenyl radicals can be generated in the photoredox context. Previously, two
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sources were presented: diazonium salts and aryl halides. Such compounds are
extreme in a range of aryl radical sources based on reduction potentials. Diazonium
salts have E1» > 0V and are easy to be reduced. On the other hand, aryl halides have
stronger C-X bonds and E1» < -1.0 V. Two extensive reviews discuss the use of these
compounds and others as phenyl radical sources in photoredox catalysis. 105106

As pointed out in the first photoredox reaction (Scheme 1), [Ru(bpy)s]** can
reduce diazonium salts by SET mechanism. The group of Prof. Burkhard Kénig
extensively used diazonium salts in arylations of heteroarenes (217) (Scheme 28A)
and in Meerwein-like additions (Scheme 28B).

N

Y

217 ’ N\

eosin Y (1 mol%)

DMSO, 20 °C
Green light (530 nm) Y=OSNBocd
A) 218

N,*BF 4 up to 85%

X

B) 70
[Ru(bpy)s]Cl, (0.5 mol%)

L
v

216

solvent, 20 °Ct

visible light
MeCN/H,O DMF/H,0O
219 220
20 -92% up to 76%

Scheme 27: Photoredox arylations with diazonum salts.

Additions with 221, derived from anthranilic acid, could afford isochromanones
and isochromenones (223) (Scheme 28A). Alkynes were also used to make
benzothiophenes (226) (Scheme 28B) and phenanthrenes (228) in a Pschorr-like

reaction (Scheme 28C).
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* )\ > 0
R MeCN,23°C,2h
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221 222 25 - 86% 223

B)

\

R
top -
N, "BF4 g [Ru(bpy)sIClz (2 mol%) N\
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SMe MeCN, 23 °C S
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224 225 226
up to 75%
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C) "
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225 Green light (530 nm)
227
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Scheme 28: Photoredox arylations of alkenes and alkynes followed by intramolecular cyclizations.

The arylation of heteroarenes can also be carried out by merging photoredox
with other metals and cross-coupling reactions. Sanford et al developed ligand
directed C-H arylations using Pd(OAc). (Scheme 29).1%7 The reaction starts generating
the radical 69 in the photoredox cycle. It coordinates to 231 thus forming a Pd(lIl)
species 232 that is oxidized to Pd(IV) (233) by Ru(lll) and the reductive elimination
step gives the desired product 230.
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N,"BF 4 [Ru(bpy)s]Cl2.6H,0 (2.5 mol%)
N\ Pd(OAc), (10 mol%) N\
*L CH > | C
MeOH, 25 °C
229 26 W light bulb 230
216
up to 87%
3 Ru*(ll)
j\ i lm
69
216 Ru(m( @
|/v II
~ L;Pd/
C ~
231
: S ; /M
: : L C-H
E L C-H N E /\
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Scheme 29: Arylation of phenylpyridines with diazonium salts merging photoredox catalysis and cross-
coupling reaction.

The combination of cross-coupling and photoredox catalysis as a dual
catalysis approach became popular after Sanford’s work. Xu et al prepared biphenyls
(236) merging acridines as photocatalyst and Pd(OAc). (Scheme 30A).1%® According
to mechanistic experiments, they proposed that a palladacycle is generated in situ with
starting acetanilides. Guo et al promoted selective arylation of 6-arylpurine
nucleosides (237) with tolerance to a large range of functional groups (Scheme
30B).1%° Other metals such as gold can also be combined!'®-13 especially when

coupling with alkynes is desired!'* (Scheme 30C).
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Scheme 30: Photoredox arylation merged with palladium and gold catalysis.

Aryl sulfonyl chlorides (241-243) and diaryliodonium salts (244) are other

classes of compounds that are used as phenyl radical sources. They have lower

reduction potentials as compared to diazonium salts (Figure 16).1%

S0,Cl S0,CI
Me M
Me Me
241 242 243
Ejj; vs. SCE (V) -1.37 -1.45 -0.51

®, LR Eyp vs. SCE (V) i
7R R=H 068 !
= | o 4-NH, -0.82 !
PF 4-OMe -0.74 !
\\R ® 4-Me 071
4-F -0.64 :
244 4-Cl -0.60
4-Br -0.59 !
4-CF;  -0.42
4-NO, -0.38 !
3-NO, -0.41 !

Figure 16: Reduction potential of some aryl sulfonyl chlorides and diaryliodonium salts.®:115

Ollivier et al obtained aryl radicals from 244 to carry out arylation in allyl

sulfones (245), where the Ts is a leaving group, to obtain 246 (Scheme 31A).1°

Greaney et al used the same phenyl radical source to obtain 247 (Scheme 31B).1%’

The methoxy group came from the solvent acting as a nucleophile. The use of sulfonyl

chlorides (248) usually requires low heating to eliminate SO, as observed by Reiser
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et al that temperature is a key factor if C-S or C-C bond formation is desired.'!® Li et
al designed the synthesis of 1H-indenes moieties (250) using a photoredox step
(Scheme 31C).'*° The same group used a similar approach to make the cycle 252
(Scheme 31D).1%°

/“\/Ts
R 245
[Cu(dpp)2](PFe) (0.5 mol%) ©\/u\
DIPEA, MeCN, rt, 30 min R

Green LED (530 nm)

A) 246
®'© 43 -80%
PF?
244 B) 70
Ir(ppy)3 (1 mol%) OMe
Zn(OAc)2 (20 mol%)
MeOH, 25 °C O
30 W light bulb 247
25.83%
Q 220 O O
[Ru(bpy)3]Cls (3 mol%)
MeCN, 45 °C, 36 h ‘
36 W light bulb
) .
up to 84% 250

SOZC| R3
©f z

248 )

D) R
R'" 251

[Ru(bpy)3]Cl, (5 mol%)

NaZCO& 40 °C
Blue LED

27 - 88%

Scheme 31: Photoredox arylations using (A,B) hypervalent iodines and (C,D) sulfonyl chlorides.

The last class of phenyl radicals sources is the aryl halides (253). Due to the

difficulty of having reducing agents, many approaches are based on merging
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photoredox with cross-coupling reactions.'*'?2 As the traditional photocatalysts are
not prone to do it, some groups direct their efforts to design new high reducing agents.
The most successful one was developed by de Alaniz et al: PTH has E1, (PC*/PC*) =
-2.1V and is able to make phenyl radicals from iodobenzene and bromobenzene, the
former being reduced in 1 h (Scheme 32).1% The reduction of chlorobenzenes was
also achieved in the presence of EWG.

PTH (5 mol%)
| X > | X
NBuz HCO,H :
P MeCN, rt A&

R R H N :
253 380 nm 254 : H
P X=1 46-100% 15-24h S

\

! X=Br 23-94% 9-72h
i X=Cl 62-94% 24-72h i ! PTH

Scheme 32: Reductive dehalogenation of aryl halides using PTH as photocatalyst.

Since this report, other compounds were obtained with higher reducing power
(Figure 17). Miyake et al introduced diaryl dihydrophenazines (256 - 259) with E1» up
to -2.24 V to applications in atom transfer radical polymerizations (ATRP).?* The same
group investigated 18 phenoxazines and surprisingly the simplest one, 260, was the
most reducing with Ei» = -2.11 V.?® Recently, Nicewicz et al discovered that
acridinium radical 261, when excited at 390 nm, has its N-phenyl ring rotated, which
allows twisted intramolecular charge-transfer (TICT).??® They showed that, when this
compound was irradiated at such wavelength, it could reduce not only aryl bromides

but also aryl chlorides in good yields after 16 h.

¢ 0 QO rE sﬁém

sealoseluisle e gop;

256 257 258 259 ! ; H
-2.36V -2.34V -2.24V -2.06 V e ;

Figure 17: High reducing photocatalysts.
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1.3.2. Photoredox Meerwein reaction as a platform to a-arylations

The generation of the phenyl radicals by photoredox catalysis was an important
step to the development of new Meerwein protocols. One of the substrates used by
Meerwein was coumarin (262), as pointed out previously. Kénig et al showed that 96a
could be achieved in 62% yield (Scheme 33).'?” The proposed mechanism was similar
to the Pschorr reaction (Scheme 1B). Benzoquinone and cinnamic acid were also

arylated in 89 and 49% yield, respectively. The latter was decarboxylated as expected.

N,*BF,
O 2C  [Ru(bpy)sICl, (1 mol%)
+
P DMSO,20°C,2h
455 nm
216 262 62%

only 1 example

Scheme 33: Konig’s arylation of coumarin.

This work opened doors to a-arylations based on the photoredox
methodologies. Kanai et al proposed the arylation of 7-ethoxicoumarin (263) through
new porphyrins (264 and 266) as photocatalyst (Scheme 34).128 Yields up to 78% were
achieved. Compared to the Koénig’s arylation, Kanai's one needed higher temperature
(40 °C) and reaction time. The catalyst must be synthetized in poor yields. Gryko et al
also obtained another porphyrin photocatalyst and showed the synthesis of 267a and
267b in 73 and 71% yield, respectively.?°
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70

264 (10 mol%)

DMS0,40 °C, 16 h
Visible light

up to 78%

266 (1 mol%)

DMSO, rt, 17 h
Visible light

267a: R =Br 73%
267b: R=0OMe 71%

Scheme 34: Photoredox aylation of coumarins using porphyrin-based photocatalysts.

a-Arylation of ketones was achieved by Koénig et al by using enol acetates 268

as substrates followed by hydrolysis (Scheme 35).1%° Great yields of 269 were

obtained with EWG substituents at diazonium 216. The authors observed that the

arylation of enol acetates derived from aldehydes gave trace to poor yields due to

competition with parallel aldol reactions. Oliveira et al carried out the same reaction

catalyzed by porphyrin in a continuous flow approach, thus obtaining reasonable yields

and multi-gram scale reactions.**

N,*BF

268
216

OAc  [Ru(bpy)sICly (1 moi%) J\/Q
/& DMF, rt, 440 nm

up to 95% 269

Scheme 35: Photoredox arylation of enol acetates.
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Cai et al proposed the combination of photoredox and micellar catalysis.®*? The
addition of a surfactant, such as the Triton X-100, was able to proceed with arylations
producing diazonium salts in situ in water as solvent (Scheme 36). The authors got
arylations of the enol acetates in 43 to 91% vyield and addition of 270 in 271 to make
2 in 67% vyield.

eosin B (1 mol%)
BUONO (2 eq)
216 + 268 > 269

TX100/H,0, rt
20 W CFL

43 -91%

eosin B (1 mol%)
|1
) //Cone BUONO (2eq)
O Z TX100/H0, rt O‘

COzMe

NH, 271 20 W CFL

270 67% 2

Scheme 36: Photoredox arylation combined with micellar catalysis.

Mkrtchyan and laroshenko obtained the isoflavones (273) by a-arylation of
enaminones (272) followed by intramolecular cyclization (Scheme 37).132 After the
photoredox arylation, the o-hydroxy group attacks the iminium carbon (274) to afford
the intermediate 275, which after elimination is converted to the isoflavone.
Diaryliodonium triflates were also used as phenyl radical sources with [Ru(bpy)s]Cl.

as the photocatalyst in good yields.

il 1 in'Y (3 mol%) 7
eosin mol%
+ F N~ >
| DMSO, rt, 3 h |
OH Green LED o

216 272 52 -92% 273

Scheme 37: Synthesis of isoflavones by photoredox arylation of enaminones followed by intramolecular
cyclization.
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Li et al used Meerwein’s approach to carry out alkene carboarylation with CO
to give 277 in yields ranging from 45 to 87% (Scheme 38).13* The excited photocatalyst
oxidize DABCO (278) into the radical cation 279, which reacts with HCO:K to generate
CO,*. This radical anion reduces 253 and then 69 reacts with 276 to form the radical
281. After its reduction to 282, the carbanion reacts with CO; to give 283 followed by
methylation to achieve the desired product 277.

1) [Ir(ppy)2(dtbbpy)]PFg (2 mol%)
DABCO, K,CO3, HCO,K
X DMSO, rt, 24 h

Blue LED CO;Me

+ CO, + >
2) Mel, K,CO
(1 atm) ) G O
45-87% ‘

© 276
253

Cco, [N(\J |r*(|||) (i) ‘a

280

Scheme 38: Li’s carboarylation of alkenes.

Meerwein reaction in styrenes can also be used to make ketones. Molecular
oxygen can react with carbon-centered radicals and after several transformations
produces alkoxyl radicals. Such transformations were used by Cai et al to make a-aryl
ketones in up to 90% vyield (Scheme 39).1% The reaction was based on Meerwein
addition to 70 followed by reaction with O, to give the peroxyl radical 286 and the
alkoxy radical 287. Then, a 1,2-hydrogen shift occurs to give 288, which after SET
forms the desired product 284.
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+
~
=)
\

Oy MeOH, rt, 10 h

N,*BF
fz ¢ [Ru(bpy)3]Cl, (2 mol%) O

Blue LED
(o}
216 up to 88%
284
70 Ph Oz Ph
©/\/ E [ :] OT\O
“_ 285 286
Ru*(ll))\/—\ l
Ru(ll
(I ._Ph Ph
P A
69 OH O,
287
Ru(ll) 288
21
284

Scheme 39: Synthesis of arylketones by oxidative arylation of styrenes.

Jiang et al used a similar fashion to develop a new strategy for the synthesis
of a-aryl esters starting from acrylonitriles (Scheme 40).2*¢ The ester formation was
achieved in up to 88% yield. The proposed mechanism is like Cai’'s aryl ketone

synthesis, however a nucleophilic substitution at formed 294 allowed the ester

formation.
N,*BF,
[Ru(bpy)s]Cl; (2 mol%)
+ /\ N >
c O, ROH, rt OR
177 Blue LED T
216 up to 88% 289

CN

A
¢ \Q Jox- &
Ru(lll)

C
289

294

Scheme 40: Synthesis of acrylonitriles by oxidative arylation of styrenes.
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Synthesis of 3-aryl-4-(N-aryl)aminocoumarins via photoredox

catalysis

2.1

3-Arylcoumarins: a privileged scaffold

Coumarins are usually used as a prototype of new drug candidates, such as
anticancer®-%  antiviruses'*1%3, antimicrobial***1% and antioxidant**’-4°. Their
structures have two pharmacophoric groups: the aromatic ring, that can promote
hydrophobic interactions, such as tr-interactions, and the lactone group, that is a
hydrogen bond acceptor with receptors and enzymes (Figure 18).1*° More than 1300
kinds of coumarins were discovered and typify a huge class of natural products,
usually obtained as secondary metabolites of plants, bacteria and fungi. Most of them

have oxygenated substituents at positions C5, C6, C7 and C8.15%:152

Aromatic ring: o o Lactone:
hydrophobic hydrogen bond
interactions = acceptor

Figure 18: Pharmacophoric groups of coumarin and its numbering.

The presence of a phenyl ring at position C3 gives to coumarin extra
functionalization possibilities; it was explored in the synthesis of new drug candidates.
Coumarins 295 and 296, commonly named as isoglycycoumarin and licoarylcoumarin,
have an aryl group at position C3 (Figure 19). These compounds showed great activity
for HIV TPA promoter-suppressive effects.’®® Based on this fact, Olmedo et al
proposed new 3-arylcoumarins as candidates for HIV inhibitors. Compound 298 was
the most potent to inhibit the virus replication. Despite 297 having lower activity,
experiments showed that the mechanism related to the biological activity is different
from 298. HelLa-Tat-luc and HelLa-Tat-ON essays pointed that 299 had specific

inhibition to such targets, besides the reasonable activity.
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HyCO l 0._0
L
SCH OH
297 298 299

ICs0 (RV) = 20,7 umol L' ICs0 (RV) = 18,2 umol L™’ ICs0 (RV) = 23,8 umol L™

Figure 19: 3-Arylcoumarins with anti-HIV activity.

Ong et al studied the structure-activity relationship (SAR) against inhibition of
viral protein R (Vpr) of HIV-1.% Compound 300 was used as prototype for new
synthetic coumarins (Figure 20). The authors observed that the OMe group at position
5’ of ring C and the presence of a carbamate group are essential for the inhibition of
Vpr. Based on these results, they synthetized 301 and 302, called as vipirinine. They
found out that such compounds probably bind the target protein in the hydrophobic

region about residues Glu-25 and GIn-65.

rL 0 0._0 O\J 0 0._0 @\1 o 0._0

a OcH; b
TYYQ T YT

300 OCH; 301 OCHj 302 OCHj

Figure 20: 3-Arylcoumarins with anti-HIV activity.

In the treatment of cancer, many studies show that 3-arylcoumarins are
promising scaffolds (Figure 21). Li et al obtained 303 inspired by the osthole (304), a
natural product obtained from Cnidium monnieri (L.) Cusson, a plant used in traditional
Chinese medicine.'® Their synthetic coumarin had greater activity against MCF-7 and
MDA-MB-231 cells (breast cancer). Preliminary SAR studies pointed out that the 7-
OMe and the 3-phenyl group are essential for the biological activities. Compounds 305
and 306 showed in vitro activity against human gastric cancer SGC7901 cells (11.15

and 12.60 uM, respectively) and cervical cancer HelLa cells (7.00 and 7.68 uM).**®
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MeO o__0
Z
OCF,4
303 304 (Osthole)
0.24 uM (MCF-7) 25.8 uM (MCF-7)
0.31 uM (MDA-MB-231) 30.2 uM (MDA-MB-231)

305 306
11.15 uM (SGC7901) 12.60 uM (SGC7901)
7.00 uM (HeLa) 7.68 uM (HeLa)

Figure 21: 3-Arylcoumarins and their anticancer activities (ICs in pM).

A series of 3-(4-nitrophenyl)coumarins were evaluated in tumor cell lines.
Compound 307 showed cytotoxicity to human lung cancer A549 cells (12.2+1.85 uM),
MDA-MB-231 cells (27.6+3.4 yM) and prostate cancer PC3 cells (18.2+0.2 yM).157-15°
The presence of OAc groups at positions C7 and C8 was responsible for the observed
cytotoxicity. Detsi et al obtained 3-arylcoumarins with substitution at position C5.%°
Compounds 308 and 309 showed ICso = 1.8 and 6.1 yM against HelLa cells,
respectively, and 310 showed ICso = 9.7 uM for human neuroblastoma SK-N-SH cells.
Finally, Blagg et al showed that these coumarins are Hsp90 inhibitors. Compounds
311 and 312, which have a methyl group at position C8, exhibited ICso = 4.51+£0.42
and 4.9410.03 uM, respectively, for estrogen receptor negative, Her2 overexpressing
breast cancer cells (SKBr3) and 1.65+£0.16 and 1.24+0.06 yM for MCF-7. Compounds
313 to 315 had better activities for SKBr3 (Figure 22).
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307 308 309
12.2 uM (A549) 1.8 uM (HeLa) 9.7 uM (SK-N-SH)

27.6 uM (MDA-MB-231) 6.1 uM (HeLa)
18.2 uM (PC3)

311
4.51 uM (SKBr3)
1.65 uM (MCF-7)

(0) o} O
PoRoe

310

Bu
312 313
4.94 uM (SKBr3) 4.42 UM (SKBr3)
1.24 uM (MCF-7) 2.36 uM (MCF-7)

O o) o)
O/ O i Y
N
Me” = Me/'\O/ O Z

314 315
3.33 uM (SKBr3) 0.98 uM (SKBr3)
3.08 uM (MCF-7) 0.81 uM (MCF-7)

Figure 22: 3-Arylcoumarins and their anticancer activities (ICso in pM).

Studies reported that isoflavones showed activity as binding peroxisome
proliferator-activated receptors, which appeared to be candidates for obesity and type
Il diabetes drugs.!®%12 Based on this, Wang et al proposed 3-aryl- and 4-
arylcoumarins as a-glucosidase and advanced glycation end-products (AGE)
formation inhibitors due to the structure similarity to isoflavones (Figure 23).163
Compounds 316b, 316e and 316f showed the best results for both biological activities.
Analysis in vivo showed that 316c and 316f had equipotent results as compared to

glibenclamide, the positive control.
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a-glucosidase AGEs
inhibitory inhibitory

activity activity
316a: R' = Me; R® = OH 16.39 >1000
316b: R® = R® = OH 19.91 1.42
316c: R® = OH; R” = OH 11.54 24.68
316d: R® = Me; R® = R® = OH 11.49 45.75
316e: R® = OH; R® = R8 = OH 1.37 2.52
316f: R® = OMe; R® = R® = OH 10.81 5.21
316g: R2=R3=R®=R®=OH 247.34 14.16

Figure 23: 3-arylcoumarins and 1Cso (M) for a-glucosidase and AGEs inhibition.

Vifia et al synthetized 3-arylcoumarins to evaluate the affinity with human
monoamine oxidase B (hMAO-B) as candidates for treating neurodegenerative
diseases (Figure 24).1%* The authors observed compounds with ICso at picomolar
range. The best compound, 317e, had the 1Cso = 134+0.009 pM, more active than the
selegiline, the reference compound. An extensive SAR was carried out through
molecular docking calculations and showed that R* might be a small group to better
interact with the protein. Bromine at R® and R* positions allows better fit in the cavity.
Other studies supported that this scaffold has a potential to be a drug for

neurodegenerative diseases.!65-1%9

|C50 (nM)
. , 317a:R" = Me; R* = Me 0.31£0.02
; i 317b:R' = Me; R® = OMe 0.80£0.05
; i 317c:R" = Me; R®=Br; R* = OMe  0.74+0.02
; i 317d: R' = Me; R* = Br 0.387+0.026
: ! 317e:R' = Me; R3 = Br 0.134£0.009
; i 317f:R" = OMe; R* = Br 0.3200.017
' ' 317g:R'= OMe; R® = Br 0.650+0.035

Figure 24: 3-arylcoumarins and I1Cso (nM) for hMAO-B inhibition.

2.1.1. Synthetic value of 3-arylcoumarins

The 3-arylcoumarins compounds have important value as intermediates of the
coumestans synthesis. Coumestans are a class of natural products based on
coumarin nucleus with a fused benzofuran ring (Figure 25). They have a great number
of bioactive applications, such as antiophidic'’®*"2, anticancer'’*'8 anti-HCV83,
antitubercular'®18  osteogenesis promoter®8’ and adipogenesis inhibitor!®® and

antiobesity and other metabolic disorders®. Replacing benzofuran by an indole ring
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gives the nitrogen analogue, azacoumestan or indole[3,2-clJcoumarin. On the other
hand, such analogues have few descriptions of their biological actions, including three
patents and an in silico study of only one azacoumestan.!8®-19 The presence of the
nitrogen atom is interesting due to the possibility of functionalization at this position.
Our group has shown that the presence of the N-tosyl group in the carbapterocarpan
LQB-223 is important for its anticancer activity.'%

Figure 25: Structure of the coumestan and the azacoumestan.

The coumestans (318) synthesis can be divided in three groups (Scheme
41).1% The Group | is based on the formation of the C-O bond at 319 with the presence
of a leaving group at the phenyl ring at the C3 position. This is the most developed
method in the literature, however it is common to adopt the use of expensive catalysts,
such as palladium salts and enzymes, harsh reaction conditions, and the use of
starting materials that need more than one step to be prepared.’®>1% Group Il is a
similar approach, however an a-pyrone intermediate (320) is required. Finally, group

3 is based on the oxidation of pterocarpans like 321.

Group Il
320

Group Il
321
Scheme 41: Synthetic strategies to achieve coumestans.
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The nitrogen coumestans analogues, azacoumestans (322), on the other
hand, have more synthetic approaches (Scheme 42). Starting from the coumarin
scaffold, four different methods were rationalized to make these compounds.

323

326

Scheme 42: Synthetic strategies to achieve azacoumestans.

Route A was based on an intramolecular Heck cyclization of 323 (Scheme 43).
The authors developed a new palladium/cobalt bimetal catalyst (327) and obtained
322 and 328 in 73 and 79% vyield, respectively.'® The catalyst requires a two step
synthesis with high cost reactants and the small scope of the work were limitations for

the use of this methodology.
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Ph—<e> PPh,

0__0 proTee e -
. 327 (0.5 mol%) 5 @
' ! Co ,Ph
HN DABCO, dioxane, 100 °C '

la=)

5

i
4

a
o’
Q

322 328
24 h/73% 12h/79%

Scheme 43: Synthesis of azacoumestan by intramolecular Heck cyclization of 323.

Route B proposed by McGlacken et al was initially planned to coumestans
synthesis (Scheme 44).2° The authors observed that azacoumestans could also be
obtained from 324 by the two proposed methods in yields in the range from 88 to 95%.
The intended cross dehydrogenative coupling (CDC) required the use of Pd(OAc); as
catalyst, and air or AQOAc as oxidants; however, the latter reduces the reaction time.
Besides the intramolecular coupling, secondary enaminolactones and the presence of

electron-withdrawing groups at both aromatic rings were not evaluated.

00

| Method 1: Pd(OAc), (15 mol%)

1// = ar, HOAc, 100 °C

R
HN. .  Method 2: Pd(OAc), (10 mol%)
| AgOAc (2 eq), HOAc, 100 °C

B2 R

Examples

322 329 OMe
1) 28 h / 95% 1)24 h/91%
2)10 h/ 95% 2) ==

330 331
1) - 1) 24 h /90%
2)12h/88% 2) -

Scheme 44: Synthesis of azacoumestan by cross dehydrogenative coupling of 324.
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Route C was conducted by Kappe et al and was based on the substitution of
the OTs group at 332 or the Cl at 333 by azide, followed by the intramolecular
cyclization with loss of N2 (Scheme 45).2°! The azacoumestan 330 was achieved in
excellent yields. Coumpounds 332 and 333 were obtained from 336, which was
synthetized from the Pechmann condensation of 334 and 335.2° Only two examples
were given, with high yields, and they were not able to evaluate the tolerance of the

methodology against functional groups and sterics, for example.

MeO MeO
NaN3 1)NaN3 DMF, t.a.
= P
DMF 150 c 2) DMF, 150 °C O

Route C1 Route C2

Route C1: 88% 333
Route C2: 98%
1) POCly
TZQL D1N£AhP . reflux, 60 - 90 min
pyridine, , I 2) NaOH, H,0, 0°C

MeO (0] O
OMe 1 reflux, 3 h O
HOAC rt O
OH

336

Scheme 45: Synthesis of azacoumestan by intramolecular cyclization of azides.

Finally, route D was developed by Charushin et al and was inspired at the
reductive cyclization of 326 by the Cadogan-Sundberg reaction under microwaves
(Scheme 46).2% The authors reported that the synthesis of the starting material 337
was achieved after failed attempts of the Pechmann condensation, even when strong
bases like KO'Bu were employed. For this purpose, the salicylaldehydes 342 were
reacted with the nitrated homoveratronitrile 343 in the presence of piperidine. The
intermediate pyranimines 344 were further treated with H,SO, in ethanol, to achieve
the desired coumarins. The NO; group at ortho position of the C3 phenyl ring was
reduced in situ by the presence of P(OEt); and followed by the cyclization. The access
to this phosphite can be difficult as this chemical is controlled by the Brazilian Army.
When it was changed to PPhs, some of the reactions did not work, which suggests

that strongly nucleophilic phosphines are necessary.
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P(OEt)3 (1,5 eq)

diglyme / MW 250 W
200 °C, 25 min

R1
oH NC/\/©:OMe piperidine (5 mol%)
OMe
0O,N OMe EtOH, reflux, 5 h
R2 CHO 2
OMe
342 343
344
R1
H,SO, EtOH 0
344 —mm
oM
reflux, 2h  R? = e
02N OMe
345
83 -98%

Scheme 46: Synthesis of azacoumestan by Cadogan-Sundberg reaction.

2.1.2. Synthesis of 3-arylcoumarins by cross-coupling reactions

The 3-arylcoumarins can be synthetized in two different approaches. The first
one is based on building the coumarin scaffold already having the aryl group present
at the starting materials through condensation reactions, such as Pechmann?%4205,
Perkin1%7:206-210 or Knoevenagel?''?2, catalyzed condensation by N-heterocyclic
carbenes, carbonylative annulation between phenols and alkynes?'® and mediated
synthesis by cyanuric chloride?!4,

Conversely, though, the second approach is found on direct arylation of the
coumarin nucleus. One of the possible strategies is using cross-coupling reactions
with palladium catalysts. Matos et al obtained 3-arylcoumarins reacting 346 with

boronic acids (347) in the presence of Pd(salen) as pre-catalyst in 55 — 65% vyields
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(Scheme 47).2® The presence of EDG or EWG did not influence the vyields
significantly. The authors highlight that the 3-chlorocoumarin 346 is commercially
available, differently from the bromine and iodine analogues, which should be
synthetized prior to be used. Despite this fact, the substitution at the coumarin

aromatic ring was not evaluated and such compounds are not available.

B(OH), 0._0
0.0 Pd(salen) (0,5 mol%)

+ X = AN

F | Na,CO5; DMF/H,0 (1:1) |

Cl X 3,
R 110 °C, 120 - 180 min R//
346 347
96a: R=H 61%

348a: R = 4-OMe 58%
348b: R=4-NO, 65%
96b: R = 4-ClI 61%

Scheme 47: Arylation of coumarins by Suzuki cross-couping reaction.

Jafapour et al promoted decarboxylation of 349 to make the desired coumarins
in the presence of Ag,COs3 as the base and high temperature (Scheme 48).2%° Yields
up to 93% were achieved. The use of ligands, surprisingly, reduced the reaction
performance. The starting coumarin 349 was obtained from the condensation of

salicylaldehyde with Meldrum’s acid.

| 00
@;OIO \ PdCl, (5 mol%) |

+ > AN F + CO
X 2

R// eoon X AgCO; DMSO g |

R2 120 °C, 5 h R//
2

349 360 361a:R' = R2= H 0%
361b: R' = 8-OMe; R2=H 93%
361c: R" = 8-OMe; R2=4-OMe  72%
362d: R' = 5-OMe; R2=H 88%

Scheme 48: Arylation of coumarins by decarboxylative coupling with aryl iodides.

The same group explored two other methodologies with no functionalization of
the position C3 (Scheme 49). The first was based on the use of arylsulfonyl! chlorides
248 with 262, with no functionalization at C3 position.?*” The copper salt was used as
oxidant in 1.0 equivalent, but the author did not conclude its real role in the mechanism.

Yields up to 87% were achieved, however the methodology was not tolerant to the
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presence of electron-withdrawing groups at the coumarin ring. The latter used non
activated arenes (245) with Pd(OAc)., using trifluoroacetic anhydride as solvent.?*®
The authors suggested that the trifluoroacetic anhydride (TFAA) would react with
Pd(OAc), to form Pd(TFA). which is, then, transformed into [Pd(OCOCF;)]*, the
catalytic active species. As the previous method, the reaction was not tolerant to EWG,
with high recovering of the starting materials. Substitution at the 254 with EDG
increased the yields. The formation of biphenyls as subproducts was observed.

S0,CI PdCl, (10 mol%) 00
OO0 Cu(OAc),.H,0 |

| + NG N
1// = | X 1,4-dioxano, 80 °C, 24 h R |

R R2 2//
R

262 248 96a. R' = R2 < H 68%
349a: R' = H; R? = 4-OMe 66%

349b: R' = 7-OMe; R? = 4-OMe 64%
349c: R' = 7-OMe; R? = Me 87%
349d: R' = 6-OMe; R? = H 72%

C(/vl/ O Pd(OAC)Z (10 mol%)
(AN o2 TFAA, 120°C, 16 h R
254

R2
96a: R! = H; R2 = 4-OMe 80%
249a; R' = 7-OMe; R? = 4-OMe 86%
349e: R' = 6-OMe; R2=H 51%
349f: R" = 7-OH; R2=H 60%

Scheme 49: Arylation of coumarins with no functionalization of the C3 position.

To overcome the use of palladium catalysts, Yuan et al proposed the use of
KMnO.4/HOAC with 347 to promote the desired arylation (Scheme 50).2%° The presence
of EWG at 347 harshly reduced the yields, and the protection of the C3 position
induced the arylation at the C4 position. The reaction also showed tolerance to the
use of quinolinones instead of coumarins. The authors observed that the reaction in
the presence of TEMPO and BHT gave trace amounts of the product, which indicated
the presence of radicals in the mechanism. Finally, it was proposed that KMnO4 would
react with AcOH to form a Mn(lll) species, which would oxidize 347 to form a phenyl

radical.
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0~ 0
| +
U |
1
R 2
350 347 350a: R' = R2 = H; R3 = 4-Me 88%
350b: R' = R? = H; R®= 4-CHO 35%
349f: R'=7-OH; R?=R%=H 55%
350c: R' = 7-NH,; R? = Me; R®=H 49%
Scheme 50: Arylation of coumarins promoted by KMnOa.
2.2.
Objectives

Having pointed out the biological and synthetic values of 3-arylcoumarins, the

objective of this work is the synthesis of this class of compounds by photoredox

catalysis. Thus, the following specific objectives can be set out:

2.3.

Development of a methodology to arylation of 4-hydroxy- or 4-
aminocoumarin by photoredox catalysis.

Determination of viable protecting groups for 4-hydroxy- and 4-
aminocoumarin by calculations based on the reactivity parameters of the
Conceptual Density Functional Theory (CDFT).

Optimization and study of the mechanism of the arylation of 4-(N-
phenyl)aminocoumarin with diazonium salts by photoredox catalysis.
Obtention of the N-phenyl-azacoumestan by intramolecular oxidative
amination with hypervalent iodine.

Study of the leishmanial and anti-cancer activities of the synthetized

compounds.

Synthetic plan to synthetize 3-arylcoumarins and azacoumestan

As shown previously, the main reactions to obtain 3-arylcoumarins are based

on the use of cross-coupling reactions. These methods requires the use of palladium

salts and harsh reaction conditions, such as high temperatures and reaction times.

Besides that, oxidants must be necessary for the reaction to work. The photoredox


DBD
PUC-Rio - Certificação Digital Nº 1613320/CA


PUC-Rio- CertificagcaoDigital N° 1613320/CA

87

catalysis showed potential to be a method to overcome these drawbacks but was not
explored with coumarins with higher structural complexity.

The synthesis of 3-aryl-4-(N-aryl)coumarins (354) was planned to be a key step
for the synthesis of azacoumestans such as 355 (Scheme 51). For this propose, the
synthetic plan was based on the oxidative amination of 354, which would be obtained
from the arylation of 353 with 216. Finally, compound 353 would be synthetized from
nucleophilic substitution on 351 with 352.

N,*BF,
@ o ©/photoredox @53 216

oxidative arylation nucleophilic
5 amination 354 ll substitution

C :O: 0 NH,

© [:f:]

OH
351 352

Scheme 51: Proposed retrosynthesis of N-arylazacoumestan 355.

2.4.

Results and discussion
2.4.1. Choice of protecting group

The first attempts of photoredox arylation were tried on 351, commercially
available, and 356, obtained from reaction of 351 with NH4OAc at 180 °C. The
compound 356 was obtained in 60% yield (Scheme 52).

0.__0 0.__0
NH,OAc
OCY e LY
180 °C, 1h
OH NH,

60%
351 356

Scheme 52: Synthesis of the 4-aminocoumarin 356.
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The arylations of 351 and 356 did not produce the desired products 359 and
360, respectively. On the other hand, the diazo coupling products 357 and 358 were
obtained in quantitative yields (Scheme 53).

Desired products

N,"BF,

o) 0 o} o (o} 0
[Ru(bpy)3]Cl3 (2 mol%) : O
+ = - = N//N ' S
DMSO, rt, 2 h \© ; O

OH Blue LEDs 4.5 W OH OH
216 :
351 100% 357 : 359
N,*BF, o.__0O 0.__0 NG
[Ru(bpy)3]Cl; (2 mol%) :
+ P4 = N//N E %
DMSO, 1, 2 h :
NH, Blue LEDs 4.5 W NH, : NH,
216 356 100% 358 : 360

Scheme 53: Diazo coupling between diazonium salt (216) and 4-hydroxy (351) and 4-aminocoumarins
(356).

To investigate why these reactions did not work, the reactivity parameters from
Conceptual Density Functional Theory were calculated at B3LYP/6-31+G(d) level of
theory (Figure 26). The complete description of the equations used to calculate these
parameters is presented at the Experimental Procedures section. The three evaluated
coumarins have lower global chemical potential (u°) than the phenyl radical, so the
latter must act as the nucleophile of the reaction and the coumarins, as the
electrophiles. Hence, the analysis of their electrophilicity is necessary. The global
electrophilicity (w°) indicates that 262 and 356 have similar behaviors (2.26 and 2.21
eV, respectively) and 351 is smaller (2.04 eV). The nucleophilicity scale proposed by
Domingo et al (Figure 27) indicates that phenyl radical would be a weak nucleophile,

which could be a reason for its lower reactivity towards these coumarins.??°
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i n =4.58 _ | n"=4.51 ' n =474 _ :
P 0=2.26 N(C3)=0.24 11 o=308 D o¥=2.04 N(C3)=0.24

356 N(C4) = 0.09

®° = @0 =
i N°=2.58 g2 @(C4=025 | po_q39 ! N°=2.64 oy ©(C4) =025
- N(C4) = 0.11 : 69 |: 351 N(C4) =011}
P op0=-4.47 OF°
b0 C3)=0.22:
i n%=4.54 _ of :
P 0= 221 N(C3)=0.23 |
E NO =267 NH2 (JJ(C4) =0.21 E

Figure 26: Reactivity parameters (in eV) of 262, 351 and 356 calculated at (U)B3LYP/6-31+G(d) level of

theory.
Nucleophilicity scale Electrophilicity scale
N°> 3.00 eV - strong nucleophile ©%> 1.50 eV - strong electrophile
2.00 < N°< 3.00 eV - moderate nucleophile  0.80 < ©°< 1.50 eV - moderate electrophile
N < 2.00 eV - weak nucleophile ©°< 1.50 eV - weak electrophile

Figure 27: Scales of nucleophilicity and electrophilicity.

The analysis of the local parameters (wx and Ny), using the Mulliken atomic
spin density analysis, showed that OH and NH. groups did not change significantly
the electrophilicity and nucleophilicity of C3 position, which was expected to be the
reactive site. Thus, the reason for diazo coupling being majority in relation to
photoredox arylation might be related to the intramolecular hydrogen bond that would
stabilize the diazo product by a 6-membered ring intermediate (Figure 28), as shown

by Zollinger.??!

0] (0] 0) O

=
o i
O\H\\\N\© HN \\‘N\©
357 358

Figure 28: The stabilization of diazo coupling products 357 and 358 by intramolecular hydrogen bond.

Based on these facts, both groups should be protected. The choice of such a

protecting group might be followed up by the increase of chemical potential and,
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hence, the coumarins’ character changing to nucleophilic. The evaluation of the
protecting groups of the OH was carried out by the global reactivity parameters of the
Conceptual DFT (Table 5). Alkyl groups (361a-e), PMP (361f) and benzylic groups
361h and 361i increase the chemical potential in such a way that the coumarins would
act as the nucleophiles. Silyl groups (361I-t) also exhibited the same tendency. These
groups have moderate nucleophilicity according to the calculations, which means that
probably such reactions would not work or give low yields. Surprisingly, the dansyl
group (36lam) was the only sulfonyl protecting group that increased the chemical
potential and would exhibit a strong behavior, probably due to the presence of the
NMe: group, a strong EDG. Its little commercial availability and high price was a

drawback to the useness of this protecting group.

Table 5: Global chemical potential (u%eV), global hardness (n%eV), global electrophilicity (w%eV) and
global nucleophilicity (N%eV) of protected 4-hydroxycoumarins.

Compound R p° n° wb? Nea
36la Me -4.27 4.80 1.90 2.74
361b MOM -4.26 4.74 1.91 2.78
361c BOM -4.23 4.74 1.89 2.80
361d THP -4.17 4.74 1.83 2.87
36le ‘Bu -4.14 4,78 1.79 2.88
361f PMP -4.28 4.75 1.93 2.76
361g PNP -5.09 3.77 3.44 2.43
361h Bn -4.22 4.80 1.85 2.79
361 4-OMeBn -4.16 4.80 1.81 2.85
361j 4-NO2Bn -5.05 3.61 3.53 2.56
361k T™MS -4.66 3.96 2.74 2.77
361l TES -4.14 4.73 1.82 2.90
361m TIPS -4.14 4.72 1.82 2.91
361n TBDMS -4.16 4.72 1.83 2.89
3610 TBDPS -4.12 4.70 1.81 2.94
361p TPS -4.14 4.69 1.82 2.93
361q DPMS -4.14 4.71 1.82 2.91
361r DTBMS -4.16 4.71 1.83 2.90
361s TBMPS -4.21 4.68 1.89 2.86

361t DPTBOS -4.13 4.69 1.82 2.93
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361u Ac -4.54 4.60 2.25 2.57
361v C(O)CHCI -4.73 4.57 2.45 2.39
361w C(O)CHCI: -4.82 3.70 3.13 2.74
361x TFA -5.01 4.35 2.88 2.23
361y C(O)CH2OMe -4.57 4.60 2.27 2.54
361z Piv -4.50 4.60 2.20 2.60
36laa Bz -4.61 4.35 2.45 2.62
361ab 4-NO;Bz -5.35 3.40 4.21 2.36
36lac Pic -4.67 4.07 2.69 2.70
36lad CO.Et -4.47 4.65 2.16 2.61
36lae Boc -4.41 4.66 2.09 2.67
361af Troc -4.66 4.61 2.36 2.44
36lag Fmoc -4.45 3.77 2.62 3.08
361ah Agmoc -5.16 3.40 3.91 2.55
361lai Ms -4.58 4.65 2.26 2.50
3614aj Tf -4.98 4.48 2.77 2.19
361lak Ts -4.66 4.40 2.46 2.55
361al Ns -4.90 3.59 3.34 2.71
36lam Ds -4.18 3.95 2.22 3.26

aLegend of colors:  good; moderate and  weak nucleophile/electrophile.

To validate these calculations, reactions were carried out with some of the
calculated coumarins. The photoredox arylations were carried out using 216 and 248
as phenyl radicals’ sources with 362, 363 and 364 (Scheme 54). As expected, the
desired products (365, 366 and 367) were not observed neither diazo coupling when
diazonium salt was used, suggesting that the useness of reactivity parameters could
be a reasonable analysis to predict if the arylation would work or not as a function of
the protecting group. When 248 was used, the total consumption of the starting
material was observed by TLC after 1 h of reaction, but no product was formed after
24 h, which was further confirmed by GC-MS.
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=
362

XMe -
[Ru(bpy)sICl; (2 mol%)
DMSO, rt, 2 h

Kessil Lamp 440 nm

o} O

N, 'BF, SO,CI Z
2 BFy 2 363

%‘OAC _

or >

[Ru(bpy)3]Cl; (2 mol%)
DMSO, rt, 2 h

Kessil Lamp 440 nm

216 248

=

364
Ts
[Ru(bpy)sfCt; (2 mol%)
DMSO, rt, 2 h
Kessil Lamp 440 nm

Scheme 54: Attempts on the arylation of protected 4-hydroxycoumarins.

Then, the analysis of protected 4-aminocoumarins was carried out (Table 6).
Besides the typical protecting groups, phenyl group (368a) and alkyl groups (368b-d)
were also analysed. Such groups were considered based on their synthetic value and
possibilities of post-functionalization. The compounds 368a-d and 368f-h exhibited
higher u° than the phenyl radical, indicating that such groups would be useful to the
arylation. Turning the attention to the nucleophilicity values, 368p and 368r are
moderate nucleophiles and would not form product if used in the desired reaction. To
continue with this study, compound 368a was chosen to optimize the photoredox

arylation.
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Table 6: Global chemical potential (u°%/eV), global hardness (n%eV), global electrophilicity (w%eV) and
global nucleophilicity (N%eV) of protected 4-aminocoumarins calculated at B3LYP/6-31+G(d) level of

theory.

Compound R p° n° w’ N°
368a Ph -3.72 4.30 1.61 3.54
368b Me -3.68 4.58 1.73 3.14
368c "Bu -3.96 4.58 1.72 3.16
368d MOM -4.10 4.59 1.83 3.02
368e CH.CN -4.41 4.65 2.09 2.68
368f Bn -3.98 4.58 1.73 3.14
368g MPM -3.92 4.57 1.68 3.20
368h Dmb -3.81 4.57 1.59 3.31
368i CHO -4.61 4.49 2.37 2.55
368j Ac -4.48 4.51 2.22 2.67
368k C(O)CH-ClI -4.61 4.48 2.37 2.56
368l C(O)CCls -4.82 4.34 2.68 2.42
368m TFA -4.92 4.37 2.77 2.31
368n Bz -4.51 4.35 2.34 2.73
3680 CO:Me -4.41 4.56 2.13 2.72
368p Boc -4.32 4.56 2.05 2.81
368q Chz -4.37 4.56 2.09 2.76
368r Moz -4.32 4.54 2.05 2.82
368s PNz -5.04 3.59 3.53 2.58
368t Fmoc -4.25 4.22 2.14 3.05
368u Ms -4.59 4.62 2.28 2.51
368v Tf -4.87 4.53 2.62 2.27
368w Ts -4.49 4.53 2.22 2.66
368x Phthalimide -4.92 3.87 3.12 2.55
368y DMN -4.93 3.80 3.20 2.58

aLegend of colors:  good; moderate and  weak nucleophile/electrophile.

2.4.2. Optimization of photoredox arylation

Based on the theoretical calculations of the protecting groups, compound 368a

a was chosen to optimize the photoredox arylation (Table 7). In this reaction only two
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variables must be optimized: catalyst and solvent. Due to iridium complexes are more
expensive, this study was carried out with more “cost-friendly” catalysts. The
photocatalyst [Ru(bpy)s]Clz in 1.0 mol% (Entry 1) gave 53% vyield, while metal-free
photocatalysts (Entries 2, 3 and 4) gave lower yields (30 — 33%).

Table 7: Optimization studies on the arylation of 368a by photoredox catalysis.

O (0] O O
N,*BF,

= catalyst

+ .
NH solvent, rt, 12 h NH
©/ Kessil Lamp 440 nm ©/
216
353 354

Entry  Catalyst (mol%) Solvent Yield? (%)

1 [Ru(bpy)s]Cl2 (1.0) DMSO 53 (50°)

2 Eosin Y (2.0) DMSO 33
3 Rose Bengal (2.0) DMSO 32
4 PDI (2.0) DMSO 30
5 [Ru(bpy)s]Cl- (1.0) DMF NP
6 [Ru(bpy)s]Clz (1.0) MeCN NP
7 [Ru(bpy)s]Cl> (1.0) DMSO° 21

General reaction conditions: 0.2 mmol of 216, 1.0 mmol of 368a, 2.5 mL of solvent, 1.0 mol% of the
catalyst and irradiation with Kessil Lamp 440 nm. 2 Yields determined after work up by *H-NMR using
1,3,5-trimethoxybenzene or 1,4-dimethoxybenzene as internal standard. ® Isolated yield after column
chromatography. ¢ DMSO used directly from the bottle with no drying procedure.

The solvent optimization was done evaluating DMF and MeCN (Entries 5 and
6). No product was observed in both reactions, which suggests that the DMSO
participates in the reaction mechanism. These reactions were used after drying
procedures. When DMSO was used with no drying (Entry 7) the yield decreased to
21%, which means that the presence of water in the reaction media reduces its
performance. It is important to point out that these reactions were carried out in 0.08
mol L* of 368a in the solvents. This coumarin showed poor solubility in all the solvents
and required higher amount of them to solubilize it entirely. Because of the more

diluted starting materials, the optimizations were carried out in 12 h.
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2.4.3. Diazonium salt scope

¥z ‘ [Ru(bpy)sICly (1 mol%)

NH | DMSO, rt, 12 h
©/ /\’ Kessil Lamp 440 nm
R

/
\

SMe

3549 354h
77% 95%

Scope limitation

O 7 OMe
O 354k: 3,5-di(OMe) NP
NH 3541: 2-Me NP
354m: 2-SMe NP
354n: 2-NO, NP
354i 354 3540: 2-CO,Me NP
58% 47%

General reaction conditions: 0.2 mmol of 216, 1.0 mmol of 368a, 2.5 mL of DMSO, 1.0 mol% of
[Ru(bpy)3]Cl, and irradiation with Kessil Lamps 440 nm. Yields determined after purification by !
column chromatography. NP = no product. :

Figure 29: Evaluation of the diazonium salt scope.

The next step was the evaluation of the diazonium salt scope to evaluate the
optimized methodology (Figure 29). The reactions with phenyl diazonium salts with
groups at para-position are suitable. The presence of stronger donating groups at
354b and 354c reduces the yield to 32 and 34%, respectively. A neutral group (354d,
61% vyield) and halogens (354e and 354f, 73 and 55% vyield, respectively) have
improved performance compared to the product with no substituents. Electron
withdrawing groups improved the reaction to achieve good vyields, as in 354g (77%

yield) and 354h (95% vyield). The presence of a dioxazole group (354i) gave the
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product in 58% yield. The presence of only one substituent at meta-position was
suitable as in 354 (47% vyield). When a second group at meta-position is present, no
product is formed. The use of ortho-substituted diazonium salts (3541 to 3540)
tolerated.

These results clearly indicate the electronic demand at the diazonium salts.
The reactivity parameters were calculated for the radicals used in the photoredox
arylations (Table 8). Coumarin 354a has the u° = -3.72 eV, which is higher than all the
calculated radicals. It indicates that for all the reactions the coumarin is the nucleophile
and the phenyl radical is the electrophile. The w° calculated showed that these phenyl
radicals are good electrophiles and the electrophilicity increases as the group is more

electron withdrawing.

Table 8: Global chemical potential (u%eV), global hardness (n%eV), global electrophilicity (w%eV) and
global nucleophilicity (N%eV) of the phenyl radicals calculated at UB3LYP/6-31+G(d) level of theory

Compound R p° n° w’ N°
69a H -4.33 4.51 2.08 1.30
69b 4-OMe -3.99 4.07 1.96 1.86
69c 4-Me -4.19 4.46 1.97 1.47
69d 4-SMe -4.21 3.95 2.25 1.70
69e 4-F -4.54 4.55 2.27 1.07
69f 4-Br -4.57 4.35 2.40 1.14
699 4-COEt -4.54 4.50 2.29 1.10
69h 4-NO; -5.00 4.52 2.77 0.63
69i dioxazole -4.32 3.41 2.74 1.86
69j 3-OMe -4.40 3.84 2.53 1.57

aLegend of colors:  good; moderate and  weak nucleophile/electrophile.

These calculations are in consonance with the expectations. The presence of
EWG, such as NO; and CO:Et, in the phenyl radical reduces the electronic density
and make these radicals more electrophilic. In terms of FMO, these groups would
lower the SOMO level of these radicals. On the other hand, the presence of EDG
would increase the electronic density at the carbon-centered radical making it less
electrophilic and, hence, being less reactive toward the coumarins.

The choice of the diazonium salts could also be explained based on the

synthetic value of the substituents planning future functionalizations. The mthoxy
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group at 354b can be converted to phenol and then, to other, and more complex,
ethers. The thiomethyl group at 354d can be oxidized to sulfoxides and sulfones
groups. The presence of halogen as in 354f can undergo coupling reactions to allow
new C-C bonds. The ester group as in 354g can be transterificated to other esters and
hydrolized to acids to, than, be covered to other functions like amides and anhydrides.
Finally, the nitro group at 354h can be reduced to amino.

To understand the scope limitations, the structures of the compounds 354a,
354b, 354i, 354j and 354| were optimized at M06-2X/6-311++G(d,p) level of theory
(Figure 30). The 3-phenyl ring in all the structures is twisted. Two geometrical
parameters were taken into account to understand such compounds: the C3-C1’ bond
length (Rcsct’) and the torsion angle (0), represented by the dihedral angle between
atoms C2-C3-C1’-C2’ (Table 9). There was no difference in the Rcs.cr distance but
when there was a substituent at ortho-position, the torsion angle increased around
10°. The presence of the OMe group near the carbonyl or the N-phenyl-amino group
increases the steric hindrance and can explain why ortho substituted compounds are

not tolerated.
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Figure 30: Optimized structures of 354a, 354b, 354i, 354j and 354l at M06-2X/6-311++G(d,p) level of
theory.
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Table 9: Structural parameters of some optimized 3-arylcoumarins calculated at M06-2X/6-311++G(d,p)

level of theory.

Compound Reacr (A) 8 (°)
354a 1.485 57.4
354b 1.483 55.9
354j 1.486 59.8
354k 1.486 60.2
354 1.482 67.5

2.4.4. Coumarin scope

The presence of substituents at the N-aryl-amino group was also evaluated.

The use of anlines to make 4-aminocoumarins allowed the obtation of five new

functionalizable positions, which were further explored in the biological activities’ tests.

The inversion of the reactivity was observed (Figure 31). The strongest donating group
OMe (354p) increased the yield to 66%. Weaker donating groups (354q, 54% vyield)
and halogens (354r and 354s, 53 and 50% vyield, respectively) did not influence

significantly. The use of withdrawing groups decreased the yield to 42% (354t) and a

stronger group such as NO- did not give product (354y). The presence of substituents

at ortho- and meta-position (354u and 354v) and at both rings (354w and 354x) were

also tolerated.
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N,*BF,
Z [Ru(bpy)sICl, (1 mol%)

NH DMSO, rt, 12 h
R‘ Kessil Lamp 440 nm

354p 354q 354r 354s
66% 54% 53% 50%

Scope limitation

354y:4-NO, NP

General reaction conditions: 0.2 mmol of 216, 1.0 mmol of 353, 2.5 mL of DMSO, 1.0 mol% of
[Ru(bpy)3]Cl, and irradiation with Kessil Lamps 440 nm. Yields determined after purification by
column chromatography. NP = no product.

Figure 31: Evaluation of the coumarin scope.

The substitution at N-aryl ring pointed out the inverted the electronic demands.
The presence of EDG increased the yields, while EWD decreased. The former groups
would increase the electronic density at the C3 position, turning the coumarin more
nucleophilic. This effect is observed at the global nucleophilicity, that decreases as
more withdrawing is the group attached to the N-aryl group (Table 10). The nitro group
reduced the N° of 353g to 2.99 eV, which is a value related to moderate nucleophiles,
suggesting that this reaction needs good nucleophiles reacting with the phenyl radicals
to work. This is in consonance with the expected reduction of the electronic density at

the C3 position due to the withdrawing effect of this group.
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Table 10: Global chemical potential (u%eV), global hardness (n°eV), global electrophilicity (w%eV) and

global nucleophilicity (N%eV) of 4-(N-aryl)coumarins calculated at B3LYP/6-31+G(d) level of theory

Compound R p° n° w’ N°
353a H -3.72 4.30 1.61 3.54
353b 4-OMe -3.52 4.16 1.49 3.81
353c 4-Me -3.64 4.26 1.56 3.64
353d 4-F -3.77 4.32 1.65 3.48
353e 4-Br -3.86 4.26 1.75 3.42
353f 4-COzEt -3.95 4.19 1.86 3.36
3539 4-NO> -4.49 3.86 2.61 2.99

aLegend of colors:  good; moderate and | weak nucleophile/electrophile.

2.4.5. Mechanistic studies

Control experiments were carried out to confirm the photoredox behavior of the

reaction (Scheme 55). The reactions with no light and no catalyst did not give the

desired product. It confirms that both are required in the reaction and suggests a

photoredox mechanism. Thus, the generation of radicals was investigated adding 2

equivalents of TEMPO in the reaction. No product was observed, suggesting the

formation of radical species during the reaction. Unfortunately, no trapped radical

species were identified.
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0.0 0._0
N,*BF, O
Pz [Ru(bpy)3]Cls (1 mol%) =
+
HN @ DMSO, rt, 12 h NH O
DARK
353 216
product not formed
0.0 0._0
N,*BF, O
= DMSO, rt, 12 h = O
+
HN\© Kessil Lamp 445 nm ©/NH
353 216
product not formed
0._0 0._0
No*BF,  [Ru(bpy)sICl; (1 mol%) O
= TEMPO (2 eq) =
+
HN @ DMSO, rt, 12 h NH O
Kessil Lamp 445 nm
353 216

product not formed

Scheme 55: Control experiments and radical-trapping reaction with TEMPO.

Stern-Volmer experiments were done to identify the specie that quenches the
photocatalyst in the excited state (Figure 32), once secondary amines are prone to
guench Ru(ll)* to generate nitrogen-centered radical cation species.??2223 A solution
of [Ru(bpy)s]Cl> was prepared in anhydrous DMSO ([Ru(ll)] = 10 mol L}), excited at
453 nm and the emitted luminescence at 600 nm recorded. Aliquots of stock solutions
of 216 and 353 were added in separated experiments under argon atmosphere. The
addition of 353 did not quench the photoluminescence, however, 216 quenched. It
suggests that 216 reacts with Ru(l)* via SET to generate the phenyl radical and 69 is

involved in further steps.
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2.0
= 216;y=0.238 x + 0.981; r? = 0.9913

» 353;y=0.00722x +1.01; 1% = 0.3978/.
1.8-

1.6

I,/!

1.4 1

1.2 1

1.0 1

0 1 2 3 4

[Quencher] (mmol L)

Figure 32: Stern-Volmer analysis for 216 and 353 as quenchers of [Ru(bpy)s]?*.

The linear fitting obtained from the 216 quenching data showed good
correlation with r2 = 0.9913. The slope is considered as the Stern-Volmer constant
(Ksv) which is equal to 0.238. The kinetic of this process is dictated by the Stern-
Volmer relationship (Equation 6). The quenching rate constant k, was calculated from
the linear fitting as 2.18x10° M s. The quenching fraction of Q = 0.81 (equation 7)
indicates that 81% of the photons absorbed by the photocatalyst induce an electron

transfer process to generate phenyl radicals.

I
TO =1+ kqTo[Quencher] ©)

lo: intensity of the emitted luminescence in the absence of a quencher.
I: intensity of the emitted luminescence in the presence of a quencher.
kq: quenching rate constant.

T,: excited state lifetime.

Q- Kq,216[216] (7)
T + kq.216[216] + Kq 353[353]

= kq216 and kq,353: quenching rate constants of 216 and 353, respectively.
= [216] and [353]: concentration of the quenchers 216 and 353, respectively.

Based on these results, a plausible mechanism could be proposed in an

oxidative quenching cycle (Figure 33). After the excitation of the [Ru(bpy)s]** by the
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blue light to [Ru(bpy)s]**™*, it carries out a SET reaction with 98 to generate the phenyl
radical 69. Then, the radical is added to the coumarin 353 to make the adduct 369,
which, via SET, donates an electron to the Ru(lll) to regenerate the photocatalyst and
to achieve the intermediate cation 370. Finally, an elimination step of 370 gives the

desired product 354.
o.__0
N,*
Ly
NH
98
Ru*(ll) Y .
© 353 _
B Oxidative NH
- quenching 69 ©/

cycle  Ru(lll)

Ru(ll) 369

369

NH
©/ 370
Figure 33: Mechanism proposed to the photoredox arylation of 4-(N-aryl)aminocoumarin.

2.4.6. Azacoumestan synthesis

Once the compound 354a was obtained, attempts were carried out to make
the indole ring, characteristic of the azacoumestans. Zhao et al proposed the
intramolecular C-N bond formation from enamines using the hypervalent iodine specie
PIFA as oxidizing agent.??* Starting from PIFA, the cyclizations were carried out using
different solvents (Table 11).
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Table 11: Optimization of the intramolecular oxidative amination of the coumarin 354a.

PIFA (1.2 eq)

solvent, T (°C) :

354a 355

Entry Solvent Temperature (°C) Time (h) Yield (%)
1 DCM rt 1 32
2 DCM rt 24 35
3 EtOACc rt 1 42
4 MeCN rt 1 48
5 MeCN reflux 24 NP
6 TFE rt 1 86

Initially, the reaction was done with the same reaction conditions from Zhao et
al, using DCM as solvent (Entry 1 and 2). The reaction needed 1 h to achieve the
product in 32% vyield. Increasing the reaction time to 24 h did not increase the amount
of formed product (35% yield) and the total consumption of the starting material was
not observed. Then, the solvent was changed to EtOAc (Entry 4) and MeCN (Entry 5),
observing that the yield increased to 42% and 48%, respectively. At both conditions,
the starting material was not consumed totally. Increasing the reaction temperature to
reflux decomposed the PIFA and no product was observed. Finally, the reaction was
carried out using trifluoroethanol (TFE) as solvent (Entry 6). It is known that fluorinated
solvents increase the reaction performance of hypervalent iodines.??® Using this
condition, the conversion was observed to be 100% and the desired azacoumestan

was achieved in 86% yield.

2.4.7. Biological studies — antileishmanial and anti-cancer activity

The obtained coumarins were evaluated as potential antileishmanial and anti-
cancer drug candidates. The in vitro activity was measured in terms of the inhibitory
concentration (ICsp) against promastigotes of Leishmania amazonensis and MCF-7

and MDA-MB-231 cells of breast cancer (Table 12). The evaluated compounds were
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compared to the reference drugs miltefosine and amphotericin B (AMB) for
leishmaniasis and doxorubicin (DOX) for cancer cells.

Table 12: The ICso (umol L) against promastigotes of L. amazonensis and MCF-7 and MDA-MB-231
cells after 24 h of treatment.

ICso (umol L)
Compound
L. amazonensis MCF-7 MDA-MB-231
354a >300 492.08+4.37 >600
354b >300 >600 >600
354c >300 466.42+4.51 >600
354d 5.96+3.21 178.05+4.35 >600
354e >300 266.76+4.00 >600
354f >300 437.47+3.91 >600
3549 >300 193.24+3.97 >600
354h >300 416.25+5.87 336.6+4.3
354i >300 273.33+3.822 >600
354 >300 >600 >600
354p >300 >600 >600
354q >300 >600 >600
354r >300 >600 >600
354s 9.05+2.86 267.86+3.59 >600
354t >300 >600 >600
354u >300 >600 >600
354v >300 420.52+3.96 >600
354w >300 229.15+3.94 >600
354x 5.65+2.08 267.86+3.59 >600
355 >300 >600 >600
Miltefosine 8.56+0.70

AMB 0.41+0.13
DOX 3.03+£1.14 289.4+2.5

The compounds 354d, 354s and 354x showed great in vitro activity against L.
amazonensis with ICso of 5.96+3.21, 9.05+2.86 and 5.65+2.08 umol L™, respectively,

after 24 h of treatment. These results are lower than ICso = 0.14+0.13 pmol L for
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amphotericin B. On the other hand, these activities were comparable to the miltefosine
(ICso = 8.56+0.70 umol L*), which is the drug used in the oral treatment of
leishmaniasis.?®® These compounds have higher activity as compared to 4-
phenylcoumarins synthetized by Santos et al.??’ Singh et al obtained five coumarins
with the group 1,3-benzodioxole at position C3 after an extensive in silico screening.
The compounds 371 and 372 showed the ICso = 223 and 524 umol L after 48 h of
treatment of L. major promastigotes (Figure 34).228 The coumarin obtained by this work
with the same group at position C3 (354i) did not show activity.

371 372
ICs0 = 223 pmol L™’ ICs50 = 524 pmol L™

Figure 34: Coumarins with activity against L. major promastigotes.

The synthetized coumarins were also evaluated as potential anti-cancer
candidates. The high values of ICs indicated that these compounds did not have
similar efficiency for inhibiting MCF-7 cells growth as compared to DOX. For MDA-
MB-231 cells, only 354h exhibited activity with ICso = 336.6+4.3 pmol L%, however still
lower than DOX (ICsp = 289.4+2.5 umol L?). Gdadebo et al obtained coumarins
analogue to 354h (Figure 35). The cytotoxicity evaluated as the CCsp value showed
that the presence of the 4-nitrophenyl group at position C3 is not responsible for the
activity against MDA-MB-231 cells after 48 h of treatment, but OAc groups at C7 and
C8 positions (307) caused the death of the cells with CCso = 17.1£1.1 ymol L. This

report indicates that functionalization of 354h at ring A could increase its activity.
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348b 371

307

372 373
CCsp = > 100 pmol L1 CCsp = > 100 pmol L™

Figure 35: Coumarins with activity against MDA-MB-231 cells (breast cancer).

The in silico toxicity was calculated using the OpenVirtualToxLab software.??°
It simulates the biding affinities of the desired compound in 16 proteins, which are
suspected to be involved in side effects: 10 nuclear receptors (androgen, estrogen q,
estrogen B, thyroid a, thyroid [, glucocorticoid, liver X, mineralocorticoid, progesterone
and peroxisome proliferator-activated receptor y), 4 members of the cytochrome P450
enzyme family (1A2, 2C9, 2D6 and 3A4), the aryl hydrocarbon receptor, and the
potassium ion channel hERG. These interactions are converted in the ToxPot, a value
between 0.0 (none) and 1.0 (extreme) that measures the toxicity potential of a
molecule (Table 13). According to Gonzélez-Laredo et al, the algorithm used by this
software is based only in thermodynamics properties and, because of this, ADME
properties (adsorption, distribution, metabolism and elimination) should be analyzed

in parallel to have a better evaluation.?

Table 13: Classification of the toxicity as a function of the ToxPot calculated at the OpenVirtualToxLab

software.
Class ToxPot Classification
<03 None
0 0.3<ToxPot<0.4 Low
0.4 < ToxPot < 0.5 Moderate
I 0.5 < ToxPot < 0.6 Elevated
1 0.6 < ToxPot < 0.7 High

i 0.7 < ToxPot < 0.8
v >0.8
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The synthetized coumarins and azacoumestan were submitted to the
calculations and miltefosine; AMB and DOX were used as references (Table 14).
Unfortunately, the calculation with AMB failed due to its high molecular weight, which
is not accepted by the software. The estimated ToxPot for DOX was 0.690, which is
considered as a high toxic compound. The simulations showed moderate binding to
the enzyme CYP1A4 (0.169 umol L) and the mineralocorticoid receptor (MR, 0.806
uM), and strong binding to hERG (715 pmol L). DOX binds weakly to ERB (26.2 pmol
L), PPARy (41.4 ymol L'') and TR (48.2 umol L). To the other proteins, the affinity
was higher than 100 ymol L%, which, according to the software, is considered as “not

binding”.

Table 14: Calculated ToxPot at the OpenVirtualToxLab software for the synthetized coumarins and

azacoumestan.

Compound ToxPot Compound ToxPot
354a 0.375 354q 0.472
354b 0.401 354r 0.474
354c 0.404 354s 0.408
354d 0.428 354t 0.392
354e 0.408 354u 0.522
354f 0.419 354v 0.441
3549 0.421 354w 0.383
354h 0.468 354x 0.390
354i 0.505 355 0.456
354j 0.504 AMB NA
354p 0.340 DOX 0.690

The ToxPot calculated to all the synthetized compounds ranged from 0.375 to
0.505 (Table 14), which means that they have lower probability of being more toxic
than DOX. Comparing to 354a, the presence of substituents increased the ToxPot,. A
closer look at the compounds 354d, 354h, 354s and 354x showed binding to more
proteins than DOX. These coumarins interacted to AhR from weak to moderate (from
9.89 to 0.919 yM), while DOX did not interact with this protein. Important interactions
with AR, PPARYy, TRa and TR were also observed. The strong binding mode to hERG
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observed with DOX was also calculated for the coumarins, but in weak to moderate
fashion.

Table 15: Calculated ICso (umol L) for compounds 354d, 354h, 354s and 354x at 16 proteins using
OpenVirtualToxLab software.

354d 354h 354s 354x DOX
AR 0.928 0.220 8.84 1.30 NB
AhR 0.531 0.824 0.789 1.65 NB
CYP1A2 NB 94.8 NB 60.6 NB
CYP2C9 NB 64.8 34.0 NB 0.169
CYP2D6 NB 7.59 99.2 89.8 NB
CYP3A4 98.8 22.7 81.3 NB NB
ERa 17.2 12.9 7.26 25.2 NB
ERB 1.92 NB 32.0 NB 26.2
GR 17.4 0.533 15.0 50.9 NB
hERG 4.05 3.16 4.97 3.51 0.000715
LXR 24.3 53.1 48.1 20.1 NB
MR 28.9 92.3 12.7 12.8 0.806
PPARy 24.3 8.12 4.74 3.07 41.4
PR 63.7 6.66 4.69 9.46 NB
TRa 51.9 10.4 1.72 8.89 NB
TRB 43.0 4.55 3.03 21.0 48.2

NB = not binding

2.5.

Conclusion and future perspectives

With an optimized photoredox arylation it was possible to obtain 4-(N-
aryl)amino-3-arylcoumarins in yields up to 95%. The methodology showed tolerant to
many functional groups, while ortho- or dimetha-substitution at the diazonium salt and
the presence of strong EWG at the 4-(N-aryl)amino ring were the limitations. The
electronic demands were evaluated with the Conceptual DFT, which showed that
electron-withdrawing groups make the phenyl radicals more electrophilic, which was

important to increase the yields, since according to the chemical potentials, the


DBD
PUC-Rio - Certificação Digital Nº 1613320/CA


PUC-Rio- CertificagcaoDigital N° 1613320/CA

110

coumarins are the nucleophiles. When electron-withdrawing groups are at the 4-(N-
aryl) ring, it decreases the nucleophilicity and could explain why these groups tend to
reduce the yields. Three of the obtained coumarins showed good activity against L.
amazonensis promastigotes, which means that these compounds are candidates for
new anti-leishmaniasis drugs.

The amastigote cells are being tested for the coumarins and the mechanism
related to the mode of action. With these results, it will be possible to plan better
substitutions and new coumarins will be synthetized. Further, the optimization of the
azacoumestan synthesis will be carried out in terms of new hypervalent iodines that
would be useful for the oxidative amination and also evaluate the behaviour of the

methodology in the presence of different functional groups at both analyzed rings.

2.6.

Experimental procedures

All reagents were bought from Sigma-Aldrich, Oakwood Chemicals or Isofar
and used as received. DMSO, DMF and acetonitrile were dried refluxing overnight
over CaH,, followed by distillation (vacuum one for DMSO and DMF), and stored in
molecular sieves. Dioxane was dried over sodium followed by distillation and stored in
molecular sieves. Pyridine was dried over CaH; overnight and used after distillation.
Phenyldiazonium salts were obtained according to the literature procedures.?”:30
Acetone and THF were dried over molecular sieves overnight. Reactions were
monitored by thin layer chromatography using Merck TLC Silica gel 60 F254. The
chromatographic columns were performed over Merck Silica gel 60 A (particle size:
0.040-0.063 mm, 230—400 mesh ASTM) treated with triethylamine before use when
needed. The columns were run at Biotage® Isolera One instrument. *H NMR and *3C
NMR spectra were recorded on a Bruker Avance lll spectrometer, operating at
400 MHz for *H NMR and 100 MHz for 3C NMR (*H-decoupled) using CDCIsz or
DMSO-ds as solvents. The chemical shifts (&) were given in parts per million (ppm)
and tetramethylsilane was used as internal standard. The multiplicities were reported
as s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet and br = broad signal. All
coupling constants (J values) were given in Hz. The biological essays were carried out
at Fundacédo Oswaldo Cruz (FIOCRUZ) and conducted by Dr. Fernando Almeida.


https://www-sciencedirect.ez370.periodicos.capes.gov.br/topics/chemistry/chromatography
https://www-sciencedirect.ez370.periodicos.capes.gov.br/topics/pharmacology-toxicology-and-pharmaceutical-science/silica-gel
https://www-sciencedirect.ez370.periodicos.capes.gov.br/topics/chemistry/tetramethylsilane
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2.6.1. Synthesis of 4-aminocoumarin

0__0 0.0
NH,OAc

= —_— =
160 °C, 1 h

OH NH;
60%
351 356

The reaction was carried out according to the literature.?! In an opened flask,
2.0322 g (12.3 mmol) of 351 and 9.5539 g (124 mmol) of NH4sOAc were stirred at 160
°C for 1 h. After this time, the reaction was cooled to room temperature and water was
added. This mixture was stirred at 60 °C for 30 min and filtered. The obtained solid
was washed with water. The product 356 was oven dried overnight and used with no
further purification.

Compound 356. White solid (1.1622 g, 60%). *H NMR (400 MHz, DMSO-ds):
6 7.98 (d, 7.9 Hz, 1H), 7.62 — 7.55 (m, 1H), 7.38 (br, 2H), 7.33 — 7.26 (m, 2H), 5.22 (s,
1H).

2.6.2. Synthesis of the photocatalyst [Ru(bpy)s]Cl2

NaH2P02’ H20

RUC|3.3H20 +
reflux, 30 min

A 50 mL becher was charged with 101.4 mg (0.5 mmol) of RuCls.xH20, 0.2361
g (1.5 mmol) of 374, 10 mL of water and 0.55 mL of an aqueous solution 6.0 mol L?
of NaH2POa. The mixture was stirred at reflux for 30 min. The color changed from black
to red. The reaction was cooled to room temperature and heated again to dissolve the
solids. Finally, the flask was cooled in ice bath and the solid was filtered, washed with

cold water and dried to achieve the desired photocatalyst.
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Red solid (146.1 mg, 39%). 'H NMR (400 MHz, DMSO-de):  8.85 (d, 8.1 Hz,
1H), 8.21 — 8.11 (m, 1H), 7.75 — 7.69 (m, 1H), 7.56 — 7.49 (m, 1H). *C NMR (100
MHz): & 156.6, 151.3, 138.1, 128.0, 124.6.

2.6.3. Arylation of the 4-hydroxycoumarin

(o) (0] N,*BF, (0] (0]
[Ru(bpy)3]Cl (1 mol%)
_ . > = N/’N
DMSO, rt, 2 h
OH
351 216

Blue LEDs 4.5 W OH

100% 357

A 2-dram vial was charged with 38.4 mg (0.2 mmol) of 216, 162 mg (1.0 mmol)
of 351, 1.5 mg (1 mol%) of [Ru(bpy)s]Cl» and 1.0 mL of anhydrous DMSO. The reaction
was irradiated with blue LEDs at room temperature for 2 h. After this time, the reaction
was quenched with brine and extracted with dichloromethane (3X15 mL). The organic
phases were dried with Na.SO, and evaporated. The product was purified by column
chromatography.

Compound 357. Orange solid (52.5 mg, 100%). *H NMR (400 MHz, CDClz): &
16.38 (br, 1H), 8.07 (dd, 7.8 and 1.5 Hz, 1H), 7.68 — 7.64 (m, 3H), 7.48 (t, 7.9 Hz, 2H),
7.40 — 7.27 (m, 3H).

2.6.4. Arylation of the 4-aminocoumarin

(0) (0] N,*BF, (0) (0]
[Ru(bpy)3]Cl (1 mol%)
_ . > = N/’N
DMSO, rt, 2 h
NH,
356 216

Blue LEDs 4.5 W NH,
100%

A 2-dram vial was charged with 38.4 mg (0.2 mmol) of 216, 161 mg (1.0 mmol)
of 356, 1.5 mg (1 mol%) of [Ru(bpy)s]Cl, and 1.0 mL of anhydrous DMSO. The reaction
was irradiated with blue LEDs at room temperature for 2 h. After this time, the reaction
was quenched with brine and extracted with dichloromethane (3X15 mL). The organic
phases were dried with Na,SO, and evaporated. The product was purified by column

chromatography.
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Compound 358. Yellow solid (52.8 mg, 100%). *H NMR (400 MHz, CDCls): &
8.10 (d, 6.5 Hz, 1H), 7.70 — 7.65 (m, 3H), 7.49 (t, 7.9 Hz, 2H), 7.39 — 7.28 (m, 3H).

2.6.5. Synthesis of the 4-(N-aryl)aminocoumarins

(o] (0]
o o NH»
180 °C =
C ey
R R

General procedure: a mixture of 351 (1 g, 6.2 mmol) and the respective
aniline (2 eq) was heated in a 50 mL becher at 180 °C for 1 h under vigorous stirring.
Then, the solid was added to a solution containing 30 mL of hot methanol and 30 mL
of agueous NaOH 1 mol L. The mixture was stirred for 30 min at 60 °C and filtered
afterwards. The solid was washed with water, dried and used without further

purification.

Compound 353a. Yellow solid (1.1331 g, 80%). *H NMR (400 MHz,
DMSO-ds): 6 9.34 (br, 1H), 8.26 (dd, 1.2 and 8.1 Hz, 1H), 7.66 (m,
1H), 7.49 (m, 2H), 7.39 (m, 4H), 7.30 (t, 7.4 Hz, 1H), 5.31 (s, 1H).

0] (0]
CrY
HN
\@ 13C NMR (100 MHz): & 161.5, 153.4, 152.5, 138.2, 132.4, 139.6,
(@) (0]
oy
HN\©\
Me

126.0, 125.1, 123.6, 122.8, 117.1, 114.5, 84.4.

Compound 353c. Pale yellow solid (1.0245 g, 66%). *H NMR (400
MHz, DMSO-ds): 6 9.26 (br, 1H), 8.24 (dd, 7.1 and 0.9 Hz, 1H), 7.67
—7.61 (m, 1H), 7.41-7.34 (m, 2H), 7.27 (q, 8.4 Hz, 4H), 5.21 (s, 1H),
2.34 (s, 3H). *C NMR (100 MHz): d 161.5, 153.4, 152.7, 135.7,
135.3, 132.3, 130.0, 125.2, 123.5, 122.8, 117.0, 114.6, 83.8, 20.6.

0. _O Compound 353d. Gray solid (1.0333 g, 66%). *H NMR (400 MHz,
©/\Z DMSO-de): © 9.30 (br, 1H), 8.22 (dd, 8.0 and 1.2 Hz, 1H), 7.71 —
H 7.61 (m, 1H), 7.48 — 7.25 (m, 6H), 5.19 (s, 1H). *3C NMR (100
\©\ MHz): 6 161.4, 161.2, 158.7, 153.4, 152.8, 134.5, 134.4, 132.4,
F127.6,127.5,123.6,122.7,117.0, 116.5, 116.2, 114.4, 84.3.
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Compound 353e. Pale yellow solid (1.0441 g, 53%). *H NMR
(400 MHz, DMSO-ds): & 9.33 (br, 1H), 8.21 (dd, 8.0 and 1.1 Hz,
1H), 7.71 — 7.61 (m, 3H), 7.49 — 7.29 (m, 4H), 5.37 (s, 1H). °C
NMR (100 MHz): & 161.3, 152.0, 137.8, 132.5, 132.4, 126.8,
123.7,122.8,117.9,1117.1, 114.5, 85.1.

Compound 353f. Yellow solid (0.7811 g, 41%). *H NMR (400
MHz, CDCls): & 8.10 (d, 8.5 Hz, 2H), 7.68 (d, 8.0 Hz, 1H), 7.60
(t, 7.6 Hz, 1H), 7.36 (m, 4H), 6.91 (br, 1H), 5.98 (s, 1H), 4.40

HN\@ (9, 7.1 Hz, 2H), 1.41 (t, 7.1 Hz, 3H). 3C NMR (100 MHz): &
CO,Et

165.9, 162.8, 154.1, 150.4, 142.1, 132.6, 131.5, 127.7, 124.0,
122.7, 120.4, 118.3, 114.5, 89.3, 61.3.

Compound 353h. Pale yellow solid (1.2891 g, 78%). *H NMR
(400 MHz, DMSO-de): & 9.30 (br, 1H), 8.22 (dd, 1.2 and 8.0
Hz, 1H), 7.70 — 7.60 (m, 1H), 7.46 — 7.33 (m, 3H), 6.96 (dd,

HN OMe
\O/ 1.2 and 7.9 Hz, 4H), 6.92 (t, 2.2 Hz, 1H), 6.87 (dd, 2.2 and

8.1 Hz, 1H), 5.37 (s, 1H), 3.78 (s, 3H). 3C NMR (100 MHz):

0 161.7, 160.2, 153.5, 152.5, 139.5, 132.6, 130.5, 130.4, 123.8, 122.9, 117.2, 114.6,
111.6, 110.8, 110.6, 84.8, 55.3.

0._0O
HN\©

Compound 353i. Pale yellow solid (0.7393 g, 45%). *H NMR (400
MHz, DMSO-de): 6 9.08 (br, 1H), 8.25 (dd, 1.2 and 8.1 Hz, 1H),
7.69 — 7.60 (m, 1H), 7.43 — 7.33 (m, 3H), 7.30 (dd, 1.5 and 7.7
Hz, 1H), 7.21 (dd, 1.0 and 8.3 Hz, 1H), 7.07 (td, 1.2 and 7.6 Hz,
1H), 4.72 (s, 1H), 3.79 (s, 3H). *C NMR (100 MHz): & 161.7,

154.7, 153.4, 153.3, 132.4, 128.9, 128.6, 125.9, 123.7, 122.9, 121.0, 117.1, 114.5,

112.7, 84.0, 55.6.
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2.6.6. Photoredox arylations

0__0 N,"BF, 0.__0
[Ru(bpy)s]Cl; (2 mol%)
Pz + A =
| e DMSO, t, 12 h BT
NHR' “R2 Kessil Lamp 445 nm NHR'N\ _~
353 216 354

General procedure: an oven dried 2 dramn vial was charged with 0.2 mmol of
216, 1.0 mmol (5 eq) of 353 based compound, 0.004 mmol of [Ru(bpy)s]Cl,, and 2.5
mL of anhydrous DMSO. The vial was purged with argon and the reaction was carried
out at room temperature for 12 h under blue light (440 nm) irradiation with a Kessil
Lamp. After this time, the reaction was quenched with brine and extracted with
dichloromethane (3X30 mL). The organic phases were dried with Na,SO4 and
evaporated. The product was purified by column chromatography using silica treated

with EtsN prior to use.

Reaction setup:

Figure 36: Photoredox reaction setup.

0. 0 Compound 354a. Yellow solid (31.6 mg, 50%). *H NMR (400 MHz,
= O DMSO-de): © 7.51-7.30 (m, 8H), 7.24 (t, 6.9 Hz, 2H), 7.09 (t, 7.4 Hz,
1H), 7.02 (t, 7.6 Hz, 1H), 6.92 (d, 7.8 Hz, 2H), 6.26 (br, 1H). *C NMR
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(100 MHz): d 162.0, 153.5, 148.8, 142.3, 132.3, 132.3, 131.6, 130.3, 129.5, 129.3,

128.6, 126.3, 124.3, 123.

OMe

U
o

3,121.9,117.4, 115.6, 111.9.

Compound 354b. Yellow solid (21.4 mg, 32%). *H NMR
(400 MHz, DMSO-ds): & 7.48 (t, 7.7 Hz, 1H), 7.41-7.32 (m,
4H), 7.30-7.24 (m, 2H), 7.11 (t, 7.4 Hz, 1H), 7.04 (t, 7.6 Hz,
1H), 6.96 (M, 4H), 6.25 (br, 1H), 3.83 (s, 3H). 3C NMR (100
MHz): & 162.2, 159.8, 153.4, 148.7,142.5, 131.6, 131.4,

129.5, 126.3, 124.2, 124.2,123.2,121.7, 117.4, 115.7, 115.7, 114.9, 112.0, 55 .4.

Qég
N\ P
OO
>

130.2, 130.1, 129.6, 129.

U
4

Compound 354c. Yellow solid (22.1 mg, 34%). *H NMR (400
MHz, DMSO-ds): & 7.48-7.43 (m, 1H), 7.38 (8.1 Hz, 1H),
7.34-7.22 (m, 7H), 7.10 (t, 7.4 Hz, 1H), 7.01 (t, 7.6 Hz, 1H),
6.93 (d, 7.9 Hz, 2H), 6.20 (br, 1H), 2.37 (s, 3H). *C NMR
(100 MHz): & 162.1, 153.6, 148.8, 142.6, 138.7, 131.5,
1, 26.5, 124.3, 123.2, 121.8, 117.4, 115.6, 112.4, 21.5.

Compound 354d. Brown solid (43.4 mg, 61%). 'H NMR
(400 MHz, DMSO-dg): & 7.49-7.43 (m, 1H), 7.38 (d, 8.2
Hz, 1H), 7.32 (t, 6.7 Hz, 4H), 7.29-7.22 (m, 4H), 7.10 (t,

SMe 74 Hz, 1H), 7.03 (t, 7.6 Hz, 1H), 6.92 (d, 7.9 Hz, 2H),

6.19 (br, 1H), 2.48 (s, 3H). *C NMR (100 MHz): 5 162.0,
153.6, 148.8, 142.4, 139.5, 131.6, 130.7,129.6, 128.7,

127.1, 126.3, 124.4, 123.3, 123.3, 121.8, 117.5, 115.6, 111.7, 15.6.

Qég
N\ P
OO

Compound 354e. Yellow solid (48.6 mg, 73%). *H NMR (400
MHz, DMSO-dg): 6 7.49 (m, 1H), 7.36 (m, 4H), 7.24 (m, 2H),
7.06 (m, 4H), 6.91 (d, 79 Hz, 2H), 6.20 (br, 1H). *C NMR
(100 MHz): & 164.0, 162.0, 161.5, 153.5, 148.8, 142.0,
132.4, 132.3, 131.7, 129.5, 123.4, 121.9, 117.5, 116.4,
116.2, 115.6, 110.6.
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0._©0 Compound 354f. Yellow solid (43.2 mg, 55%). *H NMR (400
O P MHz, DMSO-dg): & 7.54-7.45 (m, 3H), 7.37 (d, 9.1 Hz, 2H),
NH O 7.28-7.21 (m, 4H), 7.13-7.02 (m, 2H), 6.90 (d, 7.8 Hz, 2H),
©/ Br 6.25 (br, 1H). *C NMR (100 MHz): & 161.8, 153.5, 148.8,
141.9,132.4,132.1, 131.8, 129.5, 126.0, 124.6, 123.5, 122.8,

121.9, 117.5, 115.5, 110.3.

0.0 Compound 354g. Yellow solid (59.4 mg, 77%). *H NMR (400

O - MHz, DMSO-ds): & 8.03 (d, 8.2 Hz, 1H), 7.53-7.43 (m, 3H),
@NH O Co,et 7.42-7.36 (m, 2H), 7.22 (t, 7.8 Hz, 2H), 7.07 (t, 7.6 Hz, 2H),
6.90 (d, 7.8 Hz, 2H), 6.33 (br, 1H), 4.35 (q, 7.1 Hz, 2H), 1.37

(t, 7.1 Hz, 3H). **C NMR (100 MHz): & 166.2, 161.7, 153.6, 148.9, 141.8,137.4, 131.9,
130.5, 130.2, 129.5,125.9,124.5, 123.5, 121.9, 117.5, 115.6, 110.3, 61.2, 14 4.

0.0 Compound 354h. Yellow solid (67.9 mg, 95%). *H NMR
_ (400 MHz, DMSO-de): 8 8.14 (d, 8.6 Hz, 2H), 7.53 (m, 4H),
NH O 7,42 (d, 8.2 Hz, 1H), 7.17 (m, 3H), 7.04 (t, 7.2 Hz, 1H), 6.88
NO2 (7.9 Hz, 2H), 6.35 (br, 1H). 1°C NMR (100 MHz): & 161.5,
153.6, 148.6, 147.3, 140.7, 140.2, 132.5, 131.7, 129.5,

125.1, 124.8, 123.9, 122.2,117.8, 115.6, 107.5.

vle

0 Compound 354i. Yellow solid (41.4 mg, 58%). *H NMR (400 MHz,

O, DMSO-de): & 7.49 — 7.43 (m, 1H), 7.37 (d, 7.5 Hz, 1H), 7.33 —
O o 7.23 (m, 3H), 7.10 (t, 7.4 Hz, 1H), 7.05 — 6.99 (m, 1H), 6.93 (d,
7.8 Hz, 2H), 6.88 — 6.83 (m, 3H), 6.27 (br, 1H), 5.97 (s, 2H). *C
NMR (100 MHz): & 162.1, 153.5, 149.0, 148.5, 148.0, 142.3, 131.6, 129.6, 126.3,
125.6, 124.5, 123.8, 123.3,122.1, 117.5, 115.5, 111.5, 110.9, 109.3, 101.5.

i

0.0 Compound 354j. Yellow solid (32.1 mg, 47%). *H NMR (400
O = OMe  MHz, CDCls): 8 7.50 — 7.44 (m, 1H), 7.41 — 7.36 (m, 2H), 7.35 —
@NH O 7.30 (m, 2H), 7.29 — 7.23 (m, 1H), 7.10 (t, 7.5 Hz, 1H), 7.05 —

6.96 (M, 2H), 6.95 — 6.90 (M, 4H), 6.23 (br, 1H), 3.77 (s, 3H).
13C NMR (100 MHz): 8 160.3, 153.7, 149.0, 142.5, 133.6, 131.6, 130.6, 129.6, 126.5,
124.5,122.1, 117.5, 115.8, 115.6, 112.0, 55.4.
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Compound 354q. Yellow solid (35.0 mg, 54%). *H NMR (400
MHz, DMSO-ds): & 7.43-7.31 (m, 8H), 7.14 (d, 8.4 Hz, 2H),
7.05 (t, 7.7 Hz, 1H), 6.85 (d, 8.4 Hz, 2H), 6.21 (br, 1H), 2.45
(s, 3H). 3C NMR (100 MHz): & 162.0, 153.5, 148.7, 139.8,
Me 134.1, 132.2, 131.6, 130.3, 129.3, 128.7, 128.1, 126.2,
123.3, 122.5,117.4, 115.5, 111.8, 16.5.

Compound 354r. Yellow solid (35.2 mg, 53%). *H NMR (400 MHz,
DMSO-de): & 7.55-7.34 (m, 7H), 7.34-7.27 (m, 1H), 7.12-7.04 (m,
1H), 7.01-6.89 (m, 4H), 6.21 (br, 1H). 3C NMR (100 MHz): 5 162.0,
161.1, 158.6, 153.6, 148.8, 138.3, 138.2, 131.6, 130.4, 129.4,
126.0, 124.0, 123.9, 117.6, 116.4, 116.2, 115.4, 111.4.

F

0.0 Compound 354t. Yellow solid (31.9 mg, 42%). *H NMR (400
O y MHz, DMSO-de): & 7.91 (d, 8.5 Hz, 2H), 7.52 (t, 7.4 Hz, 1H),
ON O 7.45-7.31 (m, 7H), 7.10 (t, 7.5 Hz, 1H), 6.84 (d, 8.5 Hz, 2H),
Et0,C 6.28 (br, 1H), 4.35 (q, 7.1 Hz, 2H), 1.37 (t, 7.1 Hz, 3H). 3C
NMR (100 MHz): & 166.2, 161.8, 153.4, 147.4, 146.8, 132.0, 131.9, 131.2, 130.1,
129.2,128.9, 126.0, 125.1, 123.7, 119.3, 117.5, 115.8, 115.2, 61.0, 14.5.

T

Compound 354u. Yellow solid (35.0 mg, 51%). 'H NMR (400 MHz,
DMSO-dg): 6 7.51 — 7.42 (m, 3H), 7.40 — 7.36 (m, 5H), 7.11 — 7.05
(m, 1H), 7.02 — 6.95 (m, 2H), 6.85 (d, 8.0 Hz, 1H), 6.75 — 6.72 (m,
e 1H), 6.27 (br, 1H), 3.79 (s, 3H). *3C NMR (100 MHz): & 165.8, 162.2,
153.3, 150.5, 148.5, 132.8, 132.7, 131.6, 131.2, 131.1, 130.4, 129.0, 128.4, 125.6,
124.2,123.3,121.1, 120.7,117.4, 116.2,111.0, 55.8.

ifg
N\ P
OO

(0]

=

o Compound 354v. Yellow solid (48.9 mg, 71%). *H NMR (400 MHz,
DMSO-de): 6 7.50 — 7.34 (m, 8H), 7.14 (t, 8.1 Hz, 1H), 7.08 -7.02 (m,
O 1H), 6.64 (dd, 8.3 and 2.1 Hz, 1H), 6.50 (d, 7.9 Hz, 1H), 6.45 (t, 2.0
Hz, 1H), 6.17 (br, 1H), 3.72 (s, 3H). *C NMR (100 MHz): & 162.0,
160.6, 153.5, 148.7, 143.7, 132.3, 131.6, 130.3, 129.3, 128.7, 126.4,
123.3,117.4,115.7, 114.2,112.4, 109.7, 107.8, 107.8, 55.5.

\ o]

NH

YoX®

OMe
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0.0 Compound 354w. Yellow solid (46.1 mg, 62%). *H NMR (400
O > MHz, DMSO-ds): & 7.51-7.44 (m, 1H), 7.37 (dd, 8.3 and 1.0
QNH O sMe Hz, 1H), 7.32-7.27 (m, 5H), 7.08-7.01 (m, 1H), 6.98-6.87 (m,
F 4H), 6.19 (br, 1H), 2.48 (s, 3H). 3C NMR (100 MHz): 5 161.9,
161.1, 158.6, 153.6, 148.8, 139.5, 138.2, 131.7, 130.7, 128.7, 127.1, 125.9, 123.9,
123.8, 123.4, 117.6, 116.5, 116.2, 115.4, 110.9, 15.6.

0.0 Compound 354x. Yellow solid (44.5 mg, 62%). *H NMR (400
MHz, DMSO-dg): & 7.50-7.44 (m, 1H), 7.37 (d, 8.1 Hz, 1H),
NH oMe 7.35-7.25 (m, 3H), 7.04 (t, 7.6 Hz, 1H), 6.99-6.87 (m, 6H),

F 6.18 (br, 1H), 3.82 (s, 3H). *C NMR (100 MHz): & 162.2,
161.0, 159.8, 158.6, 153.5, 148.8, 138.5, 138.4, 131.6, 131.5, 126.0, 124.1, 123.8,
123.7, 123.3, 117.5, 116.4, 116.2, 115.4, 114.9, 111.4, 55.5.

2.6.7. Azacoumestan synthesis

0 0 (0] (0]

O Pz PIFA (1.2 eq)
_—
: NH O TFE, rt, 1 h : g

354a 355

A 2-dram vial was charged with 31.5 mg (0.1 mmol) of 354a and 0.5 mL of
TFE. The mixture was cooled to 0 °C and 51.8 mg (0.12 mmol) of PIFA was added in
portions. The reaction was stirred at room temperature for 1 h. After this time, it was
guenched with brine and extracted with dichloromethane (3X10 mL). The organic
phase was dried with Na,SO4 and evaporated. The product was purified by column
chromatography.

Compound 355. Yellow solid (26.1 mg, 86%). *H NMR (400 MHz, CDCl): &
8.41 (d, 7.8 Hz, 1H), 7.75 — 7.64 (m, 3H), 7.56 — 7.48 (m, 3H), 7.47 — 7.40 (m, 2H),
7.39-7.33 (m, 1H), 7.08 (d, 8.1 Hz, 1H), 6.99 (t, 7.6 Hz, 1H), 6.90 (d, 8.1 Hz, 1H). 3C
NMR (100 MHz): & 159.0, 153.7, 141.2, 141.1, 137.2, 130.7, 130.3, 128.7, 125.4,
124.2,123.5,121.7, 118.2, 113.6, 110.9, 102.7.
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2.6.8. Mechanistic studies - radical trapping experiment with TEMPO

0.__0 0.__0O
Np'BF,  [Ru(bpy)sICly (1 moi%) O
= TEMPO (2 eq) _
ie C
HN | < DMSO, rt, 12 h NH
R? Kessil Lamp 445 nm

product not formed

A typical photoredox procedure was carried out as described in section 2.6.6,
but this time 62.4 mg (0.4 mmol, 2 eq) of TEMPO were added to the reaction. After 12
h, TLC and GC-MS analysis showed that no product was formed, indicating the

formation of radicals as reactive intermediates.
2.6.9. Mechanistic studies — Stern-Volmer experiments

A solution of 10 mol L of [Ru(bpy)s]Cl. in DMSO was placed in a quartz
cuvette, sparged with argon, quickly capped and sealed with parafilm. The solutions
were irradiated at 453 nm and the luminescence was measured at 600 nm. For each
guencher concentration, three scans were taken, and the average was calculated for

each lo/l. Each experiment was made in triplicate.
2.6.10. Computational details

All computational calculations were carried out with Gaussian 03 software. %2
The geometries of phenyl radicals and coumarins were fully optimized using Density
Functional Theory (DFT) with the B3LYP hybrid functional (unrestricted for phenyl
radicals) and 6-31+G(d) basis set. Based on these results some reactivity parameters
can be calculated, as described below.

Global chemical potential (u°):

o 9E| _ Eromo*Erumo
oNl, 2
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Global chemical hardness (n°):

o_ou _TE| L c
n aNl, asz LUMO - EHOMO
Global electrophilicity (w°):
2
H
o=
w 7n

Global nucleophilicity (N°) — referred to tetracyanoethylene (TCE):
N® = Eromo - Eromo(TCE)
Fukui function (f):

2
(r) = %

The Fukui function is obtained by the Mulliken index of each atom in the
neutral, cationic and anionic form of the desired molecule. They are, respectively, f,
fi and f,_, where k is the k atom of the molecule. With these values, local parameters
can be calculated.

Local electrophilicity (w):

wy = w0

Local nucleophilicity (Nx):

Ni = N,
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Reactivity of phenyl radicals toward enol acetates: a

theoretical study

3.1.

Introduction

As shown at the previous sections, the visible-light excitation of the
photocatalyst allows the formation of aryl radicals via single electron transfer (SET)
reactions.'® The functionalization of ketones was possible to be carried out in mild
conditions with Koénig’s arylation of enol acetates (268) (Figure 37). The proposed
mechanism shows that, after the formation of the phenyl radical 69, it is added to the
268, generating a radical adduct 375. This species can donate an electron to the
photocatalyst or to another diazonium salt (chain propagation), thus generating a
cationic intermediate 376, which undergoes elimination to provide the desired product
269. Substituent groups at Konig’s arylation seem to influence the reaction yields.
Electron withdrawing groups (EWG) at diazonium salts afford the best yields, while
electron donating groups (EDG) result in moderate yields. The authors try to explain
these findings by supporting their arguments on the redox potentials of the ArN,*.
Diazonium salts substituted with electron withdrawing groups (EWG) have higher
oxidation potentials, being considered easier to be reduced to the elusive anion
radical, which, by N loss, leads to the phenyl radicals. Later, Oliveira et al used
porphyrines combined with continuous flow setup to run the same reactions, observing

a similar trend on reactivity.
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N2+
98 69 OAc
268
Ru(ll Ru(lll)
OAc
) . 98
% 375
Ru(ll)
OAc
69
®
376
w

269

Figure 37: The proposed mechanism for the arylation of enol acetates by photoredox catalysis.

Conversely to the general belief, one could alternatively interpret those results
as the following: once the radical is formed, the aryl radical addition step dictates the
reactivity, i.e., the radical addition to the unsaturated compound is the rate-determining
step, as previously reported.82# Some reports of photoredox methodologies show the
same tendency.'®!” Kinetic isotope effect experiments conducted by Yoon et al
confirmed that a-amino radical addition to methyl vinyl ketone in the absence of
Brgnsted acid is rate-determining.?3 The formation of radicals at photoredox catalysis
can be close to diffusional-controlled limit.2332%¢ Deronzier et al showed that quenching
of [Ru(bpy)s]?>* by 216 as an electron transfer process is 3.4%(0.2)x10° M s in
acetonitrile, suggesting that diazonium salt quenches the photocatalyst in a very fast
process.?®” These facts are in contrast with Konig’'s assumption that reactivity of
arylation of 268 is dictated by the redox potential of the diazonium salts and,
conversely, the reduction step would be the rate-determining step.*°

It could be a common sense that polar effects would influence the reactivity of
phenyl radicals toward addition reactions. However, based on the mechanistic models
reported by Tedder, Giese, Fischer and Radom, enthalpic and sterics effects can also
be relevant and more important to the reactivity than the polar ones. No study was

developed with phenyl radicals.
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Objectives

124

Due to the lack of consensus about the photoredox version of the Meerwein

arylation mechanism, the present contribution aims to investigate the radical addition

to enol acetates, using DFT calculations, to elucidate the role of substitutions in the

reactivity. Specific objectives of this study can be enumerated:

3.3.

Calculation of the theoretical barrier heights for the addition of
substituted phenyl radicals to enol acetates to evaluate the influence of
enthalpic and polar effects.

Characterization of the frontier molecular orbital interactions as a model
to identify the nucleophile and the electrophile of the studied reactions.
Evaluation of the steric hindrance influence of alkyl groups at enol
acetates by LFER parameters.

Evaluation of the electronic demands at both reactants by LFER

relationships.

Results and discussion

This work was developed in collaboration with Prof. Pierre Esteves from

Universidade Federal do Rio de Janeiro.

The observation of the substituent effects on the reaction kinetics can be

interpreted as how the two carbon atoms of the double bonds in the enol acetate are

electronically demanded on the rate-controlling transition state (Scheme 56).

Py
w?
Py
w
m /
N oA
\
)
w
Py
N

Scheme 56: The radical addition step of the enol acetate arylation.
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The change of substituent R* monitors the sensitivity of the reaction mainly at
carbon Cq while Cg can be more directly evaluated by varying substituents R? and R®.
This work was divided into three approaches, each one aiming to understand the
influence of these substituents on the reaction kinetics. In the first approach, the role
of substituents R! at para-substituted phenyl radicals attacking the enol acetate
derived from acetone (R? = H and R® = Me) was investigated. In a second approach,
the influence of alkyl groups at a-carbon of the enol acetate on its reaction with the p-
nitrophenyl radicals was investigated (influence of R?). Finally, the third approach
analyzed the role of substituents on different acetophenones reacting with p-
nitrophenyl radicals (R®). These calculations would allow a better comprehension of
the electronic demand on both carbons of the C=C of the enol acetate. The choice of
these systems is related to the main factors that affect radical additions to alkenes:
enthalpic, polar, and steric effects.

The UBHandHLYP/6-311G** level of theory was chosen to describe our
systems.?%® This level is often employed in reactions involving organic radical studies
successfully.?**241 The geometries were fully optimized for reactants (substituted
radical intermediate and enol acetates), the transition state (TS) for the addition at a-
carbon, as well as the corresponding adducts. Vibrational analysis at the optimized
geometries confirmed that the structures correspond to minimum at the potential
energy surface (PES), by the absence of imaginary frequencies. On the other hand,
first-order transition states were characterized by the existence of a single imaginary
frequency, which, when animated, indicated the expected reaction coordinates.
Additionally, the intrinsic reaction coordinate (IRC) calculations were carried out to
confirm that the transition state connects the expected reactants to the products of this
elementary step. At the optimized geometries of the TS, single-point energy
calculations were carried out to perform natural bond order (NBO),?*? charge variation
to the reactants and FMO analysis. This will allow evaluating how the structural
parameters are influencing the reaction rate.

The Figure 38 shows a typical transition state for the addition of the phenyl
radical to the enol acetate, with selected geometric parameters. The angle of
approximation (107.2°) of the reactants at the TS follows the geometry proposed by
Biirgi and Dunitz,?*® and by the distance rcc of about 2.4 A indicates an early TS. The

reaction is exergonic, which was found for all cases. This means that the substituent
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effects at TS should be more alike to the ones in reactants than to the products,

according to the Hammond postulate.*?

AG
(kcal/mol)

Figure 38: Energy profile diagram calculated at UBHandHLYP/6-311G** level of theory. The

0.0

-25.0

Reaction coordinate

B b
. G-
} E;f s :5
i
S 9107 2° ﬁ%%
13.7 o 355
o.‘--(D
L ®
Typical TS

approximation distance is expressed in Angstroms (A).

Aiming at investigating the influence of polar and enthalpic effects, the

transition states bearing different groups at the para position of phenyl radical were

optimized, as well as the reactants. This allowed calculating the TS Gibbs free energy
(AG*) and enthalpy (AH¥), the reaction Gibbs free energy (AGn) and enthalpy (AHin),

shown in Table 16. All phenyl radical additions are exothermic with AHx, ranging from

—37.3 to —40.0 kcal mol™. They are all exergonic with AGn,varying from —25.3 to —

26.7 kcal molt. The analysis of thermodynamic quantities for TS showed small

activation barriers, which is consistent with the early TS found by IRC calculation and

supported by Hammond'’s postulate. Electron-withdrawing substituents decrease the

energy barrier, although there is a poor correlation between this quantity and the

reaction enthalpy.
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Table 16: Calculated transition state Gibbs free energy (AG*/ kcal molt) and enthalpy (AH* / kcal mol?),
reaction Gibbs free energy (AGin / kcal mol?) and enthalpy (AHxn / kcal molt) at UBHandHLYP/6-311G**
level of theory.

_____________________________________________________________________

R* AG? AH? AGxn AHx,
H 13.7 2.3 -25.0 -37.3
OMe 12.9 0.7 -26.4 -40.0
Me 13.8 2.8 -25.3 -37.6
‘Bu 13.7 2.8 -25.5 -37.7
SiMes 13.6 2.8 -25.1 -37.3
F 131 2.1 -25.6 -38.9
Cl 13.0 1.9 -25.9 -38.2
Br 13.0 2.0 —26.7 -38.9
CFs 12.5 2.6 -25.8 -38.1
CN 12.3 2.4 —26.3 -37.6
NO: 12.0 2.2 —26.3 —-38.6

Figure 39a presents the Arrhenius activation energy, calculated from E, = AH*
+ RT, as a function of AHx,, which may be related to the position of the transition state
along the reaction coordinate (a) within the Evans-Polanyi principle framework. A poor
correlation (r* = 0.743) is found with slope of a = 0.375, which, being less than 0.5,
indicates an early TS, considering that 0 < a < 1.3” This shows that, although the
enthalpic effect has some influence on the reaction rate, the exothermicity of the
reaction has only a small effect on the activation energy for the present case.
Fouassier et al showed that the alkyl radicals addition to the methyl acrylate double
bond has a strong influence on the enthalpic factor.%? In the same work, however, it
was observed that the aminoalkyl and the dialkylketyl radicals also present poor
correlation. These cases were studied by the same authors and the polar effects were
pointed out as the driving force to such reaction.?** They led this work to investigate
how the polar effects induce the observed reactivity. The radical SOMO energies
(Table 17) were calculated in the framework of the Molecular Orbital (MO) theory using

the Hartree-Fock part of the UMP2/6-31G** level of theory calculation. These energies
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correlate well with AG* (r> = 0.890, Figure 39b). As the SOMO energy becomes more
negative, the reaction barrier becomes lower, meaning that a more electrophilic aryl
radical is beneficial to the reaction rate. This also suggests that the enol acetate is
serving as a nucleophile and the radical seems to be playing the electrophile role in
this reaction.

Table 17: Calculated radical SOMO levels (eV), at UMP2/6-31G** level of theory.

R! Esomo R Esomo R* Esomo
H -9.58 SiMes -9.52 CF3 -10.18
OMe -9.68 F -10.02 CN -10.34
Me -9.55 Cl -9.97 NO -10.49
'‘Bu -9.49 Br -9.79
(@) 18 5 (b) 14.0
E,=0370 4H,, +15.4 (r©=0.743) __ AGF=162Eg,0+29.1(12=0.890)
154 13.6-
& - | T
g 1.2- % 13.21
T @
< 09 _\§ 28]
= +
his Q 1241
0.6
. 12.0-
03 T T T T T T T T T T T
-402 -396 -390 -384 -37.8 -37.2 106 -104 -102 -100 -98 96 -94

AHpxn / (kcal mol L) Esomo/ eV

Figure 39: Plots of (a) transition state enthalpy (AH¥) against reaction enthalpy (AHxq) and (b) SOMO
energy against AHyn.

The Klopman-Salem equation®24> describes the change of total energy
involved in the process of two chemical species approaching each other, in terms of
their individual overlapping molecular orbitals, based on a Taylor expansion of the total
energy (perturbation theory). The third term of this equation is the second-order
perturbation, which comes from the interaction between filled/unfilled orbitals. In terms
of the desired reaction, the second-order perturbation is related to SOMO-HOMOenol
and SOMO-LUMOena interactions. Mathematically, two orbitals closer in energy

contribute more to the interaction energy. From this perspective, the HOMO level of
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enol acetate ([HOMO]ena) is closer to the SOMO of the radical (([SOMO]raq) than does
the LUMO (Figure 40a). This fact points out that enol acetate acts as the nucleophile
and phenyl radical, as the electrophile. Natural Bond Orbital (NBO) analysis (Figure
40Db), carried out using the Hartree-Fock part of the UMP2/6-31G** level of theory,
reveals the same kind of interactions: SOMO — Tr'c=c at a spin-set and Trc=c — SOMO
at B spin-set. The stabilization contribution to the energies of the SOMO — T'c-c was
calculated to be 21.3 kcal/mol and the TTc=c — SOMO is 29.1 kcal/mol. This analysis
confirms that the main contribution comes from the interaction Tmc-c —» SOMO, i.e., an

electrophilic aryl radical attacking the nucleophilic enol acetate.

a Mo diagram b NBO analysis

4 : .
e LUMO © v @
LUMO  — 55 e B O somo— .
. i ’@ \ P, 21.3 kcal molt
S b o X ENY sOMO
3 { .
§ L : Mg
8 e i . . .
w | somoO m HOMO ! P
-9.58 . . L .o
1 b E N .‘ ° L T..c — SOMO
: . 0
OAc OAc R fb!\J‘SOMO 29.2 kcal mol
© . /& E [ ~w~
E T Te—c

Figure 40: (a) Frontier molecular orbital diagram describing the possible MO interactions; (b) NBO
involved at phenyl radical addition TS.

According to the Intrinsic Reaction Coordinate (IRC) calculations (Figure 41),
the phenyl radical addition to enol acetate is an early TS. Based on Hammond’s
postulate,® this kind of TS is expected to be reactant-like, which means that stabilizing
changes in the starting materials would also have a similar effect on the TS. Free
energy relationships (LFER) establish the extent to which bond formation and bond
breakage happen in the transition state of a reaction. Thus, these are a good way of
evaluating the rate-determining transition state and how several structural effects

affect it.
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Figure 41: IRC calculated for the phenyl radical addition to the acetone-based enol acetate.

From the values of the reaction barriers (AG?), it is possible to derive log Kiel
once they are formally linearly related. Thus, with these values, correlations with the
experimentally derived Hammett parameters (o) and other LFER related quantities in
the traditional way are possible (Figure 42). A correlation of log ke with o, constants
was observed (r2 = 0.750) (Figure 42a). No acceptable correlations were obtained
either with o," and, surprisingly, with o* (Creary scale,?*® Figure 42b and c). Swain and
Lupton proposed that substituents' effects on the reaction constants can be evaluated
independently by their field (F) and resonance (R) effects.?*” Figure 42d shows that
the relative rates (log k) correlate better with the field effect of the substituent (F
constants , r2 = 0.870). Conversely, the resonance constant did not correlate in a
simple way with the relative rate constants (Figure 42e). The halogens are shown to
be outliers. The inclusion of solvent effects and diffuse functions
(PCM(DMF)/UBHandHLYP/6-311++G**//UBHandHLYP/6-311G**) results in the
same tendency shown before to reaction barriers (Figure 43), suggesting that these
factors do not significantly influence the results. Considering that the radical at the
phenyl moiety is orthogonal to the 1 system, it does not allow resonance to occur
effectively, the better correlation with F is plausible. Thus, the field effect plays a main

role in the polar (aka electrostatic, electric field, or field) effect. The stronger one is the
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electron-withdrawing effect of the substituent of the aryl radical, the higher one is the

reaction rate.
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Figure 42: Plots of log krel and AG* against (a) Hammett g, (b) op*, (c) o°, (d) Field effect (F) and (e)
Resonance effect (R) for para-substituted phenyl radical additions to acetone-based enol acetate at
UBHandHLYP/6-311G** level of theory.
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Figure 43: Plots of log krel and AG* against (a) Hammett a,, (b) op*, (c) o°, (d) Field effect (F) and (e)
Resonance effect (R) for para-substituted phenyl radical additions to acetone-based enol acetate at
PCM(DMF)/UBHandHLYP/6-311++G**//UBHandHLYP/6-311G** level of theory.

The positive slopes (p) suggests the formation of a negative partial charge 6~

at its Cq, is being formed in relation to the same atom at the reactant. The atomic

charges calculated by Hu, Lu, and Yang (HLY) charge fitting method?* allows the

estimation of the charge accumulation at the atom on the TS and in the reactants.

Considering that the charge at the Cq, calculated by the HLY method, is Qca(TS) = —
0.756e in the TS, while it is Qcq(enol) = — 0.725e at the reactant, the charge
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accumulation/depletion (8) at this carbon in TS can be calculated by & = Qcq(TS) —
Qca(enol), which results in & = — 0.031e. The negative sign confirms the charge
accumulation at Cq , in agreement with the value (6°) expected by the positive p value
from the LFER.

The good correlation with field effect can be explained in terms of radical
electrophilicity. Strong electron-withdrawing groups, such as NO,, CN and CFs, have
large dipoles, exerting an electrostatic field (F) which helps to stabilize the
accumulation of electron density (87) at the reacting center Co. On the other hand,
groups that pull electrons, such as alkyl and silyl, tend to have the opposite role.

The arylation of pentan-3-one and cyclohexanone-based enol acetates with p-
NO. substituted phenyl diazonium salt gives yields of 33 and 35%, respectively.**
These lower yields, as compared to the unsubstituted case, were attributed to steric
demands at a-carbon. To analyze this fact, calculations with alkyl-substituted enol
acetate at a-carbon at the TS were carried out. Taft proposed modifying the Hammett
equation to include the influence of steric effect.?**-25! Later, Charton proposed a new
scale where the van der Waals radii of different groups were used as reference.?%2-2
These LFERs were employed to evaluate the steric effect at the desired system.

The DFT calculations show that the exothermicity of the reaction is decreased
as bulkier the alkyl group is (Table 18), affecting the barrier height. A bulk group such
as 'Bu increased the AG*in around 4 kcal mol™. Cyclic ketones were also evaluated.
Cyclohexanone-based enol acetate exhibited similar behavior of n-alkyl groups. 1-
Tetralone-based enol acetate showed the lowest AG*. As this enol acetate has an
aromatic ring fused to a cyclohexanone, the resonance effect would stabilize the

adduct formed, which could be observed by the lowest exothermicity.
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Table 18: Calculated TS Gibbs free energy (AG* / kcal mol?) and enthalpy (AH*/ kcal molt), reaction
Gibbs free energy (AGn / kcal mol?) and enthalpy (AHin / kcal mol?) at UBHandHLYP/6-311G** level
of theory for p-nitrophenyl radical addition to a-alkyl enol acetates.

R? AG? AH? AGxn AH,

H 12.0 2.2 -26.3 -38.6

Me 14.0 2.1 -23.7 =-37.1

Et 14.5 2.4 -23.5 -37.0

"Pr 14.6 2.4 -23.4 -36.9

Pr 14.3 3.3 -22.5 -35.4

"Bu 14.7 2.4 -23.4 -36.9

'Bu 15.9 4.4 -22.0 -34.8
cyclohexanone 13.7 2.6 -22.4 -35.0
1-tetralone 131 1.6 -33.1 —-46.2

The calculated barrier height showed, excluding the cyclic compounds, poor
correlation with the reaction enthalpy (r2 = 0.442, Figure 44a). It means that
exothermicity has an influence on the reaction rate to a small degree, as shown by the
slope (0.092) close to zero, and therefore it is not the main factor. As shown previously,
the enol acetate acts as the nucleophile, so the plot of barrier height against enol
acetate HOMO energy was used to evaluate polar effect. No correlation was observed,

showing that this effect has a low influence on the energy barrier (Figure 44b).
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Figure 44: Plots of transition state enthalpy (AH*¥) against reaction enthalpy (AHx») and (b) HOMO
energy for the addition of p-nitrophenyl radical towards a-alkyl enol acetates.

The Taft and Charton parameters for the evaluated alkyl substituents are
showed in Table 19. The plots of log ki against steric constants for each showed good
correlations: r2 = 0.938 for Taft (Figure 45a) and r2 = 0.924 for Charton (Figure 45b)
scales. Due to the methyl group being considered the reference for Taft sterics
analysis, the log ke for this case was considered as log kx/kwme, instead of the traditional
log kx/kn. The prair= —1.21 and pcharon = —2.78 indicate that steric demands at the a-

carbon are particularly important in the reaction.

Table 19: Taft (-Es) and Charton (v) constants and log ki for different alkyl groups.

R? Es v l0g (Kx/Knte) log (kx/kr)
H 1.24 0 0.19 0
Me 0 0.52 0 1.42
Et 0.07 0.56 -0.08 -1.85
n-Pr 0.36 0.68 -0.09 -1.89
i-Pr 0.47 0.76 -0.05 -1.68
n-Bu 0.39 0.68 -0.10 -1.96

i-Bu 0.93 0.98 -0.34 -2.81
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Figure 45: LFER plots with (a) Taft (-Es) and (b) Charton constants (v) for the addition of p-nitrophenyl
radical towards a-alkyl enol acetates.

The analysis of structural parameters at transition states can clear what
happens in the presence of bulky groups. The approximation distance is reduced up
to 0.066 A but, compared to substituted radicals added to acetone-based enol acetate,
these parameters are acceptable. Any other way, the angles of approximation (0)
deviate around — 4 to — 5° with aliphatic alkyl groups and up to — 6.5° in case of cyclic

enol acetates, getting far from Burgi-Dunitz trajectory.

Table 20: Approximation distante (rcc / A) and angle (8 / °) calculated at transition states of p-
nitrophenyl addition to enol acetates.

R? rec ]
H 2.411 105.1
Me 2.368 101.4
Et 2.383 100.0
n-Pr 2.380 100.0
i-Pr 2.345 101.6
n-Bu 2.380 100.0
i-Bu 2.372 100.4
Cyclohexanone 2.384 99.8
1-tetralone 2.406 98.5

Finally, acetophenone-based enol acetates were used to evaluate how

substitution at B-carbon (Scheme 1, Cg) influences the rate constants. At Kénig’s work,

reactions with three substituted acetophenones (R® = OMe, Br, H) were carried out
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and excellent yields were obtained. In such systems, the substitution had no key effect
in the reaction yields.

The calculated barrier heights (Table 21) of all the evaluated substituents are
close to non-substituted acetophenone. Compared to acetone-based enol acetates,
these reactions would be faster with rate constants 10 to 100 times higher. The
formation of a new radical species after the addition is stabilized by both phenyl and
acetate groups. The plot of the logarithm of the relative rate constants against
Hammett constants indicates a good correlation (r2 = 0.991, Figure 46a), but with a
smaller slope (p = —0.649), suggesting little influence on the rate. Correlations with
field and resonance effects indicate that both contribute to lower barrier heights. Since
the radical formed is coplanar to the 1 orbitals, the resonance effect would be an

expected factor to influence this system (Figure 46e).

Table 21: Hammett constants (0, ana 0p*), Creary constant (0°), field effect (F) and resonance effect (R)
constants and the energy barrier AG* (kcal mol?) and the log ke for the p-nitrophenyl radical addition to
the acetophenone-based enol acetates.

R® op o’ c* F R AG* log Krel

H 0 0 0 0 0 10.96 0
NH, -0.660 -1.111 - —-0.681 - 10.33 0.466
OMe -0.268 -0.648 0.24 -0.5 0.24 10.80 0.122
Me -0.17 -0.256 0.11 -0.141 0.11 10.82 0.102
Br 0.232 0.025 0.13 -0.176 0.13 11.23 -0.197
CN 0.660 0.674 0.46 0.184 0.46 11.53 -0.418

NO2 0.778 0.74 0.57 0.155 0.57 11.63 -0.492
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Figure 46: Plots of log krel and AGT against (a) Hammett op, (b) op+, (c) oe, (d) Field effect (F) and (e)
Resonance effect (R) for substituted p-nitrophenyl radical addition to acetophenone-based enol
acetates.

The substitution pattern at the aryl ring of acetophenone-based enol acetate
monitors the alkene B-carbon. The negative slopes of LFER correlations indicate the
electron density depletion or accumulation of positive charge at $-carbon on the TS
concerning this atom on the reactants, i.e., 8(Cg) = &". Electron donating groups (EDG)
would exhibit higher rates as compared to EWG. The HLY charges were also used for
calculating the electron density accumulation/depletion (&) at the a-carbon, i.e., & =
Qcp(TS) — Qcp(enol)). Since Qcp(TS) = 0.329e and Qcp(enol) = 0.277e, this leads to &
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= + 0.052e, which confirms the charge depletion at Cg at the TS, in agreement with
the value (&%) expected by the positive p value from the LFER shown in Figure 46a.
Based on this systematic study, we can summarize important features about
electronic demand at both aryl radical and enol acetate that affects the photoredox
version of the Meerwein arylation, which may work as guidelines for this reaction.
These are: 1) Groups that highly pull electronic density by field effect at phenyl radical
improve the reaction yields; 2) Electron-donating groups (EDG) directly bonded to the
B-carbon of the enol acetate will improve the reaction yields and could be interesting
to be in synthetic applications when a-aryl ketones with oxygenated groups, typical of
natural products, are desired; 3) Substitution at a-carbon of the enol acetate, such as

alkyl groups and cyclic ketones, will decrease the yield.

3.4.

Conclusions

We explored the phenyl radical reactivity in additions to enol acetates. Based
on the theoretical calculations and supposing that the addition of the phenyl radicals
to the enol acetates would be the step responsible for the reactivity, the polar effects
are suggested to dominate the influence by the action of the field effect, which is
consistent with the early TS. Based on the theoretical Hammett, HLY charges, and
NBO analysis, the accumulation of negative charge at the C4, makes the enol acetate
the nucleophile of the reaction. The evaluation of the substitutions at the enol acetates
showed a strong influence of the substitution at Cq by steric effects even reacting with
a stronger nucleophile as p-nitrophenyl radical. On the other hand, substitution at Cg
did not show a significant influence on the energy barriers. These results suggest that
as the reduction of diazonium salts to phenyl radicals is a very fast process, the
influence of substituents would not interfere severely at this step and the addition step
is critical to determinate the efficiency of the reaction, different from what was
proposed in the literature. To confirm this theoretical evidence, kinetic experiments are

suggested in the same systems.
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3.5.

Experimental procedures

The computational calculations were carried out by using Gaussian 16
software?*®. The geometry optimization of reactants and products was performed
using BHandHLYP functional®®® (unrestricted in case of the radicals) and 6-311G**
basis set. Stationary points were characterized as minima with no negative
frequencies analyzing harmonic vibrational frequencies at the same theory level as
geometry optimization. TS geometries were calculated at the same level of theory and
were confirmed by the presence of only one imaginary frequency. \Molecular orbitals
were calculated from the optimized structure using MP2/6-31G** level of theory (the
MO energies were obtained in the Hartree-Fock part of the calculation). NBO
calculations were performed within its 3.1 version?*? implemented at Gaussian 03
software?*?, The cartesian coordinates and energies of the calculated structures are

shown in the Appendix 2 of this Thesis.
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Synthesis of a-aryl-1-tetralones by photoredox catalysis

4.1.

a-Aryl-1-tetralones as analogues of isoflavanones

Isoflavanones (377) are a class of isoflavones (378) in which the a,B-
unsaturation is reduced. These compounds are biosynthetic precursors of
isoflavonoids®’ and have several biological applications. In Figure 47 some naturally
occurring isoflavanones are present. Perbergin (379), extracted from the bark of
Dalbergia pervillei, showed antimicrobial activity against some Gram-paositive bacteria,
such as Mycobacterium smegmatis.?*® Sativanone (380), extracted from D. parviflora,
showed moderate activity as MCF-7 and T47D cells proliferation stimulant.?*®
Saphoronol A (381) was obtained from the extract of the roots of Sophora mollis and
exhibited moderate activity against Plasmodium falciparum.?®® Cajanol (382),
extracted from the legume pigeon pea, showed activity against MCF-7 breast cancer
cells.?8! Vestitone (383) had antimicrobial activity as compared to streptomycin and
was obtained from the extract of D. odorifera.?®? The isoflavanone 384, isolated from
Uraria crinite, exhibited cytotoxicity against KB (mouth epidermal cancer), HepG2
(hepatocellular cancer), Lu (lung cancer) and MCF-7 cells lines.?®®
Dothideoisoflavanone (385), extracted from Dothideomycetes fungus CMU-99,
showed moderate activity against KB cells.?%* Eryvellutinone (386) was extracted from
the stem bark of Erythrina vellutina Willd. No data on its biological activity was
presented.?®® Ficustikounone A (387), isolated from Ficus tikoua, but was inactive
against A549 (lung cancer), HepG2, MDA231 and SGC7901 (human gastric cancer)
cells.?®® The kenusanone F 7-methyl ether (388) was obtained from the stem bark of D.

melanoxylon and showed activity against M. tuberculosis.?®’
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Figure 47: Examples of naturally occurring isoflavanones.

The isosteric change of the oxygen heteroatom to a CH» group led to the a-
aryl-1-tetralones (like 391), also known as 1-carbaisoflavanones. These compounds,
however, were not extensively investigated for biological applications. Costa et al
reported the first use of these compounds as anti-HCV drug candidates.?®® The

compounds were obtained after the Buchwald-Hartwig-Myura reaction of 389 with 390
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(Scheme 57). Some of the aryl-tetralones showed ECso < 8 umol L against genotype
1a and < 5 < 8 ymol L™ against genotype 2a with high selectivity index.

B 0  Pd(dba), (2,5 mol%) )
t-BusPHBF, (10 mol%)
MeO NP
\© ¥ ©fi KOH (2,5 eq) |// OMe
dioxane/Hy0 (4:1) g2
389 390 80 W, 100 °C, 40 min 391

Scheme 57: Costa’s a-arylation of 1-tetralones by Buchwald-Hartwig-Myura reaction.

The same group also showed the synthetic value of these compounds as
intermediates of the synthesis of carbapterocarpens, which are pterocarpens
analogues, a class of natural products that are considered an important class of
nonsteroidal antiestrogens for the treatment of hormone-sensitive cancers.?®® Costa
et al proposed the synthesis of 397a and its methoxylated version 397b in a 5-steps
synthesis, in which the intermediate 396 undergoes an intramolecular Heck reaction

to afford the desired products (Scheme 58).

|
D\ @Q_HOH @Q..\OTS
MCPBA HO R ' TsCl, piridina '
° 0
NaHCO3, CH,Cl, o NaOH CHCl3 ta., 12 h

392 0°Catéta,1,5h 393 65 - 75% 394 76 - 84% 395
95% R R
tBUOK
THF, 0°C até ta., 1 h
78 - 90%
Pd(OAc); (5 mol%) | '

o

TBACI, NaHCO3
DMF, 100 °C,5-12h 396
73 - 86%

397a:R=H
397b: R = OMe

Scheme 58: Costa’s synthesis of carbapterocarpens.

Later, they proposed a shorter route (2 steps) starting from 1-tetralones (398)
and 399 to obtain the intermediate 400 by Buchwald-Hartwig-Myura reaction followed

by the formation of the benzofuran ring to afford 401 in good yields (Scheme 59).
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4 4 R4
R Pd,(dba); (2,5 mol%) RS R3
R Br (t-Bu)3PHBF, (10 mol%) BBr; (15 eq) O‘
+ ——— >R =
R2 MeO R5 KOH (2 eq), dioxano/agua (4:1) R? CH,CI,, 0°C, 1,5 h o
; MW (80 W), 100 °C, 40 min R
R" © e0 R®
398 399 400 401

400a: R' = H: R2= OMe: R® = R* = H: R® = OMe g1% 401a:R'=H;R?=OH;R®=R*=H; R®=OH
400b: R'= R?= H;R%= OMe; R =H; R°=OMe ~ 78%  401b:R'=R?=H:R®=OH;R"=H. R® = OH
400c: R' = R2= R® = H: R* = OMe: R® = OMe 66% 401c:R'=R?=R®=H;R*=0OH;R%=OH
400d: R' = OMe; R?= R® = H; R* = OMe; R®= OMe  77%

Scheme 59: Costa’s modified synthesis of carbapterocarpens through 1-tetralones.

4.2.

a-Arylation of cyclic ketones

Based on the exposed synthetic and the promising biological values of the a-
aryl-1-tetralones, presenting the methodologies for this kind of transformation is
required. The most useful strategy to make arylated ketones is the enolization followed
by the arylation step. Jones et al proposed the total synthesis of the cephalotaxinone
(403), an alkaloid isolated from a Japanese plum yew.?° The last step was the ring
closure of 402 using stoichiometric amounts of Ni(0) (Scheme 60). The compound 403

was obtained after this arylation in 28% vyield.

0
{ N s
o 1) MeLi, PhyCH, THF, 3 h
[

2) Ni(COD); (1.3 eq)
-76 °C to rt, 17 h OMe

\

0 OMe

28%
402 403 (cephalotaxinone)

Scheme 60: Synthesis of cephalotaxinone by intramolecular arylation of 402 with Ni(0).

The use of non-catalytic metals was also employed in other works to promote
the a-arylation of ketones. Migita et al used bromobenzene as an aryl source to
arylations of enol acetates using organotin compounds and palladium catalysis
(Scheme 61).2"! The author proposed the formation of an organotin enolate

intermediate. The arylation of 405 with 404 was achieved in 54% yield.

97%
95%
87%
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Br OAc Q
PdCI,(P(o-Tol)3), (10 mol%) Ph
+ >
SnBuzOMe (1.5 eq), toluene
100 °C,5h
404 405 406

54%

Scheme 61: Arylaton of cyclohexanone combining organotin and palladium catalysis.

Ryan and Stang proposed the arylation of cyclic ketones using
diphenyliodonium triflate (408) (Scheme 62). The authors explained the moderate
yields obtained by competing for radical reduction process, assuming that the
mechanism is based on radicals. When cyclopentanone and indenone were used, two

phenyl groups (410) were inserted at the desired position.

1) LDA, -78 °C o o
2) CuCN, -78 to -35 °C Ph .
'r::” \: > or :,;,—’ ~: Ph
b, | 3) Ph,I*OTf (408), -78 °C to rt b o
~ 0.3 1-3 ~
407 409 410
46 - 55% 35-38%

Scheme 62: Arylation of cyclic ketones using diphenyliodonium triflates.

Palucki and Buchwald highlighted that until 1997 the methodologies used to
this transformation required stoichiometric amounts of metallic compounds. They
proposed a new methodology in which the arylation would work directly, with no need
of transformations on 412. The arylation with 411 was achieved in 83% vyield (413)

when 2 equivalents of the aryl bromide were employed (Scheme 63).272

Pd,(dba)z (1.5 mol%) 'Bu
Tol-BINAP (3.6 mol%) *
NaO'Bu, THF, 70 °C

839
412 " 413

Scheme 63: Direct arylation of cyclohexanone by palladium catalysis.

The use of palladium catalysis with organocatalysis was explored by Dong et

al. The formation of enamines from 414 and pyrrolidine in situ led the generation of
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the products like 416 in yields up to 93% (Scheme 64).2”® The methodology showed
tolerance to a huge variety of functional groups and to scaling up. However, no other

cyclic ketones were evaluated.

415 :
Pd(OAc), (10 mol%)
Br 0 P(o-tol)3 (20 mol%) o
pyrrolidine (20 mol%)
+ :
415 (30 mol%), NaOAc (1 eq), dioxane
110 °C, 12 h
404 414 416
45 - 93%

Scheme 64: Arylation of cyclipentanones merging cross-coupling and organocatalysis.

Nolan et al developed a methodology that required sub-catalytic amounts of
palladium (Scheme 65). The use of the bench stable pre-catalyst 419 could afford the
compound 420 in 93% vyield from 417 and 418, using 500 ppm of 419 in a 0.5 mmol
scale.?”* The authors highlighted that the proposed protocol does not need glove box
or Schlenk techniques, but the yields are improved if they are employed. The

compound 420 was obtained inside a glove box.

: np Pr
/’:\ "Pr
NN
419 (500 ppm \(
“=pa,
NaO‘Bu (2.2 eq) Q 2! py
100°C,16h  MeO ”Pr)\//k Pr
Mé Me
93% : 419

Scheme 65: Arylation of 418 with chlorobenzene using 419 in subcatalytic amounts.

Other metals were also used for this transformation. Li and Wang used nickel
to catalyze the a-arylation from aryltrimethylammonium triflates (421) (Scheme 66).2"°
The reaction of 421 with 390 gave the desired product 422 in 57% vyield. The

mechanism was not elucidated by the authors.
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NMe3"OTf" o Ni(COD), (10 mol%)

Me
IPr.HCI (20 mol%) 0 O
+ :
LiO'Bu (3.4 eq), 80 °C, 24 h O‘

57%
421 390 422

Scheme 66: arylation of 1-tetralone with 421 by nickel catalysis.

Finally, Kirti et al proposed a metal-free reaction to obtain the a-aryl-1-
tetralones.?’® The use of a strong base like KO'Bu made the arylation with nitroarenes
(423) possible, while their attempts onto the use of organocatalysis were not
successful. Arylated 1-tetralones and 1-indenones were achieved in yields up to 65%
(Scheme 67) in a regiospecific fashion. When fluorine and chlorine were present as
substituents at the nitrobenzene, the yield decreased from 62% (424a) to 24% (424b)
and 45% (424c), but the SyAr product was not observed by the authors. The presence
of EDG was not evaluated. The arylation of indenone was achieved in 30% yield
(424d). Non-aromatic cyclic ketones showed poor yields (424e) and when the a-
position was already arylated, the arylation occurred at the opposite carbon (424f).
The formed enolate was nucleophilic enough to promote the attack to the nitrobenzene

followed by the C-H oxidation mediated by oxygen.

N02 O o N02
NaOBu (1.2 eq)
* :':/ = > r’/::i
& DMSO, tt, open flask i
0-1 i
423 407 12 - 65% 424
Examples:
. _NO, l :NOZ : ' :NOZ
424a 424b 424C
62% 24% 45%
NO NO
[ I au o
N02 ‘
424d 424e 424f
30% 47% 15%

Scheme 67: Arylation of cyclic ketones with nitrobenzenes by nucleophilic aromatic substitution.
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4.3.

Objectives

As pointed out at section 4.1, the a-aryl-1-tetralones showed activity against
hepatitis C virus. This result brought our group up the possibility of exploring the use
of this class of compounds in other classes of viral diseases, such as zyka and
chikungunya. For this purpose, the aim of this work is to develop a new methodology
to make a-aryl-1l-tetralones by photoredox catalysis. The arylation of these
compounds generates a chiral center at the a-position, therefore a methodology to
obtain the enantiomeric pure compounds was also studied. For these purposes, four
specific objectives are described below.

. Develop a methodology based on merging photoredox catalysis and

organocatalysis to obtain chiral a-aryl-1-tetralones.

« Study the reactivity of 1-tetralone derived enamines from pyrrolidine.

« Once the arylation is achieved, develop a methodology to obtain

enantiomeric pure a-aryl-1-tetralones.

« Describe the use of isonitriles to obtain 1-tetralones via photoredox

catalysis.

4.4.

Results and discussion

All the results of this work were obtained during the internship at the University

of Michigan at the laboratory of Dr. Corey Stephenson.

4.1.1. Organocatalysis approach

To the cyclic ketones, the first attempts were carried out with cyclohexanone
(412) and diazonium salt 216 in the presence of a photocatalyst and pyrrolidine as
organocatalyst (Table 22). As shown in Chapter 2 of this Dissertation, the formation of
phenyl radicals is possible with [Ru(bpy)s]Clz as photocatalyst. The reactions carried
out with this photocatalyst (Entries 1 to 7) did not work, even when the solvent was
changed to MeCN and DMF. The other photocatalysts employed (Entries 8 to 11) did
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not work, showing that more reducing agents, such as Ir(ppy)s, and more oxidizing
agents, as [Ru(bpz)s](PFs)2, did not affect the reaction.

Table 22: Attempts on the arylation of cyclohexanone by photoredox catalysis and organocatalysis.

0 N,*BF,” Photocatalyst (2 mol%) o
Pyrrolidine (20 mol%)
ij : © Solvent, rt, 24 h >
Blue LED
412 216 406

Entry Photocatalyst Solvent Yield®
1 [Ru(bpy)s]Cl2 DMSO NP
2 [Ru(bpy)s]Cl. DMSQOP NP
3¢ [Ru(bpy)s]Cl. DMSO NP
4c [Ru(bpy)s]Clz DMSOP NP
54 [Ru(bpy)s]Cl- DMSO NP
6 [Ru(bpy)s]Cl. DMF NP
[Ru(bpy)s]|Cl. MeCN NP
8 [Ir(dF(CF3)ppy)2(dtbpy)]PFse DMSO NP
9 [Ir(ppy)2(dtbbpy)]PFs DMSO NP
10 Ir(ppy)s DMSO NP
11 [Ru(bpz)s](PFe)2 DMSO NP

General reaction conditions: 216 (0.1 mmol), 412 (0.5 mmol), photocatalyst (0.002 mmol), pyrrolidine
(0.02 mmol), solvent (0.5 mL), rt, 24 h, blue LED irradiation. 2 The reaction was monitored by GC-MS and
IH NMR. P 1.0 mL of solvent; ¢ 10 eq of cyclohexanone; ¢ 15 step: 412 + pyrrolidine + 0.5 mL DMSO for
18 h, 2" step: 216 + [Ru] + 0.5 mL DMSO for 6 h. NP = no product observed.

As the reactions with cyclohexanone did not work, the ketone was changed to
the 6-methoxy-1-tetralone (418) (Table 23). The reaction with the same conditions as
above (Entry 1) did not work. The addition of DIPEA did not give the desired product
(Entry 2). As pointed out by Cook in his book about the chemistry of enamines,?’” the
synthesis of enamines from 1-tetralones and pyrrolidine is difficult and strong Lewis
acids, such as TiCls, are needed. Based on this, MS 4 A was added to the reaction
(Entry 3), but no product was observed. The use of DMF (Entries 4 and 5) and
methanol (Entries 6 and 7) did not give the arylated product. Finally, even the use of

Ir(ppy)s (Entry 8) did not work.
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Table 23: Attempts on the arylation of 6-methoxy-1-tetralone by photoredox catalysis and
organocatalysis.

¢} N,*BF,~ Photocatalyst (2 mol%)

Qﬁﬁ *
MeO

Pyrrolidine (20 mol%)

L
’

Solvent, rt, 24 h

Blue LED

9

MeO
418 216 420
Entry Photocatalyst Solvent Additive Yield®
1 [Ru(bpy)s]Cl> DMSO NP
2 [Ru(bpy)s]Cl2 DMSO DIPEA (2 eq) NP
3 [Ru(bpy)s]Cl- DMSO MS 4A NP
4 [Ru(bpy)s]Cl2 DMF NP
5 [Ru(bpy)s]Cl2 DMF MS 4A NP
6 [Ru(bpy)s]|Cl2 MeOH NP
7 [Ru(bpy)s]Cl2 MeOH MS 4A NP
8 Ir(ppy)s DMSO NP

General reaction conditions: 216 (0.1 mmol), 418 (0.5 mmol), photocatalyst (0.002 mmol), pyrrolidine
(0.02 mmol), solvent (0.5 mL), rt, 24 h, blue LED irradiation.

As it is not possible to monitor the consumption of diazonium salts by TLC or

GC-MS, the source of phenyl radical was changed to 248 (Table 24). Using the

conditions of the previous attempts (Entries 1 to 6 and 11), the reaction did not give

the product, but the full conversion of the sulfonyl chloride was observed. The

organocatalysts was changed to morpholine (Entry 8), piperazine (Entry 9) and (L)-

proline (Entry 10) and 248 was fully converted, but no product obtained.

Table 24: Attempts on the arylation of 6-methoxy-1-tetralone with 248 by photoredox catalysis and
organocatalysis.

(e} SO,Cl Photocatalyst (2 mol%)

@é *
MeO

Organocatalyst (20 mol%)

L

y

Solvent, rt, 24 h
Blue LED

O

J

MeO
418 248 420
Entry Photocatalyst Organocatalyst Solvent Additive  Yield?
1 [Ru(bpy)s]Cl2 Pyrrolidine DMSO NP
2 [Ru(bpy)s]Cl. Pyrrolidine DMSO MS 4A NP
3 [Ru(bpy)s]Cl» Pyrrolidine DMF NP
4 [Ru(bpy)s]Cl» Pyrrolidine? DMF NP
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5 [Ru(bpy)s]Cl» Pyrrolidine MeOH NP
6 [Ru(bpy)s]Cl2 Pyrrolidine MeOH MS 4A NP
7 [Ru(bpy)s]Cl» Pyrrolidine Toluene/DMSO NP
8 [Ru(bpy)s]Cl» Morpholine DMSO NP
9 [Ru(bpy)s]Cl» Piperazine DMSO NP
10 [Ru(bpy)s]Cl. (L)-proline DMSO NP
11 Ir(ppy)s Pyrrolidine DMSO NP

General reaction conditions: 248 (0.1 mmol), 418 (0.5 mmol), photocatalyst (0.002 mmol), organocatalyst
(0.02 mmol), solvent (0.5 mL), rt, 24 h, blue LED irradiation.

As the phenyl radical source is consumed during the reaction, the addition step
to the enamine was investigated. The enamine derived from cyclohexanone and
pyrrolidine (425) is commercially available and was used in an arylation reaction using
the typical conditions showed at Chapter 2 (Scheme 68). The reaction did not work,
suggesting that enamines like 425 could not be substrates prone to be arylated by

photoredox catalysis.

N,*BF,
[RU(bpy)3 (2 mol%)

© DMS rt 24 h
Blue LED

Scheme 68: Attempt on the arylation of 425 by photoredox catalysis.

406

The problems related to enamine catalysis and cyclic ketones were showed by
Blanchet et al; the authors proposed a complementary approach to enamine catalysis
to be used in cases like 1-tetralones.?’® The use of chiral phosphoric acids as Brgnsted
acids can induce the in situ formation of enolates. Merging this method with
photoredox catalysis (Table 25) could afford the designed product. Initially, aryl
bromides were employed as phenyl radical sources using the anthraquinone Agq-OH
as photocatalyst (Entries 1 to 3) based on the methodology described by Koénig et al:
the reactions did not work.?”® Then, 4-bromoacetophenone was used instead of
bromobenzene (Entries 4 to 7); different photocatalysts were used; as all the previous

attempts, sulfonyl chlorides also did not give the desired product (Entries 8 to 10).
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Table 25: Attempts on the arylation of 6-methoxy-1-tetralone with different phenyl radical sources and
chiral phosphoric acid as organocatalyst.

R :
0o Photocatalyst (10 mol%) \ /, :
Chiral-P (20 mol%) :
+
Solvent, rt, 48 h O‘
MeO Blue LED MeO

418 S S _c_b_-se!f ___________
Entry R? R? Catalyst Solvent Additive Yield
1 Br H Ag-OH DMSO DIPEA(3eq) NP
2 Br H Ag-OH Toluene DIPEA (3 eq) NP
3 Br H Ag-OH Toluene DIPEA (3 eq) NP
4 Br  C(O)Me PDI DMSO Et:N(10eq) NP
5 Br C(O)Me PDI Toluene  Et:N (10 eq) NP
6 Br C(O)Me Ag-OH DMSO  Et:N (10 eq) NP
7 Br C(O)Me [Ir(ppy)2(dtbbpy)]PFs DMSO  Et3N (10 eq) NP
8 SO.CI H Ir(ppy)s Toluene  Et3N (10 eq) NP
9 SO.CI H Ag-OH Toluene  EtsN (10 eq) NP
10 SO.CI H PDI Toluene  EtsN (10 eq) NP

The last attempts to arylate the 1-tetralone were carried out with the enol
acetate 426 (Table 26). Even with the use of MS 4A or changing the solvent and the

photocatalyst, the reactions did not produce 427.
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Table 26: Attempts on the arylation of the 6-methoxy-1-tetralone derived enol acetate with different
phenyl radical sources and chiral phosphoric acid as organocatalyst.

0
)J\ N,*BF,~ photocatalyst
(@) additive
+
© solvent, rt, 24 h
O‘ Blue LEDs
216
426
Entry Photocatalyst Eq of 216:426 Solvent Additive Yield?®
1 [Ru(bpy)s]Clz (2 mol%) 1:5 DMF NP
2 [Ru(bpy)s]Clz (2 mol%) 1:5 DMF MS 4A NP
3 [Ru(bpy)s]Cl- (2 mol%) 1:10 DMF NP
4 [Ru(bpy)s]Cl2 (5 mol%) 1:5 DMF NP
5 [Ru(bpy)s]Cl- (2 mol%) 2:1 DMF NP
6  [Ru(bpy)s]Clz (2 mol%) 1:5 DMSO  MS 4A NP
7 [Ru(bpy)s]Cl2 1:5 MeCN NP
8 Ir(ppy)s 15 DMF NP

Based on these results, two main reasons can be considered to explain the
absence of reactivity. The first one is the in situ formation of the enamine 431. The
general mechanism of enamine formation in the absence of acid as catalyst is
described at Scheme 69a. According to Pandit et al, the intermediate 430 has a
considerable steric effect between the aromatic hydrogen at the position C8 and the
CH, group of the pyrrolidine ring (Scheme 69b).2° As the carbinolamine 429
dehydration is the rate-determining step?®!, the transition state of this step would be a

high energy species, being the formation of the enamine slow.

’ 0 (o) )
0 ©)
f N oO3 HN@ HO NO N N
390 428 429 430 431
b / 5 ‘ 5
) ®
HNON HALN
430 431

Scheme 69: Mechanism of the non-catalyzed formation of the enamine 431.
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The structures of 430 and 431 were optimized at the B3LYP/6-311++G(d,p)
level of theory. Despite the steric hindrance pointed out at Scheme 69b, the iminium
double bond forces the tetralin conformation in a such way that this steric effect is
reduced. However, when the tautomer carries out, the structure of 431 does not allow
the half-chair conformation and the steric factor takes place. The DFT calculations
showed that the optimized structure has the dihedral angle [C1’-N-C1-C2] = 29.1°. It
means that the C-N bond is twisted and the orbital overlap at C=C-N bonds is impaired.

a) b)

« T ' g

. b!’gb

. . « ¢

« _ 0° @ ¢
. . L2

Figure 48: Optimized structures of 430 and 431 at B3LYP/6-311++G(d,p) level of theory: (a) the iminium
430 in front view, (b) the iminium 430 in side view, (c) the enamine 431 in front view and (d) the
enamine 431 in side view.
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According to the Second Order Perturbation Theory, the energy of the
interaction of a pair of orbitals is described by the Equation 8. The smaller the
difference of energy between these orbitals is, the bigger will energy of stabilization
be. However, this difference is not the only parameter to analyze it. The parameter Fj;,
which is the Hamiltonian matrix element between the orbitals, is a way to visualize the
overlap between two orbitals, and influences the stabilization energy.

-qlFyl”

et ®)

E(2)=

E(2): perturbation energy

gi: occupancy of the donor orbital (usually = 2)

Fi: Hamiltonian operator

Ej and E;: orbital j energy (acceptor) and orbital i energy (donor)

NBO calculations, carried out at the HF/6-311++G(d,p) level of theory, were
conducted to scan the dihedral angles, from 0 to 180°. Both parameters, E(2) and Fj,
where calculated as a function of the [C1’-N-C1-C2] dihedral angle (Figure 49). As
expected, both parameters have the same tendency. At 0°, in other words, when the
pyrrolidine ring is parallel to the tetralin ring, E(2) and F; have a local maximum value
and they decrease as the angle increases. The E(2) is lower than 0.5 kcal mol™* when
the dihedral angle is between 60 and 80°. This means that, at these angles, there is
no contribution of the interaction between the enamine N lone pair and 1*c-c orbital.
The parameters increase until reaching a global maximum value at 150°. The
optimized structure does not have the maximum E(2) and Fj values and, based on this

scan, it could be clarified as the less hindered structure with higher delocalization.


DBD
PUC-Rio - Certificação Digital Nº 1613320/CA


PUC-Rio- CertificagcaoDigital N° 1613320/CA

0.14

E(2) (kcal mol-1)
o B 5 B B

o
L

[
m
. .
| ] -
® = 9
[ J
Optimized
m structure ]
[ ] / Y
| n
[ J [ J
[ ]
] °
7| oOptimized u u
structure
[ J [
[ ] [ J
I |
e o
T

-0.12
-0.10

-0.08

- 0.04
-0.02

- 0.00

0

20 40 60 80 100 120 140 160 180
[C1'-N-C1-C2] dihedral angle (°)

I T
L 0.06 —

156

Figure 49: The energy of stabilization E(2) and the parameter F; as a function of the [C1'-N-C1-C2]

dihedral angle.

The second reason would be related to the reactivity of the enamines toward

the phenyl radical. As shown in Chapter 3, enol acetates act as nucleophiles when

they react with phenyl radicals; it is known that enamines are more nucleophilic than

enols.®! Studies with Conceptual DFT were conducted to analyze this hypothesis. The

reactivity parameters (Table 27) were calculated at B3LYP/6-31+G(d), according to

the method described in Chapter 2.


DBD
PUC-Rio - Certificação Digital Nº 1613320/CA


PUC-Rio- CertificagcaoDigital N° 1613320/CA

157

Table 27: Conceptual DFT parameters calculated for enamines and enol acetates at B3LYP/6-31+G(d).

®

N N iNj OAc OAc  OAc
431 432 425 426 433 434
Compound M° n° w’ N°
431 -3.26 4.70 1.13 3.51
432 -3.13 4.83 1.02 3.58
425 -2.43 4.87 0.61 4.26
426 -3.62 4.95 1.32 3.02
433 -3.88 5.17 1.46 2.65
434 -3.46 6.40 0.93 2.47
69 -4.33 4,51 2.08 1.30

Legend of colors: good; moderate and | weak nucleophile/electrophile.

For all the structures, the global chemical potential is higher than the one of
the phenyl radical. It suggests, as expected, that these compounds would act as the
nucleophiles and 69 as the electrophile. The enamines 431, 432 and 425 are more
nucleophilic than the enol acetates 426, 433 and 434, so they would be more reactive
toward phenyl radical. Based on this analysis, conceptual DFT cannot explain correctly
the obtained results.

As pointed out at Chapter 3, sterics influence the phenyl radical addition to enol
acetates and the substitution at the Ca increases the activation energy. As the
approximation of the phenyl radical is out of the plane of the N-C=C bonds, the
pyrrolidine ring would hinder the addition and thus increases the activation energy.
The TS related to the addition to 431 and 425 was calculated at the UBHandHLYP/6-
311G** level of theory (Figure 50). The approximation angles of the phenyl radical to
the enamines are close to each other: 103.3° for 431 and 101.6° for 425. The distances
are close too: 2.385 and 2.401 A for 431 and 425, respectively. These structural
parameters indicate that there is no significant difference for the approximation of the

phenyl radical.
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Figure 50: Transition states for the addition of the phenyl radical to 431 (left) and 425 (right) calculated
at UBHandHLYP/6-311G** level of theory.

The energy profile diagram (Figure 51) shows that the TS of the addition to the
tetralone-derived enamine is higher in energy than the cyclohexanone one. The former
has the AG* = 15.7 kcal mol?, which is a higher energy TS as compared to the
additions to the enol acetates. The addition to 425 is lower in energy (13.0 kcal mol?)

and would be more accessible. Both reactions are exothermic (see

Table 28 for the complete set of thermodynamic parameters) and the adduct 435 is

more stable.
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Figure 51: Energy profile diagram for the phenyl radical addition to 425 and 431, calculated at
UBHandHLYP/6-311G** level of theory.

Table 28: Thermodynamic parameters (in kcalmol) for the phenyl radical addition to pyrrolidine-derived
enamines, calculated at UBHandHLYP/6-311G**.

Reaction AGH AH? E. AGxn AH.,
69 + 425 13.0 2.1 2.7 -20.1 -30.6
69 + 431 15.7 4.6 52 -28.9 -41.3

4.4.2. Isonitrile approach

After the failed attempts of the combination of organocatalysis and photoredox
catalysis, a new synthetic approach was designed to obtain 427 (Scheme 70a). This
strategy was based on the use of isonitriles 441, a class of compounds that can react

with radicals to form iminyl radicals adducts 442 by radical combination (Scheme 70Db).
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This reaction can occur due to the presence of non-bonding electrons at the carbon
atom, as described by the resonance structure 443 (Scheme 70c).

R
O +\N

Br:
=C i
440

441
N=C ®
=4 <> o _x=c°
441 443

Scheme 70: Proposed synthesis of a-aryl-1-tetralones using isonitriles.

Several works showed the use of isonitriles in the photoredox catalysis
context.?82-28 |t's main use is based on a radical combination to obtain an intermediate
like 442 followed by radical aromatic substitution. The designed strategy required the
formation of a benzylic radical from 440. To evaluate the photocatalysts that would be
prone to reduce 440 and if the alkyl chain would influence the process, the cyclic
voltammetry of this compound was carried out (Figure 52). The reduction peak was
observed at -1.77 V (vs. SCE), which is consistent with the reduction potential of
benzylic bromide (-1.82 V).?8"

-10 -

J (Alem?)

-154
-20 4

-25

: —
25 2.0 15 -1.0 05 0.0
E (V vs. SCE)

Figure 52: Cyclic voltammetry of 440.
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Then, the compound 440 was submitted to some photoredox conditions to
evaluate its reduction (Table 29). The reactions were monitored by GC-MS. Firstly, the
reduction was attempted in the presence of [Ru(bpy)s]Cl. as photocatalyst, and DIPEA
and HCOzH as additives (Entry 1). This method showed effective dehalogenation of
a-halocarbonyl compounds,® however no reaction was observed and the starting
material was recovered. Then, stronger reducing agents were used (entries 2, 3 and
4). The conversion of 440 was sensitive to the kind of additive used. In the presence
of [Ir(ppy)2(dtbbpy)]PFs, the reduction was observed when DIPEA was used, instead
of EtsN. In the former, it was observed the formation of two products with m/z = 196,
which is 440 reduced to the corresponding alkane, and 164 (compound A), which
suggests the formation of the cyclic compound B. When the photocatalyst was

changed to [Ir(dF(CF3)ppy)2(dtbpy)]PFs, no reaction was observed.
Table 29: Attempts on the reduction of 440 using photoredox catalysis.

Br
Photocatalyst (2 mol%) O O O
> or
O O Additive, Solvent, rt, 24 h
Kessil Lamp 440 nm ’
440

A B
Entry Photocatalyst Additive Solvent Conversion (%)
DIPEA (10 eq)
1 [Ru(bpy)s]|Cl2 DMF NR
HCO:2H (10 eq)
[Ir(ppy)2(dtbbpy)]PFs DIPEA (2.2eq) MeCN 100
[Ir(ppy)2(dtbbpy)]PFs EtsN (2.2 eq) MeCN NR

[I(dF(CF3)ppy)z(dtbpy)]PFs DIPEA (2.2 eq) MeCN NR



DBD
PUC-Rio - Certificação Digital Nº 1613320/CA


PUC-Rio- CertificagcaoDigital N° 1613320/CA

162

A
m/z = 196
B

\ miz = 194
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Figure 53: Chromatogram of the reduction of 440 in the presence of [Ir(ppy)2(dtbbpy)]PFs and DIPEA as
additive.

These observations indicated that the reduction is possible and the generated
radical would be trappable. The isonitriles were used as trapping agents. Several
attempts were tried with commercially available isonitriles (Table 30). To facilitate the
reduction of 440, TTMSS was used as additive. One of the most common isonitrile is
the TosMIC (444), a cheap and not smelly one. It was employed in the presence of
Ir(ppy)s or [Ir(ppy)2(dtbbpy)]PFs as photocatalysts in different solvents (Entries 1 to
14). Despite the consumption of the alkyl bromide, the desired product was not formed.
The change of the isonitrile to 445 (Entry 15), 446 (Entry 16) and 447 (Entry 17) did

not give the product.
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Table 30: Attempts on the formation of the desired imine by photoredox catalysis using commercially

available isonitriles.

NR
R Photocatalyst (2 mol%)
Br: + N >
' K,cOs (6 eq), DIPEA (6 eq) O‘
TTMSS (6 eq), solvent, rt, 24 h

Kessil Lamp 440 nm

Entry R Photocatalyst Solvent  Yield
1 CH,SO,Tol (TosMIC, 444) Ir(ppy)s DMSO NP
2 CH,SO;Tol (TosMIC, 444) [Ir(ppy)2(dtbbpy)]PFs DMSO NP
3 CH2SO:Tol (TosMIC, 444) Ir(ppy)s DMF NP
4 CH2SO;Tol (TosMIC, 444) [Ir(ppy)2(dtbbpy)]PFs DMF NP
5 CH,SOTol (TosMIC, 444) Ir(ppy)s AcOEt NP
6 CH,SO;Tol (TosMIC, 444) [Ir(ppy)2(dtbbpy)]PFs AcOEt NP
7 CH>SO:Tol (TosMIC, 444) Ir(ppy)s Toluene NP
8 CH2SO;Tol (TosMIC, 444) [Ir(ppy)2(dtbbpy)]PFs Toluene NP
9 CH2SO.Tol (TosMIC, 444) Ir(ppy)s THF NP
10 CH2SO,Tol (TosMIC, 444)  [Ir(ppy)2(dtbbpy)]PFs THF NP
11 CH2SO.Tol (TosMIC, 444) Ir(ppy)s MeCN NP
12 CH2SO,Tol (TosMIC, 444)  [Ir(ppy)2(dtbbpy)]PFe MeCN NP
13 CH2SO.Tol (TosMIC, 444) Ir(ppy)s DCM NP
14 CH2SO,Tol (TosMIC, 444)  [Ir(ppy)2(dtbbpy)]PFe DCM NP
15 4-OMePh (445) Ir(ppy)s DMSO NP
16 Ph (446) Ir(ppy)s DMSO NP
17 t-Bu (447) Ir(ppy)s DMSO NP

As it was observed in the consumption of the alkyl halide, the addition of
NiCl..glyme was planned to evaluate a photoredox catalysis merged with nickel
coupling (Table 31). The supersilane TTMSS was also added. For this purpose, a
simpler alkyl halide (448) was used. Surprisingly, the desired product 449 was not
formed, although a tosylated compound (450) was obtained in 20% and 30% in the

absence and in the presence of dtbbpy as ligand, respectively.
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Table 31: Merging photoredox catalysis with nickel coupling to obtain the tosylated compound 450.

Photocatalyst (2 mol%)
NiCl,.glyme (10 mol%)
e Ligand (20 mol%) RN

Br- N
S\ NC _ S
+ > S::O +
/O/ K,COj (2 eq), DIPEA (2 eq) N7\ ©\)/ \©\
TTMSS (2 eq), DMF, rt, 24 h 0
4438 444

Kessil Lamp 440 nm

450
449
Entry Photocatalyst Ligand Yield of 449 Yield of 450
1 [Ir(ppy)2(dtbbpy)]PFs NP 20%
2 [Ir(ppy)2(dtbbpy)]PFs dtbbpy NP 30%

The formation of 450 was confirmed by NMR. The *H NMR (Figure 54) showed
total integration of 18 protons and the absence of a signal at 4.61 ppm (the protons of
CH_ group of TosMIC?®8) suggested that the CH, group of the TosMIC was not

incorporated to the product.
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Figure 54: *H NMR (700 MHz, in CDCls) of the compound 450.

The confirmation of the tosylation came from the *C NMR (Figure 55). The

presence of four carbons up to 60 ppm and three of them secondary, as indicated by
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the APT spectra (Figure 56), confirmed the tosylation with no incorporation of the CH
from TosMIC.

380
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F260
240
F220
F200
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—34.24
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150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

Figure 55: 3C NMR (176 MHz, in CDCl3) of the compound 450.
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Figure 56: APT (176 MHz, in CDClIs) spectra of the compound 450.


DBD
PUC-Rio - Certificação Digital Nº 1613320/CA


PUC-Rio- CertificagcaoDigital N° 1613320/CA

166

Control experiments were carried out to evaluate if the reaction was a
photoredox catalysis (Table 32). Nevertheless, the removal of the photocatalyst (Entry
1) did not stop the reaction, and no product was observed when the nickel catalyst
was removed (Entry 2). When TTMSS, DIPEA, or the light were removed (Entry 3 to
5), it did not affect the reaction. When the base was removed (Entry 6), 450 was not
formed, suggesting that the combination of nickel catalyst and the base is strictly

important to this transformation.

Table 32: Control experiments to evaluate the photoredox or the nickel catalysis.
[Ir(ppy)2(dtbbpy)]PFe (2 mol%)

o, ,O NiCl,.glyme (10 mol%) O, ,O
Br. g7 dtbbpy (20 mol N7
. s{_Nc py (20 mol%) . S
K,COs (2 eq), DIPEA (2 eq)
TTMSS (2 eq), DMF, rt, 24 h
448 444 Kessil Lamp 440 nm 450

Entry Photocatalyst NiCl..glyme TTMSS DIPEA K;COs Light Yield

1 No Yes Yes Yes Yes Yes 30%
2 Yes No Yes Yes Yes Yes NP
3 Yes Yes No Yes Yes Yes 32%
4 Yes Yes Yes Yes Yes No 41%
5 No Yes No No Yes No 30%
6 No Yes No No No No NP

Based on these results, a methodology of tosylation was obtained for alkanes
catalyzed by nickel. Usually, reactions with these catalysts require metallic additives,
such as zinc.28%2% So, it was decided to add the metal to the reaction and proceed to
the optimization (Table 33). Two nickel complexes with phosphine ligands were
evaluated (Entries 1 and 2) and 14 and 7% yields were obtained, respectively. The
use of NiClz.glyme with no ligand (Entry 3) produced trace amounts of product. The
use of a Ni(0) species like Ni(COD), (Entry 4) gave 22% yield. The use of NiBrz.glyme
with different ligands was employed (Entry 5 to 13). The use of bipyridine ligands
showed better performance with yields in the range from 20 to 33%. Each ligand was
further evaluated in different solvents. The methoxylated bypiridine (d(OMe)bpy)
showed the 53% yield, the highest, in DMSO (Entry 14). When ligands with electron-

withdrawing groups were used, the yields harshly decreased (Entries 29 to 36).
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Br
+ TosMIC
Zn

[Ni] catalyst (10 mol%)
Ligand (15 mol%)

(2 eq), Solvent (2 eq)

> O/\/\Ts
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448 444 DMSO, T, 4 h 450
Entry [Ni] Ligand Solvent Yield (%)

1 Ni(dppp)Cl2 DMF 14
2 Ni(PPhs),Cl» DMF 7
3 NiClz.glyme DMF <5
4 Ni(COD)- DMF 22
5 NiBrz.glyme DMF

6 NiBrz.glyme Xantphos DMF

7 NiBrz.glyme BINAP DMF 25
8 NiBrz.glyme phen DMF 28
9 NiBrz.glyme Bphen DMF 11
10 NiBrz.glyme dtbbpy DMF 32
11 NiBrz.glyme bpy DMF 24
12 NiBrz.glyme d(Me)bpy DMF 33
13 NiBrz.glyme d(OMe)bpy DMF 20
14 NiBrz.glyme d(OMe)bpy DMSO 53
15 NiBrz.glyme d(OMe)bpy DMA 31
16 NiBr2.glyme d(OMe)bpy NMP 28
17 NiBrz.glyme d(OMe)bpy MeCN 15
18 NiBrz.glyme d(OMe)bpy PhCF3 NR
19 NiBr2.glyme d(OMe)bpy Toluene <5
20 NiBrz.glyme d(Me)bpy DMSO 45
21 NiBrz.glyme d(Me)bpy DMA 46
22 NiBrz.glyme d(Me)bpy NMP 47
23 NiBrz.glyme d(Me)bpy MeCN 27
24 NiBr2.glyme d(Me)bpy Toluene <5
25 NiBrz.glyme dtbbpy DMSO 37
26 NiBrz.glyme dtbbpy DMA 40
27 NiBrz.glyme dtbbpy NMP 35
28 NiBrz.glyme dtbbpy MeCN <5
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29 NiBr2.glyme d(COzEt)bpy DMF 8

30 NiBr..glyme d(CO:zEt)bpy DMSO 13
31 NiBrz.glyme d(COzEt)bpy DMA 14
32 NiBrz.glyme d(COzEt)bpy NMP 12
33 NiBr..glyme  3,3’-d(CFs3)bpy DMF <5
34 NiBr..glyme  3,3’-d(CFs)bpy DMSO 11
35 NiBr..glyme  3,3’-d(CFs3)bpy DMA 5

36 NiBr..glyme  3,3’-d(CFs3)bpy NMP 5

37 NiBrz.glyme bpy DMSO 45
38 NiBrz.glyme bpy DMA 44
39 NiBrz.glyme bpy NMP 36

Next, the base, additive and temperature were optimized (Table 34). The
change of K.COs (Entry 1) to other carbonates (Entries 2 and 3) decreased the yields
to 27 and 46%. The use of NaHCOs (Entry 4) harshly decreased the yield. Other bases
like KsPO4 and LiOH (Entries 5 and 6) did not improve the reaction. The same effect
was observed when organic bases were employed (Entries 7 to 9). When zinc was
changed to manganese (Entry 11), the yield was decreased to 37% and when it was
removed (Entry 12), the product was obtained in 41% yield. Increases of the
temperature to 40 °C reduced the yield (Entry 13), however when the reaction was
heated at 60 and 80 °C (Entries 14 and 15), the reaction yields increased to 61 and
69%, respectively, suggesting that at high temperatures a second mechanism takes
place. The reaction at 80 °C in argon atmosphere showed a reduction of the yield to
56% (Entry 16). Finally, when the reaction was heated at 100 °C, the performance was
decreased to 44% yield (Entry 17).
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Table 34: Optimization of the base, additive and temperature at the tosylation of 448.

NiBr,.glyme (10 mol%)

Br d(OMe)bpy (15 mol%) Ts
+ TosMIC -
Additive (2 eq), Base (2 eq)

448 444 DMSO, T, 4 h 450
Entry Base Additive Temperature (°C) Yield (%)
1 K>CO3 Zn rt 53
2 Na>COs Zn rt 27
3 Cs2CO3 Zn rt 46
4 NaHCO; Zn rt <5
5 K3PO4 Zn rt 35
6 LiOH Zn rt 26
7 EtsN Zn rt 16
8 i-Pr.NH Zn rt 26
9 DABCO Zn rt 32
10 LiOt-Bu Zn rt 33
11 K2COs3 Mn rt 37
12 K>COs rt 41
13 K2COs3 Zn 40 34
14 K2COs3 Zn 60 61
15 K2COs3 Zn 80 69
162 K2COs3 Zn 80 56
17 K2COs3 Zn 100 44

a Reaction carried out in argon atmosphere.

To evaluate the influence of each reagent, control experiments were carried
out at room temperature and at 80 °C (Table 35). The reaction showed to be sensitive
to the catalyst removal. However, the yields obtained at 80 °C (16 — 26%) indicated
that, at that temperature, part of the product formation is by a second mechanism that
does not need the presence of the nickel species. At room temperature, the catalyst
was necessary. Zinc was also important to the reaction: its removal at both
temperatures (Entries 5 to 7 and 12 to 14) led to small yields at 80 °C or no product

formation at room temperature.
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Table 35: Control experiments for the tosylation of 448.

NiBr,.glyme (10 mol%)

Br d(OMe)bpy (15 mol%) Ts
+ TosMIC >
Zn (2 eq), K,CO3 (2 eq)

448 444 DMSO, T, 4 h 450

Entry NiBro.glyme d(OMe)bpy KoCOs Zn Temp (°C)  Yield (%)

1 No Yes Yes Yes 80 24
2 No No Yes Yes 80 26
3 Yes Yes No Yes 80 39
4 No No No Yes 80 16
5 No No No No 80 4
6 No No Yes No 80 9
7 Yes Yes No No 80 2
8 No Yes Yes Yes rt 5
9 No No Yes Yes rt 4
10 Yes Yes No Yes rt 8
11 No No No Yes rt <5
12 No No No No rt NR
13 No No Yes No rt NR
14 Yes Yes No No rt NR

Some modifications were made to evaluate the influence of water and the
number of equivalents of the reactants (Table 36). The removal of water drying DMSO
with MS 4 A (Entries 1 and 5) or adding the MS in the reaction media (Entries 2 and
6) reduced the yields. On the other hand, adding water in 3 equivalents (Entries 3 and
7) or 0.1 mL (Entries 4 and 8) had a similar effect on the yields. The use of an excess
of TosMIC with 2 or 5 equivalents (Entries 9 to 12) reduced the yield, however when
2 equivalents were used at 80 °C, the decrease was not strong. Large excess of
TosMIC impairs the reaction. The excess of 448 had the same tendency (Entries 13
to 19).
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Table 36: Evaluation of the water and reactants content on the tosylation of 448.

NiBry.glyme (10 mol%)

Br d(OMe)bpy (15 mol%)
+ TosMIC
448 444 20 (2e0), KCO5 (2 eq)

DMSO, T, 4 h 450
Entry Modification Temperature (°C) Yield (%)
1 DMSO in MS 4 A for 24 h rt 0
22 MS 4 A rt 13
3 H20 (3 eq) rt 24
4 H>O (0.1 mL) rt 18
5 DMSO in MS 4 A for 24 h 80 48
6 MS 4 A 80 46
7 H20 (3 eq) 80 64
8 H.0O (0.1 mL) 80 50
9 TosMIC in excess 2:1 rt 23
10 TosMIC in excess 5:1 rt 17
11 TosMIC in excess 2:1 80 60
12 TosMIC in excess 5:1 80 23
13 448 in excess 2:1 rt 28
14 448 in excess 3:1 rt 36
15 448 in excess 5:1 rt 14
16 448 in excess 2:1 80 63
17 448 in excess 3:1 80 36
18 448 in excess 4:1 80 34
19 448 in excess 5:1 80 30

275 mgof MS 4 A

The role of the zinc in this reaction was evaluated. The formation of an

organozinc species was investigated. This intermediate was obtained by the reaction

of 448 with Zn in the presence of I, in DMF (Scheme 71). The determination of the

formed 451 was carried out by titration with LiCl in THF and I. (Knochel method?%?).

The organozinc was formed in the concentration of 0.76 mol L. With this solution, the

reaction with TosMIC was carried out. No product was obtained at room temperature

and 6% vyield at 80 °C was observed. It suggested that there is no formation of

organozinc species in the reaction.
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©/\/\Br Zn, |, . ©/\/\Zn8r
448 DMF, 80 °C, 24 h 451
0.76 mol L™
NiBry.glyme (10 mol%)
d(OMe)bpy (15 mol%) Ts
451 + TosMIC >
Zn (2 eq), K,CO3 (2 eq) 450
DMSO, T, 4 h
rt - 0%
80 °C - 6%

Scheme 71: Synthesis of the organozinc species 451 and its tosylation with TosMIC.

Based on the control experiments and the organozinc tests, a mechanism for
this transformation could be proposed (Scheme 72). Firstly, the Zn acts as reducing
agent to generate Ni(0) in situ. Then, the oxidative addition of 448 forms the
intermediate 452, which is dehalogenated by Zn to form the Ni(l) species 453. Next,
the TosMIC coordinates 453 to form 454, which undergoes a rearrangement to
generate 455. After the formation of 456 by the reaction with ZnBr, the reductive

elimination takes place to make the desired product 450.
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. f[Ni(”)]/\/\(>

rN 454 TosMIC
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Scheme 72: Proposed mechanism for the tosylation of 448 with TosMIC catalysed by nickel.

4.5.

Conclusion and future perspectives

The obtention of 2-aryl-1-tetralones is a key step in the synthesis of
pterocarpens and they are intermediates that showed potential biological applications,
such as anti-HCV candidates. The synthesis could be achieved by using photoredox
catalysis merged with organocatalysis. However, the attempts did not work due to the
difficulty of the formation of enamines from 1-tetralone and the high activation energy
of the radical addition step. The use of isonitriles did not give the desired product, but
when TosMIC was used in the presence of a nickel catalyst, the tosylation by
nucleophilic substitution happened. The reaction was optimized and studies are being

conducted to evaluate the scope of this reaction.
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4.6.

Experimental procedures

All reagents were bought from Sigma-Aldrich, Oakwood Chemicals, Fischer
Scientific, Alfa Aesar and TCI Chemicals, and were used as received. The Ni
complexes and ligands were stored at a glove box. The solvents were dried at the
solvent purification system from Pure Process Technology. EtsN and DIPEA were
distillated prior to use. Reactions were monitored by thin layer chromatography using
Merck TLC Silica gel 60 F254. The chromatographic columns were performed over
Merck Silica gel 60 A (particle size: 0.040—-0.063 mm, 230-400 mesh ASTM). The
columns were run at Biotage® Isolera One instrument. *H NMR and *C NMR spectra
were recorded on a Varian MR400 spectrometer, operating at 400 MHz for *H NMR
and 100 MHz for *C NMR (*H-decoupled), or on a Varian Vnmrs 700, operating at
700 MHz for *H NMR and 176 MHz for *3C NMR (*H-decoupled), using CDCl; or
DMSO-ds as solvents. The chemical shifts (6) were given in parts per million (ppm)
and the solvent residue was used as reference. The multiplicities were reported as
s =singlet, d =doublet, t =triplet, g = quartet, m = multiplet and br = broad signal. All
coupling constants (J values) were given in Hz. The cyclic voltammetry was conducted
at a multipotentiostat from CH Instruments model 100 series. The measurements were
performed with a glassy carbon working electrode, Pt auxiliary electrode, and Ag/AgCl
reference electrode. The analyte was dissolved in a 0.1 mol L of BusNPFs in MeCN
as electrolyte ([analyte] = 0.01 mol L). The scans were recorded with a sweep rate
of 10 mV s®. The GC-MS analysis were performed at the Shimadzu QP2010 SE
equipment with an AOC-20i auto injector. The liquid chromatography analysis were
performed at Waters® Acuity H-Class UPLC equipment with an Acquity UPLC BEH
C18 column 1.7 ym 2.1x50 mm and using MeCN/H,O as mobile phase in gradient

mode.
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4.6.1. Tosylation with TosMIC

NiBr,.glyme (10 mol%)

Br d(OMe)bpy (15 mol%) Ts
+ TosMIC »
448 444  Zn(2eq), K;CO3 (2 eq) 450

DMSO, T, 4 h

An oven dried 2-dramn vial was charged with 17.8 mg (0.09 mmol) of TosMIC,
23 L (0.15 mmol) of 448, 3.1 mg (10 mol%) of NiBr..glyme, 3.2 mg (15 mol%) of
d(OMe)bpy, 13 mg (0.2 mmol) of Zn powder, 27.6 mg (0.2 mmol) of K.CO3, and 0.5
mL of DMSO. The reaction was stirred at room temperature for 4 h. After this time, the
reaction was diluted with dichloromethane (5 mL) and extracted with water (3x5 mL).
The organic phase was dried with Na>SO. anhydrous and evaporated. The product

was purified by column chromatography.

Compound 450: colorless solid (13.8 mg, 56%). *H NMR (700 MHz, CDClz): &
7.77 (d, 8.2 Hz, 2H), 7.35 (d, 8.0 Hz, 2H), 7.29 — 7.23 (m, 2H), 7.22 — 7.16 (m, 1H),
77.11 (m, 2H), 3.10 — 3.01 (m, 2H), 2.70 (t, 7.5 Hz, 2H), 2.46 (s, 3H), 2.10 — 1.97 (m,
2H). *C NMR (176 MHz): d 144.8, 140.0, 136.2, 130.0, 128.7, 128.5, 128.2, 126.5,
55.7,34.2,24.4, 21.8.
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Appendix 2 - Cartesian coordinates of the optimized

structures

Cartesian coordinates and energies for all
UBHandHLYP/6-311G** level of theory.

Nimag=0
Zero-point correction=

optimized structures at

0.090233 (Hartree/Particle)

Thermal correction to Energy= 0.094463

Thermal correction to Enthalpy= 0.095408

Thermal correction to Gibbs Free Energy= 0.062275

Sum of electronic and zero-point Energies= -231.380821
Sum of electronic and thermal Energies= -231.376590
Sum of electronic and thermal Enthalpies= -231.375646
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Sum of electronic and thermal Free Energies= -231.408779
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Zero-point correction= 0.118368 (Hartree/Particle)

Thermal correction to Energy= 0.124414

Thermal correction to Enthalpy= 0.125358

Thermal correction to Gibbs Free Energy= 0.086861

Sum of electronic and zero-point Energies= -270.652294
Sum of electronic and thermal Energies= -270.646249
Sum of electronic and thermal Enthalpies= -270.645304

Sum of electronic and thermal Free Energies= -270.683802
6 -1.892004000 -0.001381000  0.009010000
6 -1.260487000 -1.213553000  0.002562000
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PRPRPRPORPRRPRRPROOROO®

-1.263738000
0.129439000
-1.802703000
0.126963000
0.835331000
0.669151000
0.664046000
-1.807766000
2.338434000
2.738424000
2.715627000
2.739600000

‘Bu

Nimag=0

Zero-point correction=

1.211230000
-1.195931000
-2.142985000

1.197253000

0.001539000
-2.129494000

2.131993000

2.139879000

0.000826000

0.905926000
-0.058929000
-0.846289000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRPORRPRRPRORPRRPRPROODODRRPRPOODRODOOO®

-2.881375000
-2.231662000
-2.263309000
-0.844845000
-2.759366000
-0.869939000
-0.139372000
-0.310225000
-0.366032000
-2.813410000
1.390862000
1.892308000
2.978994000
1.539464000
1.553020000
1.993056000
1.701035000
1.701294000
3.076610000
1.892201000
2.978882000
1.552713000

-0.006438000
-1.210086000
1.208519000
-1.174889000
-2.148201000
1.211709000
0.029166000
-2.109514000
2.160785000
2.133748000
0.005565000
-0.726968000
-0.749834000
-1.752335000
-0.227013000
1.410859000
1.975196000
1.975524000
1.340657000
-0.726220000
-0.748917000
-0.225791000

0.002771000
-0.007997000
0.002442000
-0.008053000
-0.010873000
-0.016458000
-0.016786000
0.002326000
0.008478000
-0.435722000
1.026868000
-0.538060000

0.206005 (Hartree/Patrticle)

0.215442
0.216386

0.000026000
0.000016000
-0.000036000
-0.000020000
0.000024000
-0.000049000
-0.000077000
-0.000031000
-0.000050000
0.000036000
-0.000010000
-1.252087000
-1.265449000
-1.288230000
-2.154478000
-0.000381000
-0.881073000
0.880188000
-0.000521000
1.252559000
1.266073000
2.154618000

0.171271
-388.452577
-388.443141
-388.442196
-388.487311
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1 1.539476000 -1.751606000  1.289249000

OMe
Nimag=0
Zero-point correction= 0.123350 (Hartree/Particle)
Thermal correction to Energy= 0.130321
Thermal correction to Enthalpy= 0.131265
Thermal correction to Gibbs Free Energy= 0.090047
Sum of electronic and zero-point Energies= -345.832321
Sum of electronic and thermal Energies= -345.825351
Sum of electronic and thermal Enthalpies= -345.824406
Sum of electronic and thermal Free Energies= -345.865625

6 -1.637512000  1.214874000  0.108550000
6 -0.273105000  1.205495000 -0.155741000
6 0.398758000 -0.000126000 -0.285047000
6 -0.273340000 -1.205599000 -0.155599000
6 -1.637754000 -1.214681000  0.108665000
6 -2.253239000 0.000164000  0.231450000
1 0.273409000 -2.124832000 -0.279588000
1 -2.175253000 -2.142046000  0.204853000
1 0.273806000 2.124616000 -0.279848000
1 -2.174831000  2.142354000  0.204632000
6 2.588983000 0.000137000  0.538345000
1 3.602129000 -0.000029000  0.158083000
1 2.434817000 0.885856000 1.151575000
1 2.434783000 -0.885093000 1.152273000
8 1.731799000 -0.000300000 -0.581964000
Nimag=0

Zero-point correction=

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

6
6

1.821348000
1.194124000

-0.000055000
-1.215234000

0.081974 (Hartree/Particle)

0.086913
0.087857

-0.000043000
0.000026000

0.052688
-330.618132
-330.613194
-330.612250
-330.647419
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OFRPrFRPFRPOOFOO®

Cl

1.194517000
-0.195757000
1.740362000
-0.195696000
-0.855696000
-0.764395000
-0.763923000
1.740445000
-2.192169000

Nimag=0

Zero-point correction=

1.215019000
-1.210461000
-2.142092000

1.210452000

0.000153000
-2.123472000

2.123716000

2.142022000

0.000064000

0.000081000
0.000066000
-0.000245000
0.000009000
-0.000073000
0.000069000
-0.000028000
-0.000143000
-0.000006000

0.080562 (Hartree/Particle)

Thermal correction to Energy= 0.085857
Thermal correction to Enthalpy= 0.086801
Thermal correction to Gibbs Free Energy= 0.050323

Sum of electronic and zero-point Energies= -690.998152
Sum of electronic and thermal Energies= -690.992857
Sum of electronic and thermal Enthalpies= -690.991913
Sum of electronic and thermal Free Energies= -691.028391
6 -1.627963000 -1.214432000 0.000002000
6 -0.237990000 -1.208789000  0.000001000
6 0.433950000 -0.000003000  0.000000000
6 -0.237990000  1.208789000  0.000000000
6 -1.627957000  1.214435000 0.000000000
6 -2.254607000 0.000001000  0.000001000
1 0.314081000  2.131293000 -0.000001000
1 -2.171409000  2.142789000 -0.000001000
1 0.314074000 -2.131297000  0.000001000
1 -2.171410000 -2.142789000 0.000002000
17 2.178235000  0.000000000 -0.000001000
Br
Nimag=0

Zero-point correction=

0.079950 (Hartree/Particle)

Thermal correction to Energy= 0.085473

Thermal correction to Enthalpy= 0.086417

Thermal correction to Gibbs Free Energy= 0.048600

Sum of electronic and zero-point Energies= -2804.893572
Sum of electronic and thermal Energies= -2804.888048
Sum of electronic and thermal Enthalpies= -2804.887104
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Sum of electronic and thermal Free Energies= -2804.924921
6 2.850644000 -0.000105000  0.000250000
6 2.223387000 -1.214414000  0.000301000
6 2.223882000  1.214140000 0.000313000
6 0.833405000 -1.209177000 -0.000505000
1 2.766135000 -2.143188000  0.000640000
6 0.833648000  1.209183000 -0.000567000
6 0.160579000  0.000148000 -0.000901000
1 0.285430000 -2.134221000 -0.000287000
1 0.286155000  2.134475000 -0.000272000
1 2.766772000  2.142931000  0.000795000
35 -1.738793000 0.000039000  0.000165000

CN
Nimag=0

Zero-point correction= 0.089110 (Hartree/Particle)

Thermal correction to Energy= 0.094976
Thermal correction to Enthalpy= 0.095920
Thermal correction to Gibbs Free Energy= 0.058430

PUC-Rio- CertificagcaoDigital N° 1613320/CA

Sum of electronic and zero-point Energies= -323.594341
Sum of electronic and thermal Energies= -323.588475
Sum of electronic and thermal Enthalpies= -323.587531
Sum of electronic and thermal Free Energies= -323.625021
6 2.161120000 0.000139000 0.000168000
6 1.540965000 -1.218511000 -0.000046000
6 1.540839000 1.218625000 -0.000006000
6 0.154323000 -1.211515000 -0.000064000
1 2.089777000 -2.143606000  0.000199000
6 0.154102000  1.211420000 -0.000084000
6 -0.532821000 -0.000056000 -0.000156000
1 -0.395891000 -2.135873000 -0.000005000
1 -0.396154000 2.135754000 -0.000069000
1 2.089428000  2.143853000 0.000197000
6 -1.962375000 -0.000291000 -0.000060000
7 -3.103438000 0.000143000 0.000167000
CF3
Nimag=0

Zero-point correction=

Thermal correction to Energy=

0.095691 (Hartree/Particle)

0.103277
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240

Thermal correction to Enthalpy= 0.104221

Thermal correction to Gibbs Free Energy= 0.060865

Sum of electronic and zero-point Energies= -568.389850
Sum of electronic and thermal Energies= -568.382264
Sum of electronic and thermal Enthalpies= -568.381320

Sum of electronic and thermal Free Energies= -568.424676

6 -2.803055000  0.000004000  0.015210000
6 -2.181030000  1.217077000  0.003973000
6 -2.181045000 -1.217069000  0.003959000
6 -0.792825000  1.207022000 -0.018404000
1 -2.728080000  2.143236000 0.008637000
6 -0.792832000 -1.207023000 -0.018413000
6 -0.110731000 -0.000007000 -0.029861000
1 -0.245245000  2.132652000 -0.035908000
1 -0.245265000 -2.132661000 -0.035924000
1 -2.728098000 -2.143226000  0.008615000
6 1.384486000 -0.000001000 -0.002558000
9 1.857305000 0.000210000  1.245080000
9 1.894060000 -1.072934000 -0.603948000
9 1.894066000 1.072722000 -0.604337000
NO,
Nimag=0
Zero-point correction= 0.093586 (Hartree/Particle)
Thermal correction to Energy= 0.100136
Thermal correction to Enthalpy= 0.101081
Thermal correction to Gibbs Free Energy= 0.061227
Sum of electronic and zero-point Energies= -435.818497
Sum of electronic and thermal Energies= -435.811947
Sum of electronic and thermal Enthalpies= -435.811002

Sum of electronic and thermal Free Energies= -435.850856
1.868364000 -1.219942000 -0.000324000
0.481318000 -1.215333000 -0.000123000
-0.179255000  0.000000000  0.000002000
0.481322000  1.215334000  0.000103000
1.868365000  1.219941000 0.000323000
2.487600000 -0.000002000  0.000009000

6
6
6
6
6
6
1
1
1
1
7
8
8

-0.086772000

2.417689000
-0.086775000

2.417682000
-1.643580000
-2.200190000
-2.200192000

2.126300000
2.144415000
-2.126298000
-2.144419000
0.000001000
1.066422000
-1.066421000

0.000237000
0.000484000
-0.000253000
-0.000460000
-0.000003000
-0.000549000
0.000558000
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OAc

Nimag=0

Zero-point correction=

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

OCORRPRRPROORRPRPROORREOD®

-1.482918000
-2.516664000
-0.728153000
-1.213406000
-2.228783000
-3.230487000
-2.105219000
-2.105218000
1.215243000
2.346501000
2.278923000
3.284736000
2.278564000
1.334385000
0.043577000

OAc
NS

Nimag=0

Zero-point correction=

1.332606000
1.627230000
2.089037000
0.040884000
-1.049569000
-0.639921000
-1.680394000
-1.680672000
0.121456000
-0.860486000
-1.497793000
-0.324986000
-1.497644000
1.302395000
-0.540421000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

6
1
6
6
6
1
1
1

1.362013000
0.757929000
0.750694000
-1.574756000
-2.932021000
-3.039772000
-3.688754000
-3.042288000

-0.722966000
-1.608243000
0.449884000
-0.320003000
0.316775000
0.951969000
-0.454355000
0.944629000

0.126283 (Hartree/Particle)

0.134272
0.135216

0.000222000
0.000238000
0.000313000
0.000051000
-0.000118000
-0.000053000
-0.875914000
0.875478000
-0.000224000
0.000121000
-0.874831000
0.000265000
0.875155000
-0.000138000
0.000017000

0.155022 (Hartree/Particle)

0.164777
0.165721

-0.000475000
-0.001049000
-0.000238000
-0.000141000
0.000044000
-0.872445000
-0.003941000
0.877598000

0.093180
-345.551659
-345.543670
-345.542726
-345.584762

0.118705
-384.820216
-384.810461
-384.809516
-384.856532
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-1.376081000
-0.632055000
1.363462000
1.036576000
2.442773000
2.842042000
3.415473000
3.139121000
1.035532000
3.139893000

OAc

AN~

Nimag=0

Zero-point correction=

-1.492351000
0.633045000
1.809362000
2.364205000
1.770690000

-0.935530000

-0.017554000

-1.513169000
2.363681000

-1.512526000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRPRRPORPRRPRRPRORRPROOCORRPRPOODOR O

-1.031965000
-0.612201000
-0.213915000
1.907729000
3.351854000
3.476718000
3.943094000
3.679587000
1.492262000
1.168578000
-0.552719000
-0.209154000
-1.614671000
-2.518267000
-2.861117000
-2.782401000
-0.043888000
-3.261855000
-2.952917000
-3.060142000
-4.334796000

OAc

PN

Nimag=0

Zero-point correction=

-0.283457000
-1.267356000
0.727956000
-0.493934000
-0.153013000
0.328100000
-1.056131000
0.547648000
-1.590199000
0.622696000
2.171725000
2.526967000
2.352559000
-0.191952000
0.836465000
-0.605460000
2.759573000
-0.971908000
-2.013228000
-0.558003000
-0.943614000

0.000658000
-0.000927000
0.000549000
-0.874592000
0.001175000
0.000102000
0.000691000
0.872497000
0.875630000
-0.872456000

0.184580 (Hartree/Particle)

0.195556
0.196501

-0.330215000
-0.409149000
-0.089215000
-0.003455000
0.210789000
1.174746000
0.164794000
-0.549591000
-0.201660000
0.063060000
0.069568000
1.037057000
-0.007348000
-0.490954000
-0.496987000
-1.463401000
-0.689582000
0.591248000
0.602312000
1.574713000
0.424629000

0.213866 (Hartree/Particle)

0.145989
-424.087669
-424.076693
-424.075748
-424.126260
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Thermal correction to Energy= 0.226173
Thermal correction to Enthalpy= 0.227117
Thermal correction to Gibbs Free Energy= 0.173131

PUC-Rio- CertificagcaoDigital N° 1613320/CA

Sum of electronic and zero-point Energies= -463.355830
Sum of electronic and thermal Energies= -463.343523
Sum of electronic and thermal Enthalpies= -463.342579
Sum of electronic and thermal Free Energies= -463.396566
0.524112000 -0.140949000  0.393192000
0.181092000 -1.152982000  0.484576000

PRPRPRPORPRRPRORPRRPRRPRORPRPOOCORRPFRPOODODRLO®

-0.364549000
-2.377844000
-3.838921000
-3.977811000
-4.356288000
-4.241294000
-1.880406000
-1.729924000
-0.136873000
-0.478140000
0.904662000
1.992972000
2.252151000
2.269463000
-0.713430000
2.833065000
2.561883000
2.577431000
4.327987000
4.610118000
4.902066000
4.631044000

0.796339000
-0.594203000
-0.373396000

0.087276000
-1.320978000

0.305281000
-1.651397000

0.577964000

2.258617000

2.563411000

2.525281000

0.073351000

1.127030000
-0.317213000

2.820811000
-0.640281000
-1.693952000
-0.243111000
-0.500158000
-0.919681000
-1.013654000

0.544020000

0.106702000
-0.016224000
-0.269616000
-1.241602000
-0.228077000

0.474707000

0.204318000
-0.076986000
-0.078157000
-1.063523000
0.024097000
0.588528000
0.600299000

1.568149000

0.651434000
-0.470956000
-0.490428000
-1.451037000
-0.228912000

0.733479000
-0.994232000
-0.233833000

OAc
PN
Nimag=0

Zero-point correction= 0.213831 (Hartree/Particle)

Thermal correction to Energy= 0.225858
Thermal correction to Enthalpy= 0.226803
Thermal correction to Gibbs Free Energy= 0.174889

Sum of electronic and zero-point Energies= -463.352514
Sum of electronic and thermal Energies= -463.340486
Sum of electronic and thermal Enthalpies= -463.339542
Sum of electronic and thermal Free Energies= -463.391456

6 -0.856582000 -0.578864000 -0.198485000
1 -0.518677000 -1.568549000 -0.469689000
6 0.078116000  0.173352000  0.351526000
6 2.355158000 -0.075346000 -0.234997000
6 3.590348000 -0.839986000 0.127601000
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PRPRPRPORPRRPRRPRORPRRPRORPRRPOO®ORRR

3.408976000
4.405941000
3.838240000
2.279333000
1.324116000
0.064347000
0.407902000
-0.916548000
-2.310330000
-2.416682000
0.746616000
-2.857415000
-2.262908000
-3.868602000
-2.908612000
-3.163888000
-4.205671000
-2.829075000
-3.107017000

OAc

P NN

Nimag=0

Zero-point correction=

-1.903231000
-0.529642000
-0.660734000
0.752912000
-0.453249000
1.555146000
1.528326000
1.999585000
-0.351731000
-0.630554000
2.183182000
1.063057000
1.781778000
1.095446000
1.380469000
-1.334102000
-1.278124000
-2.357767000
-1.106646000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

OFRrFRPFRPOFRPPFPOOOFRFPEFRPOOORERO

0.006846000
0.270583000
0.944365000
2.819286000
4.267883000
4.363951000
4.707238000
4.784391000
2.256083000
2.267607000
0.824742000
1.109144000
-0.179359000
-1.418543000
-1.586182000
-1.645751000
1.503143000
-2.396864000

0.039924000
-0.983886000
0.856280000
-0.717150000
-0.659440000
-0.323149000
-1.639841000
0.057596000
-1.694349000
0.495668000
2.305392000
2.471553000
2.675383000
0.407537000
1.475920000
0.149351000
2.886761000
-0.333871000

0.014124000
-0.509353000
1.168277000
-1.084848000
0.536727000
0.906044000
1.937207000
0.883246000
-0.512511000
-1.561828000
0.342659000
-0.379467000
-0.933269000
-0.774523000
0.657788000
0.294758000
-0.008515000
0.156135000
1.355900000

0.243166 (Hartree/Particle)

0.256802
0.257746

-0.526190000
-0.706308000
-0.073551000
0.032502000
0.414568000
1.441196000
0.300154000
-0.214385000
-0.343865000
0.181160000
0.258223000
1.293515000
0.112515000
-0.800429000
-0.712572000
-1.834898000
-0.360307000
0.110263000

0.200128
-502.623743
-502.610107
-502.609163
-502.666781
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RPRRORRORR

-2.217092000
-2.190857000
-3.855003000
-4.053043000
-4.031453000
-4.825956000
-5.857405000
-4.694992000
-4.672369000

OAc

Sy

Nimag=0

Zero-point correction=

-1.405392000
-0.066686000
-0.040800000
-0.309509000

1.031599000
-0.778046000
-0.551193000
-1.854234000
-0.503785000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRPRPRORPRRPRRPROFRPRORPRRPRPRORPRRPOOCORRPRRPROODORO®

0.392319000
0.203957000
-0.668424000
-2.636950000
-3.945273000
-4.507764000
-4.504124000
-3.768817000
-2.265441000
-1.919332000
-0.750902000
-1.173730000
0.222938000
1.818875000
1.876323000
2.317755000
-1.397228000
2.609984000
2.097542000
4.018132000
4.567021000
4.578585000
3.999177000
2.654166000
3.123052000
1.661151000
3.230790000

0.122828000
-0.782058000
0.740339000
-0.386384000
-0.877946000
-0.045771000
-1.352343000
-1.580675000
-0.491358000
0.198755000
2.002725000
1.805716000
2.454695000
0.544585000
1.592972000
0.456361000
2.712360000
-0.276703000
-0.176373000
0.285825000
0.210502000
-0.257876000
1.333068000
-1.757698000
-1.907925000
-2.193673000
-2.313582000

0.032620000
1.145728000
-0.213145000
-1.249854000
-0.139206000
0.696752000
0.443837000
0.618306000
1.737335000

0.242712 (Hartree/Particle)

0.256177
0.257121

0.867399000
1.422704000
0.384996000
-0.266543000
0.269321000
0.678746000
-0.524259000
1.076357000
-1.391023000
0.706551000
-0.398396000
-1.377761000
-0.528488000
0.710761000
0.435165000
1.676282000
0.112158000
-0.318871000
-1.274888000
-0.468399000
0.468251000
-1.223518000
-0.758024000
0.037738000
1.008726000
0.072250000
-0.695957000

0.201125
-502.626907
-502.613442
-502.612497
-502.668494
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OAc

Nimag=0

Zero-point correction=

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRRPRPPRPOOCOORRPRPRPRPREPROODODOOO®

2.043737000
2.905696000
2.467657000
1.020895000
0.142097000
0.577280000
3.110747000
2.807406000
3.953407000
2.354036000
0.952224000
0.623861000
2.560165000
-1.182624000
-2.261798000
-2.240792000
-3.504772000
-3.490833000
-3.540499000
-4.370411000
2.202010000
-0.119531000

OAc

Nimag=0

Zero-point correction=

1.377829000
0.213240000
-1.079223000
-1.403293000
-0.194840000
1.050867000
-1.905299000
0.104853000
0.416266000
1.691425000
-1.816913000
-2.164266000
-0.969198000
-0.610631000
0.186607000
1.374746000
-0.649349000
-1.274950000
-1.305214000
-0.003004000
2.241800000
1.860555000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=

0.194507 (Hartree/Patrticle)

0.204324
0.205268

0.088103000
-0.381611000
0.290962000
-0.058304000
0.027695000
0.109435000
0.001699000
-1.460715000
-0.178476000
1.085820000
-1.064434000
0.608504000
1.370075000
0.007979000
-0.009289000
0.013825000
-0.059681000
-0.945575000
0.803476000
-0.072725000
-0.553436000
0.187491000

0.219035 (Hartree/Particle)

0.230826
0.231770

0.158098
-462.177531
-462.167714
-462.166770
-462.213939

0.179606
-614.524991
-614.513200
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Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PFRPRFRPFRPPPRPOOOCOOFROOORFPOOODFRLREFPEFPOOOODOOO

-3.266089000
-3.118104000
-1.865667000
-0.736396000
-0.888945000
-2.148284000
-1.479802000
-4.248980000
-3.988287000
-1.671288000
0.582921000
-0.018223000
-2.253860000
0.725533000
-0.491227000
-0.749316000
1.598083000
2.914733000
3.396179000
3.685513000
3.470966000
3.380447000
4.741955000
-2.579708000
-0.263498000
1.698012000

OAc

Nimag=0

Zero-point correction=

-1.425146000
-0.059726000
0.526042000
-0.277547000
-1.647192000
-2.218734000
2.133531000
-1.864132000
0.559394000
1.994198000
0.371298000
-2.260586000
-3.281055000
1.680741000
2.548369000
2.630168000
-0.562102000
-0.296017000
0.786251000
-1.573301000
-2.221373000
-2.094006000
-1.350255000
2.540874000
3.554687000
2.121650000

0.017133000
-0.161190000
-0.162971000

0.023843000

0.194547000

0.192232000
-1.484756000

0.017874000
-0.304924000
-0.419923000
0.054933000

0.332899000

0.329715000
0.217575000

0.363261000

1.420843000
-0.052337000
-0.057858000
0.031431000
-0.193837000

0.649365000
-1.094795000
-0.229533000
-0.187559000

0.025826000

0.285832000

0.181431 (Hartree/Particle)

-614.512256
-614.564420

Thermal correction to Energy= 0.192223

Thermal correction to Enthalpy= 0.193167

Thermal correction to Gibbs Free Energy= 0.142964

Sum of electronic and zero-point Energies= -537.158888
Sum of electronic and thermal Energies= -537.148097
Sum of electronic and thermal Enthalpies= -537.147153

Sum of electronic and thermal Free Energies= -537.197356
6 -0.831409000  2.006569000 -0.373995000
1 -0.050721000 2.718129000 -0.566017000
1 -1.848232000  2.331500000 -0.412580000
6 -0.487522000  0.754485000 -0.117469000
6 -2.705960000 -0.223322000  0.079550000
6 -3.283676000 -1.583113000  0.325049000
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PRPFRPOFRPOFRPROOOOOWOOE, B

HoN

-2.896088000
-4.360767000
-2.988312000
-3.336380000
-1.361467000
0.904642000
1.210424000
1.938169000
2.517414000
0.420938000
3.243179000
1.717326000
3.539353000
2.736302000
4.028532000
4.556107000

OAc

Nimag=0

Zero-point correction=

-1.986791000
-1.510587000
-2.254871000
0.766337000
-0.296801000
0.264436000
-1.054122000
1.113029000
-1.503340000
-1.724776000
0.662541000
2.124016000
-0.647382000
-2.525235000
1.332468000
-0.998833000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

OFRPOFRPRO0ODODODODOORFREFRPFPOOODODER,EFPO®

1.419140000
0.698272000
2.458117000
0.975710000
3.115857000
3.586993000
3.160302000
3.250290000
4.666019000
3.824147000
1.771452000
-0.444241000
-1.426454000
-0.853385000
-2.758124000
-1.145149000
-2.184211000
-0.117965000
-3.163520000

2.013166000
2.784592000
2.259543000
0.788997000
-0.354796000
-1.759514000
-2.150579000
-2.391528000
-1.769654000
0.585776000
-0.326955000
0.400229000
1.317065000
-0.894786000
0.967658000
2.317096000
-1.253430000
-1.630620000
-0.326328000

1.253686000
0.366696000
-0.474197000
-0.098514000
0.093787000
-0.043018000
-0.362487000
0.341688000
-0.323704000
-0.646584000
0.380068000
0.634361000
0.044456000
-0.581921000
0.685223000
0.078311000

0.198498 (Hartree/Particle)

0.210770
0.211714

-0.361951000
-0.557136000
-0.382719000
-0.119841000
0.083458000
0.307025000
1.223859000
-0.508156000
0.359959000
-0.068845000
0.085074000
-0.049795000
0.311523000
-0.349310000
0.347221000
0.590827000
-0.317085000
-0.617803000
0.027230000

0.158401
-592.482654
-592.470381
-592.469437
-592.522751
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1 -3.493916000
1 -2.470763000
7 -4.495180000
1 -5.155194000
1 -4.755137000
OAc

MeO

Nimag=0

Zero-point correction=

1.696489000
-2.264209000
-0.694881000

0.051117000
-1.498216000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

OFRrFRPFRPOFRPRFPOFRPROFRPROOODODOODOOOFRFPFRPOOOREFO

1.828477000
1.099592000
2.863913000
1.398841000
3.547054000
4.032157000
3.728665000
5.109256000
3.584957000
4.243840000
2.201593000
-0.018940000
-1.010509000
-0.405732000
-2.346915000
-0.742281000
-1.729219000
0.343325000
-2.714312000
-3.081528000
-2.029937000
-5.023398000
-5.937703000
-4.923300000
-5.065150000
-3.982287000

2.011768000
2.768632000
2.273844000
0.784610000
-0.328589000
-1.723935000
-2.366555000
-1.717407000
-2.115128000
0.620808000
-0.318625000
0.379263000
1.275957000
-0.918893000
0.915088000
2.272465000
-1.290726000
-1.639136000
-0.375337000
1.639854000
-2.289123000
0.044408000
-0.525047000
0.398216000
0.897374000
-0.832142000

0.644605000
-0.556795000
0.114137000
0.025371000
-0.421649000

0.215059 (Hartree/Patrticle)

0.228402
0.229346

-0.384688000
-0.605744000
-0.388090000
-0.135311000
0.127528000
0.375873000
-0.444096000
0.459380000
1.282739000
-0.021282000
0.101322000
-0.092006000
0.273909000
-0.424311000
0.286711000
0.577155000
-0.415634000
-0.696815000
-0.063259000
0.583519000
-0.679067000
0.263427000
0.172627000
1.287076000
-0.410166000
-0.081534000

0.173177
-651.615423
-651.602080
-651.601136
-651.657305
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Me

OAc

Nimag=0

Zero-point correction=

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRPRPRPOFRPFRPOFRPROFRPROODODOOOOREFPPFPOOOOERLEFO®

Br

1.438860000
0.718977000
2.478477000
0.994399000
3.128475000
3.595337000
3.169404000
3.254777000
4.674425000
3.837265000
1.782940000
-0.430811000
-1.405316000
-0.839403000
-2.738966000
-1.117137000
-2.178147000
-0.105502000
-3.152517000
-3.471585000
-2.467748000
-4.603308000
-4.917273000
-5.233887000
-4.796189000

OAc

Nimag=0

Zero-point correction=

2.010546000
2.784140000
2.254335000
0.786504000
-0.365808000
-1.770336000
-2.155267000
-2.405378000
-1.783637000
0.572005000
-0.332317000
0.404807000
1.327556000
-0.883916000
0.976977000
2.322460000
-1.228446000
-1.617989000
-0.307808000
1.711633000
-2.232574000
-0.688788000
-0.873640000
0.101369000
-1.590685000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

0.209412 (Hartree/Particle)

0.222126
0.223070

-0.348075000
-0.537658000
-0.373488000
-0.110525000
0.084364000
0.314613000
1.234337000
-0.496611000
0.364889000
-0.079892000
0.094093000
-0.050485000
0.317418000
-0.369196000
0.340399000
0.607234000
-0.344434000
-0.645910000
0.009078000
0.631944000
-0.606891000
0.065612000
1.090438000
-0.329715000
-0.504788000

0.170946 (Hartree/Particle)

0.183200
0.184145

0.167279
-576.431318
-576.418604
-576.417660
-576.473451

0.129283
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-3110.672727
-3110.660473
-3110.659528

-3110.714390

Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PUC-Rio- CertificagcaoDigital N° 1613320/CA

6 2.680609000 -1.989081000 -0.347271000
1 2.020343000 -2.814418000 -0.535660000
1 3.735374000 -2.155959000 -0.371982000
6 2.148755000 -0.799954000 -0.113254000
6 4.189390000 0.506906000  0.091427000
6 4550934000 1.941834000 0.318771000
1 4.092248000 2.298026000  1.234321000
1 5.625789000 2.033424000 0.376126000
1 4171041000 2.547671000 -0.497290000
8 4.962324000 -0.379861000 -0.061786000
8 2.847317000 0.375363000  0.088825000
6 0.697830000 -0.527343000 -0.059316000
6 0.198611000  0.729070000 -0.382931000
6 -0.202730000 -1.520109000  0.311906000
6 -1.159681000  0.983484000 -0.364079000
1 0.877740000  1.514404000 -0.657194000
6 -1.561883000 -1.278790000  0.334785000
1 0.158108000 -2.488292000  0.609125000
6 -2.032095000 -0.025382000 -0.007928000
1 -1.533334000 1.956789000 -0.624392000
1 -2.246051000 -2.053319000 0.629052000
35 -3.898195000 0.316395000 0.026540000
OAc
NC
Nimag=0
Zero-point correction= 0.180191 (Hartree/Particle)
Thermal correction to Energy= 0.192741
Thermal correction to Enthalpy= 0.193685
Thermal correction to Gibbs Free Energy= 0.139136

Sum of electronic and zero-point Energies= -629.373043
Sum of electronic and thermal Energies= -629.360494
Sum of electronic and thermal Enthalpies= -629.359550
Sum of electronic and thermal Free Energies= -629.414098

PFRPOOOREFPO®

1.740129000
1.044967000
2.786743000
1.262279000
3.356617000
3.780935000
3.340919000
3.426301000

1.996586000
2.794398000
2.207713000
0.784539000
-0.434746000
-1.851625000
-2.226958000
-2.474182000

-0.339038000
-0.519650000
-0.373119000
-0.105217000
0.083250000
0.311194000
1.228209000
-0.503699000
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NOoORPFRPORFRPORFRPOOOOOOWOE

O,N

4.858891000

4.086859000

2.008237000
-0.176602000
-1.117168000
-0.618893000
-2.461207000
-0.795303000
-1.962701000

0.095881000
-2.893342000
-3.178853000
-2.295527000
-4.285853000
-5.398565000

OAc

Nimag=0

Zero-point correction=

-1.895693000
0.485275000
-0.360185000
0.453259000
1.414777000
-0.829243000
1.115080000
2.399446000
-1.137428000
-1.585540000
-0.165303000
1.863591000
-2.128967000
-0.481738000
-0.734211000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PORPOFRP OO0, FPFPOOOOR,EFO

2.180568000
1.499726000
3.230779000
1.681889000
3.754070000
4.153273000
3.715519000
3.778255000
5.230642000
4.499349000
2.406486000
0.236987000
-0.686238000
-0.225037000
-2.036338000
-0.347154000
-1.574253000
0.477476000
-2.462325000
-2.756558000

1.992515000
2.796398000
2.183972000
0.796756000
-0.452240000
-1.867184000
-2.197498000
-2.514126000
-1.930123000
0.449207000
-0.353821000
0.493453000
1.485069000
-0.792068000
1.212365000
2.472380000
-1.078261000
-1.568470000
-0.069098000
1.966454000

0.365435000
-0.079266000
0.090742000
-0.049579000
0.310032000
-0.359026000
0.333951000
0.595855000
-0.338133000
-0.622087000
0.005990000
0.617952000
-0.587444000
0.033543000
0.054990000

0.184609 (Hartree/Particle)

0.197884
0.198828

-0.400093000
-0.606240000
-0.440142000
-0.128722000
0.101540000
0.379831000
1.315149000
-0.406331000
0.426197000
-0.092516000
0.105485000
-0.067464000
0.256873000
-0.335701000
0.286665000
0.510858000
-0.309562000
-0.570592000
-0.001349000
0.539960000

0.141951
-741.597492
-741.584217
-741.583273
-741.640150
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[oclNec NN )

0]

-1.943870000
-3.893399000
-4.642444000
-4.234215000

t

Nimag=1 (-281 cm™)

Zero-point correction=

-2.062772000
-0.366481000
0.533999000
-1.492971000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRPRPRPRPOOFRPROODODODOODOOORFRFRPFPROOREFPEFPOOREFO

-0.633593000
-0.107207000
-0.698808000
-1.434397000
-1.483356000
-0.856074000
-1.143311000
-2.501865000
-2.476068000
-3.438705000
-3.027549000
-3.622603000
-4.367189000
-1.966056000
-2.264658000
1.401946000
1.500094000
2.411687000
2.695550000
0.679874000
3.601331000
3.739813000
2.809195000
4.415653000
4.662333000
2.297462000

OAc

~,

Nimag=1 (-278 cm™)

1.112689000
1.971112000
0.244685000
1.303709000
2.544498000
3.312412000
2.344800000
2.917331000
-0.891955000
-1.594056000
-1.641102000
-2.591394000
-1.036362000
-1.368771000
0.357988000
0.243766000
-1.121890000
1.109551000
-1.650899000
-1.764621000
0.566170000
-0.808477000
-2.718021000
1.215720000
-1.223665000
2.176731000

O/TMS +

-0.523447000
0.032941000
0.308774000

-0.217757000

0.216465 (Hartree/Particle)

0.229873
0.230817

1.239284000
1.613351000
1.857761000
0.177971000
-0.639296000
-0.205726000
-1.652857000
-0.705666000
0.043450000
-0.858923000
-1.861469000
-0.486966000
-0.909181000
1.010886000
-0.395487000
0.426954000
0.318665000
0.085469000
-0.156240000
0.591052000
-0.388523000
-0.507509000
-0.252002000
-0.663671000
-0.875464000
0.179835000

0.172291
-576.936031
-576.922623
-576.921679
-576.980204
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Zero-point correction= 0.320813 (Hartree/Patrticle)

Thermal correction to Energy= 0.341933

Thermal correction to Enthalpy= 0.342878

Thermal correction to Gibbs Free Energy= 0.266433

Sum of electronic and zero-point Energies= -985.456761
Sum of electronic and thermal Energies= -985.435640
Sum of electronic and thermal Enthalpies= -985.434696

Sum of electronic and thermal Free Energies= -985.511141

PUC-Rio- CertificagcaoDigital N° 1613320/CA

PRPRPRPRRPRPRPRPRPRPROODORPRRPRPROODRPROD0D0DODOORRPRPROODRRPRPOOREPO®

2.844270000
2.561016000
2.809030000
3.519477000
3.712680000
3.337866000
3.189250000
4.765882000
3.997569000
4.688382000
4.662722000
5.713910000
4.192798000
3.472921000
4.057358000
0.587436000
0.186749000
-0.252905000
-1.146352000
0.878768000
-1.578713000
-2.052822000
-1.475662000
-2.249499000
0.092475000
-4.255108000
-4.955789000
-4.184569000
-3.647857000
-4.066305000
-5.300126000
-4.763779000
-6.007802000
-4.785069000
-5.227898000
-3.978013000
-3.580687000

-3.858936000

1.208241000
2.188750000
0.402507000
1.129469000
2.254116000
3.179148000
2.055470000
2.377138000
-1.253268000
-2.222787000
-3.208169000
-1.909557000
-2.233451000
-1.535036000
-0.018526000
0.737693000
-0.565862000
1.751222000
-0.862298000
-1.335266000
1.430197000
0.122295000
-1.883437000
2.220382000
2.767185000
0.181543000
0.739024000
-2.096173000
-0.393893000
1.234081000
-0.013264000
0.494625000
0.549235000
1.805428000
-2.324800000
-2.395693000
-2.715476000

-0.268066000

-1.153002000
-1.488109000
-1.853239000
0.004833000
0.957894000
0.538716000
1.890412000
1.195585000
0.030941000
0.939224000
0.497120000
1.101010000
1.904124000
-0.998329000
0.556713000
-0.676236000
-0.811375000
-0.289633000
-0.548740000
-1.109821000
-0.031978000
-0.155723000
-0.655312000
0.270118000
-0.189086000
1.982782000
-0.941829000
-0.067406000
2.676260000
2177722000
2.212176000
-1.983027000
-0.742132000
-0.819067000
0.135730000
-1.091419000
0.590494000
0.202583000
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Bul*
)Oi@/

Nimag=1 (-274 cm™)

Zero-point correction= 0.332525 (Hartree/Particle)

Thermal correction to Energy= 0.351199

Thermal correction to Enthalpy= 0.352143

Thermal correction to Gibbs Free Energy= 0.282276

Sum of electronic and zero-point Energies= -734.000062
Sum of electronic and thermal Energies= -733.981388
Sum of electronic and thermal Enthalpies= -733.980444

Sum of electronic and thermal Free Energies= -734.050311

PUC-Rio- CertificagcaoDigital N° 1613320/CA

PRPRPRPRRPRPRPRPRPOODODODORPRRPRPOODRPRODDODOD0ORRPRFRPOODRRPRPROOREO®

2.453546000
2.140666000
2.419024000
3.154244000
3.343546000
2.940559000
2.843785000
4.398612000
3.683251000
4.408413000
4.400629000
5.428005000
3.924668000
3.147134000
3.727340000
0.215191000
-0.163784000
-0.648859000
-1.487550000
0.537410000
-1.962238000
-2.408483000
-1.787389000
-2.646694000
-0.330792000
-3.869266000
-4.183380000
-4.788010000
-4.177694000
-3.548390000
-4.030863000
-5.219217000
-4.588311000
-5.830231000
-4.653451000
-5.222532000
-4.004862000

1.203225000
2.171975000
0.385994000
1.156278000
2.298852000
3.209422000
2.103409000
2.447463000
-1.215261000
-2.157315000
-3.148261000
-1.818036000
-2.168401000
-1.523266000
0.027920000
0.688305000
-0.621574000
1.682984000
-0.947368000
-1.383272000
1.336088000
0.018285000
-1.975577000
2.112074000
2.709095000
-0.310985000
0.081734000
0.471914000
-1.799403000
-0.461931000
1.142075000
-0.147537000
0.209833000
0.246420000
1.543650000
-1.981535000
-2.137028000

-1.174237000
-1.517027000
-1.860980000
-0.030371000
0.901950000
0.477260000
1.848039000
1.115635000
0.020863000
0.931489000
0.501275000
1.077199000
1.902420000
-0.994920000
0.527276000
-0.642830000
-0.754702000
-0.258730000
-0.473135000
-1.051358000
0.017792000
-0.083695000
-0.564381000
0.317110000
-0.173191000
0.231418000
1.681562000
-0.716646000
0.066907000
2.374942000
1.853788000
1.919259000
-1.751455000
-0.504622000
-0.614166000
0.300517000
-0.950613000
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

1

-3.579986000

OAc

©/Me |

~,

Nimag=1 (-277 cm™)

Zero-point correction=

-2.411613000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PFRPPRPOPRPRPPOORODODDODOORRPROORRPPRPOORE O

-1.245472000
-0.831065000
-1.244205000
-2.010385000
-2.151030000
-1.647987000
-1.722773000
-3.199414000
-2.744944000
-3.599877000
-3.654000000
-4.592663000
-3.174740000
-2.180323000
-2.709812000
0.906200000
1.172214000
1.823454000
2.439683000
0.422668000
3.086050000
3.409755000
2.676304000
3.826191000
1.586213000
4.786543000
5.280472000
5.412735000
4.750200000

Nimag=1 (-271 cm™)

1.165579000
2.086953000
0.316449000
1.232742000
2.430390000
3.282579000
2.239034000
2.677110000
-1.080763000
-1.913351000
-2.920974000
-1.482622000
-1.918504000
-1.481637000
0.184737000
0.492861000
-0.852957000
1.431399000
-1.271144000
-1.563594000
0.991019000
-0.359499000
-2.323491000
1.709165000
2.482393000
-0.826505000
-0.110025000
-0.959237000
-1.778666000

OMe| #
)Of,O/

0.735689000

0.244992 (Hartree/Particle)

0.260185
0.261129

1.221392000
1.586331000
1.869193000
0.120432000
-0.749242000
-0.310359000
-1.730575000
-0.893901000
-0.001577000
-0.906241000
-0.520381000
-0.975145000
-1.904278000
0.965235000
-0.449849000
0.534076000
0.563155000
0.138956000
0.181270000
0.867904000
-0.239969000
-0.221037000
0.194560000
-0.555635000
0.117316000
-0.603055000
-1.250794000
0.276444000
-1.122728000

0.198153
-616.199711
-616.184518
-616.183574
-616.246550
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Zero-point correction= 0.250653 (Hartree/Particle)

PUC-Rio- CertificagcaoDigital N° 1613320/CA

Thermal correction to Energy= 0.266478

Thermal correction to Enthalpy= 0.267422

Thermal correction to Gibbs Free Energy= 0.203714

Sum of electronic and zero-point Energies= -691.382843
Sum of electronic and thermal Energies= -691.367019
Sum of electronic and thermal Enthalpies= -691.366074
Sum of electronic and thermal Free Energies= -691.429782

OFRrFRPFRPOFRPRPFPFRPOOFRPROOODOOODOOORFRRFPFPROOFREFPEFPOOR,EPO®

-1.754877000
-1.445113000
-1.667680000
-2.507979000
-2.766489000
-2.363156000
-2.308655000
-3.833549000
-2.977376000
-3.737799000
-3.674309000
-4.773684000
-3.322008000
-2.367182000
-3.086200000
0.470238000
0.883797000
1.297643000
2.203449000
0.209742000
2.606686000
3.062030000
2.540050000
3.297510000
0.950246000
4.888695000
5.922576000
4.847068000
4.370021000
4.358736000

Nimag=1 (-264 cm™)

Zero-point correction=

1.180504000
2.153118000
0.359360000
1.125837000
2.269786000
3.186261000
2.091106000
2.396691000
-1.258320000
-2.207210000
-3.203558000
-1.894215000
-2.191052000
-1.565699000
-0.010681000
0.719054000
-0.581001000
1.737930000
-0.887291000
-1.358369000
1.432857000
0.120757000
-1.905134000
2.191601000
2.755490000
-1.367977000
-1.288599000
-1.760798000
-2.051216000
-0.072399000

cl|#
Je

Thermal correction to Energy=
Thermal correction to Enthalpy=

1.178234000
1.512632000
1.855531000
0.069100000
-0.844696000
-0.433255000
-1.814983000
-1.006422000
0.017287000
-0.856822000
-0.444037000
-0.926972000
-1.858649000
0.990776000
-0.466879000
0.535108000
0.628793000
0.123842000
0.302321000
0.946531000
-0.200854000
-0.111539000
0.375995000
-0.525527000
0.053854000
-0.377813000
-0.684649000
0.636077000
-1.047385000
-0.450960000

0.207215 (Hartree/Particle)

0.221681
0.222625

0.161662
-1036.546967
-1036.532500

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRPRFRPFRPOOFRPRODODODOOOOR,FPFPOORFREFPFPOOR,E,O

7

-1.701463000
-1.335208000
-1.681651000
-2.436346000
-2.603567000
-2.141602000
-2.150019000
-3.657393000
-3.050246000
-3.893895000
-3.515099000
-3.873583000
-4.911874000
-2.435147000
-3.088241000
0.503343000
0.822187000
1.393447000
2.117363000
0.092347000
2.688352000
3.030133000
2.415038000
3.420807000
1.113945000

4.658562000

1.192203000
2.140942000
0.364025000
1.192574000
2.356928000
3.240907000
2.150859000
2.558533000
-1.157206000
-2.040272000
-2.023926000
-3.047867000
-1.667076000
-1.516176000
0.103761000
0.595649000
-0.737573000
1.569755000
-1.116616000
-1.473327000
1.188980000
-0.148790000
-2.149418000
1.918389000
2.609204000

-0.629159000

F|#

1.191607000
1.537429000
1.865958000
0.068485000
-0.840792000
-0.420157000
-1.807536000
-1.012209000
-0.013178000
-0.878546000
-1.894828000
-0.489535000
-0.902377000
0.939068000
-0.477555000
0.579891000
0.641020000
0.206004000
0.313792000
0.931923000
-0.122147000
-0.062909000
0.350056000
-0.418753000
0.164890000
-0.476254000

-1036.531556
-1036.592520

Nimag=1 (-266 cm™)

Zero-point correction= 0.208636 (Hartree/Particle)

Thermal correction to Energy= 0.222721

Thermal correction to Enthalpy= 0.223666

Thermal correction to Gibbs Free Energy= 0.163969

Sum of electronic and zero-point Energies= -676.166693
Sum of electronic and thermal Energies= -676.152607
Sum of electronic and thermal Enthalpies= -676.151663
Sum of electronic and thermal Free Energies= -676.211360

RPRPROORRERO®

-1.194235000
-0.760996000
-1.196055000
-1.969830000
-2.104079000
-1.578587000
-1.697288000

1.164035000
2.077400000
0.311942000
1.246453000
2.450347000
3.291845000
2.255137000

1.229195000
1.592330000
1.873262000
0.137100000
-0.724932000
-0.291865000
-1.714499000
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

OFRPPFPFRPOOPFRPODODOODOOORFR,EFPEFPOOLPR

-3.150370000
-2.722777000
-3.639109000
-3.285290000
-3.668964000
-4.633366000
-2.103997000
-2.701071000
0.947361000
1.191226000
1.878679000
2.451258000
0.429499000
3.138800000
3.394815000
2.707117000
3.913041000
1.655567000
4.608176000

2.715581000
-1.060121000
-1.864902000
-1.839414000
-2.883582000
-1.432083000
-1.485433000

0.215313000

0.465859000
-0.885148000

1.400543000
-1.326381000
-1.585966000

0.958630000
-0.395013000
-2.371497000

1.641445000

2.454280000
-0.822215000

Br| ¥

Nimag=1 (-263 cm™)
Zero-point correction=

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

6
1
1
6
6
1
1
1
6
6
1
1
1
8
8
6
6

-2.489086000
-2.179781000
-2.452765000
-3.185699000
-3.377310000
-2.971588000
-2.882848000
-4.433208000
-3.685988000
-4.458055000
-4.046659000
-4.403707000
-5.490990000
-3.086971000
-3.767273000
-0.240099000

0.139305000

1.206680000
2.180691000
0.398430000
1.142340000
2.273113000
3.188932000
2.063746000
2.419431000
-1.235354000
-2.180218000
-2.172821000
-3.175027000
-1.856678000
-1.539208000
0.009636000
0.701771000
-0.612479000

-0.849717000
0.001411000
-0.866720000
-1.891805000
-0.508361000
-0.852518000
0.923552000
-0.421415000
0.510909000
0.522037000
0.134827000
0.138871000
0.817217000
-0.249372000
-0.237768000
0.128714000
-0.552703000
0.134371000
-0.608318000

0.206571 (Hartree/Particle)

0.221292
0.222236

1.157045000
1.487921000
1.854514000
0.011514000
-0.934585000
-0.524187000
-1.880334000
-1.144943000
-0.023901000
-0.890813000
-1.894447000
-0.473213000
-0.957831000
0.957322000
-0.524491000
0.632627000
0.738819000

0.159920
-3150.442377
-3150.427656
-3150.426712
-3150.489028
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

WFRPRFRPFRPOOFROO

Nimag=1 (-2228 cm™)
Zero-point correction=

0.614141000
1.461249000
-0.563689000
1.936111000
2.339117000
1.801341000
2.638381000
0.287184000

4.148862000

1.708048000
-0.937317000
-1.375259000

1.382505000

0.064123000
-1.954751000

2.142367000

2.731554000

-0.383809000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

OCOFRPFRPFPOOFRPRODODOODODWOORFREFPFPOOREFPFRPOOOERLEFPO®

-2.384293000
-2.068329000
-2.382962000
-3.031149000
-3.184731000
-2.755637000
-2.693258000
-4.235651000
-3.927001000
-4.414566000
-3.605061000
-4.769656000
-5.208245000
-3.886772000
-3.538986000
-0.097791000
0.177815000
0.856589000
1.497836000
-0.600531000
2.174475000
2.487879000
1.759103000
2.955498000
0.604770000
3.901173000
4.174387000

-1.494658000
-2.521226000
-0.959068000
-1.046988000
-1.793134000
-2.783496000
-1.265217000
-1.884467000
1.029139000
2.335521000
2.838248000
2.950561000
2.164538000
0.730780000
0.229554000
-0.829132000
0.109146000
-1.401620000
0.499863000
0.534051000
-1.005333000
-0.059560000
1.227767000
-1.434487000
-2.136887000
0.401456000
0.776425000

0.260687000
0.461823000
1.026490000
-0.017406000
0.087811000
0.536022000
-0.310112000
0.183409000

-0.293362000

0.221966 (Hartree/Particle)

0.238939
0.239883

-0.668890000
-0.669844000
-1.594102000
0.415251000
1.691774000
1.610614000
2.505445000
1.953669000
-0.454699000
0.088697000
0.607510000
-0.725316000
0.807279000
-1.601649000
0.563549000
-0.364899000
0.596495000
-1.166908000
0.764552000
1.207132000
-0.992021000
-0.028294000
1.512515000
-1.594734000
-1.912190000
0.122405000
1.371395000

0.170243
-913.937748
-913.920775
-913.919831
-913.989471
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

9
9

4.775466000
4.168882000

Nimag=1 (-223 cm™)

Zero-point correction=

-0.548315000
1.451759000

O/CN |

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

~NOoORPFRPPFPOOPFRPODODODODOOORPFPFRPOORPRRPFRPOOORPEFPO

1.517483000
1.144012000
1.532936000
2.201690000
2.331165000
1.844279000
1.884454000
3.379000000
3.181132000
3.770617000
3.020630000
4.118076000
4.590003000
3.075488000
2.786192000
-0.727320000
-0.940828000
-1.717193000
-2.232032000
-0.134148000
-3.007719000
-3.263151000
-2.447789000
-3.816414000
-1.510507000
-4.595072000
-5.658657000

Nimag=1 (-216 cm™)

Zero-point correction=

-1.468202000
-2.475065000
-0.907142000
-1.087646000
-1.879760000
-2.840940000
-1.348955000
-2.039008000
0.972027000
2.220021000
2.739495000
2.855155000
1.968299000
0.729215000
0.150775000
-0.681079000
0.229702000
-1.160535000
0.690543000
0.582989000
-0.698145000
0.225411000
1.405389000
-1.045455000
-1.872403000
0.700536000
1.080071000

-0.205873000
-0.657074000

0.215470 (Hartree/Patrticle)

0.230686
0.231630

0.707613000
0.730616000
1.617373000
-0.379327000
-1.630762000
-1.528270000
-2.467955000
-1.871377000
0.441819000
-0.136141000
-0.723249000
0.665606000
-0.800161000
1.597558000
-0.557243000
0.350561000
-0.653138000
1.171725000
-0.850178000
-1.272475000
0.971998000
-0.038267000
-1.625007000
1.591078000
1.952651000
-0.243804000
-0.409136000

0.219936 (Hartree/Particle)

0.167836
-669.142604
-669.127388
-669.126443
-669.190238
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262

Thermal correction to Energy= 0.235861
Thermal correction to Enthalpy= 0.236805
Thermal correction to Gibbs Free Energy= 0.170611

PUC-Rio- CertificagcaoDigital N° 1613320/CA

Sum of electronic and zero-point Energies= -781.367135
Sum of electronic and thermal Energies= -781.351210
Sum of electronic and thermal Enthalpies= -781.350266
Sum of electronic and thermal Free Energies= -781.416460
1.968645000 1.572176000 -0.499036000
1.622763000 2.581612000 -0.375561000
1.972971000  1.148497000 -1.480410000
2.633455000 1.017743000 0.523078000
2.777063000 1.616857000  1.876209000
2.318392000 2.596486000 1.912711000
2.310300000 0.983628000  2.626725000

OCO~NFRPRPFRPPOOPFRPOODOODODOOORFRPPFPOORPRERPFPOOORPFPO®

OAc %

3.827441000
3.548374000
4.108940000
3.351552000
4.429634000
4.942520000
3.439535000
3.183671000
-0.303031000
-0.544215000
-1.275486000
-1.847524000
0.249899000
-2.579843000
-2.838418000
-2.105889000
-3.388209000
-1.045846000
-4.215120000
-4.418449000
-5.063190000

NO,

Nimag=1 (-275 cm™)

Zero-point correction=

1.709084000
-0.935526000
-2.265081000
-2.839262000
-2.795000000
-2.126661000
-0.534567000
-0.248257000

0.800636000
-0.240010000

1.420818000
-0.692009000
-0.699761000

0.970653000
-0.076031000
-1.501751000

1.410508000

2.231831000
-0.551116000
-1.464431000
-0.000589000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

2.139486000
-0.584550000
-0.188675000
0.334452000
-1.073684000
0.490813000
-1.694999000
0.521889000
-0.262589000
0.599635000
-1.008096000
0.728354000
1.162239000
-0.880530000
-0.014226000
1.384425000
-1.433675000
-1.677581000
0.121810000
0.879121000
-0.531020000

0.248993 (Hartree/Particle)

0.266436
0.267380

0.199471
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263

Sum of electronic and zero-point Energies= -820.635623
Sum of electronic and thermal Energies= -820.618180
Sum of electronic and thermal Enthalpies= -820.617236
Sum of electronic and thermal Free Energies= -820.685145

PUC-Rio- CertificagcaoDigital N° 1613320/CA

PFRPRFRPFPRPOFRPPFPOONORPREFPPFPOORFRPROODODOOOOOR,EFEPEFPOOOEFO®

2.073987000
2.019592000
2.633100000
2.846292000
3.247783000
2.564045000
3.226147000
4.241018000
2.508291000
2.920944000
-0.201010000
-0.652105000
-0.987760000
-1.976972000
0.001114000
-2.311804000
-2.779381000
-2.392364000
-2.978385000
-0.600849000
2.941100000
-4.176313000
-4.563694000
-4.857416000
2.329219000
2.771743000
1.903780000
1.149579000
1.603960000
2.832507000
3.979814000

OAc ¥

NO,

Nimag=1 (-258 cm™)

Zero-point correction=

-1.145368000
-0.393675000
-0.807176000
1.602845000
2.787049000
2.896137000
3.674603000
2.634691000
1.646675000
0.487995000
-0.618110000
0.592639000
-1.507020000
0.929273000
1.265891000
-1.171771000
0.040863000
1.857532000
-1.823837000
-2.446289000
-1.712060000
0.397559000
1.458690000
-0.390835000
-1.453636000
-2.749368000
-2.567969000
-2.623815000
-3.236769000
-2.948917000
-1.594838000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

0.845442000
1.605346000
-0.334717000
0.012204000
-0.810691000
-1.645894000
-0.195232000
-1.218010000
1.152475000
-0.732547000
0.451862000
0.921976000
-0.240930000
0.693582000
1.449091000
-0.471971000
0.001120000
1.038274000
-1.004288000
-0.597430000
-1.474268000
-0.243167000
0.172623000
-0.846727000
-2.335695000
-1.224114000
1.297310000
2.072967000
0.499184000
1.716785000
-1.770925000

0.278307 (Hartree/Patrticle)

0.297042
0.297987

0.227051
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264

Sum of electronic and zero-point Energies= -859.902684
Sum of electronic and thermal Energies= -859.883948
Sum of electronic and thermal Enthalpies= -859.883004
Sum of electronic and thermal Free Energies= -859.953939

PUC-Rio- CertificagcaoDigital N° 1613320/CA

PFRPRPFRPOFRPFRPPFPOFRPRFPOONORPREFPFPOOFRPROODODODOOORFRLREFPEFPOOORERO®

2.111029000
2.049170000
2.542108000
2.586873000
2.802246000
2.028554000
2.771177000
3.756846000
2.360330000
2.683264000
-0.228664000
-0.730581000
-0.982360000
-2.072746000
-0.102873000
-2.323923000
-2.841905000
-2.526491000
-2.965921000
-0.556742000
2.832091000
-4.257190000
-4.688235000
-4.908657000
2.128399000
2.773501000
2.100218000
1.519072000
3.116235000
3.827509000
1.560938000
1.586208000
2.154875000
0.535250000

OAc ¥

NO,

I\_Iimagzl (-259 c;rl)

Zero-point correction=

1.009399000
0.512503000
0.300547000
-1.927269000
-3.328995000
-3.589875000
-4.003990000
-3.403967000
-1.616770000
-1.075658000
0.577653000
-0.405223000
1.244686000
-0.730788000
-0.915563000
0.920185000
-0.061894000
-1.485710000
1.407310000
2.006324000
0.834549000
-0.407793000
-1.268666000
0.188246000
0.427984000
1.913574000
2.518750000
2.912990000
2.882520000
0.533663000
3.077854000
4.162866000
2.734698000
2.765279000

-0.333458000
-1.280215000
0.729612000
-0.266343000
0.212386000
0.926810000
-0.630482000
0.720991000
-1.392497000
0.767917000
-0.195970000
-1.016332000
0.740045000
-0.901212000
-1.725738000
0.858100000
0.033510000
-1.515426000
1.567634000
1.370986000
2.086698000
0.157849000
-0.564682000
0.976429000
2.809880000
2.112422000
-0.355322000
0.473954000
-0.208749000
2.402048000
-1.663540000
-1.659627000
-2.505902000
-1.829913000

0.307550 (Hartree/Particle)
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Thermal correction to Energy= 0.327652

Thermal correction to Enthalpy= 0.328596

Thermal correction to Gibbs Free Energy= 0.254203

Sum of electronic and zero-point Energies= -899.170817
Sum of electronic and thermal Energies= -899.150715
Sum of electronic and thermal Enthalpies= -899.149771

Sum of electronic and thermal Free Energies= -899.224163

PUC-Rio- CertificagcaoDigital N° 1613320/CA

PFRPRRORRPRORRPRRORPFPOO~NORRROORODODODDOORRRDOODRO®

2.091050000
2.001697000
2.415138000
2.246838000
2.294869000
1.476473000
2.216060000
3.220103000
2.088279000
2.404640000
-0.281245000
-0.863357000
-0.985410000
-2.236234000
-0.274258000
-2.357697000
-2.955390000
-2.751441000
-2.963566000
-0.497843000
2.724573000
-4.403500000
-4.904508000
-5.010252000
1.961935000
2.781585000
2.244494000
1.668513000
3.285644000
3.672919000
1.833778000
2.428683000
0.798923000
2.001788000
3.034930000
1.710694000
1.389006000

0.533035000
0.198984000
-0.375979000
-2.412652000
-3.886993000
-4.167891000
-4.414834000
-4.146292000
-1.907442000
-1.748512000
0.346192000
-0.430406000
0.937930000
-0.614441000
-0.890249000
0.754448000
-0.018558000
-1.205526000
1.192955000
1.535662000
-0.094724000
-0.215294000
-0.895527000
0.314112000
-0.528177000
0.967104000
2.018498000
2.347674000
2.241296000
-0.549146000
2.835372000
2.519298000
2.613119000
4.331157000
4.583868000
4.889945000
4.680958000

-0.092011000
-1.105647000
0.850004000
-0.484322000
-0.230439000
0.424081000
-1.169687000
0.271814000
-1.549994000
0.672449000
-0.048532000
-1.022775000
0.972871000
-0.979154000
-1.796897000
1.019650000
0.040888000
-1.712793000
1.790062000
1.724099000
2.276863000
0.089126000
-0.768342000
0.984310000
2.920289000
2.471044000
0.124283000
0.986300000
0.357620000
2.550749000
-1.093970000
-1.948841000
-1.341562000
-0.880051000
-0.654823000
-1.763922000
-0.052982000
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

Nimag=1 (-259 cm™)
Zero-point correction=

NO,

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PFRORFRPFPOFRPFRPOONORPRPFPFRPOOFRROODODODOOORFRRFPEFLROOORERO

1.751640000
1.510752000
2.286662000
3.205263000
2.814633000
2.353340000
2.080155000
3.691377000
4.307341000
2.119407000
-0.541983000
-1.312189000
-1.027083000
-2.647557000
-0.902922000
-2.360216000
-3.144850000
-3.299010000
-2.796857000
-0.395058000
2.906684000
-4.552773000
-5.216948000
-4.964620000
3.905164000
2.324272000
1.932181000
2.961384000
2.976799000
1.027869000
1.092344000
1.312996000

0.923769000
0.633120000
-0.048562000
-2.061617000
-3.446439000
-3.955217000
-3.401476000
-3.986273000
-1.618301000
-1.354852000
0.484789000
0.650587000
-0.042302000
0.283567000
1.054650000
-0.410888000
-0.239395000
0.392509000
-0.825015000
-0.169862000
0.072387000
-0.629869000
-0.473677000
-1.084570000
-0.352545000
-0.474809000
2.408125000
2.543652000
1.104955000
2.982083000
2.417743000
4.008101000

0.307024 (Hartree/Particle)

0.327037
0.327981

-0.324239000
-1.332841000
0.443300000
-0.376735000
-0.783145000
0.056578000
-1.579617000
-1.109962000
-0.374152000
-0.003744000
-0.107547000
-1.234247000
1.065675000
-1.182216000
-2.144354000
1.122758000
-0.003542000
-2.028782000
2.012006000
1.926983000
1.787309000
0.053871000
-0.937834000
1.089564000
1.772067000
2.526568000
-0.060626000
0.268256000
2.100424000
1.029059000
1.953422000
1.244840000

0.253846
-899.167096
-899.147082
-899.146138
-899.220273
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

Nimag=1 (-296 cm™)
Zero-point correction=

-0.010127000
1.765884000
1.964173000
2.446839000
0.750727000

OAc

NO,

2.979956000
3.193789000
4.248825000
2.839107000
3.103503000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRPOO~NORPRPFPPRPOOFRPRODODODODO0OORFRRFRPEFPOOOREO®

2.017585000
1.917636000
2.125759000
1.654293000
1.422140000
0.536842000
1.292713000
2.260638000
1.640746000
1.874808000
-0.348954000
-1.016150000
-0.981073000
-2.400209000
-0.484686000
-2.364584000
-3.046235000
-2.979271000
-2.916204000
-0.428780000
2412174000
-4.506694000
-5.082266000
-5.048479000
1.553334000
2.651953000

-0.134004000
-0.292382000
-1.216206000
-2.966697000
-4.445196000
-4.662064000
-4.804760000
-4.943535000
-2.289552000
-2.521317000
0.120096000
-0.383052000
0.675652000
-0.313424000
-0.825291000
0.745274000
0.249055000
-0.684239000
1.170511000
1.055449000
-1.211006000
0.319605000
-0.122667000
0.815432000
-1.584050000
-0.218970000

0.714440000
-1.357512000
-1.195989000
-2.125453000
-1.736109000

0.336845 (Hartree/Particle)

0.358291
0.359235

0.105508000
-0.948959000
0.902922000
-0.731281000
-0.705831000
-0.117383000
-1.716269000
-0.232394000
-1.709708000
0.516514000
0.074173000
-1.017990000
1.160943000
-1.028252000
-1.842444000
1.153886000
0.057580000
-1.853014000
1.971070000
2.003607000
2.361933000
0.048607000
-0.911654000
1.002768000
2.915778000
2.718012000

0.281375
-938.438756
-938.417310
-938.416366
-938.494226
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

PRPPRPORRPRORPRRPRORREO®

Nimag=1 (-259 cm™)
Zero-point correction=

2.427178000
1.879658000
3.478904000
3.247745000
2.229800000
2.800206000
1.184645000
2.649635000
3.693511000
2.076026000
2.462509000
1.421907000
2.767344000
3.051072000

OAc ¥

NO,

1.248431000
1.547103000
1.235330000
-1.870112000
2.297827000
2.009067000
2.310962000
3.693588000
3.675846000
3.981907000
4.737851000
4.800448000
5.723298000
4.493935000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

OO0OFRP OO0, RFRPFRPOOODOREL,O®

-1.956166000
-1.875586000
-2.145579000
-1.842097000
-1.708450000
-0.820158000
-1.637068000
-2.561733000
-1.812536000
-1.994966000
0.414461000
1.014579000
1.114292000
2.399231000
0.431182000
2.498429000
3.112944000

-0.179813000
0.054489000
0.840746000
2.716464000
4.203051000
4.443549000
4.631680000
4.612972000
2.102635000
2.181868000

-0.237139000
0.379257000

-0.803856000
0.418278000
0.826243000

-0.764893000

-0.154438000

0.551063000
1.442105000
0.836564000
2.581641000
-0.534620000
-1.416776000
-0.836916000
-0.097531000
0.213156000
0.782436000
-1.187770000
-1.494878000
-0.848971000
-2.068357000

0.336410 (Hartree/Particle)

0.357782
0.358727

0.156548000
-0.884169000
1.018046000
-0.512839000
-0.400953000
0.173693000
-1.389994000
0.127604000
-1.532106000
0.709545000
0.076745000
-0.996275000
1.115238000
-1.038771000
-1.782261000
1.076290000
-0.001888000

0.281467
-938.439133
-938.417760
-938.416816
-938.494076
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

PRPPORPRRPPORPRORPRPRPRORPPOONORRR

2.927592000

3.100924000

0.614024000
-2.422358000

4.573888000

5.090031000

5.175311000
-1.593865000
-2.576519000
-2.243622000
-1.614491000
-3.271345000
-3.308170000
-2.052086000
-1.064054000
-2.098161000
-3.058913000
-1.957247000
-1.323276000
-3.088173000
-4.090848000
-3.071215000
-2.912650000

L0

Nimag=1 (-262 cm™)
Zero-point correction=

0.880341000
-1.192516000
-1.273650000

0.726427000
-0.110705000

0.429679000
-0.617234000

1.135985000
-0.301457000
-1.615243000
-1.925175000
-1.702327000

1.299943000
-2.594744000
-2.418025000
-4.030687000
-4.248307000
-4.737302000
-4.215423000
-2.381726000
-2.574298000
-1.369701000
-3.057780000

NOz] ¢

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRPRPPRPPOOOOOOO®

-1.928856000
-2.037669000
-3.122197000
-2.819299000
-2.362307000
-1.850696000
-3.227467000
-1.082165000
-2.247493000
-2.795656000
-2.050649000

-2.140177000
-2.898061000
-2.291796000
-0.831126000
-0.081776000
-0.650041000
-2.851821000
-2.854795000
-3.946233000
-2.357231000
-0.761911000

-1.851406000
1.855415000
1.944905000
2.474282000

-0.044539000

-0.988231000
0.867294000
3.048185000
2.771274000
0.524808000
1.355438000
0.879216000
2.733922000

-0.634756000

-1.057272000

-0.127069000
0.335573000

-0.939598000
0.611835000

-1.733587000

-1.356731000

-2.125519000

-2.565274000

0.288212 (Hartree/Particle)

0.305878
0.306822

1.044750000
-0.270827000
-1.150236000
-1.466289000
-0.259401000

0.848943000
-2.074478000
-0.790423000
-0.078599000

1.669622000
-2.237943000

0.237421
-897.992189
-897.974524
-897.973580
-898.042981
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

RPOOONPFRPFRPOFRPROFRPROODOOREFPEPEPODOOOOOLERPE

-3.696117000
-4.077612000
-2.357581000
-2.556654000
-2.786542000
-2.444185000
-1.423115000
-3.087300000
-2.712129000
-1.065079000
0.476203000
1.367242000
0.858847000
2.721620000
1.037863000
2.212284000
0.132360000
3.116515000
3.465774000
2.573907000
4.545641000
5.315759000
4.867445000
-1.662352000

5T

Nimag=1 (-237 cm™)
Zero-point correction=

-0.332310000
-2.354907000
1.279013000
2.216456000
1.977556000
3.582416000
3.746739000
3.664137000
4.321101000
-2.481733000
-0.379011000
-0.926226000
0.361762000
-0.731198000
-1.492670000
0.558189000
0.787138000
0.005955000
-1.133832000
1.124429000
0.212149000
-0.280176000
0.861958000
-0.040139000

NO2| #

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=

Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRPOOOOOOO®

4.189719000
3.946767000
3.139018000
2.555528000
2.811578000
3.623436000
3.613176000
4.820269000

-2.266845000
-2.172411000
-1.173493000
-0.251747000
-0.344542000
-1.348641000
-0.251185000
-3.052115000

-1.871007000
-0.632691000
-0.500648000
0.453368000
1.592021000
-0.146285000
-0.475630000
-1.014842000
0.595074000
1.606309000
0.405288000
1.297745000
-0.687554000
1.080351000
2.151983000
-0.909306000
-1.357699000
-0.020890000
1.741441000
-1.746890000
-0.253085000
0.530012000
-1.213989000
1.710248000

0.312817 (Hartree/Particle)

0.332459
0.333403

1.266749000
-0.094305000
-0.603663000

0.275952000

1.640756000

2.132680000
-2.449772000

1.646535000

0.259797
-1050.341363
-1050.321721
-1050.320777
-1050.394382
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4.397255000
2.909565000
1.688927000
2.366454000
3.810462000
1.104722000
1.490143000
0.796155000
1.449273000
0.798158000
0.361992000
0.706944000
0.111696000
1.695297000
0.247953000
-1.106843000
-1.275502000
-2.121420000
-2.549900000
-0.448230000
-3.397238000
-1.938432000
-3.584905000
-2.752052000
-4.236683000
-4.930733000
-5.073443000
-5.816742000
3.119162000
1.394728000
0.577108000

-2.881050000
-0.996615000
0.778838000
0.368516000
-1.415477000
0.645031000
-0.527922000
-1.350498000
1.794931000
2.942920000
3.252370000
3.766849000
3.239494000
3.917219000
4.716576000
0.048006000
-1.178525000
0.952716000
-1.534471000
-1.850817000
0.597210000
1.913518000
-0.639121000
-2.478728000
1.254451000
-1.013193000
-2.094506000
-0.217918000
-1.920962000
-0.245305000
1.466273000

©/N02 ¥

Nimag=1 (185 cm™)
Zero-point correction=

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

6
1
1

-1.173641000
-1.102043000
-0.741826000

0.647502000
-0.226418000
1.556657000

-0.769362000
-2.077991000
-0.285411000
2.309473000
3.190415000
-1.497358000
-2.365051000
-2.206056000
0.612628000
0.350589000
-0.711052000
1.596036000
2.334313000
2.015360000
1.363119000
-0.761291000
-0.166966000
-0.959210000
0.243494000
-0.014909000
-0.549932000
-1.408025000
0.040845000
0.712905000
-0.677769000
0.474568000
0.984162000
0.297094000
-2.606520000
-3.408251000
-1.931632000

0.275339 (Hartree/Particle)

0.293998
0.294942

-1.729762000
-2.347101000
-2.085603000

0.222193
-972.977595
-972.958937
-972.957992
-973.030741
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OCO~NFPRPFRPPRPOPRPOFRPODOODOOOORPRPFPPFPOORPRODODODODOOREFPEFPOOO®

HoN

Nimag=1 (-173 cm™)
Zero-point correction=

-1.986135000
-1.576597000
-2.088260000
-3.168583000
-1.834850000
-1.640550000
-0.739798000
-2.206239000
1.063035000
1.918872000
1.382829000
3.199054000
1.607500000
2.663114000
3.544174000
3.923737000
2.984563000
0.671591000
-2.706677000
-3.018734000
-3.089358000
-3.669744000
-2.775002000
-3.741098000
-2.867656000
-4.031661000
-3.906825000
-4.021482000
-4.542167000
4.895005000
5.176741000
5.645986000

0.607647000
2.852834000
3.708675000
3.780519000
3.253086000
4.689389000
3.172742000
1.662970000
0.114379000
1.168477000
-1.201788000
0.879550000
2.183789000
-1.488709000
-0.441700000
1.651550000
-2.494854000
-1.993466000
-0.587879000
-1.620923000
-0.717861000
-2.754920000
-1.528445000
-1.854831000
0.072758000
-2.879433000
-3.538019000
-1.939339000
-3.762701000
-0.744464000
-1.900203000
0.179570000

-0.662497000
0.181989000
1.297675000
1.244356000
2.249421000
1.229364000

-0.598941000
0.199178000

-0.849578000

-0.647901000

-0.628731000

-0.201918000

-0.818881000

-0.182159000
0.019921000

-0.023724000
0.010450000

-0.788624000
-0.202207000
-1.085312000
1.130706000
-0.643547000
-2.128479000
1.569815000
1.822433000
0.687525000
-1.342855000
2.605573000
1.030014000
0.492418000
0.677583000
0.668756000

0.292379 (Hartree/Particle)
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Thermal correction to Energy= 0.312547
Thermal correction to Enthalpy= 0.313491
Thermal correction to Gibbs Free Energy= 0.237394

-1028.302162
-1028.281994
-1028.281050

-1028.357148

Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

6 0.745571000  1.096450000  1.764408000
1 0.786350000 0.261704000  2.436545000
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PRP~NPFRPPFRPOPFRPOFRPOODODODOODOOONRFRPREFRPORPRORFRPROODODOOORFREFPEFPOOOLR

MeO

0.178041000
1.579923000
0.854829000
1.254394000
2.310828000
1.089152000
0.664571000
-0.037193000
1.656470000
-1.376846000
-2.372591000
-1.491945000
-3.578669000
-2.221255000
-2.697909000
-0.677524000
-3.716435000
-4.402425000
-2.859760000
-4.988418000
-5.088758000
-5.861859000
2.487327000
2.918370000
2.949549000
3.746896000
2.621503000
3.779061000
2.646787000
4.190894000
4.073404000
4.116641000
5.064240000
5.061731000
5.097395000

N_imagzl (-179 cm™?)

Zero-point correction=

1.952885000
1.108130000
3.208486000
4.055149000
4.291320000
3.504122000
4.960190000
3.452476000
2.131203000
0.180302000
1.079733000
-1.179457000
0.577747000
2.138440000
-1.680522000
-1.845047000
-0.790873000
1.221094000
-2.732793000
-1.319132000
-2.512852000
-0.530392000
0.018999000
-0.919121000
-0.124046000
-1.959631000
-0.824725000
-1.163228000
0.586661000
-2.105949000
-2.659160000
-1.247158000
-3.118775000
-3.921090000
-3.357598000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

2.053841000
0.713326000
-0.284825000
-1.452956000
-1.395737000
-2.373134000
-1.456367000
0.462121000
-0.213125000
0.876612000
0.585435000
0.727850000
0.122372000
0.701451000
0.264188000
0.956037000
-0.027168000
-0.123557000
0.125210000
-0.518233000
-0.641193000
-0.771744000
0.342799000
1.280296000
-0.963724000
0.928942000
2.309767000
-1.323745000
-1.709760000
-0.385180000
1.680472000
-2.343494000
-0.728897000
-0.132523000
-1.699091000

0.308971 (Hartree/Particle)

0.330199
0.331143

0.252416
-1087.434399
-1087.413171
-1087.412227
-1087.490954
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PRPPOOOONRP,FRPOFRPRORPOO0OODO0OO0DORPRFPFRPOODPRPROO0DDO0ODO0OO0OORFRPPFPOOODRL,EPL,O

-0.294278000
-0.461445000
0.390615000
-1.114484000
-0.090930000
-0.348977000
-0.244888000
0.360139000
-1.363578000
0.813191000
-1.036854000
1.670950000
2.790767000
1.590612000
3.919836000
2.792109000
2.719930000
3.861199000
4.832104000
2.730539000
0.684779000
-2.171426000
-2.764024000
-2.614325000
-3.740654000
-2.482490000
-3.584132000
-2.184093000
-4.155840000
-4.176537000
-3.919273000
5.052888000
4.982841000
6.034609000
-5.097783000
-5.713988000
-4.989873000
-6.418210000
-6.249547000

N_imagzl (-182 cm™)

Zero-point correction=

1.319510000
0.491039000
2.080073000
1.468025000
3.452515000
4.352167000
3.788311000
5.166989000
4.731592000
3.564148000
2.496740000
0.126022000
0.877598000
-1.232942000
0.214945000
1.944730000
-1.894397000
-1.156150000
0.736761000
-2.956232000
-1.777936000
0.525062000
-0.313880000
0.436928000
-1.225649000
-0.246477000
-0.464387000
1.080455000
-1.308766000
-1.848769000
-0.537592000
-1.853857000
-3.047275000
-1.194593000
-2.155703000
-3.036826000
-3.706896000
-3.616664000
-2.497567000

Thermal correction to Energy=
Thermal correction to Enthalpy=

-1.754077000
-2.414522000
-2.057242000
-0.702217000
0.268038000
1.435895000
2.357257000
1.422417000
1.395005000
-0.495390000
0.216117000
-0.864357000
-0.607227000
-0.689058000
-0.152048000
-0.743069000
-0.233294000
0.023644000
0.067963000
-0.074651000
-0.890882000
-0.319824000
-1.255126000
1.002107000
-0.897792000
-2.290886000
1.369310000
1.746304000
0.423763000
-1.655860000
2.388507000
0.505304000
0.648759000
0.730468000
0.877772000
-0.026662000
-0.484153000
0.552896000
-0.804474000

0.303303 (Hartree/Particle)

0.323898
0.324842
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0.246509
-1012.250264
-1012.229670
-1012.228726
-1012.307058

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=

PUC-Rio- CertificagcaoDigital N° 1613320/CA

Sum of electronic and thermal Free Energies=

PRPPRPOFRPPFRPORPOPRPOODODOODODOONRPRPFPORPORPOOODODOODOD0OORFRPFRPOOOREEFEPO®

0.724361000
0.766687000
0.147309000
1.567301000
0.843301000
1.254216000
2.307718000
1.107968000
0.657378000
-0.060405000
1.650768000
-1.378537000
-2.379273000
-1.485151000
-3.584348000
-2.233225000
-2.690495000
-0.666198000
-3.714878000
-4.412697000
-2.846980000
-4.986514000
-5.080993000
-5.864541000
2.477870000
2.902598000
2.943141000
3.736315000
2.602439000
3.779189000
2.644555000
4.188088000
4.055043000
4.119225000
5.078761000
5.848200000
4.508386000
5.566410000

1.110129000
0.275371000
1.961741000
1.130109000
3.227532000
4.082711000
4.326870000
3.534871000
4.983073000
3.459893000
2.153736000
0.182089000
1.075780000
-1.178799000
0.564789000
2.135679000
-1.688083000
-1.838875000
-0.805129000
1.202441000
-2.741806000
-1.342459000
-2.537120000
-0.559107000
0.037383000
-0.895272000
-0.101914000
-1.933721000
-0.794642000
-1.146675000
0.609724000
-2.084640000
-2.633031000
-1.231032000
-3.231216000
-3.395778000
-4.153061000
-3.053990000

1.755037000
2.426869000
2.040261000
0.711125000
-0.289451000
-1.446780000
-1.371742000
-2.372032000
-1.455021000
0.446764000
-0.211633000
0.859728000
0.569392000
0.717811000
0.113465000
0.680536000
0.261159000
0.945478000
-0.029511000
-0.131783000
0.127226000
-0.512707000
-0.628730000
-0.766550000
0.346043000
1.292181000
-0.957420000
0.938299000
2.319931000
-1.303916000
-1.704000000
-0.368566000
1.693690000
-2.322697000
-0.747364000
0.000506000
-0.835111000
-1.699351000
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Nimag=1 (-258 cm™)

Zero-point correction= 0.264800 (Hartree/Particle)

Thermal correction to Energy= 0.284945
Thermal correction to Enthalpy= 0.285889
Thermal correction to Gibbs Free Energy= 0.208436

Sum of electronic and zero-point Energies= -3546.490982
Sum of electronic and thermal Energies= -3546.470837
Sum of electronic and thermal Enthalpies= -3546.469893
Sum of electronic and thermal Free Energies= -3546.547346

PUC-Rio- CertificagcaoDigital N° 1613320/CA

WFRPRPFRPOFRPOPFRPODODODOODOONRPRPFPORPROFRPROODO0ODODWOORRFPFRPOOOREFO

-0.561412000
-0.331114000
-1.360474000
0.299070000
-0.901622000
-0.677838000
0.270313000
-0.634290000
-1.488707000
-1.863795000
0.154542000
-2.294426000
-3.476078000
-2.040924000
-4.487297000
-3.613007000
-3.053286000
-1.092282000
-4.255081000
-5.439479000
-2.927906000
-5.323335000
-5.102817000
-6.359454000
1.489618000
2.100021000
2.038928000
3.202978000
1.730170000
3.143225000
1.594242000
3.717579000
3.666302000
3.550746000

5.235723000

1.614917000
0.857811000
2.290571000
1.814688000
3.591694000
4.463696000
4.981245000
3.850018000
5.172765000
3.614271000
2.771168000
0.120562000
0.708279000
-1.226873000
-0.121810000
1.774096000
-2.054922000
-1.640038000
-1.484321000
0.265135000
-3.118975000
-2.358359000
-3.541018000
-1.843278000
0.994162000
0.267891000
0.919710000
-0.523156000
0.335697000
0.130649000
1.479110000
-0.590022000
-1.071705000
0.077127000

-1.671553000

1.757120000
2.480846000
1.968104000
0.746691000
-0.403017000
-1.597721000
-1.506702000
-2.491648000
-1.678573000
0.293506000
-0.236577000
0.851761000
0.474736000
0.796191000
0.016712000
0.522371000
0.337203000
1.091981000
-0.041018000
-0.293953000
0.267649000
-0.526410000
-0.566072000
-0.857639000
0.487440000
1.508677000
-0.789824000
1.262406000
2.515750000
-1.047754000
-1.590798000
-0.019516000
2.061787000
-2.040588000
-0.363646000
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Nimag=1 (-186 cm™)

Zero-point correction= 0.274027 (Hartree/Particle)

Thermal correction to Energy= 0.294457
Thermal correction to Enthalpy= 0.295401
Thermal correction to Gibbs Free Energy= 0.218293

-1065.190841
-1065.170410
-1065.169466

-1065.246574

Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PUC-Rio- CertificagcaoDigital N° 1613320/CA

OFRPFRPOFRPROPFRPOODODDODODOONRPRPFPOFRPROFRPRODODO0DO0DD0ORRFPEFRPOOOREFO

0.435166000
0.534986000
-0.226811000
1.298395000
0.422038000
0.785684000
1.810168000
0.715105000
0.110645000
-0.511413000
1.315814000
-1.566682000
-2.623326000
-1.572190000
-3.783645000
-2.555349000
-2.733761000
-0.712493000
-3.814265000
-4.652740000
-2.813673000
-5.040137000
-5.047925000
-5.966808000
2.312442000
2.774210000
2.837788000
3.707690000
2.421852000
3.772540000
2.504660000
4.212415000
4.059841000
4.163906000
5.183552000

1.268129000
0.452306000
2.065994000
1.352701000
3.366286000
4.240877000
4.580924000
3.672210000
5.083344000
3.524841000
2.361136000
0.150655000
0.963643000
-1.217554000
0.353613000
2.033889000
-1.824449000
-1.811657000
-1.025487000
0.922746000
-2.890234000
-1.666599000
-2.867502000
-0.954565000
0.339740000
-0.549488000
0.245458000
-1.512631000
-0.474749000
-0.717414000
0.928174000
-1.605901000
-2.187563000
-0.785324000
-2.602007000

1.746692000
2.435254000
2.001212000
0.722359000
-0.324854000
-1.482015000
-1.381878000
-2.403514000
-1.517872000
0.392057000
-0.216800000
0.834111000
0.509576000
0.734787000
0.058713000
0.591646000
0.283012000
0.991594000
-0.043650000
-0.212660000
0.180622000
-0.521506000
-0.599147000
-0.808421000
0.401542000
1.373035000
-0.886017000
1.065620000
2.385305000
-1.200846000
-1.643650000
-0.227790000
1.824856000
-2.199989000
-0.548883000
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7

Nimag=1 (-185 cm™)
Zero-point correction=

5.959314000

-3.398883000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PORPORFRPROOODODODDOONRFRPOFRPROFRPROODODODODOOREPPFPOOODORL,ELPO®

-0.031837000
0.133264000
-0.769932000
0.834616000
-0.208776000
0.091509000
1.077940000
0.090102000
-0.658465000
-1.164918000
0.773288000
-1.906026000
-3.026350000
-1.783215000
-4.116751000
-3.058849000
-2.875260000
-0.877802000
-4.018189000
-5.029292000
-2.854799000
-5.170602000
-5.065890000
-6.153373000
1.942425000
2.463811000
2.497052000
3.487200000
2.086921000
3.522535000
2.116632000
4.002208000
3.898478000

1.445571000
0.648443000
2.179526000
1.602885000
3.518929000
4.417716000
4.852427000
3.840329000
5.193259000
3.592284000
2.601886000
0.135572000
0.843541000
-1.228382000
0.122826000
1.916444000
-1.945821000
-1.737266000
-1.254399000
0.605564000
-3.015717000
-2.012356000
-3.209643000
-1.392746000
0.685271000
-0.155586000
0.638299000
-1.031337000
-0.110571000
-0.235023000
1.286202000
-1.061697000
-1.677123000

-0.804894000

0.278442 (Hartree/Patrticle)

0.299601
0.300545

1.768314000
2.466020000
2.005336000
0.755321000
-0.321010000
-1.477553000
-1.362670000
-2.396329000
-1.530136000
0.379409000
-0.191315000
0.840281000
0.485188000
0.761968000
0.023155000
0.552663000
0.298820000
1.043398000
-0.059023000
-0.271980000
0.211261000
-0.548880000
-0.609151000
-0.862145000
0.457613000
1.443035000
-0.820931000
1.158895000
2.447893000
-1.116994000
-1.586426000
-0.122746000
1.910832000

0.221140
-1177.415165
-1177.394006
-1177.393062
-1177.472467
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[oclNec NN )

3.950503000
5.091499000
5.484455000
5.526352000

OAc

Nimag=0

Zero-point correction=

-0.284755000
-1.986862000
-2.696191000
-1.982144000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRPPRPOFRPOFRPOODOODOOOORFRPFPOORPREFPPFPOOR,EOD®

-0.185565000
0.105398000
-0.600930000
-1.245072000
-1.259710000
-1.030925000
-0.525253000
-2.233860000
-2.222952000
-2.612691000
-1.722593000
-3.098470000
-3.270704000
-2.315476000
-1.742789000
1.033107000
1.190516000
2.007541000
2.290149000
0.448943000
3.107366000
1.910094000
3.251106000
2.398365000
3.855170000
4.108117000

TMS
OAc

Nimag=0

Zero-point correction=

1.024067000
1.966876000
0.399910000
1.327669000
2.594117000
3.435933000
2.579107000
2.755052000
-0.838958000
-1.816775000
-2.138539000
-2.668117000
-1.342827000
-1.020332000
0.285261000
0.346670000
-1.029455000
1.081229000
-1.657187000
-1.609317000
0.457300000
2.152207000
-0.916283000
-2.724877000
1.043604000
-1.402796000

-2.099894000
-0.428984000
0.460081000
-1.550745000

0.220820 (Hartree/Particle)

0.233644
0.234588

1.193620000
1.646712000
1.975051000
0.177518000
-0.594481000
0.049890000
-1.403825000
-1.045245000
-0.034690000
-1.098209000
-1.629355000
-0.643673000
-1.817497000
1.137743000
-0.589025000
0.603125000
0.698662000
-0.061529000
0.138050000
1.222420000
-0.621614000
-0.133056000
-0.525642000
0.226631000
-1.128019000
-0.958630000

0.324681 (Hartree/Particle)

0.179028
-576.991602
-576.978779
-576.977834
-577.033394
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Thermal correction to Energy= 0.345334

Thermal correction to Enthalpy= 0.346278

Thermal correction to Gibbs Free Energy= 0.272060

Sum of electronic and zero-point Energies= -985.520274
Sum of electronic and thermal Energies= -985.499621
Sum of electronic and thermal Enthalpies= -985.498676

Sum of electronic and thermal Free Energies= -985.572894

PUC-Rio- CertificagcaoDigital N° 1613320/CA

2.371495000
2.450146000
2.728128000
3.266799000
3.496514000
3.640577000
2.650616000
4.374465000
3.535525000
3.426774000
3.729646000
4.043901000
2.398670000
3.790875000
3.297248000
0.923998000
0.399518000
0.090644000
-0.915533000
1.026267000
-1.224779000
-1.762956000
-1.284157000
-1.839208000
0.469280000
-3.583501000
-4.404286000
-4.444295000
-3.083902000
-3.083994000
-4.605111000
-4.418497000
-5.436473000
-3.920768000
-5.475582000
-4.454311000
-3.965262000

1.189268000
2.219086000
0.555339000
1.040250000
2.148877000
3.085187000
2.272295000
1.952562000
-1.330993000
-2.492043000
-3.395481000
-2.323807000
-2.583284000
-1.401465000
-0.181987000
0.860881000
-0.383350000
1.781670000
-0.694045000
-1.108039000
1.465991000
0.219554000
-1.670462000
2.211839000
2.759885000
-1.736303000
1.205641000
-0.642743000
-2.586315000
-1.530678000
-2.035936000
2.092863000
0.949178000
1.466372000
-0.929932000
0.210747000
-1.466153000

-1.093769000
-1.428582000
-1.896131000
0.099446000
1.057648000
0.529647000
1.738740000
1.664850000
0.101025000
1.038672000
0.529330000
1.913783000
1.374250000
-1.059043000
0.752983000
-0.797694000
-1.122037000
-0.178699000
-0.827711000
-1.615131000
0.112628000
-0.201472000
-1.101361000
0.589444000
0.070427000
1.305132000
1.026952000
-1.420357000
0.847619000
2.247982000
1.526595000
0.399483000
1.252257000
1.964681000
-1.229239000
-2.092749000
-1.943687000

PRPRPRPRPRPRPRPRPPRPOODORRPRPOODODRPRO0DODODOORRPRPOORRPERPOORREO®

4  -3.550350000 -0.233828000 0.179121000

‘Bu
OAc
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Nimag=0

Zero-point correction= 0.336343 (Hartree/Particle)

Thermal correction to Energy= 0.354564

Thermal correction to Enthalpy= 0.355508

Thermal correction to Gibbs Free Energy= 0.287855

Sum of electronic and zero-point Energies= -734.064195
Sum of electronic and thermal Energies= -734.045974
Sum of electronic and thermal Enthalpies= -734.045030

Sum of electronic and thermal Free Energies= -734.112682

PUC-Rio- CertificagcaoDigital N° 1613320/CA

PRPRPRPRPRPRPPRPPRPOODODORRPRPROODODRPROD0DODODOMORRPRPOODRRPRERPOOR,EFEPO®

1.994030000
2.042288000
2.349402000
2.917575000
3.136740000
3.249615000
2.299192000
4.028959000
3.241822000
3.178391000
3.492726000
3.807844000
2.159238000
3.475505000
2.990632000
0.560801000
0.057084000
-0.288021000
-1.242738000
0.689066000
-1.591839000
-2.101299000
-1.591761000
-2.210022000
0.064425000
-3.533885000
-3.508555000
-4.317598000
-4.271858000
-3.003467000
-2.994584000
-4.521668000
-4.400253000
-5.324560000
-3.860084000
-5.293162000
-4.306800000
-3.789399000

1.192144000
2.220033000
0.559318000
1.076236000
2.198873000
3.133323000
2.308650000
2.029326000
-1.287997000
-2.442017000
-3.343170000
-2.250757000
-2.553919000
-1.364983000
-0.138728000
0.832791000
-0.427507000
1.735674000
-0.766383000
-1.147343000
1.393753000
0.133784000
-1.753240000
2.133614000
2.728210000
-0.281498000
-1.489992000
0.839676000
-0.662638000
-2.340038000
-1.246075000
-1.797810000
1.717671000
0.497577000
1.137951000
-0.960752000
0.177216000
-1.489490000

-1.107271000
-1.453756000
-1.911130000
0.067893000
1.012244000
0.473417000
1.705931000
1.606577000
0.086865000
1.037519000
0.531043000
1.899018000
1.393532000
-1.077446000
0.732460000
-0.779616000
-1.073593000
-0.161357000
-0.752131000
-1.567016000
0.158863000
-0.125888000
-1.003848000
0.633027000
0.068655000
0.208774000
1.154662000
0.891283000
-1.081910000
0.707962000
2.079827000
1.400865000
0.257522000
1.110820000
1.829998000
-0.858594000
-1.769517000
-1.592468000
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Me
OAc

Nimag=0

Zero-point correction= 0.248820 (Hartree/Patrticle)

Thermal correction to Energy= 0.263544
Thermal correction to Enthalpy= 0.264488
Thermal correction to Gibbs Free Energy= 0.203608

Sum of electronic and zero-point Energies= -616.263614
Sum of electronic and thermal Energies= -616.248889
Sum of electronic and thermal Enthalpies= -616.247945
Sum of electronic and thermal Free Energies= -616.308825

PUC-Rio- CertificagcaoDigital N° 1613320/CA

PFRPRPOPRPRPPRPOORODODODDO0ORRPROOORRPROOR RO

-0.823039000
-0.718312000
-1.200124000
-1.831295000
-1.979199000
-1.935590000
-1.188521000
-2.927078000
-2.440041000
-2.580381000
-2.966931000
-3.238055000
-1.608254000
-2.601773000
-2.097325000
0.528844000
0.892895000
1.432359000
2.117926000
0.212585000
2.654206000
3.019949000
2.375831000
3.337002000
1.180986000
4.361867000
4.637810000
5.139518000
4.367377000

F

OAc

Nimag=0

Zero-point correction=

1.133987000
2.137581000
0.502477000
1.201694000
2.399379000
3.305071000
2.451782000
2.374897000
-1.102443000
-2.194963000
-3.082728000
-1.878537000
-2.403153000
-1.223612000
0.047811000
0.622193000
-0.699417000
1.452091000
-1.177016000
-1.360387000
0.973941000
-0.350878000
-2.208473000
1.640909000
2.487011000
-0.857860000
-0.447967000
-0.576826000
-1.939504000

Thermal correction to Energy=
Thermal correction to Enthalpy=

1.156055000
1.557235000
1.950977000
0.048798000
-0.813654000
-0.218634000
-1.566541000
-1.341917000
-0.072410000
-1.085414000
-0.605990000
-1.886845000
-1.520812000
1.100326000
-0.672669000
0.706416000
0.914477000
0.054182000
0.479528000
1.425483000
-0.377814000
-0.172958000
0.656575000
-0.878925000
-0.112390000
-0.618081000
-1.584659000
0.088552000
-0.698109000

0.212031 (Hartree/Particle)

0.225776
0.226721
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

Thermal correction to Gibbs Free Energy= 0.168863

Sum of electronic and zero-point Energies= -676.231727
Sum of electronic and thermal Energies= -676.217982
Sum of electronic and thermal Enthalpies= -676.217037
Sum of electronic and thermal Free Energies= -676.274895

-0.571427000
-0.549749000
-0.998495000
-1.448592000
-1.239055000
-0.179809000
-1.722504000
-1.655582000
-3.138418000
-4.618972000
-5.126148000
-4.881370000
-4.931725000
-2.358934000
-2.790960000
0.839817000
1.078155000
1.916733000
2.360868000
0.244965000
3.210148000
3.407391000
2.559971000
4.053149000
1.751137000
4.650604000

OFrRrFRPFRPOOFRPROODODOODOOOOOFR,FPFPFOOREFPPFPOOR,ELO

OMe
OAc

Nimag=0
Zero-point correction=

0.704847000
1.625513000
-0.063161000
0.896119000
2.007374000
2.158481000
1.799910000
2.943301000
-0.718425000
-0.847079000
-0.404193000
-1.890908000
-0.304367000
-1.617569000
0.567632000
0.317805000
-0.895522000
1.140080000
-1.277696000
-1.539105000
0.772195000
-0.433310000
-2.214076000
1.402604000
2.081830000
-0.799407000

0.910145000
1.499418000
1.544981000
-0.285591000
-1.240990000
-1.415339000
-2.190407000
-0.858329000
0.030848000
0.201053000
-0.648968000
0.293488000
1.086963000
0.046218000
-0.145571000
0.540831000
-0.097169000
0.829282000
-0.437017000
-0.322378000
0.493717000
-0.134810000
-0.927002000
0.713202000
1.325519000
-0.463125000

0.254462 (Hartree/Patrticle)

Thermal correction to Energy= 0.269822

Thermal correction to Enthalpy= 0.270766

Thermal correction to Gibbs Free Energy= 0.209225

Sum of electronic and zero-point Energies= -691.447177
Sum of electronic and thermal Energies= -691.431818
Sum of electronic and thermal Enthalpies= -691.430873
Sum of electronic and thermal Free Energies= -691.492415

(Ol o i e)]

-1.257296000
-1.175197000
-1.688192000
-2.192648000

1.142962000
2.147797000
0.517637000
1.210509000

1.158298000
1.561670000
1.930541000
-0.011503000
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PRPRPRPOOFRPRFPOFRPROFRPROODOODOOORFRLEFPFPOOORLEELO

-2.274745000
-2.271486000
-1.431430000
-3.181979000
-2.799321000
-2.879999000
-1.882487000
-3.303455000
-3.480599000
-3.033773000
-2.415448000
0.118487000
0.456680000
1.074567000
1.696409000
-0.263391000
2.328320000
0.850714000
2.643002000
1.960590000
3.042257000
3.830385000
4.830119000
5.679398000
4.511925000
5.122568000

Cl
OAc

Nimag=0

Zero-point correction=

2.405771000
3.313284000
2.453615000
2.382270000
-1.092176000
-2.186007000
-2.402227000
-3.070040000
-1.867122000
-1.211110000
0.055801000
0.622490000
-0.709449000
1.441990000
-1.200522000
-1.366912000
0.965618000
2.482219000
-0.365658000
-2.228215000
1.638496000
-0.934714000
-0.140655000
-0.791422000
0.265130000
0.676432000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

OO0OOFRFRPFPOOREFO

-1.273329000
-1.245691000
-1.633150000
-2.247195000
-2.464559000
-2.504342000
-1.663515000
-3.394943000
-2.666129000
-2.731950000

1.165804000
2.187501000
0.539006000
1.128643000
2.292785000
3.211930000
2.389272000
2.184261000
-1.221138000
-2.334844000

-0.886181000
-0.292253000
-1.580085000
-1.481500000
-0.167726000
-1.185811000
-1.554968000
-0.731300000
-2.029892000
0.992988000
-0.746716000
0.800374000
1.022384000
0.226484000
0.676216000

1.480434000
-0.126933000
0.054342000
0.095512000
0.853019000
-0.564141000
-0.208222000
-0.788849000
-0.944263000
-1.746924000
-0.132680000

0.211006 (Hartree/Patrticle)

0.225028
0.225973

1.131537000

1.497530000

1.937789000
-0.007862000
-0.900917000
-0.326740000
-1.638423000
-1.449099000
-0.088355000
-1.085007000

0.167047
-1036.610427
-1036.596405
-1036.595461
-1036.654386
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PRPFRPOFRPOFRPROOOOOWOOE, B

7

-1.756532000
-3.029765000
-3.433554000
-2.814322000
-2.408395000
0.122935000
0.566170000
0.986762000
1.832201000
-0.084760000
2.254462000
0.672401000
2.665707000
2.169999000
2.918876000

4.264486000

Br
OAc

Nimag=0

Zero-point correction=

-2.464068000
-3.246099000
-2.086847000
-1.334956000
-0.057019000
0.729170000
-0.555531000
1.593654000
-0.973835000
-1.237730000
1.192260000
2.600830000
-0.094332000
-1.969004000
1.868980000

-0.610474000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

RPOOOOOOORFR,rRFRPRFRPOOODFRFPEFRPROOR,EPO

-1.781303000
-1.871388000
-2.170743000
-2.606367000
-2.446051000
-1.396725000
-2.859340000
-2.962829000
-4.157799000
-5.627741000
-6.122802000
-5.799174000
-6.039331000
-3.301713000
-3.918622000
-0.324755000

0.051654000

0.659954000

1.379011000
-0.708097000

0.830259000
1.789663000
0.073906000
0.851223000
1.905479000
2.140613000
1.586453000
2.824254000
-0.887654000
-1.142856000
-0.818297000
-2.196455000
-0.564524000
-1.704469000
0.408826000
0.546547000
-0.681995000
1.480860000
-0.969833000
-1.414350000

-1.542799000
-0.586876000
-1.873322000
1.086936000
-0.706370000
0.743408000
1.024649000
0.083152000
0.653769000
1.544625000
-0.293490000
-0.134580000
-0.005630000
0.879499000
-0.799337000

-0.475548000

0.209964 (Hartree/Particle)

0.224363
0.225307

0.891890000
1.408016000
1.563739000
-0.355280000
-1.382128000
-1.519847000
-2.333663000
-1.091311000
0.008087000
0.113794000
-0.794775000
0.279576000
0.934331000
0.134955000
-0.254128000
0.619273000
0.087703000
0.893257000
-0.162610000
-0.126457000

0.164796
-3150.507103
-3150.492704
-3150.491760
-3150.552271

285


DBD
PUC-Rio - Certificação Digital Nº 1613320/CA


PUC-Rio- CertificagcaoDigital N° 1613320/CA

1.996174000
2.342254000
1.662830000
2.752360000
0.389112000

4.170818000

CN
OAc

Nimag=0

Zero-point correction=

1.208375000
-0.017790000
-1.922965000

1.940649000

2.437620000

-0.407060000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

NOoORPRFRPPFPOORFRPODODODODOOORFPFRPOOFRPREFPFRPOORREPO

-0.904606000
-0.858696000
-1.337823000
-1.814226000
-1.552917000
-1.168035000
-0.818038000
-2.463870000
-3.370412000
-3.918468000
-3.137870000
-4.737750000
-4.248425000
-3.676907000
-2.454091000
0.503182000
0.729851000
1.597963000
2.010140000
-0.105981000
2.886229000
3.098655000
2.175421000
3.726664000
1.442626000
4.427528000
5.488892000

-1.129720000
-2.182466000
-0.619158000
-0.984363000
-1.667410000
-2.666734000
-1.128310000
-1.741499000
0.646427000
1.985466000
2.734816000
2.236236000
1.974698000
0.015482000
0.235931000
-0.626950000
0.669840000
-1.449488000
1.133310000
1.318806000
-0.997447000
0.299645000
2.137359000
-1.643417000
-2.456858000
0.775621000
1.156517000

0.646446000
0.119487000
-0.570088000
0.862887000
1.308142000
-0.224191000

0.219200 (Hartree/Particle)

0.233972
0.234916

-0.725928000
-0.989709000
-1.578943000
0.451003000
1.739258000
1.566029000
2.341136000
2.324837000
-0.275075000
0.104482000
0.017172000
-0.553566000
1.136763000
-1.233462000
0.626327000
-0.480736000
-0.029218000
-0.707977000
0.183781000
0.165183000
-0.500401000
-0.052805000
0.531843000
-0.681822000
-1.055178000
0.166413000
0.342363000

0.173488
-669.205943
-669.191171
-669.190227
-669.251655
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CF4
OAc

Nimag=0

Zero-point correction= 0.226102 (Hartree/Particle)

Thermal correction to Energy= 0.242458
Thermal correction to Enthalpy= 0.243402
Thermal correction to Gibbs Free Energy= 0.177644

Sum of electronic and zero-point Energies= -914.002016
Sum of electronic and thermal Energies= -913.985660
Sum of electronic and thermal Enthalpies= -913.984716
Sum of electronic and thermal Free Energies= -914.050474

PUC-Rio- CertificagcaoDigital N° 1613320/CA

O OOOOFRPFRPPFRPOOFRPRODODODODOOFRFPFRPOOFRPRFPFRPOORREFPO

1.951687000
1.990211000
2.313462000
2.870914000
3.105214000
3.214179000
2.278886000
4.004761000
3.176914000
3.155529000
2.160588000
3.425949000
3.841838000
3.365438000
2.945862000
0.520687000
-0.324134000
0.028245000
-1.622681000
0.032752000
-1.270961000
-2.096771000
-2.271026000
-1.645409000

-1.190329000
-2.220538000
-0.564005000
-1.076108000
-2.205601000
-3.135658000
-2.323185000
-2.037384000
1.292593000
2.432568000
2.525439000
3.344504000
2.238752000
1.382191000
0.133395000
-0.817674000
-1.715343000
0.437928000
-1.367989000
-2.701122000
0.793850000
-0.108829000
-2.075237000
1.765054000

1.112628000
1.452416000
1.918228000
-0.066629000
-0.998896000
-0.451933000
-1.704684000
-1.582242000
-0.097951000
-1.066091000
-1.489299000
-0.553837000
-1.882585000
1.073496000
-0.737073000
0.791700000
0.149735000
1.120624000
-0.164239000
-0.097086000
0.808939000
0.163925000
-0.649881000
1.078862000

0.666408000  1.138453000 1.631451000
-3.485066000 0.286823000 -0.219810000
-4.319321000 -0.751561000 -0.216367000
-3.989703000 1.204641000 0.602179000
-3.531028000 0.807909000 -1.448524000

NO
OAc 2
Nimag=0

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

0.223693 (Hartree/Particle)
0.239098
0.240042
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

Thermal correction to Gibbs Free Energy= 0.177719

Sum of electronic and zero-point Energies= -781.432808
Sum of electronic and thermal Energies= -781.417403
Sum of electronic and thermal Enthalpies= -781.416459
Sum of electronic and thermal Free Energies= -781.478782

CONFPRFRPPFPOORFRPROODODOODOORFPPFPOORPRPFPOORREPO®

0.973852000
0.704718000
1.487761000
1.897292000
1.571142000
0.518838000
2.156638000
1.784872000
3.807779000
5.271490000
5.757388000
5.698496000
5.422656000
3.191339000
3.259664000
-0.284397000
-0.205919000
-1.524732000
-1.345659000
0.762446000
-2.652290000
-2.589700000
-1.267745000
-1.634481000
-3.491938000
-3.958694000
-3.985602000
-4.928144000

OAc

NO,

Nimag=0

Zero-point correction=

0.618514000
1.560450000
0.018517000
0.885271000
1.876036000
1.823395000
1.698371000
2.894235000
-0.376374000
-0.229243000
0.218800000
-1.198953000
0.435893000
-1.393367000
0.809877000
-0.098043000
-1.389561000
0.500395000
-2.069287000
-1.851440000
-0.196189000
-1.475116000
-3.068022000
1.493609000
-1.977388000
0.451368000
1.571887000
-0.174080000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=

-0.767443000
-1.250754000
-1.509376000
0.379201000
1.429702000
1.685737000
2.326040000
1.093966000
-0.186763000
-0.453334000
0.406373000
-0.663513000
-1.297029000
-0.240273000
0.128709000
-0.342085000
0.173207000
-0.460122000
0.559364000
0.263100000
-0.065269000
0.443719000
0.951333000
-0.853689000
0.735209000
-0.194416000
-0.634029000
0.147150000

0.252972 (Hartree/Particle)

0.269722
0.270666

0.205134
-820.697326
-820.680575
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PFRPFRPFRPOFRPPFPOONORPREFPPFPOOFRPROODODOOOOORLEPFPOOORERO®

1.550048000
1.886013000
2.418019000
2.673842000
2.532437000
1.502005000
2.822251000
3.149033000
2.983643000
2.397644000
0.098857000
-0.470425000
-0.681319000
-1.782197000
0.122044000
-1.992161000
-2.524551000
-2.232366000
-2.603898000
-0.265671000
2.703435000
-3.913287000
-4.348401000
-4.538013000
1.874570000
2.893740000
1.714125000
1.153838000
1.357784000
2.758480000
3.575532000

OAc

NO,

Nimag=0

Zero-point correction=

-1.056361000
-0.412685000
-0.742854000
1.615881000
2.888563000
3.003824000
3.721861000
2.850323000
1.532034000
0.559991000
-0.698055000
0.403423000
-1.437639000
0.764545000
0.984748000
-1.092595000
0.008418000
1.610975000
-1.656147000
-2.295890000
-1.687984000
0.380774000
1.348683000
-0.302467000
-1.739766000
-2.687505000
-2.500136000
-2.653152000
-3.220397000
-2.714221000
-1.354536000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=

0.811860000
1.615676000
-0.378445000
-0.067632000
-0.840551000
-1.160348000
-0.217103000
-1.731504000
1.077836000
-0.853701000
0.538612000
1.166556000
-0.346190000
0.926394000
1.852030000
-0.598709000
0.043858000
1.409070000
-1.276998000
-0.843910000
-1.486147000
-0.218650000
0.349151000
-0.987984000
-2.196653000
-1.116142000
1.282779000
2.198559000
0.554236000
1.486223000
-2.039313000

0.282249 (Hartree/Particle)

0.300388
0.301333

-820.679631
-820.745163

0.232536
-859.964837
-859.946698
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PFRPFRPOFRPRFPPFPOFRPFPOONORPRPFPFRPOODFRPROODODDODOOORREFPEFPOOORERO

-1.536543000
-1.881931000
-2.336113000
-2.569257000
-2.362286000
-1.314380000
-2.669493000
-2.931227000
-2.947841000
-2.263799000
-0.062954000
0.520540000
0.724048000
1.851104000
-0.075853000
2.054014000
2.599310000
2.311493000
2.670660000
0.298416000
-2.576000000
4.008044000
4.454274000
4.637098000
-1.713731000
-2.791699000
-1.793507000
-1.399364000
-2.869129000
-3.417468000
-1.203427000
-1.427635000
-1.612288000
-0.124107000

OAc

NO,

Nimag=0

Zero-point correction=

-0.969826000
-0.571463000
-0.276959000
1.881957000
3.324344000
3.496461000
3.936785000
3.581231000
1.463554000
1.107612000
-0.617320000
0.236527000
-1.108886000
0.596064000
0.623296000
-0.762258000
0.089544000
1.251851000
-1.136748000
-1.773394000
-0.826147000
0.462263000
1.211644000
-0.001908000
-0.673694000
-1.886553000
-2.480590000
-2.950319000
-2.637989000
-0.318156000
-3.157413000
-4.219356000
-2.732536000
-3.046701000

Thermal correction to Energy=
Thermal correction to Enthalpy=

-0.316269000
-1.263428000
0.756021000
-0.249103000
0.088603000
0.311208000
-0.746629000
0.975088000
-1.296331000
0.807245000
-0.198700000
-1.127330000
0.839536000
-1.032156000
-1.935758000
0.950737000
0.009666000
-1.746349000
1.745361000
1.570531000
2.113608000
0.121038000
-0.708376000
1.036383000
2.767450000
2.080385000
-0.342001000
0.555433000
-0.324631000
2.573852000
-1.569799000
-1.569040000
-2.482367000
-1.606606000

0.311478 (Hartree/Particle)

0.331007
0.331951

-859.945753
-860.014550
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

Thermal correction to Gibbs Free Energy= 0.259586

Sum of electronic and zero-point Energies= -899.232836
Sum of electronic and thermal Energies= -899.213307
Sum of electronic and thermal Enthalpies= -899.212363
Sum of electronic and thermal Free Energies= -899.284728

PFRFRORRFRORRPRRORFRPROO~NORRROORODODODODOORRROODOD R O

1.538074000
1.856917000
2.188788000
2.154024000
1.730976000
0.661327000
1.980793000
2.222314000
2.630998000
1.918146000
0.025693000
-0.640367000
-0.719695000
-2.011343000
-0.076831000
-2.088805000
-2.716407000
-2.534909000
-2.673648000
-0.229659000
2.450046000
-4.167148000
-4.686175000
-4.755786000
1.550560000
2.810666000
2.012391000
1.647666000
3.098413000
3.195299000
1.591954000
1.970004000
0.507768000
2.093841000
3.178901000
1.788749000
1.703211000

0.498994000
0.200094000
-0.458837000
-2.450274000
-3.881256000
-3.929990000
-4.397514000
-4.350816000
-1.937503000
-1.809333000
0.354932000
-0.254266000
0.795202000
-0.423577000
-0.598731000
0.635958000
0.025462000
-0.889347000
0.973385000
1.271804000
-0.164398000
-0.147436000
-0.689011000
0.261414000
-0.291559000
0.847095000
1.940396000
2.329257000
1.932114000
-0.851301000
2.880275000
2.495820000
2.887186000
4.300802000
4.330030000
4.950133000
4.723383000

-0.094425000
-1.086344000
0.869254000
-0.456775000
-0.352755000
-0.177413000
-1.268250000
0.492031000
-1.418354000
0.701757000
-0.053139000
-1.110117000
1.037524000
-1.090035000
-1.960187000
1.075449000
0.006810000
-1.903073000
1.909734000
1.868037000
2.300060000
0.039747000
-0.901518000
1.006919000
2.907488000
2.437436000
0.117811000
1.066179000
0.186736000
2.688375000
-1.004042000
-1.949669000
-1.088635000
-0.794441000
-0.736968000
-1.609069000
0.127845000
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

OAc

NO,

Nimag=0

Zero-point correction=

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PFROFRPFPOFRPFRPOONORPRPFPFRPOOFRPROODODODOOOREFRPEFPOOOREFLO

1.585770000
1.815541000
2.393917000
1.884321000
1.348312000
1.931007000
0.326670000
1.374718000
2.177608000
1.992635000
0.090370000
-0.720025000
-0.503104000
-2.085073000
-0.274433000
-1.863522000
-2.637805000
-2.716930000
-2.329778000
0.104576000
3.235971000
-4.080335000
-4.729909000
-4.532208000
4.021406000
2.666565000
2.006796000
3.095059000
3.698927000
1.522422000
1.789460000
1.961048000

-0.632533000
-0.290398000
0.246462000
2.364140000
3.704858000
4.116549000
3.594138000
4.364309000
2.026749000
1.569942000
-0.423332000
-0.280190000
-0.359537000
-0.105183000
-0.294988000
-0.183112000
-0.062748000
0.004492000
-0.134626000
-0.441412000
-0.148103000
0.126899000
0.229938000
0.168210000
0.587991000
-0.189089000
-2.124788000
-2.122101000
-1.114256000
-2.900734000
-2.424544000
-3.894341000

0.310957 (Hartree/Particle)

0.330378
0.331322

0.374562000
1.379989000
-0.540700000
0.428630000
0.039763000
-0.776278000
-0.309171000
0.895033000
1.530427000
-0.653421000
0.201389000
1.321926000
-1.056535000
1.203466000
2.301167000
-1.196738000
-0.059267000
2.064073000
-2.162195000
-1.939816000
-1.695315000
-0.198871000
0.809050000
-1.313929000
-1.839641000
-2.627889000
0.333254000
0.325352000
-1.545778000
-0.887996000
-1.824859000
-0.890255000

0.260242
-899.228227
-899.208805
-899.207861
-899.278941
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PUC-Rio- CertificagcaoDigital N° 1613320/CA

PR R OR

0.443648000
1.574100000
1.936777000
1.966632000
0.491745000

OAc

NO,

Nimag=0

Zero-point correction=

-3.020817000
-2.843279000
-3.866867000
-2.352414000
-2.880158000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRPOO~NORPRRFPPRPOOFRPODODODODOOORFRRFRPFRPOOOOERELO®

1.444101000
1.720773000
1.713341000
1.163739000
0.321807000
-0.721555000
0.463327000
0.591333000
1.834059000
1.059007000
-0.041027000
-0.791384000
-0.686888000
-2.148284000
-0.304946000
-2.040128000
-2.753518000
-2.735280000
-2.547930000
-0.129644000
1.959991000
-4.188208000
-4.785642000
-4.686530000
1.027498000
2.600118000

-0.247772000
-0.498436000
-1.475802000
-3.170212000
-4.401597000
-4.139763000
-4.847263000
-5.104648000
-2.709338000
-2.643849000
0.074656000
-0.160312000
0.578181000
0.097303000
-0.548538000
0.842370000
0.595947000
-0.077250000
1.232621000
0.771052000
-1.464306000
0.872973000
0.641680000
1.315032000
-1.385500000
-0.640050000

-0.872647000
1.607665000
1.606220000
2.493393000
1.693752000

0.340768 (Hartree/Particle)

0.361651
0.362595

0.077115000
-0.940472000
0.907214000
-0.690307000
-0.801392000
-0.659558000
-1.775266000
-0.021254000
-1.558282000
0.542786000
0.065906000
-1.080271000
1.192104000
-1.112964000
-1.958625000
1.178556000
0.021440000
-1.994473000
2.039819000
2.091718000
2.370474000
-0.000719000
-1.019670000
1.001958000
2.934805000
2.658351000

0.286731
-938.500806
-938.479923
-938.478979
-938.554843
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PRPPRPORRPRORPRRPRORREO®

2.315651000
2.025074000
3.341793000
2.436379000
2.268917000
2.574961000
1.243989000
3.156484000
4.181683000
2.848736000
3.118899000
2.110758000
3.759179000
3.453850000

OAc

NO,

Nimag=0

Zero-point correction=

0.938179000
1.292255000
0.587414000
-2.391753000
2.098699000
1.745015000
2.449364000
3.264466000
2.914171000
3.618821000
4.419232000
4.811334000
5.235699000
4.102246000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

OO0OFRP OO0 RFRRFPFRPOOODOR,O®

-1.462333000
-1.793438000
-1.952504000
-1.734731000
-1.147695000
-0.074154000
-1.367764000
-1.553252000
-2.299274000
-1.534398000
0.056972000
0.733975000
0.802083000
2.114612000
0.171351000
2.180564000
2.818692000

-0.183315000
0.072813000
0.923173000
2.777042000
4.152538000
4.090562000
4.615468000
4.745764000
2.245003000
2.212967000

-0.212891000
0.233404000

-0.651227000
0.244297000
0.576889000

-0.648329000

-0.198157000

0.503731000
1.490421000
0.593174000
2.672003000
-0.480385000
-1.464505000
-0.587756000
-0.066672000
0.044170000
0.916215000
-1.056077000
-1.162308000
-0.736281000
-2.040309000

0.340333 (Hartree/Patrticle)

0.361174
0.362118

0.104903000
-0.892919000
1.003335000
-0.496724000
-0.528541000
-0.383815000
-1.479509000
0.283350000
-1.398835000
0.707053000
0.074469000
-1.054654000
1.166229000
-1.104416000
-1.905739000
1.135306000
-0.004337000

0.286653
-938.500683
-938.479842
-938.478898
-938.554363
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PRPPORPRRPPORPRORPRPRPRORPPOONORRR

OAc

2.645839000
2.764735000
0.304094000
-2.180759000
4.279486000
4.808370000
4.866083000
-1.244049000
-2.667302000
-2.083172000
-1.736695000
-3.160835000
-2.807005000
-1.804884000
-0.725978000
-2.312075000
-3.388903000
-2.099987000
-1.847056000
-2.420721000
-3.499398000
-2.022787000
-2.228220000

Nimag=0

l NO,

Zero-point correction=

0.583455000
-0.985892000
-1.003373000

0.786524000
-0.191970000

0.212319000
-0.590747000

0.837916000
-0.150166000
-1.534793000
-1.844655000
-1.400619000

1.599839000
-2.667307000
-2.751756000
-3.987921000
-3.956002000
-4.811784000
-4.213372000
-2.408243000
-2.288638000
-1.515878000
-3.241878000

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

PRPRRPFRPRPFPOOOOOOO®

-1.599707000
-1.813895000
-2.994681000
-2.769507000
-2.254009000
-1.300757000
-3.173017000
-0.914574000
-1.991561000
-2.501697000
-2.066192000
-3.688260000

1.983739000
2.890118000
2.398624000
0.973093000
0.075598000
0.521404000
3.053140000
2.917814000
3.907592000
1.991325000
0.991322000
0.550845000

-1.973248000
1.970014000
2.052182000
2.463450000

-0.044739000

-1.047495000
0.927856000
3.024112000
2.703689000
0.476098000
1.458999000
0.560306000
2.815687000

-0.514912000

-0.638971000
0.054506000
0.207734000

-0.620519000
1.010349000

-1.885851000

-1.808002000

-2.357469000

-2.554852000

0.292054 (Hartree/Particle)

0.309149
0.310093

-1.219386000
-0.015913000
0.810437000
1.306145000
0.237111000
-0.829075000
1.658311000
0.598166000
-0.352647000
-1.827546000
2.145700000
1.705945000

0.243205
-898.051657
-898.034563
-898.033618
-898.100506
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POONFRPFRPOFRPROFRPROOOOREFPEFPEFPLPOOOO O

Zero-point correction=

-3.891923000
-2.186673000
-2.358803000
-2.626635000
-2.166884000
-1.139548000
-2.806493000
-2.393266000
-0.794696000
0.168403000
1.088496000
0.640238000
2.437046000
0.738887000
1.988838000
-0.045246000
2.869617000
3.150494000
2.361729000
4.296535000
5.040536000
4.642598000
-1.485371000

2.428222000
-1.240307000
-2.260938000
-2.116442000
-3.570599000
-3.651126000
-3.623078000
-4.376420000

2.355762000

0.325632000

0.246235000

0.230673000

0.097421000

0.297341000

0.079060000

0.259643000

0.018751000

0.035440000

0.005803000
-0.142278000
-0.192283000
-0.214528000
-0.092061000

NO,
OAc O

Nimag=0

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=
Sum of electronic and zero-point Energies=
Sum of electronic and thermal Energies=
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

POORPRFPFPOOOOOO

5.302822000
4.579383000
3.298572000
2.700403000
3.451575000
4.729551000
2.704680000
6.301580000
5.027907000
2.528592000
1.390333000
3.003845000

-0.643606000
-1.489942000
-1.179063000
0.025180000
0.879380000
0.544503000
-1.727298000
-0.907774000
-2.406925000
-2.058047000
0.340016000
1.792253000

0.195278000
0.661909000
-0.202147000
-1.350671000
0.493669000
0.833709000
1.367437000
-0.189261000
-1.844970000
-0.480686000
-1.523939000
0.822731000
-1.283644000
-2.541233000
1.084589000
1.648763000
0.026122000
-2.083067000
2.088366000
0.296028000
-0.648798000
1.446760000
-1.704829000

0.316024 (Hartree/Particle)

0.335200
0.336144

1.011114000
0.179869000
-0.222525000
0.233167000
1.070681000
1.449370000
-2.189739000
1.311596000
-0.165720000
-1.165510000
-0.163297000
1.417144000

0.264999
-1050.417025
-1050.397849
-1050.396905
-1050.468049
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5.285776000
0.502009000
1.036307000
0.849356000
0.878701000
0.380881000
0.412323000
-0.199961000
-1.025705000
0.545321000
-0.545430000
-0.943708000
-1.291652000
-1.951722000
-2.611814000
-0.520762000
-3.280823000
-1.693613000
-3.590063000
-2.894392000
-4.069171000
-4.992885000
-5.231722000
-5.824212000
2.892783000
0.488454000
0.534732000

1.205062000
-0.573861000
-2.010916000
-2.412007000

1.542997000

2.424391000

2.249032000

3.609242000

3.287961000

4.060746000

4.324563000
-0.514336000
-0.687942000
-0.317179000
-0.677864000
-0.825775000
-0.307053000
-0.160023000
-0.489227000
-0.810913000
-0.157046000
-0.476461000
-0.627887000
-0.314949000
-3.078761000
-2.629735000
-0.254695000

2.092059000
-0.953082000
-0.874948000
0.118041000
0.274244000
-0.621460000
-1.795516000
0.078709000
0.704673000
0.724083000
-0.653206000
-0.511158000
0.825276000
-1.444868000
1.221856000
1.563709000
-1.067208000
-2.477590000
0.264146000
2.248629000
-1.779827000
0.676080000
1.846100000
-0.178971000
-1.101963000
-1.578637000
-1.993462000

297


DBD
PUC-Rio - Certificação Digital Nº 1613320/CA




