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Preface

Preface

During mytime as PHD. student | worked inthe ForlaBio ga 6s r esearc
group. From a | ong ti meliesihehe stiels@&@ar ch ¢
nucleophilic/electrophilicaromatic substitution reactions in particular from a
mechanistic point of view.

These reactions were studiadot in the past sincaromatic compounds
beame building block for the development of materislwith large applications.

The accurate knowledge of their reactivilgd a crucial and strategiole for the
improvement of yields and number of steps in the industrial context.

From an academic point of view, a lot of more detailed istuglere
carriedout with the aim of rationalize the basic reactions of aromatic sngl as
nucleophilic and electrophilic substitutnThese stu@s were done to better
understand theffects of substitueston the activation ancegioselectivity of the
attack by mans of both electrophilic and nucleophilic reagents. The kinetic
analyges were for a long time the only way to give an explanation to these
guestions, which also corroborated the simple approachhefnumber of
resonance structures describing the system.

Afterwards, more sophisticated techniques allowed to identify some
reactionods i nt expamded ithe t keosvledge wabadutc aromatic
substitution reaction®ut even much more is to be discoveradd we tried to do
it with the newest instrumesithatscience give us.

For example, the Nuclear Magnetic Resonance (NMR) spectroscopy,
which is actually among chemists the most used technique, allowed us to carry out
the reactions directly in the NMR tube also at low temperatuletting us study
thereacon6s i ntermedi ates.

However our attentionwas mainly focusedon the reactivity of
superactivated aromatic systems. In spite oif thigh reactivity (hence the high

reactionds rate), we were abd-cemptexesi dent i
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Preface

until now only hypothesizedinteresting results comes from the study of the
protonation of the supernucleophiles tris(dialkylamino)benzenes.

The goal of isolate stabke complexesvasachieved thanks to a mindful
design of these superactivatedgents, which was basically the main target of my
Ph. D. research.

Furthermore we discovered, in some cdsduitously, some relevant
properties and applicatios of the compounds we synthesized, such as
fluorescence in solid state and nanoparticledeatile dyeing. We decided to
investigate all these findings also by collaborating with other research groups.

Another collaboration with University of Urbino all@dusto investigate
on the reactivity of 1.2liazal,3-dieres toward nucleophikesuch asmino and

phosphine derivatives.

With the increasing power of computeasd new methodologs such as
Density Functional Theory (DFT) approadomputationathemistryhasbecome
actuallyan useful tool alséor organic chemists whictan easily carriedut their
studies by its own, looking for a support on the hypothesis based on the
experimental dateSincethe main topic of my Ph. D. thesis was 8tedy on the
reactiod snechanismsl decided to begin a new path in the field of theoretical
chemistry, with the aim and the hope to obtain importalicidationwhich could
be able to help me in better describe the hypothesis baset axperimental
data

The choice of dedicate part of my research in the field of computational
chemistry proceeded with &@p i o d Laboratdird de Stiiucture et Réactivité
des Systemes Moléculaires Comples#sSMC, Université de Lorraine et CNRS,
Francé i n whi ch | i mproved my karstadybre d ge
new iron complexes for the use as dyes in Dye SeeditSolar Cell{DSSC)
Furthermorethanks to this new expertisewas involved in a collaboratiofor
the study of the |Iigandsd interaction

This brief introductionis to explain the decisioto separate¢he thesis in

variouschagers on the basis of the differeresearchiopics| have worked on
6
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Chapter 1

Chapterl
A general overview on the electrophilic and

nucleophilic aromatic substitution reactions

Electrophilic and nucleophilic aromatic substitution reactions are probably
the moststudied reaction$:? The mechanism anthe steps involved in both
kinds of reactions is well known atatgely reported in literature.

If we analyze in detaithe mechanism of both types of reaction, we can
observe that also if the intermediates havposjie charge, the reactive stages of
reactionsare the same. In the first step the electioh reagent interastwith the
electronpoor one tagive a charge transfer complex atiten with the formation
of a real bond, the-complex is obtained.

The final product is obtaineds a resulbf the departure of the leaving
group or a simple atom, such in the case of hydrogen, which can be present in the
reagent.

Starting from this consideratipnnew hypothesisabout substitution
reactions on aromatic substratereelaboratedthis prompted us to study more in

deep the above mentioned reactions.

1.1 Electrophilic Aromatic Substitution Reactions (SEar)

The simplest example of this kind of reaction is the substitution of arproto
on a benzene ring

Benzene is the parent of all aromatic compounds; it is characterized by an

high degree of el ectronds dithlrespec toi zati or

alkene and alkyne.




Chapter 1

The evidence of the lower reactivity of aromatic hydrocanvih respect
to the unsaturated onegs observedfom a long time: the electrophilic aromatic
substitution is favored in the first case, while in the second case the electrophilic
addition is preferred.

A detailed examination of the aromatic electrophgitstitution reaction
show that the reaction betwedime aromatic ring and the electrophile bring at first
to the formation of a positilg charged intermediate usually called Wheland

complex"

H_ _E
ki

+
+ E

—_—

k2 _H+

Wheland intermediate (W)

Schene 1. General scheme for the electrophilic aromatic substitution reactions.

The cationic intermediatéor Wheland) possess covalent bond between
the electrophilic moiety and the aromatic ring in which one carbon atom change
its hybridization fron sff to sp.

The hybridization change by addition to the double bond antrdak of
the highly conjugated aromatic system make sheomplex an high esrgy

intermediate. (Figure 1§

Furthermore, the Wheland intermediate shows an higher stabilization
respect to other cationic intermediates which are generated by addition reaction on
unsaturated nearomatic compounddhis stabiliation is given by the possibility

for the conjugate system to delocalthe charge on the other carbon atéhis!




Chapter 1

+
+

Slow step

PhH + E

PhE + 11"

Reaction coordinate

Figure 1. Energetic levels along the reaction coordinates for the electrophilic aromatic

substitution reactions.

Figure 2. Resonance structures of the Wheland intermediate.

This intermediate usually lead to the proton elimination andub&equent
re-aromatization of the aromatic ring.

The literaturereports induce to think that, because of the high rate of the
proton elimination process from the intermediate, Sheomplex appears to be
more similar to a transition state than to an intermediate.

However he proton substitution witdeuteriumshow that in some cases
the reactionds rate -ideopde it stil acoeptedithe br e a k
presence of two separate steps beimg first the electrophic attack on the

aromatic ringand the seconthe proton departure, as shown in Figure 1.




Chapter 1

Howeverthe s-complexis an intermediate difficult tesolate because it is
a species with a short lifetimefor which the concentration result to be really low
during the reactiaff’

The isolation and chacterization of Wheland intermediate has been
possible by thereaction of an electrophile with an hesabstituted aromatic
system.The cationic intermediate formed is moderately stable because of the
presence of electredonor groups in a conjugated position respect to the charge
and the lack of easily removableopon.

An example of isolable intermediate comes from the reaction betareen
electrophile and hexamethlgenzene, which lead to the formationrse€omplexes
charaterizable bysing spectroscopic techniquésChloro-hexamethylbenzene,
heptamethybenzene and nitrbexamethylbenzene cations (figure 3) were
isolated and characterized byriy diffraction analysi&*"

H;C. CH; Cl_ CH, O,N  CH;
H;C CH, H,C CH, H,C O CH;
H;C ‘ CH, H,C ‘ CH; H,C CH;

CH,4 CH,4 CHj
a b c

Figure 3. Heptamethylbenzene (a)chloro-hexamethylbenzene (b), and

nitro -hexamethytbenzene (c) cations.

The energetic and reactisthemedepicted in Figure 1 and Scheme 1
respectively, show only one intermediat@llowing studies carrié out specially
by J. K. Kochishowed the presence of fostepsand three intermediates along

the reaction pathways (schemé®2f:!*#
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., H_E E . E
+ slow fast
-H
(m—7n complex) (o complex) (m—m complex)
Wheland intermediate
(W)

Schema2. The general mechanism of @matic substitution reactions

The reactionds pathway reported in s
electrophile get close to the electron of the aromatic systeni®ingng to the
formation of a doneacceptor DA) interaction.The complex formeds usually
called” - complex which is not covalent in natute a donoracceptor complex an
interaction between thecloud of the aromatic ringnd theelectrophileis formed
in a reversible stage

Hydrodloric acid and toluene form, for examplepacomplex at-78°C
which is in equilibrium with starting materif

In aDA complexthe electrophile is not localized on a particular atom but
is close tothe p cloud of the aromatic rinddowever some experimental evidence
which involved electrophile suclas Br' o NO," showed their preferential
localization on a specifi€-C bondpreceding the formation af complex!*?

The interaction in thg- complexis weak in nature, hence the energy of
formation is low together witlits activation energyThis impliesthat therate of
formation of thep €complexis not highly influenced by the substituent groups on
the aromatic ringHowever entropy can have a significant contribution related to
the geometry of the system. In the case of proton this contribution igjibkg|
because of its small size and the positive charge uniformly distribotéd

Some p complexes have been identified thanks to their property of
showing charge transfer interactspnvhich can be easily observad a resulbf
the high absorption ithe visible region of the electromagnetic speclrance
resulting in strong colored compoundis.some cases they have been crystallized

and analyzed b¥-Ray diffraction spectroscop§**%4
11
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Crystallinep complexes were obtained from the reactibatween picric
acid and silver salts. It has been demonstrated thtdomplexbetween benzene

and bromonium ion, the bromine atom is displaced in the middle @f #lectron

cloud™

As abovementioned the next step of the reaction implies the formait
the news bond between the two substratd$hese kind of intermediates are
significantly different from thep complexes, hence itcan be possible to
characterize it in a univocal way with spectroscopic technics. Until now
nitrosation reactions arbe only examples of electrophilic substitutions for which
bothp €omplexesands -complexes have been identified and characterized by X

ray diffraction analyis and U\visible spectroscoply? 54

The cycldexadienic system formed from the evolutionttu p complex
it is higher in energy respect to the starting aromatic compound; this means that
the reaction can go on in both directions. This dependsebeasiass with which
the intermediateliminatethe electrophile or the proton alsouually thelastis
favored.

At last in the third steptogetherwith the rearomatization proces$e
leaving group form ap €omplex with the aromatic ring before it will be
completely removed

The formation of the Wheland intermediate is considered to be the slow
stages of the reaction, with its energy close to that of transition state. A simplified

energetic trend is reported in figure 4.

12




Chapter 1

transition state

|

Pl
o -complex

\ /

T -complex T -complex

Reaction coordinate
Figure 4. Energetic profile for SEx,.

The existencef the Whelandintermediate does not necesigaprove that
the transition statés directly correlatedwith it. Dewar for first discovered the
existence ofp complexes al ong t he r e ahypoihasined thatc oo r di
the react i depetcsalse am their stabditf | d
Il n agreement with Hammondds postul ate
reactionds coordinate withlat mgeomehey,s:
clear that the transition stalégher in energy will be similar to the intermediate
with a comparable energy.
Hence it is possible to observe the following three situatfbn:
1. Formation of thgp €omplex In this case the transitionast higher in
energy is similar to the complex!*¥ The formation of this non
covalent interaction is fast and reversilaled most of the timéhe
equilibrium constantis very small If the formation of thep complex

is the rate determining step therecsisotopic effect

13
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2. Formation of the Wheland intermedialéhe transition state highest in
energy is that before the formation of the Wheland intermediate.
It has been denmstrated thafor some reactiaa linear relationship
between the rate of sufistion and the relative stability of the
s complex exist.
This give indication on the correlation between the transition state
higher in energy and the Wheland intermediate

3. Proton eliminationThe usual assumption is thie proton departure
occursin a fast stepHowever it is possible that éhtransition state at
higher energy could be the one before the proton elimination. The
reaction is characterized by a strong isotopic effect which has been
demonstrated by changing the proton of the substrate with deuterium;
i n this cas etedhdnge. Asseraingtkheoconétant far a
the proton elimination andpkthe one for deuterium, if the ratig/kp
is high (>2, also if in some cases it can rethevalues of 6-7) there is
a prominent isotopic effe¢t In these case the reaction can ugdes
basic catalysis phenomena. The energetic trend can be summarized as

depicted in Figuré.

Energy .
H™ elimination

reagents

Products

A\ 4

Reactionds c

Figura 5. Energetic trend in SE,, in which the slow step is the proton elimination.

14
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The nature of the electrophsl@nd the other substratbecomeof great
importance to determine the slow stalfesome casethe electrophile can be a
species which is generated in situ from reagents iand present at low
concentration. In the nitration reaction, for example, the attaciot performed
by nitric acid but by the nitronium ion N, for which its formation is the rate
determining stepOther factos, such us the nature tife solvent and the presence

of acidc or basic condition, could influence the slow st&ge

While considering the nature dfe slow stages of the reaction we have not
mentioned the importance of the substituents on the aromatic ring. They have a
strong influence on the regioselectivilgterminingthe resonance energy for the
different Wheland complexes formed by the attacktte electrophile tathe
different positiort'® In the presence of a strong electrophile the rate determining
step can be the formation of the charge transfer comfiiexcan affect only the
selectivity toward the substrate which becomes low.

Since thep- complex evolve toward the Wheland intermediate to obtain
the substitution producit is neeadto take into account the substituent effect for
the formation of thea -complex.

If the substituent is an electr@lonor, henceit is able to stabilize the
postive chargethere is an high selectivity on the attack positmmho andpara
are favored respect toeta

If the electrophile is weakyithout consideringhe proton elimination step,
it is the stability of thes -complex to determine the selectivity thre attack.

The presence of an electrdonor substituent which stabilize the positive
charge contribute to decrease the stability of the intermepgate>ortho>meta

respectively with an high selectivity in tara position.

15
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1.2 Nucleophilic Aromatic Substitution Reaction(SNar)

Benzene is an electron rich systethis feature lead to a deactivation
toward nucleophilic substitution reactions due basically to the electrostatic
repulsion between the cloud and the nucleophile. However some eleetron
withdrawing substituents are able to reduce the electron density of the aromatic
ring allowing it to interact with nucleophile.

The nucleophilic aromatic substitution reactiorvolve, following the
mechaism proposed by Bunnett, two separate stages: the addition of the

nucleophile and the elimination of the leaving group (Scheme 3).

L Nu
X K1 ko X
| + Nu — + L
L = &
EWG K4 EWG

Meisenheimer intermediate

Scheme3. Simplified scheme for the nucleophilic aromatic substution reaction.

It is a bimolecular reaction in which the first step is characterized by a
negative charged intermediate usually called Meisenheimer complex or
s complex. The process involved in this step is the formation o dond
between the nucleophile and the aromatic ringhe second step of the reaction
the Meisenheimer complex lose the leaving grazgmtemporarywith the
rearomatization process of tleomatic ring. Two reaction profiles could be

observed on the basis of the energy of the transition states (B)gure

16
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Erergy

{3) (b)

Reaction Coordinale

Figure 6. Energetic trend for SNy, : (a) Transition state with energy comparable to the
formation of the s complex.(b) Transition state with energy closer to thes -complex

decomposition

If the nucleophile is neutraduch in the case of alcdscand amins, a

zwitterionic s complex in which the positive charge is localized on the

heteroatom is obtained (Figure

Figure 7. Meisenhe@mer intermediates.

Such kind of intermediate=san contain acidic hydrogen atoms which allow

the reaction to be easily catalyzed by means of bases (Scheme 4).

L *NuH_ L k2 Nu
N /_\ N
| P + L +H*
EWG N EWG"

Meisenheimer B
Intermediate k3™ [B]

Schere 4. SNy, reaction with neutral nucleophiles possessing acidic hydrogens
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Different studies showrthat, as in the case of electrophilic aromatic
substitution reactions, also in the nucleophilic substitutions the formation of the
Meisenheimer intermediate iprecededby donoracceptor mteractions with
formation ofp complexesvhichin some caselsave beerharacterizeé®??

The presence of electramthdrawing group on the aromatic ring activate
the system but also help to stabilize the negative charge on the cyclohexadienilic
intermediate,speciallyif it is in the ortho and para positions. While considering
the resonance structures of the anion we can observe that the negative charge is

localized in theortho andpara positions (Figure 8).

H Nu H Nu H Nu
@ _ @ @
Figure 5. Resonance structure on the Meisenheimer intermediate

The substitution of an hydrogen atdar an electrorpoor system it is not
a favored process because the hydride ion is a bad leaving group. This kind of
nucleophilic substution can take placeonly under particular experimental
conditions.The general mechanism providég formation of & -4intermediate in
a first step, followed by the system oxidation. The oxidation may occur
spontaneouslyas a resulbf the species preseim the reaction system as in the
case of the reaction betweem-dinitrobenzene and acetone in a basic
environment.In this case the aromatic system act as the oxidizing agent, effect
which can be easily observed by using an excessahitrobenzeneHowever it
is possible to use external oxidizing agents which can be inorgan(,,(H
hypocloride alogens) or organic.

Electrophilic and nucleophilic aromatiailsstitution reactiongFigure 9
and D respectively)are genally treated separately becausswally only one
reagent is aromatic aridis the one who undergoes the substitution

The course of both reactions is similar and invdlve formation of an

intermediate usually callesl complexaf t er t he r edligsskmdos &6 i nter ac

18
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intermediate passess foboth reactions a covalent bonéla carbon atom in the
aromatic ring which change hybridization from?dp sp. This change of
hybridization as a result of the addition to a double bond ang #rematic

system break generate thecomplexthatis an high energy intermediate.

.\ H E E N E
+ slow fast
+ E s=——= E _— H +’
-H
(r—complex) (c—complex) (r—complex)
Wheland intermediate
(W)

Figure 9. Classic mechanism of electrophilic aromatic substitution reactions.

The next step provides the elimination of a leaving group with the
subsequentearomatization and formatiorf the final product. In both cases a lot
of stages are involved in the reaction, but only recently it has been possible to

isolatep €omplexes in nucleophilic anmatic substitution reactiod&

T T L. _Nu Nu Nu
= X Tslow Y fast X i =
| + Nu- | > Nu| s=—— Lo- ] | = L|—— |
XX X R X LOXX
EWG EWG EWG EWG EWG

n—complex c-complex n—complex
(Meisenheimer M)

Figure 6. Classic mechanism of nucleophilic aromati substitution reactions

Modulating thesteric andelectronic propertie®f the substrates, using
highly nucleophilic and electrophilic systeniishas been possible in the research
group where | workdduringmyPh.D. t o i sol ate reactionds |
electrophilic and nucleophilic reactions and demonstrate with zwitieri
complexes named WhelarBlleisenheimefFigure 1) that the difference between

the two typology of reactions is simply a formality.
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Figure 7. Example of a WhelandMeisenheimer complex.
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Chapter 2

The proton dance intris(dialkylamino)benzenes

Benzene ring activated by the presence of several strongly elelcinating
substituents allowedny research groupo have important information on the
separate steps of the electrophilic aromatic substitugactions” To perform
these studiethey useda series of substrates bearing strongly electrom rings,
such as 1,3;&is(dialkylamingbenzens (Figure 1)

RzN \©/NR2

NR,

NR, = N-piperidinyl (1)
NR, = N-morpholinyl (2)
NR, = N-pyrrolidinyl (3)

Figure 1. Strongly activated aromatic nucleophilic reagnts at the neutral carbon atom.

1,3,5tris(dialkylamino)benzenes derivative$i 3 were used to obtain
moderately stable 0 cationicWrandoml exes (
particular, trisN-pyrrolidinyl)benzene 3) af fords G compl exes
protonation reaction$ but also in alkylation reaction with alkyl halid&% and
in halogenation reactioth8
The combination of the supernucleophilic reagehit3 with superelectrophilic
reagents (both at t he n-eomplexes lwhich are bon at
contemporaneously Wheland and Meisenheimer compléi®4)( as shownn
Scheme 1 for the reaction between compoutidsand 4,6dinitrobenzofuroxan

(DNBF).®

21
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(0]

R,N NRz  O,N ,1\1
’ :l + .0

N

NR; NO,
NR, = N-piperidinyl (1) DNBF NR, = N-piperidinyl  (WM1)
NR, = N-morpholinyl (2) NR; = N-morpholinyl (WM2)
NR, = N-pyrrolidinyl  (3) NR, = N-pyrrolidinyl  (WM3)

Scheme 1. Reactions between #(dialkylamino)benzene derivatives 13 and DNBF afford

WM complexes.

Using compound4 and2 in azacoupling reactionsi-orlaniet al.wereable
to characterize for the first time in this kind of reaction, mainly by NMR
spectroscopy, the correspondiily complexeS! and to carry out the kinetic
investigation? of the second step of the aromatic eledtitip substitution
reactions, regarding the proton expulsion from \tthieéntermediate to obtain the
final products by a Faromatization process

Generally, in $Ar reactions the catalysis to proton abstraction cannot be
observed because the usual experiadeconditions involve the presence of large
amount of bases (as proton acceptors, in neutral or anionic form) able to perform
base catalysis on proton elimination from YWecomplex.

Underthe reportedcexperimental conditions, involving the absence otbas
in the reaction mixture, the spontaneous proton departure is a slow step, in spite of
the presence on the molecule of several amino nitrogen atoms which may exert an
internal base catalysis. In fact, this proton abstraction is a process showing a
relevant base catalysi&’'® contrarily to the above reported, usual, (but often
scarcely supported by experimental data) idea that the driving force of the overall
reaction is the energy gain in theawmatization step.

Our findings support the relative irmpggance of the two main steps

different from that usually reported in literatur&s reported in Schema, in
which the formati on? igp bmittéd, tleoattgek & the s wi t h

electrophile is a fast step, and the proton abstraction is a slow stegatalyzed
22
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process. Experimental evidences allowed us to state that the whole reaction is a

reversible process in both stéps$

H E E
slow
b B — + H* (BH")
B~

(s-complex)
Wheland intermediate
(W)

Scheme2. Mechanistic pathway for SAr reactions.

The presence of electra@lonor groups on the benzene moiety suchnas i
tris(dialkylamingbenzene derivatives allowed not only to characterize Wheland
complexes by NMR spectroscopy, but, also to obtain theRa} molecular
structures even if in a limited number of cases, probably due to the difficulty of
growing  crystals of X-ray quality. For example, 2,416s
(pyrrolidino)cyclohexadienylium saltd 1-methyt2,4,6tris(pyrrolidino)
cyclohexadienylium perchloratd®  tris(N,N-dialkylamino)benzene chromium
tricarbonyl complexé¥’ and N,N',N"-tripheny}2,4,6triamino
cydohexadienylium catidf’! were isolated and investigated byray diffraction
analysis.

All these findings show the interesting properties of tris(dialkylamino)
benzenes. In the next subchapters | present dtudies which involve the

tris(dialkylamino)b@&zenederivativesand their interactions with proton.
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2.1 The interactions of proton with tris(dialkylamino)benzenes

Proton is the most simple and hard electrophilic reagent and it is of interest
to investigateits affinity toward cengrs of different electronegativity and
polarizability.

If the proton acceptor beadifferent basic cemets, the proton may attack
themdepending on the availability of their lone pairs. This is the case of 1,3,5
tris(dialkylamino)benzenes, firststudiedby Effenberge!?

1,3,5Triaminobenzenes reaatith electrophilic reagents itwo main
ways the attack on the carbon atoms of the aromatic ring and the attack on the
nitrogen atoms of the amino grolwhenthe protonis theelectrophilic reagent,
1,3,5triaminobenzea** ™ as well as compoundk 2, and3 of Scheme3 can
f o r «tomplexesla-3a by protonation on the ring carbon atom and ammonium
salts 1b-3b by protonation of the amino grolfh.Evidences of the presee of
both equilibriaof Scheme3 were investigated from long time and are reported in

the literaturd>**13

H H NR, "NHR,
R,oN NR +
2 o 2 +H p i 5 +H"
NR,
1a-3a NR, = N-piperidinyl (1) 1b-3b

NR, = N-morpholinyl (2)
NR, = N-pyrrolidinyl (3)

Scheme3. Possible products of the attack of protoron compounds 1 3.

Knocheet al. reported®*® a thermodynamic and kinetic stad on the
protonation of tris(amino)benzengs2, and3 in water/alcohols mixtgs.
Data regarding the salification of tris(dialkylamino)benzenes by UV/Vis
spectroscopic measuremdtft? clearly indicate the presence of three
protonation steps-or this salification equilibrium th&H-NMR?"*¥ data reveal
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the importance of th@rotonation at the nitrogen atoms, showing the magnetic
equivalence of the three aromatic protons, indicating that the protonation site is
undefined.

It has t o Jdoomplexestdericed from séhe pralonation of some
triaminobenzenes are stable, &8, example, in the case &f , N & tripthényt
1,3,5triaminobenzenes?

In previous studiés®'? the coupling between tris(dialkylamino)benzenes
and arenedi az o n-4iamplexesanidins evidehck of mtthek df thé
electrophilic reagent tthe amino nitrogen atom was obtained. Also electrophilic
neutral carbon reagefts®*?! showed a similar reaction regarding the
regioselectivity of the attack. On the contrary, alkylationla$ indicate® to
occur on the nitrogen atoms.

Previougy, we reported that Whelardeisenheimer complexesMM)
can be formed from the reaction between tris(dialkylamino)benzenes and 4,6
dinitrobenzofuroxan INBF), a superelectrophilic reagent at the neutral carbon
atom(Scheme 1)! WM show an interesting éyamic process. In fact, when the
'H-NMR spectrum of these complexes is recorded at room temperature, the
protons bound to the saminobenzene moiety are equivalent. By lowering the
temperatureWM shows a'H NMR spectrum in agreement with the structure
depicted inSchemel in whichthe bond between the superelectrophilic and the
supernucleophilic reagents is in a definite position. An analogous behaviour was
observed also in the reaction between compounis and 4,6
dinitrotetrazolopyridiné”? a more pwerful electrophile thaDNBF.[*

The fAaromati co car b ®ONBF prefersntheicarbonp o s i t i
atom of 1i 3, while the aliphatic carbon (3pof alkyl halides reacts on the
nitrogen atom or at the carbon atom of the same compounds, depending on the
amino substituert:® This difference in regioselectivity of electrophilic species
may be hardly explained by usual idea (basicity/acidity, polarizalslity),

With the purpose to provide further information on the mechanism of the
electrophilic arom@c substitution reactions of considered substratesgeosded

to investigatethe protonation of tris(dialkylamino)benzenggh different acids.
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Furthermore we report also some data on the alkylation reaction of these

substrates.

2.1.1Protonation of synmetric tris (dialkylamino)benzene derivatives

The addition at room temperature and directly in the NMR spectroscopy
tube of a tris(dialkylamino)benzene solutioh, ©r 2) in CDCk (or in other
solvents) to a solution containing an equimolar amoutérzendisulfonimide
4H (or 5H or 6H, seeScheme4) produced the appearance (in th¢ NMR

spectrum) of new signals different from those of starting materials.

NR, NR, "NHR,
4 6
/©\ ’ e O . : /@\ *
RN™ ™7 NRy R,N NR, R,N NR,
H H
NR, = N-piperidinyl 1 NR, = N-piperidinyl 1a NR, = N-piperidinyl 1b
NR, = N-morpholinyl 2 NR, = N-morpholinyl 2a NR, = N-morpholinyl 2b
o
0 NO,
3 W _O 02N NOz _
4 S\/ 0 /N
X = N 0
5 S =N
¢ o NO,
4 5 6

HX = o-benzendisulfonimide (4H) HX = picric acid (SH) HX = 4-nitro-2,1,3-benzoxadiazol-5-ol (6H)

Schemed. Reactions between 1,3;&ialkylamino)benzene derivatives I 3 and organic acids

In agreement with that reported in literatusing inorganic acigé%1"18!
from the reaction of compoundsand2 with 4H two kind of salts are formed, one
arising from the attack of the electrophilé td the aromatic cadn atom and the
secondobtainedfrom the attack to nitrogen atom of piperidine or morpholine
moiety.

Differently from the previously observed behaviour\WM complexes
(Scheme YLin which all the G H aromaticbonds of tris(alkylamino)benzenare
magneticdy equivalent at room temperature, thél NMR spectrum of
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compounddland?2 after reaction with the proton to form a1&€ bond agrees with
formulalaand?2a, indicating that the proton is in a fixed position.

On the contrary, compousdb and2b show'H NMR signals indicating
the presence of a mospotonated salt in which the gion signals of benzene
ringappearaa br oad singl et &af(seeliable 1)ttegtdlingpp m i n
for three protons. This indicates the magnetic equivalence of the three aromatic
protons suggesting that the cembeaing the proton is undefined. The broad
signals of the saltb may aise from the fact that the aromatic protons are in a
dynamic situation involving the shift of the proton from a nitrogen atom to
another in positions 1, 3 and 5, as repnésd in Schemé&. This behavio is

comparable withhat observed for complex¥gM .

NR, NR>
6 2 6 2
+ +
RN NR, = RoN° 7 NR;
1b H H 1p

Scheme5. Proposed dynamic process explaining the magnetic equivalence (observedHin
NMR experiments) of the three hydrogen atoms (H2, H-4, and H-6) after reaction between

compounds 13 and acid species 4H6H.

By summaizing, the NMR properties of the two kinds of saitsand b
show thatwhen H attacks a carbon atom of the aromatic ring, the nék Bond
is in a fixed position and no dynamic phenomenon is obseaweldvhen the
salification process occurs at the nitroggom the salb undergoes a dynamic
process. We were not abl e t oetenpevapuret hi s 0
(until 180 °Cin CD.Cly).
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Another possible explanation of the spectral data observed might be the
presence of an interaction between the el ectrons of the benzence
added proton

A similar behavior was previously observealy Effenberger and Nie'$s
in the reaction between perchloric acid ahdn polar and protofacceptor
solvents: the'H NMR signal ofaromatic protons was singletin [Dg]-acetone
and in[Dg]-DMSO, while in CDC} the proton appeared to be fixed on an amino
group (U0 =HY 6.0, 2H1ard,5.37(s, LH

The monoperchlorate df was indicatedo show, in [R]-DMSO and in
[De)-acetone, rapid proton exange among the amino groups and the bebavio
showed by the system theeetis atstrang edectronficor s t o o
di st ur b a relectronsystent'?h e

To further investigate on the regioselectivity of the attack to the ring
carbon atom orto the nitrogen atom of the substituents of the
tris(dialkyamino)benzenet and2 we planned to change the operative conditions,
such as the solvent, the temperature and the electrophilic reagentl1 Taptets
a tentative to check the importance of gwvent in determining the relative
amount of the two protonated species, the @nd the NH (a/b). On the basis of
the rough definition of the polarity of the used sol&hiin more polar solvents
the equilibrium is shifted toward thesalt that resiis more polar than tha salt
(Ci H salt). Probably, ira the positive charge is more delocalized, and so more
hidden to interactions with solvent tharbisalt.

Table 1. Relative % ratio of C-H form versus N-H form of compounds 1and 2 after

salification with 4H at 25 °C in different solvent$

Compound CDCh CD.Cl, CDsCN [De-DMSO
Solventy

la:1b 12:88 8:92 48:52 n.d. : 09¢
2a:2b 11:89 i 47 : 53 i

[a]. [1], [2], [3] = [4H] = 1.2 x 16° mol dm* (as stoichiometric amount).

From data of Tabld it is possible to statthat1 and2 show verysimilar

behaviours. In CDGIl(or CD,Cl,) and in [3]-DMSO, the dependence of the
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ratios 1la:lb (or 2a:2b) from the solvent used indicates that the increase of the
solvent polarity favours the protonated spdrigN-H) and, in agreement todhke
conclusionwe observed that algbe addition of tetrabutylammonium bromitte

enhance the polarity of the environméatours the specids(see Table).

Table 2. Relative ratio 1laand 1b after addition of tetrabutylammonium bromide in CDsCN
and in CDCl,.®

[TBAB]! i 6.25 125 1875 25.0 50.0
10°x mol dni®

la:lb (CDsCN) 48:52 42:58 35:65 2773 18:82 5:95
1alb (CDC) 12:88 10:90 2:98

[a] [1] = [4H] = 1.2 x 1&° mol dni* (as stoichiometric amount{pb] TBAB = tetrabutylammonium bromide

In contrast, in CBCN (a more polar solvent than CDLor CD.Cl,, but
less polar than DMSE&) the ratio is about 50:50 for botH, and 2 salts.
Probably, in this solvent some particular interaction/solvation processes are
operating. Furthermore in GON, the addition ofdtrabutylammonium bromide
(TBAB) shifts the equilibrium fronato b (see Table).

In every case, the mixture of 1,3ys(piperidinyl)benzenel] (and all the
other trisflialkylamino)benzenes) ar@benzendisulfonimided) waspreparedn
1:1 relative mtar ratio. The additiorof higheramount of acid4H) until a 1:3
molar ratio, did not produce significavariation of NMR spectral datélowever,
the reported observations indicate the presence of an equilibrium betwiden C
and NH speciesln factin the presence of the CH/ NH tautomerism shown in
Scheme8, when to the mixture diaandl1b in CDClk is added a small amount of
D,0, the rapid exchange dbththe sp protons ofla and of the three aromatic
protons of the compountlb takes place and all th&gnals related to aromatic
protons are strongly lowered.

With the aim to check the importance of the counter ion in the obtainment
of the reported relative raticg: b (a = CiH salt,b = NiH salt) and on the
possible modification of chemical shift, waedl to change the acid. For this

purpose we used picric aci@H) and 4nitro-5-hydroxybenzofurazanes) to
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protonate compound$ and 2. Table 3 shows the relative amount of the two
protonated forms in CDghnd in CRCN (the relatedH NMR chemical shifs in
CDCl; and in CRCN resulted to be poorly dependent on #ued used).In all
cases an increase of the amountba$pecies with respect to the relative ratio
shown in Tablel was observed.

Table 3. Relative amount of species a and b (see Scheme 1nirealification of 1 and 2 with
5H and 6H.

Entry  Starting materials  Relative % amount ai : b in CDCl Relative % amount ai : b in CDsCN
1 1 and5H 1:99 30:70

2 2 and5H nd.:09 40:60

3 1 and6H 1:99 25:75

4 2 and6H (n.d. : 99% (6 : 94

[a] Differences in chemical shifts are small with respect to those of starting compound

In CDsCN the relative ratia : b of the morpholino derivative (entries 2
and 4) are significantly dependent on the used acid: picricstidnhancehe
protonation at the carbon atoraspect totH, even if the major protonated cent
is the nitrogen atom. A possible explanation of this behaviour may be in some
specific interactions ofLa with the anionic part obH. In CD;Cl no relevant

influence of the negaté counter ion was observed.

2.1.2 Effect ofthet e mper at ur eds change

The complexesWM between compoundg, 2, or 3 and DNBF (see
Scheme ), show a dynamic process of the DNBF moiety on the
tris@mino)benzengng. Thi s fAmoti onod 'WHMRspestmmr ved t hro
at room temperature, and it was stoppedabgtronglowering of the mixture
temperature.

The salification herein reported was carried out between equimolar amount
of thetris(dialkylamino)benzenes (and2) and the acidiH in different solvents
directly in the NMR spectroscopy tube at various temperatures (in the odnge
+25%7180 °C in CBCl,, +25 155 °C in CDC} and+25/110 °C in CRCN). If at
these low temperatures the proton may stop its mdtoalizing it on one

30




Chapter 2

nitrogen atom of sal for a time at least comparable with the NMR time scale,
different chemical shifts for the aromatic protons of thedrakylamino)benzene
moiety should be observed. dmr experimental conditions we observed only one
signal for aromatic protons of thes{dialkylamino)benzene moiety. Since we
have not evidence of the stop of the proton transfer, we deduce that the proton

transfer from a nitrogen atom to another is a very easy and fast process.

2.1.3Protonation of asymmetric tris(dialkylamino)benzenes

Since the symmetry of the 1,3y&s(dialkylamino)benzene$i 3 does not
permit to discriminate the position of the attack of the electrophile, we checked
the salificationprocessetween compoundH and two asymmetric bases, namely
4 , -@-pyrrolidin-1-yl-1,3-phenylene)dimorpholine)7] and 4(3,5-dipiperidin1-
ylphenyl)morpholine §), presenting twdlifferent kinds of nitrogen atoms and
nonequivalent position of attack on the rhocyclic aromatic ring. Scheme 6
reports thenostprobable protonation ceng®f7 and8.

In CDClg, the mixtureof 7and4H a f f o r dcemplexvaderiving from
the attack of the electrophila parapositionwith respect to the pyrrolidine ring
in equimolar amount with the nitrogen protonated salt and a minor amount of the
complex7al which showthe proton bound in the orthaosition with respect to
the pyrrolidine ring. In principle, the formation of both salts (nitrogen protonated)
7b and 7b1 (Scheme6) is possiblebut from the spectral data it is difficult to
discriminate the position of the proton on different nitrogemmat However, on
the basis of the pKa value of the nitrogen atom of the pyrroliding {@&idine =
19.58 in CHCN?®) with respect to that of the nitrogen atom of the morpholine
(PKa morphoiine = 16.61 in CRCN™), the preferential formation ofbl with
respect t&’b can be expected.

The'H NMR spectrum of the compourdth in CDCl showtwo signals in
the region of the protons bound to carbon atoms in positicghd)d 6 of the
tris(dialkylamino)benzene ring. This agreegth the formation of two podse
structures, one in which the proton is bonded to the nitrogen atom of the

morpholine ring 8b1) andamother in which the proton is shared between the two
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nitrogen atoms of the piperidine ringdbj; also in this case, as foompound7b,

it was not pssible todistinguishbetween the two structures.

() S
0 cQ Hf Qv cQ : Qv
Q =0 0 g
O(\\) ] @ N ] +N\H
/

Scheme6. Possible products from the salificatiorof asymmetric tris(dialkylamino)benzenes

7 and 8 withcompound 4H.

However, a comparison between the spectrum of #rérgy compound
and that of the reaction mixture revealed that in this latter caséHtié¢MR
signals of the methylenic protons bound to the piperidine rings are broader with
respect to those in compour8 while the methylene signals related to the
morpholine ring are practically unchanged with respect to those of the starting
compound8. From this observatioit seemsthat the electrophile might be in
common among the two piperidinic nitrogen atoms like in the stru@bre
represented in Scherbe

In CDsCN, the'H NMR spectrum related to the protonation7ofith 4H

shows a 70 : 30 relative ratid compound¥aand7al
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In CDCl, the reaction between compouficand o-benzendisulfonimide
4H, as well as with acidSH and 6H, affords only the compoun8b, while in

CDsCN also small amounts of the compouBdsind8al areformed

2.1.4X-Ray diffraction analysis

While the crystal structures of some 1;8jS(dialkyllaminobenzene
derivatives (in particular 1,3;8is(pyrrolidino)benzene derivativé¥) were
extensively investigated in their protonated cyclohexadienylic fornrayX
diffraction studies onl and 2 or other similar compounds protonated on the
nitrogen atom have not begatreported in the literature.

The findings of this study extend the numhbdr cases in which the
protonation of 1,34ris(dialkylamino)benzene dertives occurs on nitrogen
atomandsincethis is often the main process, we tried to crystallize the product
derived from the reaction betweérand8 and the herein used acidbi, 5H and
6H.

We were able to obtain crystals suitable feray diffraction analysis from
the reaction between tris(dialkylampbenzenesl and 8 and 4nitro-2,1,3
benzoxadiazeb-ol (6H).

In figure 4 are reported the structures determined by single cri{staly
diffraction analisysof compoundsl and two NH salts named a$H* and 8H"
obtained by reaction @H with 1 and8, respectively. In althe three structures
the aromatic central ring is planar whereas the three piperidine substituénts in
the probnated and the two unprotonated piperidine ringsli’ and the
protonated, unprotonated piperidine and morpholine ring8Hh adopt a chair
conformation.

As a consequence of the protonation of the piperiridinic N atfoenN(H)
C(aryl) bonds become long€1.477(3) and 1.484(2) A for compourdH® and
8H", respectively than the other MC(aryl) distances ilH*, 8H™ and 1 that fall
in therangeof 1.391(2)1.418(2) A.

The most striking featurenithe solid state is the localization of the proton

in both potonated derivative¢H™ and 8H™ on the nitrogen atom of one of the
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piperidine moiety. Interestinglyhe twist angle between the protonated piperidine
and the benzene ring in bottH" and 8H" is larger than that between the
unprotonated piperidine or nproline substituents and the aromatic ring 1fief
and 8H", respectively. In particular in compoun@H™ the twist angles for the
unprotonated morpholine or piperidine rings and the benzene ring (angles between
atoms N1C7-C805-C10-C11 and CiC2-C3-C4-C5-C6 and between NB12
C13C14C15C16 and the aromatic ring) are 5.4(3) and 21.9(2)°, respectively
while in compoundlH* the two unprotonated piperidine rings have similar twist
angles of 11.9 and 22.3(1)°. A further comparison with the neltshbws tlat
also in this compound the piperidine substituents and the benzene ring are not
coplanar presumably because of steric congestion and packing forcesgftects
torsion angles are similar to those observeflHi and8H" for the unprotonated
piperidine sbstituents

The benzofurazane anion is almost perpendicular to the benzene ring of
the cationic component aH" and8H" and approaches tigotonated piperidine
with the oxygen O1 and one oxygen of the nitro group. ThieG23 distance in
the anionic benfarazane moiety inH" and 8H" is 1.255(4) and 1.250(3) A,
respectively, showing a double bond characéad indicatingan electron

delocalization inside the furoxane ring.
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1H* 8H*
Figure 2. ORTEP of 1, 1H", and 8H".

2.2 First X -ray structure of the Wheland complex in azecoupling reaction

The azecoupling reaction between compountisand 2 (Figure 1)and a
series of benzenediazonium tetrafluoborate salts was previously described by us.
Theless reactive diazonium salt was that bearing an eledooatinggroup This
caused the slowing down of all processes including the returd*Baatd the
proton departure On the basis of this findingsve realized that 4
methoxybenzenediazonium tetrafluoborate might be a suitable candidate to obtain
single crystals ba W complex on this azaoupling reactionWe focused our
attentions on the reaction betweenl and 4methoxybenzenediazonium

tetrafluoborate as shown in Scheme 7.
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OCHg OCH3 OCHj3
N,* BFy i i i
NR,
H N ase
+ — RoN NR; —— R,N NHR2 —— RyN

RZN NR2 OCH3 O

NR,
NR, = N-piperidinyl (1) W complex PH* P

Scheme 7The reaction between trisN-piperidinyl)benzene and 4

methoxybenzenediazonium tetrafluoborate.

As previously described this reaction shows NMR and UV/Vis
spectroscopic evidence of the formation of Wiecomplex. Its moderate stability
in the common solvents suggested us to try to grow crystibke for an Xray
diffraction study of thisw complex. After several attempts, the solid Wheland
complex precipitated by using a mixture of £LHp/n-hexane at low temperature
(about 160°C). From this solution some crystals W were obtained.Two
different crystalswere analyzed througKk-Ray diffractionanalysisat different
temperatures. The first data collection was carried out at 223°K, whereas the
second one at 100°K. In both cases the nature of compbduwds the same but
the lower temperature daset allowed to understand the disorder involving the
N1, N2 atoms and the methoxyphenyl ring (see later) and therefore this discussion
will comment the structural features & based on the Xay structure

determination at 100 °K. The crystalwtture ofW is shown in Figure.

36




Chapter 2

Figure 3. The crystal structure of W complex featured by the pedal motioR’

The cationW consists of a tris(piperidine)substituted ring bearing-a 4
methoxyphenylazo ligand. The tris(piperidine)substituted ring shows a sagtific
loss of planarity (dihedral angle between the@2C4-C5 and C2C1-C6 planes
23.3(2)° and the C1 carbon of W changes its hybridization frdntospp’. The
C2-C3 and CBC6 bonds are the shortest ones (1.372 and 1.360(4) A,
respectively), the C&4 andC4-C5 bonds are at longer distance (1.422 and
1.425(4) A, respectively) and the €P and CI1C6 bonds are the longest ones
(1.470 and 1.461(4) A, respectively). This bond lengths distribution evidences the
importance of a quinoid structure in delocalizithg positive charge (Figu)
and is similar to that found in the benzenium caffdnThe analogous
tris(piperidine)substituted ring in the neutral compouhdFigure 5) is planar
(maximum deviation from planarity 0.020(1) A and the bond lengthsfatheé
range 1.383..418(2) A.
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N7
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VRN

Figure 4. Representation of a quinoid resonance structure of complex W.

Figure 5. The crystal structure of compound P.

The piperidine substituenis W show thathe N-C(phenyl) distance C2
N3, C4 N4 and C6N5 are slightly shorter than the relatedd{ohenyl) bonds in
P, indicating the participation of the amino nitrogen atoms in supporting the
positive c¢har gw These ddtahas wall asche fepgthening of the
C1iC2 and CLC6 bonds inW compared to the corresponding distances in the
final productP (1.423 ad 1.418(2) A)are in agreement with those previously
reported for the trispyrrolidinocyclohexadienylium catidn.

Finally the 4methoxyphenylazo group W was found to be disordered
over two sites wih 70 and 30% occupancy factorespectively. This isa

common feature in azobenzenes and stilbenes known as pedal fibfidre
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tris(piperidinoyubstituted benzene ring is not affected by this disorder because of
the presence in the twastho positions of théulky piperidine substituents.

On the contrarythis type of disorder has not been observed in the 4
methoxyphenylazo group iR presumably because of thiery low population of
the minor componentThe two substituted phenyl rings B do not lie on the
same planand therefore there is qpdelocalzation through the azo group. The
N1-N2 distance inP of 1.262(2) A has the typical value of a double bond
character whereas the equivalent N=N distand® iof 1.326(6) A is longer than
a normal double bond. This lengthening of the N=N bond/iis assoated to a
shortening of the GN1 distance of 1.324(5) A which is indicative of some
double bond charactdt should be pointed out thété interactions involving the
azo group in the cationi/ are affected by dynamic disorder and therefore it is
not pasible to completely rule out the contemporary presence in the crystal in
trace amounts of a cation in which there is a protonated nitrogen in place of the
Wheland complex.

The Wheland compleXV spontaneously (but slowly) produces a salt of
the usual prodet of substitution which may be obtained quickly by using a'Base
(NaOH, tertiary aminesetg. The shift of the proton from the carbon atom
produces a salt with a-N bond. The'H NMR spectrum ofW ati30 °C in

CDsCN shows the signal related to thé spar bon at om Ewhicki = 6. 4:
di sappears and a signal at U =Hi®nd51 gr ow
of the saltPH". The fact that the chemical shifts of protonsttand H6 of the

saltPH" are differef! (4 = 5. 81 ppm algat206C)ndcatgspm i n ¢

an unsymmetricsituation caused by the presence of the proton bound to an
heterocyclic nitrogen in 1 (or 3) position. The presence of the proton in other
positions (on the nitrogen atom of the heterocyclic moiety in 4 position or on
nitrogen atoms of azo group) causes an equivalence of4hand G6 positions.
Probably, the nitrogen atoms in 1 or in 3 positions are preferred to the
nitrogen atom in 4 position because of greton sharindbetweenthe piperidine

moiety and the two triogen atoms of the azo graup
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The interaction between two nitrogen atoms may be considered a situation
extremely favourable to the bonding of the proton to the nitrogen atom. This is
supported by the fact that the return back of the proton on the cattwonwas
not observed even when the final prodéctvas dissolved in the presence of
strong amount of HCI. In the same way, the decrease of the temperature of a
solution ofPH" (obtained directly in the NMR probe) did not produced a return to
theW comple.

Conclusions

The studies above mentioned are an extension of the previous work on the
peculiar properties of tris(dialkylamino)benzenesi n par ti cul ar the dpr
on these systems.

In the 2.1 chapter we analyzed the interaction of tris(dialkiylajn
benzenes with the simplest electrophile, the prdtast of all it has to be noticed
that this work reports for the first time, to the best of our knowledgeyX
diffraction data of Nadducts between proton and tris(dialkylamino)benzene
derivatives which showed thatni the solid state the proton is localized on a
nitrogen atom of piperidine ring.he obtained results, together with the previous
work, help us to have a better understanding on these systems, but there are a lot
of open questian Thefirst question is: from where arises the regioselectivity of
the electrophiles on trisaminobenzenes? What parameters influence this
regioselectivity?
Some of these parameters might be:
i The pKa values relative to aromatic C carbon atoms and to theamtaigms
of the amino moiety.
I The softness of the two reaction centres.
I The symmetry of the systems that may produce some degenerate structures with
a clear gain of the resonance energy. Even if the symmetry is considerably
lowered by changing the sulse from 1 to 8 (which presents only two
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equivalent nitrogen atoms) the proton®seems to be shared in solution by both
nitrogen abms of piperidine moiety whichre more basic than the nitrogen atom
of the morpholine moiety.

The second question: iwhy DNBF and proton are in a dynamic situation
respect tothe electrorrich center(the aromatic carbon and the nitrogen atom
respectively). In other words, wHiINBF and H do not have a fixed position of
attack by s bond?

The two questions involve a lot of parameters, and, up to now, we were not able
to have completely convincing answers. However, we can try the hypothesis of a
Agener i c a lofthepresenesystemin lowering the energy of these not
usual sitiations.

Furthermore, up to now, we are not able to state if the proton is bonded as
in a charge transfer compl ex or it i's A
depicted in Schem&. The dancing hypothesis seems to be more valid for the
dynamic phenomemo observed forDNBF which is stopped by lowering the
temperature. Howeveit, camot be excluded that both hypotheses might coexist

in explaining the observed behaviours.

The studies described in chapter 2.2 show theisolation, crystallization
and inwestigation onW complex in azaoupling reaction support our previous
findings on this gAr reaction carried out in the absence of bases different from
the starting ts(dialkylamingbenzene derivativelhe reaction proceed through
two steps pathway. Qe contrary to that reported in the literature, the first step
is a fast step, while the spontaneous proton releasing process is in a slow step with
the possibility of a relevant base catalysmwards to the rearomatized
substraté”

In conclusionm t he present case, the fAproton
shift from a carbon atom to nitrogen atoms in the same molecule, without
evidence of a return back, even if we reported evidence on the reversibility of the

whole substitution process!
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SomeNMR datarelated tothe products herdescribedcan be foundn the Ph.D.
t hesi s of Camatlenzzadoneled Batamento di intermedi delle reazioni
di sostituzione elettrofila e nucleofila in serer o mat i chebo whi

available mline athttp://amsdottorato.cib.unibo.it/
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Chapter 3
2,4-dipyrrolidine -1,3-thiazole as a new

supernucleophile

Chemical reactions involving neutral carbon atoms of strongly activated
nucleophilic and electrophilic molecules permit to obsqradicular behaviours
of the simple nucleophile/electrophile coupling reaction. This is the case of
superelectrophilic species such as -difitrobenzofuroxan INBF), or
supernucleophilic species such as HBHN,N-dialkyl)Jaminobenzenes.

s-Anionic conplexes (Meisenheimer complexgsinvolving a number of
strongly activated electrophilic substrates have been extensively desgribed.
cationic complexes (Wheland complexBs)intermediates of the electrophilic
aromatic substitution reactiéh!! have been less investigat&d due also to some
experimental difficulties in their isolation or simple observation by spectroscopic
methods. Recently, our interest has been devoted to Wheland complexes and we
have been able to isolate some of them antlttysheir reactivity™”

The reaction between superelectrophilic and supernucleophilic reagents
afforded a -conmlex, Zvitetiahic io Eharacter, which was called by
us WhelaneéMeisenheimer complex{\M ), as shown in Schemé't!

Zwitterionic adductsWM1-3 are moderatgl stablé™™ and showed, in
variable temperaturéH NMR experiments, a very peculiar and unexpected
behaviour. The signals ascribed telB, H12, and H14, at low temperature are
well separated, but, on raising the temperature, they undergo a broadsilita u
a coalescence situation. This reversible dynamic process was explained
hypothesizing the existence of the Whelddisenheimer complex in three

homomeric structures rapidly exchanging, as depicted in Schéfe 2.
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o
RoN NR;  ON__~_R,
o TLP
N

NR; NO,

NR; = N-piperidinyl (1)  DNBF NRj, = N-piperidinyl (WM1)
NR3 = N-morpholinyl (2) NR, = N-morpholinyl (WM2)
NR;, = N-pyrrolidinyl (3) NR, = N-pyrrolidinyl (WM3)

Scheme 1. Formation of WhelaneMeisenheimer complexes (WM) from 1,3,8ris(N,N-

dialkyl)aminobenzenes and 4,&linitrobenzofuroxan (DNBF).

H_  DNBF H

RN L _NR, RN NR,
T —— " e
H 12 14 H 12 14 H

H

N 2 NR,
DNBFR! O
NOZT H 12 14 H
N H NR,
DNBF' =0, _ °
NS i NO2
le)

NR, = N-piperidinyl, N-morpholinyl, N-pyrrolidinyl
Scheme 2. Proposed explanation of the reversible dynamic process observed for Wiglin

variable temperature '"H NMR experiments,

Recently, Lenoff? reported a theoretically calculated comparison
between the formation o?WM complex and the formation of donor/acceptor
compl ex {suwompad®x) i n tDNBF ancesyroneiricaln b et we en
triaminobet#izamaem!l exhaesults thermodynamica
the WM complex in the case of 1,3tBaminobenzene, whil®/M complex is
thermodynamically more stable than the donor/accgptorpomplex in the case
of the reaction betweddNBF and 1,3,5tris(N,N-dialkyl)aminobenzenes.

The high positivecharge stabilization effect of the supernucleophiles
1,3,5tris(N,N-dialkylamino)benzenes is due to the strong donor ability of

dialkylamino group, as reported by Effenberg@r.
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Another superelectrophili® carbon reagent, 4@initrotetrazolo[1,5
a]pyridine ONTP), which, within the electrophilic scale developed by M&iis
a considerably more powerful electrophile than DNBFreacts with 1,35
trisNNN-d i al kyl ami no) b e-commeneld’s WMt 6f (8chedhe 8)g
that behave, in variable temperatdke NMR experiments, similarly t&VM1i 3
complexes. In addition, some experiments strongly indicated that the formation of
these complexes is a reversiplecess.

Thiazole ring is reported to show bordiere propertie$® emphasized by
the presence of particular substituentsArinothiazole strongly reacts with
el ectrophilic reagent s, but n-antomicot hi az o
complexes (Meisgheimer complexes) with nucleophilic reagétts.

Recently, a study on the nitrogen and carbon nucleophilicities- of 2
aminothiazoles through coupling reaction with superelectropiiMBF was
carried ouf? The investigation of the systenDNBF/2-aminothiazole
derivative&Y permitted to detect the-complexXWM7 but the very short liféime
of this intermediate prompted us to turn our attention towards more nucleophilic
thiazole substrates, such as-8idminothiazole§) and its derivatives.

It is knownthat compound is an electrofrich molecule able to complex
electrophilic species, such as bronfiflebut generally 24liaminothiazole
derivatives present further properties complicated by the tautomerism of both

amino groups.

NR,

WM4 (NR, = N-piperidinyl) WM7
WM5 (NR;, = N-morpholinyl
WM6 (NR, = N-pyrrolidinyl)

Scheme 3Some example of stable WM complexes and nucleophilic thiazole derivatives.
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In N,N-tetra(alkyl)2,4diaminothiazole derivatives this complication does
not exists and they can be promising candidates to behave as carbon
supernucleophilesTheir high carbon nucleophilicity is confirmed also by a
previous work of GomppEf! which discussed the formation of zwitterionic
complexes betweerN,N,N',N'-tetramethyll,3-thiazole2,4-diamine and 1,3;5
trinitrobenzene.

These considerations suggestsd that the presence on the thiazole ring of
two pyrrolidinyl groups in 2 and 4 position might enhance the nucleophilic power
at 5 position of the thiazole ring thus giving a supernucleophile at the neutral
carbon at least comparable with 1;8{8(N,N-dialkylamino)benzenes. With this
in mind, we prepared 2-dipyrrolidin-1-yl-1,3-thiazold** (6, Scheme 3), and we
studied its reactivity with the superelectrophil@<BF andDNTP. We were able
to obtain and crystallize in both cases ultrastabl complexs thus gaining
important information from their Xay diffraction analysisThese are the first
examples of Whelantleisenheimer complexes so stable to permit a study on
their crystallographic structures. After that we decided to perform a theoretical
study of these reactions by using the Density Fona@l Theory approach (DFT).

Besides the experimental work which will be discussed in chapter 3.1,
hence, we reported a detailed theoretical study on the energetic, stabilities and

properties of reactants apdoducts reported in this study (chapter 3.2).

3.1 Synthesis and characterization of ultrastable \WM complexes

When 2,4dipyrrolidin-1-yl-1,3-thiazole ), dissolved in CHCN, was
added (at 25 °C) to an equimolar amounDdBF (or DNTP), immediatelythe
solution color changed, and a solid precipitafBde '"H NMR spectrum of the
solid obtained from6 and DNBF showed, in [RQIDMSO and in the range of
chemical shifts between 5 and 9 ppm, two doublets centered at 5.63 and 6.13 ppm
(J = 2.7 Hz), respectitg, and a singlet signal at 8.63 ppm, while the reldfed

NMR signals (correlated througltHSQC experiments) were at 35.6, 59.6 and
48




Chapter 3

132.7 ppm, respectively. The presence of two doublets with the same coupling
constant in the region of protons bound msg carbon atom, the proton signal
area, and the relative chemical shifts in i@ NMR spectrum confirmed the
structure of the zwitterionis-complexWM8 (Scheme 4)H NOE experiments
permitted to assign the doublets at 5.63 ppm and 6.13 ppm tootioa pound to

the sp carbon of theDNBF and of the thiazole moiety, respectively, while the
singlet at 8.63 ppm is related to the proton bound to theaon of DNBF
moiety. The ESMS analysis was also in agreement with the strudivs .

Also NMR spetral data of the solid obtained frofhand DNTP agree
with structureWM9 (Scheme 4). In particular, in the range of chemical shifts
between 5 and 9 ppm, in IEMSO, *H NMR signals a6.32 (br.s., 1 H), 7.23 (d,
3Jun = 1.8 Hz, 1 H), and 8.65 ppm (s, 1 Wgre found, andhe related®C NMR
signals were a1.9, 56.1and 131.2 ppm).

Thanks tothe stability of complexe§VM8 and WM9 we were able to
obtain crystals suitable for -Ray diffraction analysis from the mixture
CHsCN/CH.CI; (1/1 by volume). Structes ofWM8 andWM9 were confirmed
by this techniqgue. & emphasize that these are the first instances of detailed
structural XRay diffraction analysis of a stable crystalline intermediate of the
nucleophilic/electrophilic aromatic substitution reaction. 8Sodetails of the
structure oWWM8 andWM?9 (Figure 1)are discussed below

The X-Ray structure showed that the-CZ¥ (for both complexes) distance
is longer than a standard-@ distance (1.49 A), being it 1.56 A both A8
and for the corresponding €15 bond inWM9. This confirms the weakness of
the bond, that can be the cause of the possibilityWwM1i6 complexes, to
observe the dynamic process indicated in Sche@m@bviously, this process
cannot occur in the present case. The relative spatial situzttithe substituents
around the CIC7 bond corresponds to a gauche relationship, the torsion angle
H1-C1-C7-H7 for WM8 being 66.7° (the corresponding angle\féM9 is 71.7°).
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S,
>k,
N

6

R,N

NR; = N-pyrrolidinyl

DNTP

Scheme 4. Reaction between the thiazole deaitive 6 and DNBF or DNTP with formation of

new WhelandMeisenheimer complexes WM8 and WM9 and conversion of WMS8 to

benzofurazane derivative 7.

| Vg
I F/a C12
5 V4 ]
] .""--..._,CE \!\
s1 M7

Figure 1. Graphic representation of crystalline structure of WM8 and WM9.

An important point is cone¢eng the possible formation of different

stereomeric forms that we can obtain by this reaction: being both reactive carbons

of starting materials stereogenic centers we expected to obtain all the 4 possible

complexes and to observe two diastereomecisg in the NMR spectra, and all

the four sterecisomers throughR@y diffraction analysis. On the contrary, NMR

spectroscopy data showed the presence of only one diastereomer, a crystal of

which, when analyzed by-Ray diffraction analysis, revealed theesence of the
enantiomeric coupleRR) and §S for WM8 and of the enantiomeric couple

(RS and §R) for WM9. A single crystal ofWM8 (or WM9), after being
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analyzed by XRay diffraction, was dissolved in GON and his’'H NMR
spectrum showed the sarsignals observed in the NMR spectrum of the solution
from which the crystal was precipitated.

This diastereoselectivity can be explained considering the spatial
conformation of the complexes in the solid phase: as shown in Figure 1 the
furoxanic ring (as wll as the tetrazole ring dNTP of WM9) of DNBF is
fadng the thiazole ring and the medium distance between the two rings is near the
Van der Waals radii for both enantiomeric forras approach between the two
reagents that might be responsituethe observed stereoselection.

Fromcrystallographic datd is possible tonoteas CIN5 and C8N4 (1.30
and 1.31 A respectively foWM8) and the corresponding @¥8 and C6N9
(1.31A for WM9) exocyclic bonds are slightly shorter (or equal 'éM9) than
C9-N3 and C8N3 (1.34 and 1.31 A, respectively fd¢M8) and CZN7 and Cé
N7 (1.33 A) forwM9 endocyclic bonds of the thiazole ring. One can deduce that
C-N exocyclic bonds are more incharacter than the-8 endocyclic bonds, in
agreement to the strong electrdonating effect of the two amino groups bound to
the thiazole ring. Théhiazole ring and the furoxanic ring are face to face, and the
observed configuration agrees with thegemce of an internal donor/acceptor
interaction between the positively charged thiazole moiety and the negatively
charged benzofuroxan or tetrazolopyridine moiety WM8 or WM9,
respectively. For instance, €12, S1C5, and SiC3 distances are 3.144, 3.714
and 3.690 A, respectively for compl&M8, and forwM9 complex SiN1, St
C16, and SAC3 are 3.04, 3.513 and 3.687 respectively. Packing of molecules
does not show donacceptor intermolecular interactions. This structural situation
is an indication thathe two moieties are prone to a dofaceptor interaction
which may be conceived also between starting reagents.

Even if it is reasonable that the first evolutiorlMdM8 may be the shift of
the proton from the C7 of the thiazole ring to a more basicegmobably the N3
atom (and the corresponding shift of the proton bound to the C5 of the thiazole
ring to the N7 atonrWM9) we were not able (in both cases) to have evidence on

the presence of the zwitterioniecomplexZW. Interestingly, we observed, in the
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reaction mixture containing tH&M8 complex, the slow formation of the final C
C coupling producZ which may be obtained, in almost quantitative yields, by
adding AbOj; to the reaction mixture in GiEl,. It has to be noted that this is the
first example of observed evolution /M complexes to neutral products,
probably favoured by the possibility, f&¢fM8, to lose water.

Finally, whenDNTP is added to a solution in GON of WM8, WM9
complex is formed in alew process (about 2 weeks to rise quantitative
conversion), as depicted in Scheme 5 to confirm our previous conclusion on the

reversibility of the formation of the WM complexes.

o
O:N = N’N\\ =N
_ N o)
. XN =N
NO> NO,
WM8 DNTP DNBF

Scheme 5. Exchange of the electrophilic paer from WM8 to WM9.

3.2 A theoretical study on the structure, energetic and properties of the W/

complexes

As described in the introduction, to better understand the peculiar behavior
of these reagents and products we decided to caitrg theordtal study.The

first step was to compare calculatedexperimental structures and in particular to

optimize all the intermediates compounds

second step we performed a benchmark by using MP2 and a variety of DFT
functional s f or evaluating the energips of
this has a twofold interest: first of all the performance of the different functionals
can be assessed, secondly the profile of this peculiar reaction can be characterized

in tems of activation energy. Finally, we investigated the electronic properties

52

a l



Chapter 3

(frontier orbitals, el ectrostatic potent
order to provide more insight into their peculiar reactivity.

All calculations were carried outitli the Gaussian 09 program package
(Rev. A.02)1*

The initial guess geometry of the compoulds!8 andWM9 were taken
from the XRay coordinate¥® All geometries were fully optimized using
ultrafine grid at the B3SLYPA31G(d) level of theory, which isnown to produce
reliable geometries and frequencies of the stationary points.

Intrinsic Reaction Coordinate (IRC) calculation followed by geometry
optimizations were used to characterized the reaction path, and in particular to
find reactant complexep (- pomplexes) and products connected to the transition
state.

Frequencies were calculated at the same level of theory as the geometry
optimization to verify the nature of the stationary points and to obtainpoentd
vibrational corrections. As suggestiedprevious works, the zero point correction
was scaled by 0.977 to better reproduce experimental r&8ults.

Different exchange correlation functionals (listed in table 1) were tested as
well as MP2 for the evaluation of the energies of the compouralsy ahe
reacti onds p apoihtwrergys caltulations penfgrhed using fairly
large basis set such a8361+G(d,p).

The basis set superposition error (BSSE) corrections (using the Boys
Bernardi counterpoise correction scheme) were applied usmegatiomated
procedure available in the Gaussian 09 software pa¢fage.

Solvent (acetonitrile) effects were introduced in the single point energy
calculations by the universal solvation model SKDusing the geometries
optimized in the gas phase.

Binding energies were calculated as the differences between the energy of
the complexes and the sum of the energies of the isolated reagents.

Partial atomic charges are obtained by using different methods implemented in
Gaussian 09 namel\Chelg®?, ChelpG®Y, Hirshfeld***¥, Merz-Singh-Kollman

(MK )38 and NBO”
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Table 1. List of functionals used in the present study.

Method Type X2 Reference(s)

B3LYP Hybrid GGA 20 38, 39, 40, 41
B97-D GGA+D 0 42
B97-1 Hybrid GGA 21 43
B97-2 Hybrid GGA 21 44
BMK Hybrid metaGGA 42 45
CAM-B3LYP Rangeseparatednhybrid 19/65 46
HCTH GGA 0 43

LC-wPBE Rangeseparatednhybrid 0/100 47,48

MO5 Hybrid metaGGA 28 49
MO5-2X Hybrid metaGGA 56 50
MO6 Hybrid metaGGA 27 51
MO6-HF Hybrid metaGGA 100 52
MO6-L MetaGGA 0 53
MO06-2X Hybrid metaGGA 54 51
MP2 WFT® 54
mPW1PW91 Hybrid GGA 25 55
mPWPW9T GGA 55
OLYP GGA 56
PBEC Hybrid GGA 25 57
t-HCTH MetaGGA 0 58
t-HCTHhyb Hybrid metaGGA 15 58
TPSSh Hybrid metaGGA 10 59
vsxc' MetaGGA 0 60
wB97X Rangeseparatedhybrid 15.77/10 61
wB97X-D Rangeseparatednhybrid 22.2/100 62
X3LYP Hybrid GGA 21.8 63

®Percentage of Hartrgéock exchange in each functional; where two values are present, the first
mean the percentage of Hartféeck exchange at short range, while the second at long range.
PWFT stands for Wave Function Theorysed methods®Also called mPW1PW, mPWO, and
mPW?25.%Also called mMPWPWFAIso called PBE1PBEAIso called VS98.

54




Chapter 3

3.2.1 Theoretical structures

The Xray structures ofWM8 and WM9 are compared with their
counterparts optimized in gas phase and no great conformabtiscrepancies are
observed among them as can be seen in FRyuf@e overlay similarity is really
high (0.97% for both structures), demonstrating that the standard method used for
optimization B3LYP/631G(d) is accurate in predicting also these paldic
structures, which we are able to compare for the first time with experimental
results thanks to their unexpected stability. Moreover, the high value of the
overlay similarity also implies that the crystal packing only induces slightly
distortion struture of the equilibrium geometry. This fact can be due to the high

rigidity of the conjugated structure.

WM8 WM9

Figure 2. Atom-by-atom superimposition of the structure calculated (red) over the Xay

structure (blue) for the titled compounds. The overlay similarity is 0.97 for both structures.

To be sure that thevo optimized structures are in a global and not in a
local minimum because of the choice of starting guessearch for a loast
energy structure was germed using the scan method implemented in Gaussian
09 at AM1 level of theoryas a function of the selected rotational degree of
freedom between the new-© bondsformed. This search did not found any
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lower-lying structure, confirming that the structugg®viously shown are indeed
the lowest energy conformers.

Once thetranstion states geometrprecedingthe formation ofWMs
complexes have been optimized and the nature of these stationary points has been
verified (one imaginary frequency), we performed d&ntrinsic Reaction
Coordinate (IRC) scan at B3LYR&BLG(d) level of theory to establish their
connection with the initial and final speciespA- pomplex was found to be, as
usually supposed for these kinds of reactions, an intermediate preceding the
formation of the WM complex for both reactions. In Figidhe optimized

structures of all species involved in both reactiaresshown.

p-P TS8 WM8

Figure 3. Optimized structures at B3LYP/6-31G(d) level of theory of WMs and the

compounds preceding their formation.
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The distance between the two carbon atoms involved in the formation of
the new bond is reported in Table 2. The theoattilistance of the new bonds
formed in the WMs show a good agreement with the experimental one. The
distance of the aromatic rings of the two moiet@SIBF-DPT andDNTP-DPT)
in thep - pomplexes is about B, typical for such kind of complex£¥! An
interesting substantial difference for the two reactions is that ip thegomplex
betweenDNTP and DPT the thiazole ring is directly facing to the six member
ring of the tetrazolepydine while in thep - pomplex betwee®NBF andDPT
the six member rings of the benzofuroxane is facing to the sulphur atom of the
thiazole ring (Figured). This can result in a better overlapping between the
reactant 60s po-rowhdsa intsractn man behgoverned by charge
transfer between the aromatic rings, while fpr §the dominant interaction

could be am-p between sulphur atom and benzofuroxane aromatic ring.

Table 2 . Selected bond | engths of t he thésisthees optin
experimental values.
DNBF + DPT DNTP + DPT
p-p 3.02 3.05
TS 2.34 2.34
WM 1.60 (1.57) 1.58 (1.56)

Figure 4. Pictures ofp - paBd p - goriplexes.
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3.22 Energeticalongre a ¢ t pathwaysandfunctional benchmark.

To assess the perforn@n of the most common used DFT exchange
correlation functionals, we performed single point energy calculation with all
methods listed in Table 1 on the stationary points structures along the pathways
for the reaction betweeDNBF and DPT (previously optimzed with B3LYP/6
31G(d) in gas phase) with the fairly large basis s&15+G(d,p). The data
collected in Table 3 (which are not corrected for both ZPVE and BSSE) show, as
expected, a large variance among them. First of all is necessary to remember that
erergy of TS8 can be in some cases lower than thay ef§becaise its energyis
calculated by using large basis set on a geometry optimized at a different level of
theory, and is not due t@ bad evaluation of theeansition state, whose nature is
confirmedby the number of imaginary frequencihe feature common to all the
functionals tested is the high binding energyVeiM8 complex, with the only
exception found in VSXC functional which show a strong overstabilization of the
p - §andTS8 complexes with rgsect to the final product. We can also note that,
in addition to some different values of relative energies for the same structure,
there is a substantial divergence in the evaluation of the barrier height. In fact,
MP2, together with B9D, BMK, M06-HF, M05-2X, M06-2X, mPW1PW91,
PBEO,t-HCTHhyband TPSSh indicate a barrierless reaction, while for the other
functionals the activation energy exist. Going more in deep and trying to find if
there is a systematical improvement for example by passing from GGA to the
usually most accurate HyldrmetaGGA, we can observe that a simple
explanation is not possible. The addition of high percentage of Hdutiee
exchange for hybrid functionals or the inclusion of ksagge/dispersion
correction terms not always brings significant changes towardsiaocal result
or trend. Anyway, the level of theory usually advised for the determination of
barrier heights, since they are considered to be the most accurate (such2% M06
and BMK) follow the same energy trend of the wave function based method MP2.

As the recent benchmarks for this kind of reactions show that2%06
overcome in accuracy both MP2 and BIR we decided to further carry on our

study by using this functional.
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Table 3. Relative energies (Kcal/mol) at various computational levels of thteree structures
alongthe DNBFDPT reacti onds pathways.

p-p 8 TS8 WM8
B3LYP -8,7 -7,1 -20,3
B97-D -25,1 -25,9 -31,9
B97-1 -12,8 -12,3 -26,7
B97-2 -8,2 -6,9 -21,5
BMK -11,9 -13,2 -35,7
CAM-B3LYP -8,5 -7,1 -26,6
HCTH -9,7 -4,5 -11,7
LC-wPBE -7,4 -5,5 -31,2
MO5 -13,1 -10,1 -25,1
MO06 -20,1 -19,4 -34,4
MO6-HF -20,3 -25,2 -49,8
MO6-L -23,0 -21,4 -29,7
MO05-2X -17,3 -20,1 -39,1
M06-2X -18,3 -19,6 -37,8
MP2 -27,4 -27,8 -37,8
mPW1PW91 -10,0 -10,4 -27,1
mPWPW91 -12,5 -12,3 -22,6
OLYP -2,5 1,6 -7,8
PBEO -11,9 -12,5 -29,1
t-HCTH -10,4 -7,8 -16,4
t-HCTHhyb -12,5 -12,6 -26,2
TPSSH -11,6 -11,7 -23,8
VSXC -63,1 -62,9 -56,9
wB97X -13,3 -10,4 -32,4
wB97X-D -19,1 -18,2 -36,6
X3LYP -10,0 -8,6 -22,3

In Table 4 we reported the relative energies computed in both solvent and
gas phase at MOBX/6-311+G(d,p)//BLYP/6-31G(d) all corrected for zeqpoint
vibrational energy (BSSE corrected energies in parenthesis). Without taking into
account the BSSE correction, the reaction betiddBF andDPT appears to be
barrierless in both solvent and gas phase, while thetiom betweeNTP and
DPT show the transition state to be slightly higher in energy respect to-phe
complex, resulting in a very low activation energy (about 2 Kcal/mol). If we take
into account the effect of BSSE we observe for both reactions that the energetic
gap between TS anmglp complex becomes relevant especially in solvent phase,
whichcanbeeasi |y explained by the fact that

reactant becomes more pronounced for transition state.
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Indeed, the difference in energy between TS@pdcomplex is in solvent
phase 6.0 and 12.3 Kcal/mol fDINBF+DPT and DNTP+DPT respectively. As
discussed previously, the explanation can arise from a better overlap of the
reactant so @pcomplex, lowernng its Qireding energy and raising
the gap withTS9. During the experimental characterization we had no evidence
on the formation of such kind of stacking complexes by NMR spectroscopy. The
only noteworthy behaviour was the changes in colour observed during the
reaction ofDNTP+DPT. After the addition of a solution @NTP (light yellow)
to a solution ofDPT (colourless)we observed a rapid change in colour of the
mixture which became intense red, lasting for a few second before turning into
orange. For the reaction betweBNBF and DNTP we had not observed such
behaviour; the explanation of this phenomena, which is stggpby the present
theoretical investigation, can be ascribed to the formation of a stacking complex
dominated by charge transfer interaction (which usually favour bathochromic
shift) betweerDNTP andDPT.

To give a morescientific supportto our hypothes we followed the
reactions by using UWisible spectroscopy. While for the reaction of
DNBF+DPT we observed a change in the absorption maximum during the
reaction which corresponds to the value of the final product, for the reaction of
DNTP+DPT we obsered a bathochromic shift followed by a rapid shifting of the
absorption maximum towards that of the final product. These data are again
coherent with the hypothesis of the formation of a stacking complex dominated by
charge transfer interaction for the réae of DNTP+DPT.

The low barrier height and the high binding energy of the fival
complexes, confirm the fast rate of these reactions anghipvecedentedtability
of these compounds. Since the next steps of these reactions were not deeply
studied exprimentally and are complicated to investigate from a theoretical point
of view because they include basic catalysis favoured by a solid reagent, we will
not tackle the mechanistic study of the second part of the reaction in the present

study.
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Table 4. Rdative energies (Kcal/mol) calculated at MO&X/6-311+G(d,p)//B3LYP/6-31G(d);
BSSE corrected values in parenthesis.
DNBF+DPT (Gas) DNBF+DPT (Sol) DNTP+DPT (Gas) DNTP+DPT (Sol)

p-p -17.5 (-13.8) -9.8 (-6.1) -21.7 (-17.8) -12.9 (-8.9)
TS -18.2 (-13.9) -14.0 (0.1) -20.1 (-15.4) -14.2 (3.4)
WM -34.4 (-29.6) -40.4 (-21.6) -32.3 (-27.6) -39.6 (-20.7)

3.2.3 Electronic properties

The simplest way to explore the special reactivifyour reagents and
understand the nature of their interactions, is to analyse some important electronic
properties such as the Electrostatic Surface Potential (ESP), the frontier orbitals
and the charge distribution.

Figure 5 shows ESP and HOMQUMO distribution for the 3 reagents
discussed in this study. Both the highest occupied molecularlgid@O) and
the lowestlying unoccupied molecular orbital (LUMO) are well distributed over
the molecules, indicating that the HOM@MO orbitals are mostly the-type
orbitals and are perpendicularly oriented to each other. The only exception is the
LUMO of DPT which is distributed all over the thiazole aromatic ring, through a
bonding, nodeless pattern. The HOMOMO analysis allow us to understand
that the formation of the final products happens by the interaction of the HOMO
of DPT and the LUMO of both electrophilic partners, but the regioselectivity is
well understandable by the ESP analysis. In fact, the most elguooregion in
DNBF andDNTP is localizedon the carbon atoms which are effectively involved
in the new bonds formation, while IBPT the most electromnich region is
localized in the exocyclic nitrogen atom and the carbon atom that effectively
reacts. The regioselectivity toward the latter daereéfore be explained also by a
steric effect which could become important in the case of attack to the exocyclic
nitrogen by the two bulky electrophil@NBF andDNTP.
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DPT DNBF DNTP

Figure 5. Electrostatic surface potential (ESP) and frontier orbitals of reagents DP, DNBF
and DNTP. ESP is mapped on the electredensity surface where red corresponds to

electron-rich and blue corresponds to electrorpoor regions.

In Figure6 we reported the frontier orbital @Fp, TS andWM for both
reactions.As expected, in thp-p complexesthe HOMO is mainly localized on
DPT moiety while LUMO inDNBF andDNTP moieties. InTSs the orbitals are
localized as inp-p complexes but with a more balanced distribution across the
other moieties. For the finalVM complexes,since HOMO and LUMO are
mainly localized on the electrophiliONBF and DNTP moieties, we also
represent the HOMQ and LUMO+1, which are mainly spread over DET

moiety.
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&

LUMO +1

P

&
[

HOMO HOMO
T-19 TS9

Figure 6. Frontier orbitals of allinte r me di at es

along the reactionébés p

and DNTP+DPT.

The HOMGLUMO gaps reported in table 5 show its increase by passing

from the p-p complexes to the WMs, for which the extremely high values can
explain their exceptional stability.

Table5. HOMO-LUMO gap (eV) of titted compounds in gas phase (solvent in parenthesis).

DNBF+DPT DNTP+DPT
p-p 2.95 (2.92) 3.56 (3.50)
TS 4.02 (3.96) 4.63 (4.50)
WM 5.10 (5.22) 5.08 (5.21)
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for population analysis, we decided to test all the ones included in Gaussian 09
(Rev. A.02) software package, except the Mulliken popratvhich is known to
produce unrealistic results. As reported in Table 6, all the methods tested show

Since there are a lot of controversy about the validity of the methods used

only a very little discrepancy on the results obtained, indicating a clear and

general trend. The analysis of the charge distribution on the differeietymo

reveal interesting indication about the charge delocalization. Ip-theomplexes

the charge oDPT moiety is about 0.15, a value which is not so high, but that

cannot exclude a charge transfer interaction. In both TS the char@®n

moiety increae until to reach the unitary positive charge in WMs, which creates

an electrostatic interaction that probably also contribute to the enhancement of the

stability of these complexes.

Table 6. Charge distribution on the DPT moiety of titled compounds obtaed by using
different methods (the charges on DNBF and DNTP moieties possess the same values with
opposite sign).

p-p8 TS8 WM8 p-p9 TS9 WM9

CHELP 0.16 0.80 0.84 0.15 0.56 0.92
CHELPG 0.16 0.61 0.88 0.15 0.54 1.04
HIRSHFELD 0.11 0.51 0.82 0.09 0.44 0.84
MK 0.15 0.62 0.99 0.15 0.57 1.15
NBO 0.15 0.58 0.96 0.15 0.55 0.96

structures (Table 7) show an increasing zwitterionic character by passing-from

Besides the charge analysis, also the @ipobment calculated for all the

compl exes to WMG6s compl exes, confi
Table 7. Dipole moment in gas phase in Debye (solution in parenthegi
DNBF+DPT DNTP+DPT
p-p 4.89 (8.42) 3.49 (4.35)
TS 9.68 (12.90) 7.48 (10.14)
WM 16.68 (20.39) 17.82 (21.60)
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Conclusion

In conclusion, the reaction between -gjpyrrolidin-1-yl-1,3-thiazole and
4,6-dinitrobenzofuroxan or 4;6initro-tetrazolopyricghe quantitatively produces a
covalent complex which is contemporaneously a Wheland and a Meisenheimer
intermediate of the two main reactions on aromatic substrates: the nucleophilic
and electrophilic substitution reaction. The reaction occurs with high
diastereoselectivity and this is explained by considering the particular approach of
the two partners. The particular stability at room temperature of these complexes
permitted to obtairsingle crystals suitable fok-Ray diffraction analysisvhich
confirmedtheir structure and revealed some interesting details useful to explain
the behaviour o WM complexes. Furthermoresxchange of the electrophilic
partner fromWM8 to WM9 has been also observed thosconfirmingalso in
present caseur previous conclusioon the reversibility of the formation of the
WM complexes. Finally, the complex obtained by udd§BF as electrophilic
partner easily eliminates water with-aeomatization of both rings affording an
unusual substitution product which is a furazanevadérie

The computational studywas carried out to deeper investigate the
reactivity of the supernucleopbiDPT and superelectroples DNBF andDNTP.

The anal ysi s o f t he reacti ompps pat h\
complexes and transition states alohg teaction coordinates. Both reactions
showed a low activation energy and an high binding energy for the WM
complexes, which justify their great stability. The electrostatic surface potentials
and frontier orbitals analysis allow us to explain the highctreity and
regioselectivity of the reagents. At last, the charge distribution and the dipole
moment confirmed the large zwitterionicharacter of the WM complexes.

Furthermore our benchmark of the most used exchange correlation
functionals showed thatehe is no negligible discrepancy in the results obtained,
warning about exploring energetics by using common functionals, but confirming
a good choice of B3LYP and M@hX functionals for geometry and barrier

height, respectively.
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Part of this chapte i s reproduced with permission fr
Or gani ¢ ChlehmWwidey ang Sonshuryher experimental datancluded

characterization data of threlatedproductshere describedcan be found in the
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Chapter4

Solid state fluorescence in protonated azobenzenes

In previous workof my research group interesting mechanistic information
have beenobtained by using diazonium salts derivatives as electrophilic
substrates.

For example the reaction of tris(tkflamino)benzenes with diazonium
salts allow to isolate Wheland intermediates (Schemand)to study separately
the two steps of the reaction thus collecting important information such as the
reversibility of the whole reaction and the departure of ttetop as the rate

determining stepg'?

Y
N N\)

N
X X N,* BF4’ X/\ H N X
SUUS IS LR eV
+ —_—
“ Y )
® X
_ Y= OCHj
X= CH, Yo NG W
X=0 Y=Br ’

Schemel. Reaction between trislialkylamino )benzenes ang-substituted
benzenediazoniunsalts

After that, we decided to continue this mechanistic study by changing the
nucleophilic partner to compa the reactivity with tris(dialkylamino)benzenes.

The most interesting candidate was found to be -IiBriethoxybenzene because
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of its symmetry and the electra@onating effect of methoxy substituents which

are comparable with tris(dialkylamino)benzenes.

4.1 Coupling reaction of 1.3.8rimethoxybenzene and diazonium salt

derivatives

The reactions showed in Scheme 2 were carried out in acetonitrile at room
temperature and gaven high yields,the monosubstituted coupling products in
saline form (tetrdfioborate salts), which are easily recovered by simple filtration
since they are poorly soluble in the reaction medidththese products were

fully characterized by standaiid-NMR, *C-NMR and mass analyses.

Y
X z
N,* BF4
+
H5;CO OCH; CH3CN N//N\H BF,
+ R
X b RT _0O (ONQ
OCH3
O
1 2a X=Z=H; Y= NO, 3a X=Z=H; Y= NO,
2b X=Z=H: Y= Br 3b X=Z=H; Y= Br
2c X=Z=Cl; Y=H 3¢ X=Z=Cl; Y=H

Scheme2. Reaction betweerll,3,5trimethoxybenzene andbenzenediazoniurnsalt

derivatives.

In this casewne did not detecthe formation of Wheland intermediates, but
we were surprised because of the formation of the inner salt on com@unds
fact, it is known that the nitrogestons of the azo moiety are poorly basi.
possibleexplanation could be the formation of an intramolecular hydrogen bond
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between the proton and the oxygen atom of the methoxy moiety. To confirm this
hypothesis we crystallize the compound3a and perforned X-ray diffraction
analysis on it.

The obtained structal dataconfirmed our hypothesis, showing that also

intermolecular hydrogen bosdre present (Figure 1).

Figure 1. X-ray diffraction structure of compound 3a showing inter/intramolecular

hydrogen bondng.

The crystallographic analysjgrovidedalso interesting information on the
nature of the packing in the solid state. As shown in Figure 2 the molecias of
are parallekligned (top) and a strong overlap between the elecictbn
trimethoxy substitted rings and the electr@oor nitro substituted rings (bottom)
is present.

This closely packed structure could be hence due to thecowalent
interactions, which include intra/intermolecular hydrogen bonding pnd p
stacking interaction.

During this work we observed an interesting property: the solid state
fluorescence ottompounds3 (Figure 3). We decide to better investigate this

property that is unusual, especially for azobenzene derivatives.
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Figure 3. Solid state fluorescence of compounds3 under 365nm UV lamp.
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4.2 Fluorescence of azobenzene derivatives

Since the discovery of azobenzene derivatives in the180ds>* they
became an important class of synthetic coloring agents in theindyestry.
Azobenzene derivatives were also used as-ami# indicator§®, metal
ion indicators®” and, in the last decade, their photochromic properties due to the
reversibletrans-cis conformational change upon photoexcitation (Scheme 3) have
been utilized as light triggered switch in a variety of polym&rd surface

5181 and molecular maching$?!., The

modified material§-*** protein probé
cis-trans photoisomerization process (Scheme 3) is so efficient in photoexcited
states that inbits their fluorescence emission that is slower and not competitive.
In fact, azobenzenes are known to be not fluorescent since the fluorescence
guantum yield in solution at room temperature for the unsubstituted azobenzene is

about 10.12%

pd
\
A

trans-form cis-form

Scheme 3Trans-cis photoisomerization in azobenzene derivatives

However there are some exceptions, such as azobenzenes in rigid matrix at
low temperature ¥, seltassembled aggregate¥*?”, orthometalated
azobenzeneé®3Y, hydroxysubstituted®* *! and protonated azobenzeri¥} for

which the quantum vyield is still low (less than.0
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Recently Yoshinoet al. reported the synthesis of the most intense

fluorescent azobenzene derivatives by utilizing the intramolecubdirBeraction

(Figure 4)*%3"
RsB” :\(

N . -N
NI

\ N \\\
f BR, JV\ BR,

Figure 4. Fluorescentazo-boryl derivatives.

Rau reported a detailed analysis of thpectroscopic properties of
azobenzerg?® especially theirfluorescent behaviors. It is wethown that the
fluorescence of azoompounds is higher ifhe cis-trans photoisomerization is
blocked and if there is an inversion of the fand r ptransitions which can
occur by coordination of one nitrogen atom of the-amwoety for example by
simple protonation.

We start our investigation by recording théV-visible spectra of
compounds3a-c in acetonitrile. During the measurement we discovered that, if
the solvent is not perfectly anhydrous, there is a shift of the absorption maximum

upon dilution (Figure 5).
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Dilution

0,8 -
0,6 -
0,4 -

02 -

190 240 290 340 390 440 490 540 590

A(nm)

Figure 5. UV-vis spectrum of 3a in acetonitile after dilution.

Hence we recorded the spectrum of 2 mL of a 0% M solutionof 3a
after addition of subsequent aligaaf 10nL of water. The spectrum reported in

Figure 6 show that water addition shifts the absorption maximum.

1,6 ,V}
A
14 f\
o \ Water
o addition
\
1 -
\\
‘-“ A
0,8 A
0,6 -
0,4
0,2 A \
O T T T T T T \\ T
195 245 295 345 395 445 495 545 505

Figure 5. UV-vis spectrum of 3a in acetonitrile after water addition
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The observed peak at 380 nm was found forigeto compoundta (the
nonsaline form of compound3a, Scheme 4 and Figure 6), which has been
separated anfillly characterized by NMR and MS analys&éhe same behavior
occurs also with compound3b and 3c. This indicates that water acts as a

scavenger for the proton, probably interagtimoughH-bond.

Y Y
X z X z
N N
N// \H BF4 N//
H,O
e O — o0 o_ + HBF,
(NG O
3a X=Z=H; Y= N02 4a X=Z=H; Y= N02
3b X=Z=H; Y=Br 4b X=7=H; Y= Br
3¢ X=7=CI; Y=H 4c X=7=CI; Y=H

Scheme 4Formation of 4 by water addition to compounds 3

NO,

14

12

08

06 -

04

02 -

195 245 295 345 385 445 495 545 595

Figure 6. UV-vis spectrum of 3a and the related nosaline form 4a.
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It is interesting to note that compoundsdo not show fluorescence
emission in both solution argblid state. This behavior is in accordance with the
literature data.

Since this work is still in progress (not all the measures of fluorescence
quantum yield were done) we reported the preliminary results, hypothesizing on
the fluorescence behavior ofrapound 3 and4.

As aforementioned, among all compounds synthesized, iy solid
state show fluorescence emission under 254nm and 365nm UV lamp.

The data reported in Table 1 show the solid state quantum yield in solid

state for compound3a-c.

Table 1 Solid state fluorescence quantum yield of compounds3 (excitation 440nm).

3a 3b 3c
Solid state quantum vyield 0,3% 0,9% 0,2%

The solid state quantum yields of compouBids are not high but, from a
visual point of view,the fluorescence emissicappeas to be higher than in
solution andalso with respect t@ompound 4a-c. Pending for the complete
qguantum yield characterization for all compounds, we investigate on the reason of

this behavior by performing experimental and theoretical structuah<as.

4.3 Experimental and theoretical structures of azobenzene derivatives

For comparison, we decided to perfornray crystallographic analyses on
the protonated and unprotonated species with the same substituents. We were able
to obtain suitable cstals for Xray diffraction analyses of compoungls and4b.

The results of Xray diffraction analysis 08b depictedin Figure 7 shown
that, as in the case of compousa the molecules arprotonated at the nitrogen

atom of the azanoiety and the two amatic rings are coplanar.
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——

e A

Figure 7. X-ray diffraction structure of compound 3b (left: side view; right: molecular

structure).

The packing in the crystal show an haadail arrangement but, in the top
view (Figure 8), it can be noted that there issuperposition of the bromine
substituted and the mehasybstituted rings as in the case of compadad

The 3fold higher quantum yield @b respect tBa (see Table 1¢ould be
due to charge transfer interaction that produce a fluorescence quencBang

The densely packed crystalline molecular structur8motan imply that
trans-cis photoisomerization process through téation or inversion around the

N=N double bond of azobenzeoeuld be effectively blocked

Pt

Figure 8. Packing in 3b crystal.
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The crystal structure afb depicted in Figure 9 show that the two aromatic

ring are not coplanar, being 38° the-C&N1-N2 dihedral angle.

Figure 9. X-ray diffraction structure of compound 4b.

The simplest explanation could be the repulsion betwieernone pair of
electrons among nitrogen and oxygen atoms.

This noncoplanar structure explarhe less restricted packing shown in
Figure 10. This could imply an higher degree of freedom in the vibration of the
molecules inside the crystal which coplabduce nosradiative decay.

o |
B

. ' !
/ |

" .
I

Figure 10. Packing in 4b crystal.
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The theoretical structures @b and 4b (optimized at MP2/@1G(d}*?
level of theory and including solvation effect with PCM formalisff in
acetonitrile with Gaussian 09 software paakdy are in agreement with
experimental structures.

To investigate on the rotational energy which could become important in
the nonradiative decay, we perform a scan analysis on the energy by varying the
dihedral angle at the same level of theory usedfpdimization.

The dihedral angle scan 8b (Figure 11) show an energy maximum when
the dihedral reach an angle of about 90°. The rotational activation energy for this
rotation is about 20 Kcal/mol.

The dihedral angle scan @fb (Figure 12) show insteativo energy
maxima, one at about 95 degrees and the other one at about 180°. The rotational
activation energy is about 2 Kcal/mol for the barrier at 95&sd@ hesults indicate
that in solution the unprotonated azobenzenes are free to rotate, while the 20
Kcal/mol of activation energy could be enough to hinder the rotati8h, hence

the nonradiative decay.

-3483.330 4|
-3483.335
-3483.340 |
-3483.345
-3483.350 |
-3483.355 —
-3483.360
-3483.365 |
-3483.370 |

Total Energy (Hartree)

0 20 40 60 80 100 120 140 160 180

Figure 11. 3b energywsC6-C7-N2-N1 dihedral angle.
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-3482.9200
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2 40 60 80 100 120 140 160 180 20 220
Figure 12. 4b energwsC6-C1-N1-N2 dihedral angle.

Since this work is still in progressis not possible to clearly elucidate the
mechanisms involved in the fluorescence of protonated azo derivatives

However, on the basis of @ke preliminary results, we could however
formulate some hypotheses on the fluorescence mechanism. As welbeesuori
a recent review by Hongt al'*? the solid state fluorescence which is usually
defined as Aggregation Induced Emission (AIE), can be explained principally by
different mechanistic pathways, such as conformational planarization, J
aggregates formiain and Restriction of Intermolecular Rotation.

In our case, we observed a conformational planarization for protonated
compounds3, in agreement with thBuorescence emissiosbserved foBa-c and
not observed fothe unprotonateda-c.

The Jaggregateare usually fluorescent and their formation is characteristic
of molecules which posses®nor (D)and acceptor (A) functional groups and
hence experience & or pushpull interactions. The Jaggregates are
characterized by antiparallel displacement ofdbaor and acceptor groups. The
X-ray structural analysis of compourigsc revealed this kind of behavior which

could be a reason for their fluorescence.
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Finally, the Xray diffraction analysis if8b and4b crystals showed a more
dense packing staterfthe first, while the theoretical analyses showed an higher
activation energy for the rotation 8b respect tatbh. This could explain an higher
fluorescence and a more difficult noadiative decay of the excited states in
compounds3 because of the regtion of intramolecular rotations, especially in

the solid state.

Conclusion

This work lead us to understand timaportanceof hydrogen bonding
interactions which are the main responsible for the isolation of the saline
derivatives 3 ard their structual properties, also due to inter/intermolecular
hydrogen bonds

All the possible fluorescence mechanistic pathways for our compounds are
hereonly hypothesizedand have to be experimentally confirm&dce this work
is still in progress. We hope to bblato rationalize these behaviors ¢émablean

easy design of new admsed fluorescent compounds.
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Chapter5
Multiple applications for a new class of azobenzene

derivatives

The chemicalproperties of 1,3hiazole derivatives are of great interest
because of the unusual behavior of these pentatomic heterocycles (Figure 1).

The presence of a sulphur atom in pentatomic ring lead to an eleiction
system (similar tothiophene). On the ctrary, the nitrogen atom acts as an
electronwithdrawing group. In the case of thiazole, the presence of both sulphur
and nitrogen atom lead to a system for which the net character of electrophile or
nucleophile is not well defined.

By adding one amingroup in the position 2, the system becomes strongly

nucleophilic (Figure 1).

1 1
5 S 5 S
| /> 2 ‘ />—2 NH,
N N N N
3 3
Figure 1. Structures of 1,3thiazole and 2amino-1,3-thiazole (left and right

respectively)

2-aminc1,3thiazole derivatives are important building blocks for many
drugs, for example for treating hyperthyroidism and for their antibacterial activity.
The endocyclic nitrogen is a basic centre and the addition of an amino group

in the 2 positiorenhances the basicity of the molectie.

An interesting feature comes from the possibility @fr@inothiazole to react
with two different tautomeric forms (Figure 2).
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Figure 2. Tautomeric forms in 2aminothiazole derivatives.

The tautomeric formA is the most stable, while for® prevails when an
electronwithdrawing group is bonded to the exocyclic nitroffeh.
The 2aminol1,3thiazole derivatives show another interesting feature: they

can act as tridentate nucleophiles as shown in Figure 3.

5
NHR Electrophiles
4 | />7 i ph
N
3 \/
Figure 3. Nucleophilc centers in Zaminothiazole derivatives.

The regioselectivity of the attack depends on the electrophile. For example
in the reaction with picryl chloride the attack occurs in the 5 posftiovhile the
reaction with 2,4initro-fluorobenzene lead to the formation of adducts on both

the exo and endocyclic nitrog@{Scheme 1).
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s TNP. s
JI />7NHR + TNP-CI — I />NHR
Me N Me N

R =phenyl TNP-CI = 2-chloro-1,3,5-trinitrobenzene

S H
[/>7N'DNP
s "N
[/}NHZ + DNP-F
R N

R = H, Me; DNP-F =1-fluoro- 2,4-dinitrobenzene
Scheme 1. Reactivity of different 2aminothiazole derivatives.

Some of these peculiar behaviors ofarBinothiazole derivatives were
studied from a long timen my research group. Recently it has been possible to
isolate a Whelandfleisenheimer complex in the reaction between 2
aminothiazole and 2;dinitrobenzofuroxane ONBF) by using NMR

spectroscopy (Scheme 2.

H,N HaN
7/N 7¢N

SGHHO s H

H # H A

02N /N S 02N /N\ 02N /N\
0 o+ [/>—NH2—> 0 — ,0

N N H N Hq N

NO, NO, NO,

Scheme 2Formation of the WM complex in the reaction between zaminothiazole and
DNBF.
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Since previous studies with tris(dialkylamino)benzenes as nucleophile and
diazonium salts allowed the isolation of Wheland intermediates (Schelh@ 3),
with the aforementiogd behavior of z2aminothiazole in mind, we decided to test

its reactivity toward diazonium salts.

QY
N\
X X R \
N, BFs XY 4 N X
K/N N\) g N
« L N
" —_—
K.
) "
x )
X= CH2 Y= OCH3
X= 0 Y= N02
Y=Br

Scheme 3. Formation of the Wheland complex in the reaction between

tris(dialkylamino)benzenes and diazonium salts.

Even though the reactions (showed in Scheth were carried out at low
temperature and followed by NMR spectroscopy, we were not able to identify the
intermediates of these reactions. However, we discovered, sometimes
accidentally, interesting feature of the related substitution products. lchiqiser
all these properties are reported, focusing the attention on the careful observation
that makes possible to discover the multiple applications of these new compounds.

R1
N5 BF4 R,
S N
. | />—NH2 — ” \ }
R, N
R4 Rs |
R,

/ NH,
R4
1a R,=R;=H, R,=Br 2aR=H
1b R;=R;=Cl, R,=H 2b R4=Ph 3a Rj=Ry=H,R,=Br,R,=H  3e R;=R;=H, R,=OCHj, R,~H
1c R;=R;=H, R,=OCHj; 3b R,=R;=H, R,=Br, R;=Ph  3f R,;=R;=H, R,~OCH3, R4=Ph
1d R;=R;=H, R,=NO, 3¢ R;=R;=CL,R,=H,R,=H  3g R;=R;=H, R,=NO,, R;=H

3d R=Ry=Cl,R,=H,R,=Ph  3h R;=R;=H, R,=NO,, R=Ph
Scheme 4. Reaction between@mninothiazole derivatives and different dazonium salts.
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5.1 The textiledyeing property

Azo-based compounds are well known for their intense color and thanks to
this property they were used for a long time in the dye industry.

During our literature research on the thiazole derivatives congathgnazo
moiety, we discovered that the diazotization reactions-amidothiazole and the
subsequent coupling with aromatic compounds, lead to the formation of strongly
colored compounds which are used in the textile dyeing inddstry.

The difference bi@veen these azderivatives an@a-h is the position of the
azo moiety. Comparing the two structures (prod@cits Scheme 4 and 5) it is
easy to observe that in our cabe producB contains a free amino functionality
that ould improve the anchoring tthe fibersby enhancing the electrostatic

interactions that are responsible of their adsorption.

R4

= NaNO,, HCI O
)[N/>—NH2 —_—> ;[ // N2+ r j: />7 \\
Ry

4

Scheme 5. Diazotization of &aminothiazole and subsequent coupling with aromatic

compounds (here generalized as benzene).

The low solubility in waterof these compounds suggested us to applicate
them as disperse dyes.

Di sperse dyes are compounds insolubl e
The fiber is soaked in a suspension of the finely ground dye in water, so the dye
can migrate inside the fiber here it becomes adsorbetdsually a dyeing
temperature of 130 °C is required and a pressurized dyebath is used. The very
small particle size gives a large surface area and favours the dissolution to allow
uptake by the fiber. Disperse dyes are usually tselye cellulose acetate, nylon,
triacetate, polyester and acrylic fibers.
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In spite of this, we preferred to try the first dyeing test on the most easily
available fibers, such as pure cotton and wool, and to use very mild dyeing
conditions (2660°C, atnospheric pressure).

Our preliminary dyeing test was made using only four of all the products we
obtained 8e-h).

We first addedb00 mg ofthe dye to25 mL water and made it very finely
grinded by using an ultrasounds generator.

Subsequently, wadded2 wires of cotton or woolof about 15 cm in length
to this suspension, continuously stirring the mixture at room temperaturggFig
4, on the left After about 20 minutes the solution appeared to be more clear and

the fibers became coloured (Brg 4, on theight).

Figure 4. The fiber just added to the stirred solution (left) and after 20 minutes (right).

The wires were then pulled out from the solution and abundantly rinsed with
fresh water; after this the dye seemed to be very well anchored toleth fi

We were surprised from this unexpected result; in fact, as just discussed
previously, disperse dyes are good only for dyeing synthetic fibers, but in this
case this is not truth.

It is also noteworthy that usually the compounds that well colourdatierng
are not good for wool, andceversg on the contrary, auested products catye
both wool and cotton.
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The resultsas can besea in Figure 5 are very good. Just changing the

concentration of the dye, vage able to obtaimany different coloushades.

wool

cotton

3e 3f 3g 3h

Figure 5. The fiber of wool (top) and cotton (bottom) coloured with compounds 3k.

The colour of the cotton fibers results to be a little more light with respect to
that of wool, but with a better brightness. The better way to achieve a more
intense fiber colour is to add to the solution a little amount of NaCl that,
enhancing the ionic strenght of the solution, help the dye transfer into the fibers.
In our test, the temperature rising (60 °C) give the sasidtsonly for cotton

This newdyes are very promising. Their simple preparation (short reaction
times, mild conditios, facile recovery, high yielj)sand their interesting dyeing
features (good color brightness, mild dyeing conditions, application to different
fibers) can be attractiverf a future developments and industrial production.

Obviously, more accurate tests must be done such as washfastness,

lighfastness andpecificallergenic tests.

5.2 The pH indicator property

Some of the most known pH indicators are based ondedwvatves.
However, we discovered this property on our compounds accidentally, just by
washing with a KOH solution a flask containing traces of compodingisve

observed a change in colour from red to blue.
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Then we tested the change in colour of all compoBaés at different pH
values (1, 7 and 13).

pH~13

3a 3 3c 3d 3e 3f

Figure 6. Compounds 3ah at different pH.

As shown in Figure 6 the most intense variation of colour occurs for
compounds3b, 3d and 3h. The common feature for these compounds is the
presence of a phenyl subgént on the 4 position of the thiazole ring moiety,
which probably influence the conjugation of the system.

However, the most striking feature is the change in colour at basic pH: in
fact, there are not strong acidic protons in these molecules. By udify dwhd
mass spectroscopy techniques we discovered that a mild base such as cesium
carbonate is able to remove theHNproton on the Aaminothiazole moiety,

modifying the conjugation of the system and allowing the colour change.
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5.3 Formation of fluorescent nanoparticles

An interesting featurénvolving one of these compoundsmes from the
observation of the solid that is formed by evaporating different solvents (acetone,
acetonitrile, THF) from a solution &h. As depicted irFigure 7, we observedie
formation of green microcrystals with opalescent behaviour. In fact the solution of
3hin all the solvents above mentioned appeared to be red coloured, while in the
solid state a brilliant greezolour was observed; anothetaresting feature is that
the colour of this solid turns into red under intense light. This behaweasr
better seen when the soldas analysedby optical microscope (sef€igure 7),
which showed the green/red change in colour and let us size these microwires,

which are about 46m in diameter.

Figure 7. Formation of 3e microwires by simple solvent evaporation.

To better investigate the sttucal properties of these mi@ggregatesve
triedto crystallize them by using different techniques.

The most unexpected resultsccur by using the solvent/non solvent
technique.In fact, afteraddition of some drops of water to a tetrahydrofuran
solution of 3h, the solution became cloudy and showed an intense green

fluorescence under ambient light.
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We discovered that the fluorescence is egivby the formation of
nanoparticles (since in solution there is no emission). By utiliaivith
compounds3a-h this techniques usually called reprecipitation methodye
observed for all the formation of fluorescent nanopartidiégu¢e §. Then we
deciced to start a deeper investigation on this behaviour, since fluorescent organic

nanoparticles find application in optoelectrdhtt*and bioimaging'®

Figure 8. Fluorescent organic nanoparticle of compounds 3ha.

5.3.1 Preparation of fluorescent nanoparticles
The common way to prepare organic nanopa
me t h'5 & .concentrated solution of the sample in an organic solvent is
rapidly injected into a vigorously stirred large amount of water in which solvent is
fully miscible. The abrupt modification of the medium induces the agglomeration
of the compound which can form nano/misiaed crystals or aggregates. In our
case we added 4€L of a 2.0 x 16 M solution of compound8 in THF to 1.96
mL of water, obtaining a nominal final concentration of 2.0 ¥ M. For all

compounds3, just after mixing,the suspension become progressively cloudy,
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showing a blue to green fluorescence symplunder sunl i ght . The

evolution was monitored by using WVisible spectroscopy

The sample were then analysed by Dynamic Light Scattering and
fluorescence spectroscopy.

Because this work is still in progress and for the sake of clarity, inere
present the analyses carried out on compdlimdwhich is at this moment the

well characterized.

5.3.2 UV-Visible analyses

The UV-Visible analyses is an useful tool to monitor the evolution process
of the nanoparticle formation.

For a comparison we perted the UWis spectrum of compoun8b in
THF at the same nominal concentr &tion
M).

As shown in Figure 9, just after mixing the solution, there is a
bathochromic shift of the absorption maximum from 465 nd7@&nm. With time
the absorption maximum progressively shifts toward the red region and its
intensity decrease. However the change with time in is not pronounced but
becomes important after some days: this means that the particles tend to continue

the aggrgation process, which is anyway slow.
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0,6 - —THF
e NP after mixing
s 30 MiN
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Figure 9. Evolution of the UV-Vis absorption spectrum during the reprecipitation process of

compound 3b.

5.3.3 Size measurement

Among the methods for determination of
Light Scatteing (DLS) is one of the most used. When light hit small particles, the
light is scattered in all directions. The tirdependent fluctuations of the
scattering intensity, elaborated by using appropriate equations, give as result the
dimension of the parties.

In Figure 10 is shown the result of thBLS measurement of3b

nanoparticles after 1 hour from their preparation.
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Figure 10. DLS result of the size distribution for 3b nanoparticles.
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The mean size (diameter) of the particles is about 314 +14 tmawjood
distribution, also if the entire mixture is mainly formed by particles of about 54
and 300 nnas depicted in Figure 10.

To confirm these data and obtain most accurate results, we planned, in the

future, to analyze our particles by using also nscopy techniques such as SEM
or TEM.

5.3.4 Fluorescence analyses

The fluorescence analyses3itf nanoparticles showed interesting results.

In Figure 1lemission and excitation fluorescence spectra3iorin THF
solution, solid state and nanoparticledevalispersedre reported

As in the case of UWisible analyses, for a better comparison we recorded
the spectra 08b in THF solution and the aqueous nanoparticles (1 hour after their
preparation) at the same nominal concentrat®0 & 10° M) using he same
instrumental parameters (excitation wavelength = 467 nm; emission wavelength =
610 nm; emission and excitation slit = 2 nm). We decided also to compare the

nanoparticles emission with the one in solid state.

40000
35000 /m\\ -
30000 m
/ \ ——Ex NP
\ Em THF
Ex THF
"ﬁ = Em Solio
5000 / \ .
— .. = Ex Solid
O Ll T

350 450 550 650 750

Figure 11. Emission and excitation florescence spectra for 3b in THF solution, solid state

and nanoparticles water dispersed.
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As depicted in Figure 11 one can see Biain THF solution (green line)
practically do not show fluorescence emission, while the nanoparticles
fluorescence is 58 fd higher than THF solution.

The solid state emission maximum is 10 nm red shifted respect to that of the
nanoparticles which is slightly broader but with the emission covering also the

green region.

Conclusion

This work which is still in progressshows how many applications can be
found for a simple class of compounds.

Probably, the most interesting feature is the fluorescent nanoparticles
formation, not only for the possible applications in various field of materials
chemistry, but also because it opea new research field for aderivatives,
which are usually considered not fluorescent. This study is still in progress and a
more accurate characterization with other techniques such as SEM and TEM to
evaluate the shape of the particles, powderayx dffraction analyses to
understand if the aggregates are crystalline or amorphous are necessary. Finally, it
could be interesting to test the nanopatrticles for the use as probes in bioimaging.

Some of the properties here described were discovered serenslipitout
a careful observation and a basic knowledge in different field of chemistry were
also importantThis means that sometimes we have to not look only at the goal of
our research, but is also importanunderstandhe potential behaviours of the

substances we work with.
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Chapter 6
Phospha Michaeltype reaction of bidentate

nucleophile

The Michael additionis one of the most usefuhethodsin synthetic
organic chemistryor the formation of €C bonds* However, the importance of
this conjugate addition in organic synthesis is not limited to the formatioin@©f C
bonds. In fact, a wide number of variants both in the nucleophilicapdin the
electrophilic one permits to obtain a series of caibeteroatom bonds, as
carbonsulfur, carbomitrogen, carbotoxygen, or carboiphosphorus through the
so-called sulfa® aza,® oxa “or phosphd®Michael reaction, respectively. This
latteris one of the most important tools for the formation of th€ Bond,one
bondof great interest in synthetical, applied, and biological chemistry.

Among the norclassical Michael electrophilic partner$,2-diazal,3
dienes (DDs) represent a class of comdswith a goodreactivity as Michael
acceptorsowing to the electrorwithdrawing effect of the azo group in the
heterodiene systefh”

The regioselective nucleophilic attack at the terminal carbon atom in the 4
position of the heterodiene system of ®Dccurs with a variety of carboand
heterenucleophiles such as oxygen, nitrogesulfur, selenium and phosphorus
nucleophiles giving the corresponding hydrazdfle®reviously, the phospha
Michael reaction on DDs has been studied usingriphenyphosphirg,®

1 trialkyl phosphites'® dialkylphenylphosphonites

trialkylphosphires!
phosphoramidites, phosphorodiamiditesd tris(dimethylaminophosphires*?

All these reactions occur under very mild conditions and involve, as key
step, the spdaneous formation of ylidic intermediatéihe good results obtained

suggestedis to explore the reactivity of DCdso with diphosphine derivatives in
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order to obtain iylides, a class of compounds useful various fields of
chemistr{*>** but, to thebest of our knowledgearelyreported so far.

In particular, ve have investigated the reaction in neutral conditions
between a series of methygridged diphosphines and DDs atieé obtained
results showed the efficiency of our approach as a route riewa class of
symmetrical diylidic compounds. In addition, we extended the investigation using

methylen&bridgedphosphimamine derivatives with the same DDs.

6.1 Brief summary of used reagents

The reactivity of DDsla,b was studied towards bis(dipherpthosphires,
namely bis(diphenphosphim) methane (DPPM_2a), bis(diphenybhosphimm)
ethane (DPPE, 2b), bis(diphenybhosphim)propane (DPPP, 2¢) and
bis(diphenyphosphim)butane (DPPB2d) (Scheme 1), and diphepyiosphimm
aminessuchas 2(diphenyphosphno)ethanamine5a) and 3(diphenyphosphim)
propanl-amine 6b) (Scheme 3).The related results have been separately

discussed in the following stheadings.

6.2 Reactions between 1:iaza-1,3-dienes (DDs) and bis(diphenyl)

phosphines
The reactions beteen DDs la,b and bis(diphenyphosphirs 2ai d

(Scheme 1) were carried out abom temperature in ethyl acetate or in
chloroform; the disappearance of the typical red colour of the starting DD
indicated the completion of the reaction which was monitorsal thArough'H and

3P NMR spectroscopy.
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Scheme 1. Reaction between DDs 1a and 1b and bis(diphepibsphines 2ad.

The reactions were carried out in different relative molar ratio of the

reagentsand the results treatsgparately

6.2.1Reactions carried out with equimolar amount of DDs and diphospimes

The reaction between equimolar amount of compdilmdnd DPPM 24a)
in ethyl acetate gave, after a few minutes, formation of a white solid. After
filtration, this solidwas analyzed and resulted to be pure comp@&@andecovered
in about 50% yield. Whefib was reacted witl2a in ethyl acetate, no solid was
formed. In both cases, a mixture of starting rea@antof monoylide Ba or 3¢
and diylide #a or 4¢) was foundin the solution. The reactions of D& and1b
with 2awere carried out also in CDglirectly in the NMR spectroscopy tube and
monitored throughtH and*'P NMR spectroscopy: in these cases, no precipitate
was formed and the corresponding mauaucts3a,e were formed in nearly
guantitative yield.

From the reactions between equimolar amount lafb and the
diphosphirs 2bi d in ethyl acetate, a white solid preitgied but in these cases
the spectral data agreed with the structure of the corresponding diaddi/tien
the reactions between DDka,b and phosphires 2bid were carried out in

deuterochloroform, no precipitate was formed and monoylglésl and 3fih
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were obtained in higher yield, even if in mixture with the corresponding diadducts
4.

These data indate thatthe solubilty in ethyl acetate oBa is lower than
that of all others mongylides, being it, in the same experimental conditions, the
sole moneadduct recovered by precipitation from the reaction mixture. On the
other hand, the poor solubylitn ethyl acetate showed byadiducts4bi h (see
below) causes their precipitation from the solution thus increasing the conversion
to the bisadduct Attempsto isolate derivative8bi h by column chromatography
from reactions carried ourt chloroformfailed and for this reasoBbi h have been
characterized byH and*P NMR carrying out the reactionrdctly in NMR

spectroscopy tube.

6.2.2Reactions carried out with DDs and diphospmes in a 2/1 relative molar
ratio

The reaction betweerda,b and2aid in 2:1 relative molar ratio in ethyl
acetate gave, after about 15 min, compoutais in almost quantitative yield and
their low solubility permitted to obtain them fro the reaction mixture by
filtration. Products4ai d wererecovered by filtrationn almost doble yield with
respect tald h, and this suggesthat the presence of the NHPh end group of the
DDs moiety increases the solubility of these diylides. Compdanaas obtained
also by addition of DDla to an equimolar amount of pui@s, obtained as
descrbed in the above section.

The ylidic structure of Michadlke mone and bisadducts is supported by
their IR, *H, *C, 3P NMR and mass spectral daBelow are reportecsome
remarks from both the structural and mechanistic point of view.

Probably, zwiterionic forms asZw-1 (Scheme 1) are firstly formed by
phosphaVichael addition of one phosphorus atom2oén ore molecule of DD.

To gain informationon the involved intermediates, we carried out the reaction
between equimolar amount b and3adirectlyin the NMR spectroscopy tube in
CD.Cl, at170 °C butin our experimental conditions no evidence of speciesl

have been obtained
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o o
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Scheme 2. Simplified possible reaction pathways for the first attack of diphosphanes@b®s.

Probably, thentermediateZw-1 is immediately converted into more stable
neutral structures. In principle, frodw-1 two differentcan be obtained (Scheme
2): A-1, derived from an internal nucleophilic attack of the nitrogen on the
phosphorg of ph@phonium salt through the pathwayand 3 derived from an
1,4-hydrogen shift {ia b) favoured by the great acidity of the hydrogen atom
bound to the carbon ia-position both to the phosphorus and to the ester group.

A-1is a cyclic perdcoordinated phosphorus speciesre stable thaan
acyclic one of about £dold,™ but the absence, in tH#l NMR spectrum, also
when recorded dt70 °C, of the signal belging to the proton im position to the
carboxy group, together withP NMR chemical shifts of the reaction products
(that fall far from the range typical of pentacoordinate phosphorus sp®ies
permitted toexcludeA-1 in favour of the ylidic structer 3. In particular,'P
NMR spectrum of compounga shows, in CDGlat 25 °C, a couple of doublets at
d=19.8 ppm Jp=61.8 Hz) andd= i27.3 ppm Jp=61.8 Hz), indicative of a
PwvCPy sequence (the first signal belongs to a tetracoordinate phosphorus atom
while the second one is due to a tricoordinated phosphorus atom, Witalae
very close to that of startinghosphie 2a). In the case of formation of ak-1-
like species®P NMR signal of the corresponding pentacoordinate phosphorus
atom shold be exgcted anegatived values

Analogous considerations can be made about the diadducts obtained

between gohosphims2ai d and two molecules of DD. Also in these cases, many
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intermediates might be expected. However,ghesence of a single signal in the
3p NMR spectrum q values around +20 ppm in CDCit 25 °C)indicates the
presence of the bigide 4, confirmed also byH and**C NMR. Consequently,
intermediateZw-like are probablyery short lifetime species

Finally, duringthe NMR monitoring of theeaction decourse betweéa
and 2a in CD,Cl, in varidble temperature NMR conditions we observat 70
°C, a little amount of2a (d-=123.5 ppm)andtwo couple of doublets, at +22.8
andi 28.8 ppm Jp.p~62 Hz) and +20.3 anic27.4 ppm Jpp~61 Hz) indicaing the
presence of two species. The correspondiidNMR spectrum recorded at the
same temperature confirmed the presence of two compounds in 65/35 relative
ratio. On raising the temperature, b6tR and'H NMR spectra do not changed
until T50 °C. Abovei50 °C the signals showed line broadening and the
coalescence was reached 85 °C. A further increase of the temperature caused a
gradual sharpening of the signals until a final averaged situation, whictraspec
agreed with those gdroduct3a. The dynant process is reversibiend,based on
the Eyring equatiof! the data permitted to calculate an activation energy of the
process ofDG"=(11.2+0.2) Kcal mot a value in agreemdtfl with that of a
rotational constraint due, in this case, to the bullopgs present on compouBd

that make the molecule quite rigid

6.3 Reactions between 1iaza-1,3-dienes 1la,b anddiphenylphosphno

aminesb5a,b

Since it is known that DDs react with amines to give-Mmzhaellike
addition®® from the reaction betweephosphoamino derivativesa,b and 1,2
diazal,3-diene 1la (Scheme 3) beside the phosphalso an azMichaellike
addition might occur or even a tandem phosaha Michadf* double addition.

When the reactions between equimolar amountlafand 5a,b were
carried out at room temperature in ethyl acetate (or in chloroform), the only
products obtained were compoun@a,b (Scheme 3), whosetructure was
ascertained byH, °C, *'P and gHSQC NMR analyses. Compoua, kept in
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CDCl; solution, after 1 day veaquantitatively conerted into a new stable product
with spectral datan agreement with those of structure. When the reaction
betweenla and5ain 2/1 relative molar ratio was carried out in CRGhe *H
NMR spectrum of the crude reaction mixture wkd only the presence of
compound6a and of starting DD thus suggesting that the expectedVadzael
addition betweerba and 1a does not occurr in our experimental conditions: also

in this case, with time, the formation of cyclic compouadvas observed.

o}

O
. X N NH
T P A

e} L Phy*R, o)
1a 5. nes (CHaNH
Zw-2
Oph_ Ph ‘
P. _
SOC R S
X X, - 2
7aN EtO ‘ N T

[\( Opp. Ph (CH2)aNH;
+ _ 6a: n=2
o IN’N E‘O)ifp> =38 | 6b: n=3
H \
N
8 7b

Scheme 3. Reaction between aminophosphanes 5a and 5b and DD 1la.

The cyclization of6éb to cyclic severmembered compoundb resulted
less selective with respect to that observedstorin fact, compoundb, kept in
chloroformic solution, was slowly converted into a mixture of products: among
them, we were able to identify and isolate compodnénd pyrazole derivative
8. The structure o8 was ascertained by comparison of its spectral properties with
those of an autheioal sample®

New heterocycles -4za2,3-dihydro-4-phosphinine 7a) and taza5,6-
dihydro-4-phosphepine7b) resulted to be stable atitbr spontaneous formation
from precursor$a and 6b can bedue to an internal utleophilic attack of the
amino nitrogen atom of6 to the iminocarbon atof® with displacement of a
molecule of semicarbazide through a pathway analogous to that recently

reported?”
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It is interesting to note that the behaviour of the ylidic addeefisis different
from that observedof ylides3, derived from the reaction ofghosphires2ai d.
In fact, while adducts8 undergo addition of a second molecule of DD giving
diadducts, in thecase ofylides6a,b obtained from DDLa and aminphosphires
5a,b, the intramolecular attack by thamino nitrogen atom to give new
heterocyclic species is preferred over the-Mizhael addition of this amino

group with a second molecule d,b.

Conclusions

In conclusion, the reaction between -#ljazal,3-dienes and bidentate
nucleophiles gave in gh yield and under mild conditions new phosiliahael
adducts. In particular, the wuse of a series of methytedged
bis(diphenyphosphim) derivatives gave access to new ylides and symmetrical
diylides while diphenydhosphimamino derivatives producedidic intermediates

that spontaneously were converted to newand severmembered heterocycles.

Part of this chapter iI's reproduced with p
Or gani ¢ ChlehmWwidey ang Sonshuryher experimental datancluded

characterization data of threlatedproductshere describedcan be found in the

p a p €arlanifi., Attanasi O. A., Boga C., De Crescentini L., Del Vecchio E.,

Favi G., Mantellini F., Tozzi S., Zanna NEur. J. Org. Chem2012 43574 3 6 6 0

fully available atttp://onlinelibrary.wiley.com/
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Chapter7
Interaction between gliadins and coumarin: a jant

theoretical and experimental study

Gliadins represent the alcohol soluble fraction of gluten, the wheat storage
protein. They are a family of prolamines, heterogeneous polypeptides of
molecular weight ranging from 30 to 55 kDa. Gliadins are monomesmit
disulphidebonded proteins formed by anrone pet i t i ve dhelmai n ri c
structures and by heter ogrewsetwns Theepet it i
repetitive domains consist of short repeated sequences, with high content of
prolineandght ami ne. They are cl assifi,e-db accor c
o,  adtydely

Unfortunately, gliadins may be strong food allergens. They cause IgE
mediated allergies, such as asthma, atopic dermatitis, urticaria, angioedema, food
allergy and aaphylasis®? or may aggravate coeliac disease, a genetically
determined gluteependent disea§é Because gluten plays a significant role in
the human diet, many research efforts have been aimed at exploring the
mechanisms of its allergenicity. Attgms to modify gluten proteins have appeared
useful since they may considerably decrease allergen immunoreactivity.

In a previous study it has been reported that several anthocyanins and
anthocyanidins interact with gliadins in conditions similar to tho$ethe
stomacH® Anthocyanidins are flavylium salts, the pigments of the vascular
plants. They are present in vegetables and flowers and give them brilliant red to
violet colours. Anthocyanidins are powerful antioxidant molecules, with
noteworthy biologial activity, even if they do not have a lelagting stability in
solution!”!

The complexes formed between anthocyanidins and gliadins appeared quite
istrongero than those b é&tAmengallthatestedocy ani
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molecules, cyanidinQya, Figure. 1) was found to show the highest affinity for

the gliadins. The previous studies on the interaction between anthocyanidins and
gliadins were carried out by using several spectroscopic techniques, such as
Nuclear Magnetic Resonance Spectrosd®iR), UV-Visible spectroscopy and
Infrared spectroscopy. The analysis of the results was complicated due to the
different forms in which anthocyanidins could be present in solution, so it seemed
important to carry out further studies by using a moleamladel. Coumarin was
chosen as a model because has a benzocondensed structure similar ©ythat of

In this study the interaction of the gliadins with a coumarin derivative was
investigated in order to obtain further information about the conformational
changes of gliadins. With this aimseBhoxycarbonylcoumarirB{EcC, Figure. 1)
has been synthesized.

Coumarins constitute a group of natural compounds derived from 5,6
benze2-pyrone contained in more than 700 species of plants. Their name derives
from the French wordcoumaroy the popular name of the tonka tree
(Coumarouna odorafafrom which coumarin was extracted for the first tiffie.

Many studies have been focused on a large number of beneficial effects of
coumarins including anthflammatory?® artitumor™® antioxidant!* antiviral,
and antimicrobial activitie®? even if some coumarin derivatives present a
moderate toxicity. Unfortunately, some coumarins are not soluble in water and
this could affect their bioavailability?!

3-EcC andCya have a similar structure, althoug@lya is a cationic species,
instead3-EcC is neutral and does not have a phenyl moiety (Bndrigure 1).
Moreover, this coumarin is present in a sole form. The differences between the
two types of molecules permit us itovestigate the influence of the charge, the
steric hindrance and other structural features in the formation of a complex with
the gliadins Glia). Furthermore, differently fronCya, 3-EcC is stable also in
neutral conditions, allowing to investigate theustural changes ofGlia in
different conditions of pH (7 and 2.5).

With the aim to better understand the nature of the interaction between the

gliadins @Glia) and these ligands, Raman, IR and NMR spectroscopies were
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employed.The obtained results haveedn sumarized in order to compare the
effect of the two different types of ligand in the interaction with the gliadins
(Glia).

OH
OH

o
o 5 @
X Xy oS
c
/
oH SIS
OH

Cyanidin (Cya) 3-ethoxycarbonylcoumarin (3-EcC)

Figure 1. Ligands usedn this study.

7.1 Coumarin (3EcC) and Glia at neutral pH

7.1.1Raman and IR vibrational results

Figure 2A reports the Raman spectra of lyophilizétla before and after
treatment with3-EcC at neutral pH; the spectrum &EcC is reported for
comparison. In both treated and untreated samples, several bands are
characterisgc of specific amino acids. The bands prevalently due to phenylalanine
(F), tyrosine (Y), tryptophan (W), glutamine (Q) and proline (P) have been
indicated™* In addition, the spectrum of the treated sample shows several bands
(indicated with an asterisljue to the bonde8-EcC; some of them appeared
slightly shifted in their wavenumber positions.

The Raman spectrum of untreatglila at neutral pH shows Amide | and Il
components at 1661 and 1276 -&mrespectively. These spectral features,
together withthe presence of the bands at about 1340, 1100 and 93D cm
(dCCaH,nCN and skeletal stretching modes, respectively), diagnostic for-alpha
helix 1415161718showed that the secondary structuréstii is dominated by the

Uhelix conformation, in agreement with previously reported d4ta.
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Figure 2. Raman (A) and IR (B) spectra of lyophilized Glia before (black) and after
treatment with 3-EcC (red) at neutral pH; the spectra of 3EcC (green) are reported for
comparison. The bands prevalently due to phenylalanine (F), tyrosine (Y), tryptophan (W),
glutamine (Q) and proline (P) are indicated. The bands due to the bondedBcC are

marked with an asterisk.

In the Amide Il range, the band at about 1315*cmssignable to poly
proline 1l PPII helical structuré’*® revealed the presence of this conformation
according to other studié¥! the component at 1253 ¢&mis ascribable to
turns/unordered conformatiol8. The quantitative data obtained by the method
of Alix et al. (Table ) confirmed that the prevalent conformation walseéx.

Actually, it has leen demonstrated that large amounts of proline make the
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formation of long runs of residues in thesheet conformation more unlikeRy!
On the other hand, glutamine-hdixsi dues

region of the Ramachandran surf&ealthough glutamine residues have also
been reported to have a high PPII hdtixming propensity??

Upon treatment witt8-EcC, the Amide | band shifted to lower frequency,
i.e. at 1659 cm (Figure2A). The quantitative data reportedTable 1suggested
that the treatment wittB-EcC induced a conformational rearrangement that
i nvol ved a nhelix and a paskeldecreasebbsheet (the content of
turns and unordered structures remained nearly constant).

The Amide | I spectral r-heelix goatent imn f i r me
fact, the band at about 1275 ¢massignable to this conformatidncreased in
intensity, as well as the bands at about 1340, 1100 and 930Gonformational
rearrangements can also explain the changes observed in th8®ED@&N'
range (wher@NH andnOH stretching modes fall), ascribable to the development

of different hydrogen bonding patterns.

Table 1. Percentages of secondary structure conformations as determined by applying the
method of Alix et al®® to the Amide | Raman band; full width at half maximum (FWHM) of
the dCH, band at 1450 crl and lgsdlgs intensity ratios as determined from the Raman

spectra of the analyzed samples.

Sample a- b- turns unordere FWHMiss lgsdlss

Glia at neutral pH 47 26 16 11 35.5 1.10
Glia+3-EcC at neutral pH 53 21 16 10 35 2.02
Glia at acidic pH 44 28 17 11 37.1 1.10
Glia+3-EcC at acidic pH 55 20 15 10 34.9 1.08
Glia+Cya at acidicpH 60 16 14 10 unreliable 0.60
Glia+Cya+3-EcC at 64 12 14 10 unreliable 0.84
Glia at neutral pH 47 26 16 11 35.5 1.10
Glia+3-EcC at neutral pH 53 21 16 10 35 2.02
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According to other authof§!t h e i nc r e-helixecontrft cah bee U
interpreted as an increased folding of the protein; the same authors explained the
d e ¢ r e ahelix content inkerms of unfolding of the protein.

The full width at half maximum (FWHM) of the@H, band at 145@m™*
has been used as a marker of the relative order of the hydrophobic component as
suggested for phospholipid assembl@€>2?a certain increase of order occurred
also in the hydrophobic component, as suggested by the slight sharpening of the
u CHband upon complexation witB-EcC (FWHM decreased from 35.5 to 35
cm?, Table ).

The tryptophan band at 760 ¢nhas been proposed as indicator of the
hydrophobicity of the environment of the indole ring. The additior8-&cC
caused a slight strengttirg of the 760 cnf; this result suggests a little increment
in the fAburiednesso of the tryptophan
the formation of a more ordered structlifé® The intensity change of the band at
880 cn', assignable top besides other amino acid residues, confirmed a change
in Trp environment; upon the treatment wBtecC, the effect was opposite to
that observed by other authors upon complexation with arabic!’§usome
authors suggested that the intensity of then&®abands of phenylalanine at about
1000 and 1035 cihare sensitive to the environment of this amino acid, besides
its content’® In particular, the variations in the band at about 1000 biawe
been attributed to the environmental influences on tmeze n e - electromy
clouds since Phe could not be involved in specific hydrdgeding or other
polar interactions; a weakening of this band has been explained in terms of
exposure to water, while a strengthening to hydrophobic environf&iftsn
our spectrum, the above mentioned bands appeared strengthened upon the
treatment witt8-EcC, particularly that at 1035 cf partly due to the contribution
of the 3-EcC ligand, which shows a band at a similar wavenumber position
(Figure2A).

The Raman barsdat about 855 and 830 ¢nfFermi resonance between the
3; ring breathing vibration and thes;2, overtone of an oubf-plane ring bending

vibration) can be used to investigate thé&hding state of the Tyr phenoxjt3"
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The intensity ratio between the two componeniss/(§30) has been extensively

used toevidence the Tyr interactions in globular proteins, their assemblies and the
degree of exposure to watl. In fact, the ¢s5/ls30 ratio achieves its minimum
value of about 0.3 when tyrosine residues are buried and the phenolic OH group
acts as a stronpydrogenbond donor to an electronegative acceptor, such as
carboxyl oxyger®™ When tyrosines are exposed at the surface of the protein, the
phenolic OH acts as both a donor and an acceptor of moderate hydrogen bonds

and the ds¢/ls30 is approximately 2554

If the phenoxyl oxygen is the acceptor
of a strong hydrogen bond from an electropositive group, such as a lysyl NH
group, and does not participate in significant hydrogen bond donatiogsghgol
approaches a presumed maximum value of*4.8Viore recent studies on
filamentous virus capsid&334**land silk fibroin in Silk | form® allowed to
refine the correlation and to verify that thesllgso intensity ratio can even exceed
the latter value, indicating a strongly hydrophobicaloenvironment for tyrosine
residues, a state not represented in any previous study on globular proteins.

To obtain more reliablegds/lgzo intensity ratios, a curvétting procedure
was used. As an exampl@ble lreports the g/lgzo values obtainedrom the
Raman spectrunfregion 970790 cm') of lyophilized Glia at neutral pH fitted
into its componentdn the spectrum of untreatéglia, the ksdlg3p intensity ratio
was 1.10, suggesting that phenolic OH groups acting as both donor and acceptor
of moderate hydrogen bonéf&! according to the amino acid compositionGifa.

Upon treatment witl8-EcC, the ksd/lg3p intensity ratio ofGlia increased

from 1.10 to 2.02 suggesting a change towards a more exposed state of tyrosine
residues. The 4 disulptide stretching vibration (56850 cm') is commonly
used to evaluate conformational changes, since disulphide bridges play a
fundamental role in determining the tertiary structure of a protein. The
symmetrical stretching vibration of the-S$ bond is influeced by the
conformation of the C atoms in the disulphide bridge. Components at about 510,
520 and 540 cfhhave been identified as diagnostic g@muchegauchegauchég-
0-g), gauchegauchetrans(g-g-t) andtrans-gauchetrans (t-g-t) C,-C,-S-S-C,-C,

confarmations, respectively*="
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In the spectral profile of the untreat&@lia (Figure 2A, the most evident
component appeared at 508 tnsuggesting that the ,&C,-S-S-Cp-C, linkage
took the lowest potential energy conformation (igauchegauchegauch@.
However, components at about 520 and 5408 wrere detected as shoulders.

To obtain more reliable information on the distribution of the disulphide
bridge conformations, a curfeting procedure was adopted; as an example
Figure 3 shows the percentagesbtained for the @-g, ggt and tg-t

conformations in thanalysedgsamples.

60

50

a0
% 30 Heee
mtpt
1g-e-t
20
10
0

Glia neutral pH Glia+3- Ecc neutral Glia acidic pH Glia+3-EcC acidic pH

Figure 3. Percentages ofjauchegauchegauche(g-g-g), gauchegauchetrans (g-g-t)
and trans-gauchetrans (t-g-t) C,-Cp-S-S-Cy-C, conformations, as obtained by fitting the 585

485 cm' Raman spectra of the analysd samples.

The curve fitting analysis Hjgure 3) confirmed that the prevalent
conformation of the cystine disulphide bridges \aschegauchegauche(49%).
Significant amounts afrans-gauchetrans conformation were present (37%); the
gauchegauchetrans conformation was the least represented (14%). Upon the
treatment with3-EcC, the bands at 540 and 523 twiearly appeared as distinct
componentsKigure2A). The curvefitting analysis showed that theans-gauche
trans and transgauchetrans conformationsincreased their contents at the
expenses of thgauchegauchegaucheconformation (attaining percentages of 43,
32 and 25%, respectivel§igure. 3). An analogous behavior was observed by
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other authors on gluten proteins treated with emulsifying a§&htthey
interpreted this result as a marker of protein folding phenomena. Our findings
suggest that the conformation of the disulphide bridges was straltgtgd upon
interaction with3-EcC.

The changes observed in the secondary structure as well as in Tyr, Trp and
S-S bridges were analogous to those observed by other authors for gluten proteins
treated with locust bean gufi!

In the light of the obtaied results, it can be affirmed that the interaction
with 3-EcC determined significant conformational rearrangements in the gliadins
(Glia).

The IR and Raman region near 1700 caiiowed to better clarify the nature
of the interactions betwee@lia and 3-EcC. As can be seen in the IR spectra
reportedin Figure 2B, the C=0 stretching vibration of the ligand was found to
shift to lower wavenumber values upon interaction W@lia, i.e. from 1759 to
1732 cm; analogously, the other C=0 stretching vibratioiftsti in the Raman
spectra from 1716 to 1711 én{Figure 2A) These trends would show that both
the C=0 groups 08-EcC should be involved in hydrogen bond interactions. At
the same time, the shift of tBeEcC band from 1565 to 1568 ¢hassignable to
C=C stretching vibrations, would suggest that also hydrophobic interactions

occur.

7.1.2NMR Results

In order to study by NMR gliadirsoumarin interaction in neutral
conditions, methaned, was chosen as solvent instead of a more complicated
mixture of sovents. The gliadinsGlia) are less soluble in metharwd) than under
acidic conditions or in the 60:40 ethanol/water mixture, but the STD technique
permits to have binding site information even in the case of very dilute protein
solutions. STD spectra dfhe reaction mixture show that the entiBe€EcC
molecule interacts because all its signals are involved in Ovenhefisct, in
particular the methyl moi ety (uGli& 1.

(Figure 9
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Figure 4.a)'H-NMR spectrum of 3-EcC in CD;0D; b) *H-NMR spectrum of 3-EcC
and Glia in CDs0D; ¢) STD spectrum of 3EcC and Glia CD;OD.

7.2 Coumarin (3-EcC) and Glia at acidic pH

7.2.1Raman Results

The pH conditionsappearedo significantly influence the conformation of
Glia. The differences observed are consistent with the findings reported in the
literature!*® in particular, at decreasing pHh, the Amide | range, the center of the
band appeared slightly tghifted, and a shoulder at higher wavenumber values
appeared more prominent. Interestingly, the Amide | broadened (going from
neutral to acidic pH its FWHM increased from 55.5 to 59.8"crauggesting a
wider distribution of secondary structure conformations. At the same time, in the
Amide Il range, the bands at about 1340 and 1270 appeared decreased in
intensity with respect to those at about 1315 and 1250, eespectively; in
agreenent with Chourpat al.*® the obtained trends can be explained in terms of
a reducedr-helix content, as confirmed by the quantitative data reportédbie
1 At decr e a s;bandat P50, cthincreased litsCAWHM from 35.5
to 37.1 cnt (Table J), suggesting an increased disorder also in the hydrophobic

component.
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According to Chourpat al,™® the Raman bands of phenylalanine at about
1000 and 1035m® were found to increase in intensity upon pH decrease,
suggesting a change in the environment of this amino acid.

Upon pH decrease, the 880 trband decreased in intensity, while no
changes were detected in the intensity of the 760 band. At aciit pH, the
lgsdlg30 intensity ratio was the same as at neutral plb(e ). In contrast, the
distribution of the disulphide bridges conformations was significantly affected by
the pH value Figure 3). At acidic pH, although thgauchegauchegauche(g-g-

g) conformation remained the prevailing one, its content appeared significantly
decreased if compared with neutral pH (3@86sus49%); thetrans-gauchetrans
conformation underwent a less pronounced decrease (from 37 to 33%), while the
gauchegauchetrans (g-g-t) conformation doubled its content (from 14 to 28%).

By decreasing pH, also the hydrogen bonding patterns were found to vary, as
suggested by the changes in the 33200 cnt range.

Figure 5Areports the Raman spectra of lyophilizétla before ad after
treatment with the3-EcC at acidic pH; the spectrum &EcC is reported for
comparison. The spectrum of the treated sample showed also the bands due to the
bonded3-EcC, with a lower relative intensity than at neutral pH, suggesting a
higher protéen/3-EcC ratio and thus a lower affinity towards the ligand. The IR
spectralrigure 5B)confirmed this finding.

The trend of the spectra showed that also at acidic pH, the complexation
with 3-EcCf avour ed an -helixcanformatiennas confirmedlby the
trend of the above mentioned marker bands of this structure at about 1340 and 930
cm?, and the quantitative data reportedTimble 1 At acidic pH the extent of
t ransf or m+eix appeared mor® prodounced, in consideration of the
fact that in the untreated sample the content of this conformation was lower.
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Figure 5. Raman (A) and IR (B) spectra of lyophilized Glia before (black) and after
treatment with 3-EcC (red) at acidic pH, the spectrum of 3EcC (green) is reported for
comparison. The bands prevalently due to phenylalanine (F), tyrosine (Y), tryptophan (W),
glutamine (Q) and proline (P) are indicated. The bands due to the bondedE:C are

marked with an asterisk.

At the same time, the contents bfsheet and turns conformations decreased
(Table 1).The FWHM o fband shewed & iHore pronounced decrease
(from 37.1 to 34.9 cif), attaining values similar to those obtained at neutral pH
(Table 1).

The changes in Phe and Trp environment were pesaounced than at
neutral pH (the bands at about 1033, 1004, 880 and 76b otranged less
significantly than at neutral pH); thessdlgsp remained constant upon the
treatment, suggesting that no changes in Tyr environment occuraéde ().

With regads to disulphide conformations, the spectra clearly showed a weakening
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of the components at about 540 and 520‘cmihe curve fitting analysis
confirmed this qualitative result, showing a decrease of the contents tofiise
gauchetrans and gauchegauchetrans conformations and a parallel increase in

the more stablgauchegauchegaucheconformation Figure3).

7.2.2 NMR Results

The spectra reported iigure 6 show that under acidic conditio®sEcC
interacts withGlia. By analyzing the spectra c), it is gdse to note that the
entire molecule is involved in the interaction as reported in the caSgaoivith
Glia.”! To gain more insights into the differences of interaction with the ligands

(Cyaversus3-EcC), Raman spectroscopy was used.

Figure 6. a)H-NMR spectrum of 3-EcC in D,0O/DCI; b) *H-NMR spectrum of 3-EcC
and Glia in D,O/DCI c) STD spectrum of 3EcC and Glia in D,O/DCI

7.3Cyanidin (Cya) and Glia at acidic pH

7.3.1Raman Results
Figure 7A reports the Raman spectra of lyophilizéda before and after

treatment withCya; the spectrum ofya s reported for comparison.
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Upon treatment wittCya, some new bands ascribable to the anthocyanidin
appeared (marked with a circle), although often significantly shifted with respect
to their position inpure Cya. As can be easily seen, the strongest banGyaf
appeared at 1331 ¢mand was assigned to an interg bond stretching
mode*4°* in the treatedGlia sample, no band was observed at a similar
wavenumber. Therefore, it may to be considehed this band, possibly shifted in
frequency contributes to the strengthening of the band at 1320 Tinis result
would suggest, according to Merliet al a change in the del oca
electron density.

The quantitative data reported Trable 1suggest that the interaction with
Cyadet er mi ned an +halixconteht mere grondumced tthareupod
3-EcC complexation. This result was confirmed by thend of the bands at 1270
and 1100 cr, which significantly increased in intensity. At the same time, the
c 0 nt e ngheet andfturns conformations decreased, as observeBdd
complexation Table J.

Due to the contribution of the anthocyanidinthe band at about 1450 ¢m
it could not be used to normalize the spectra. Therefore, no information can be
obtained on the possibly changed environment of Trp and Phe. In contrast, curve
fitting analyses allowed to gain insight into the changes offyironment. Upon
treatment withCya, the ksd/lg3o ratio decreased to 0.604ble ), i.e. to a more
buried Tyr state, differently from what observed for the other samples. Also
Linlaud et al®®® have observed a different behavior of the Tyr intensitio ra
depending on the kind of hydrocolloid added to gluten proteins.

The distribution of the disulphide conformations cannot be evaluated due to
the contribution ofya, which showed bands at 540, 520 and 505.cm

Also the treatment with the anthocyanidittered the hydrogen bonding
patterns, as suggested by the changes in the-3BID cm' range, wherenOH

andnNH modes fall.
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Figure 7. Raman (A) and IR (B) spectra of lyophilized Glia before (a) and after
treatment with Cya (b) and with Cya and 3EcC (¢) at acidic pH; the spectra of Cya (e) and
3-EcC (d) are reported for comparison. The bands prevalently due to phenylalanine (F),
tyrosine (Y), tryptophan (W), glutamine (Q) and proline (P) are indicated. The bands
ascribable to Cya are marked with a circé.

7.4.1 NMR Results

NMR experiments orGlia and Cya are reported in a previous paper and
showed that the entire molecule ®fa interacts withGlia.® No favorite binding
site was detected by STD experiments. It is possible to suppos€\yhat

completely ircluded in a cavity of the gliadin&l(ia) networks.
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7.4A complex between coumarin and cyanidin? Influence on gliadin (Glia)

secondary structure

7.4.1Raman Results

Figure 7A shows the Raman spectrum of lyophiliz&la after treatment
with Cya and 3-EcC (Figure c) at acidic pH. The bands assignableCia
(marked with a circle) appeared even more intense than in the spectfsim of
treated only withCya. Interestingly, no bands due 8EcC were observed (in
particular, no band at about 1760 tiwas déected and no strengthening near
1205 cm' was observed). The IR C=0 stretching vibration range confirmed this
finding: no band above 1700 émvas detectedRjgure 7B). Upon treatment with

the anthocyanidi-mel it heamad r i-Bhoerahattrnse as &

were even more pronounced than upon treatment with the BHEYC, as
suggested by the above discussed spectral features, as well as by the quantitative
data reported iffable 1.

Upon treatment witlCya and 3-EcC, the ksd/lg3o ratio deceased to 0.84,
l.e. Tyr residues appeared more buried thaGlia, but less than iGlia treated
with Cya alone (bs5/ls30 = 0.60, sedable ). Also the treatment witRya and3-
EcC altered the hydrogen bonding patterns, as suggested by the changes in th
35003000 cm' range, where\OH andnNH modes fall. The vibrational results
would suggest that the species prevalently interacting in the compléxais
however3-EcC indirectly favored the complex formation wi@lia.

To gain more insights into this bavior, the possible formation of a
complex betweefya and3-EcC has been investigated. Actually, by mixiGga
and3-EcC in the HCI aqueous solution in a 1:1 molar ratio, an insoluble solid is
formed; this could indicate the existence of an interactetmvéenCya and 3-

EcC. To clarify this aspect, the aqueous solution was lyophilized and the obtained
solid was analyzed by Raman and IR spectroscopy; the spectra are reported in
Figure 8. The theoretical Raman spectrum of the complex was calculated by

summig the normalized spectra of the ligands.
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The experimental Raman spectrum reporte&igure 8A showed bands of
both ligands and no significant shifts in their wavenumber position were observed
(in particular, for the C=0 stretching bands3eEcC at abot1 1760 and 1715 cm
1. The major differences between the experimental and theoretical spectra were
observed i endibghregioni CeH near 1450 ¢msuggesting that
hydrophobic interactions occur between the two molecules; moreover, the
difference in intensity of thband at 1334 cthmay be interpreted as above, i.e. as
mar ker of a ¢ han geectronrdensitjh accoddmd to blexld¢t i z e d
al.*d

Complementary information was obtained by IR spectroscopy; the spectrum
of the complex Figure8B) was highly dminated by the bands 8fEcC. Most of
them did not appear shifted in their wavenumber positions; however, significant
changes were observed in the C=0 stretching regi8r&afC.

Upon interaction, the band at 1758 trwas found to slightly shift and
change its profile while the component at 1709 tappeared less distinct. These
trends would suggest the involvement of the C=0O groups into the complex
formation. Only few bands ascribable @ya were distinctly observed (indicated
with a circle); upon intection, the C=C ring stretching vibration©ya appeared
significantly shifted in wavenumber position (from 1635 to 1641crthe band
assignable to an inteing bond stretching mode at 1327 tshifted to 1332 cim
! confirming a change in the deldca z eldctroh density. Moreover, new
bands, absent in the spectra of the ligands, were detected in the C=C ring
stretching range at 1581, 1538 and 1519 &fibrational results are in agreement

with the theoretical calculations reported below.
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Raman Intensity
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Figure 8. (A) Experimental (a) and theoretical (b) Raman spectra of the Cya+BcC
complex; the theoretical spectrum was obtained by summing the normalized spectra of the
ligands (Cya (d), normalized to the 1390 cthband; 3-EcC (c), normalized to the 1762 cih
band); (B) Experimental IR spectra of the Cya+3EcC complex (a), Cya (c) and EcC (b).

The bands ascribable to Cya and-EcC are marked with a circle and an asterisk,

respectively.

7.4.2 NMR Results

Attempts to dissolve in a different solvent the solid obthiire the HCI
agueous solution (and also in the@DCI solution) by mixing3-EcC and Cya
led to a different ratio of the two molecules in the solution. To avoid the formation
of the solid compound upon interaction betw@&icC and Cya, at first3-EcC
was mixed with Glia and the'HNMR and STD spectra were recordddgire 9

b,0. The spectrum ifrigure 9cshows the interaction betwe&iia and3-EcC.
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After the addition ofCya, we did not observe the formation of any insoluble
solid because it is possibleat the inclusion irGlia networks ofCya and3-EcC

did not permit the formation of the complex.

Figure. 9.a)H-NMR spectrum of 3-EcC in D,O/DCI; b) *H-NMR spectrum of 3-EcC
and Glia in D,O/DCI; ¢) STD spectrum of 3EcC and Glia in D,O/DCI; d) *H-NMR spectrum
of 3-EcC, Glia and Cya in D,O/DCI; e) STD spectrum of 3EcC, Glia and Cya in D.O/DCI.

(*signals belonging to Cya; # signals belonging to Cya andBcC)

The 'H-NMR spectrum of this solutionF{gure 9d) shows the signals of
both Cya and 3-EcC, even if 3-EcC signals are broader than in the absence of
Cya (Figure9b), The STD NMR spectrum dilia-Cya-3-EcC complex Figure
9e) shows that botlCya and 3-EcC completely interacts witlGlia; also in this
case, the&-EcC signals were broad and sligh8hifted to high fields. This shift is
in agreement with the data reported in literature for the complex formed between
malvin chloride (an anthocyan) and esculin (a coumarinic derivative) named co
pigment*?! even if the interaction betweelya-3 and EcC gives broader NMR
signals.
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7.4.3UV-Vis analysis

As shown inFigure 10 the U\tvis spectrum ofCya displays an intense
absorption maximum at about 510 nm which is responsible for its red color, while
the 3-EcC spectrum shows absorption bands only i th/ region, i.e. at about
296 nm. The spectrum of the solution containing both compounds was compared
with the simple arithmetical sum of the spectra of the isolated species; as shown in
Figure 10,no significant differences can be observed. The copitatien usually
shows both batochromic and hyperchromic shift, while in our case only a slight
hypochromic effect in the UV region of the spectrum is apprecidbigie 10.
This is not a good reason to discard the hypothesis of the formation of a complex.
Actually, the above mentioned shifting effects are mainly due to the formation of
complexes dominated by charge transfer interactions, while, for example,
complexes dominated by hydrogen bonding interactions do not show strong
absorption shifting.

With the aim to better understand the nature of the interactions beByaen

and3-EcC, a theoretical investigation was carried out.

0,50 - ——Cya

0,45 -

0,40 -

0.35 =3-EcC

0,30 -

0.25 - Cya+3-EcC (exp)

0,20 -

0,15 - = Cya+3-EcC (calc)

0,10 -

0,05 -

0,00 . . . . . : - '
250 300 350 400 450 500 550 600 650

Figure 10. Experimental UV-vis spectra of the aqueous acidic solutions containing Cya
3-EcC, Cya and 3EcC . The calculaed spectrumwas obtained by summing the spectra of
Cya and 3EcC.
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7.4.4 Theoretical calculation

All DFT calculations were carried out with the Gaussian 09 program
packageé®! All geometries were fully optimized by using th897X-D/6-31G(d)
level of theory*? which is known to produce reliable geometries for molecules
bonded by noitovalent interactions. Frequencies were calculated at the same
level as the geometry optimization to verify the nature of the stationary jamithts
to obtain zergpoint vibrational corrections. The basis set superposition error
(BSSE) corrections was calculated by using the Hgmnardi counterpoise
correction schem@® with the automated procedure available in the Gaussian 09
software package.

Solvent (water) effects were introduced during the optimization step by
using the PCM modéf® Binding energies were calculated as the difference
between the energy of the complexes and the sum of the energy of the isolated
species. The chlorine countar of the cyanidine moiety was not taken into
account during the calculations since the inclusion of such kind of fragment
usually does not improve the final results; we only balance the global charge by
adding a positive charge in the cyanidine moiety.

We performed the geometry optimization for both molecules and we
calculated their relative energies; then we optimized the geometries of some
complexes that could be intuitively hypothesized to be formed. Only the complex
with the lowest energy was takentdraccount; itsstructure is reported in Figure
11.

As depicted inFigure 11, the aromatic rings o€ya and 3-EcC are in a
stacked conformation; however, the mmmplete overlap (probably due to the
high number of oxygen atoms which favour electrostagjuisions) does not
allow for charge transfer interactions, which are usually accompanied by
bathocromic shifts in the visible region of the electromagnetic spectra. It is also
possible to note some hydrogen bonding interactions, which are promoted by the

high content of hydroxyl functions present in b@ya and3-EcC.
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The results of the calculations also show that the binding energy of the
complex is about 13 Kcal/mol, which is compatible with all the different kinds of

interactions observed.

Figure 11. Geometry of the Cya3EcC complex, obtained as the lowest energy

structure by DFT calculations.

The theoretical findings are in agreement with the results obtained by both
UV-Vis and vibrational spectroscopies. Actually, the former technique only
displayed a slight hypochromic shift in the UV region, while the latter showed a
change in the C=C ring stretching (caused by hydrophobic or stacking
interactions) and in th&-EcC C=0O stretching (caused by hydrogen bonding

interactions).
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Conclusion

The ineraction betweerGlia and 3-EcC and/orCya leads to a change in
the secondary structure of the proteins; in particular, Raman spectra showed that
both molecules produce a similar effect on@i&a structure Table J.

3-EcC proved to be useful in the &ation of theGlia conformational
changes at neutral pH because it is structurally similaCya, but is not so
sensitive to pH changes. In fact, it was not possible to Gyse in neutral
conditions as it is not stable at this pH value. Furtherm®cC allowed to
screen the change in the disulphide bridge conformation both in neutral and acidic
conditions Figure 3). These bridges ar egliadrmo @Gnaih y pres
responsible for coeliac disease) and the change in the distribution of the
disulphide bridge conformations seems to confirm that the interaction involved
this type ofGlia.*? The interaction ofGlia with 3-EcC and/orCya led to an
increaseind el i x conf or mat i sheet and drnse@bled)elo r eas e |
the presence of both molecules, this effect was more marked.

The obtained NMR data showed that b@ia and 3-EcC interact with
Glia. In the D NMR spectrum Figure 9¢, the signals belonging to the
aromatic ring of3-EcC were quite large and slightly shifted to higher field. This
would suggest tha8-EcC andCya form a complex. Raman spectroscopy did not
detect the3-EcC bands in theGlia-3-EcC-Cya system; however, the secondary
structure ofGlia underwent changes more significant than in the presenCgeof
alone, suggesting th&-EcC plays a significant role in th&lia-Cya-3-EcC
complex formation. The results obtained in this study prowel® insights into
anthocyanidinisgliadins Glia) interactions and may have relevance to human
health, in the field of the attempts to modify gluten proteins to decrease allergen
immunoreactivity. As reported in a recent reviél three significant protei
structure elements may be identified as responsible for allergenicity. The first is
short AtoxicoO amino acid sequéeindngs t hat
epitopes in immunological reactions. Other significant structural elements to be
consideredare bturns, giving allergen particles a specific conformation, and

disulphide (SS) bonds which stabilize that structure. Any treatment able to alter
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these structural elements may potentially decrease allergen immunoreactivity. In
this light, the investiged ligands (modifying the secondary structure and in
particular the turns content, as well as the disulphide bridge conformation) may be

of interest to decrease allergen immunoreactivity.
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Chapter8
Theoretical study on the spectroscopic properties

of iron complexes

Over the past decad dyesensitized solar cells (DSSC) have attracted
remarkable attention as one of the most promising technologies toward cost
effective light to energy conversidi! There is actually an increasing demand,
both from academic and industrial domaing,tfee research of new dyes that can
improve the, still, not high efficiency, especially compared to the one obtained by
silicon based solar cdllIndeed, one has to consider that the latter are more
efficient in terms of photon to electricity but show thisadvantage of high cost
and high energy consumption production process, implying a lorbaeky/time.
DSSCs are composed of different elemétitsa nanocrystalline semiconductor
film, a dye sensitizer, a redox electrolyte and a counter electradend\ these
the dye sensitizer represents one of the critical components to achieve a high
power conversion efficiency. Strictly speaking an ideal dye should absorb as
much visible light as possible and channel the electrons in the conduction band of
the seni-conductor. Together with direct DSSC in the last years there has been
some interest also in the so called inverse Grétzel selst¥ In the latter upon
light excitations a hole, instead of an electron, is injected in the-gamuctors
by the dye.

Most of high efficiency DSSCs, starting from the original works of
Gratzel, are based on Ruthenium¢pplypyridyl complexe¥, which shows
wide absorption range from the visible to the near infrared (NIR) region with, for
the last generation devigean overall power conversion efficiency approaching
12%" The high efficiency showed by ruthenium based dyes has implied an
active field of research on such compounds, and many different ligands are
proposed and testét? The disadvantage of theseneplexes is related to the use
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of Ruthenium, a rare and expensive metal that can limit its use in large scale
production. Because of this, many works are focused in finding cheaper dyes,
such as full organic, polymeric or cheaper mbtsed complexdd Let us also
cite that, one important point in building efficient DSSCs relies on the proper
combination of the redox mediator with the proper dye, since the two components
can interplay leading to a considerable variation in the efficiency of theell

In some recent works Welter and-eworkers synthesized two complexes
of iron with salicyloylhydrazono dithiolane ligand (Figure 1), which can show
interesting properties and potential application as dye sensitizers for sol&f’cells.
% These two newcolored complexes undergo spontaneous phexaction and
photoisomerization following a rather complex mechanism.

In particular the photisomerization coupled with a pheteduction could
be exploited in order to store energy produced from light ceierTo be used
as efficient DSSC sensitizers the complex should show charge transfer
excitations, appearing in the visible and near infrared region, and inducing charge
separation and hence a possible holes or electrons injections. Obviously the
intereston such a system will mainly arise from the use of a cheap and ubiquitous

metal, like iron, that could strongly diminish economic costs and environmental

N .

impact.

0 l 0 0 N
\,FT{ ™~ Fe/
N *DMF .’
Cl N Cl ©
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@]
N
O N/ A S
S
N OH

Figure 1. Iron(lll) and iron(ll) complexes molecular structures; notethe different
coordination between the two oxidation states.
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The interest and the possible use of iron in DSSC was, for instance,
evidenced by recent works of Ferrere that have synthesized and tested iron
complexes with bipyridyl ligands which shown relatively high quantum Viéld.

In order to maximize the performance of ifbased complexes two
aspects should be considered, first of all ligands should be able to enlarge the
spectral width as much as possible, in particular toward the nearedfr@gion,
maintaining relativel high absorption intensities. Secondly the electron, or hole
in the case of inverse DSSC, transfer should be made as easy and efficient as
possible, while, at the contrary, the unwanted recombination with the mediator
leading to dark current phenomena wdobe avoided. A rationalization of this
latter aspect, and the role played by ligands modification, can be realized by a
carefully analysis of the electron density reorganization from ground to excited
statel® 1714

Obviously quantum chemistry deplythere all its strength and can
ultimately lead to efficient and rational molecular design.

In this work we studied at density functional theory (DFT) and at time
dependent density functional theory ((IFT) levels of theory the properties of
the originds iron Il and iron Ill complexes (Figure 1). The absorption spectrum,
inside the FrancikCondon approximation, has been considered to show the
possibility to reproduce experimental results for this kind of complicated systems.
The complex nature of the ated states has also been considered and tackled by
using Natural Transition Orbitals (NTO) formali$ti*?

The complex interplay between different phenomena taking place in the
photeisomerization and photeduction proce$§39, crucial for energystorage,
will instead make the object of a future contribution. Iron, in both +2 and +3
oxidation states, has a partially filledshell and can therefore exhibit different
multiplicities, often depending on the strength of the ligands field. For this
reasons, even if experimentally the two complex have been found to have the
maximum spin, all the possible spin multiplicities have been considered in the

present work.
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Because of the rather peculiar spectroscopic properties of this class of
complexes, andhe need to correctly reproduce crucial details, an analysis of the
performance of different exchangerrelation functionals will be presented. In
particular we will focus on the role of lorgnge corrected functionals, since we
are mostly interested irharge transfer transitions that dominate the visible part of
the spectrum and are crucial for charge injection process. Moreover, we will also
analyze the subtle interplay between the functional used to obtain the equilibrium

geometry and the one used tompute vertical transitions.

8.1 Computational methods

All computations have been performed by using Gaussian09°2oate
DFT and TDDFT level. Environment effects have been taken into account by
using PCM modél® for geometry optimization and forexcited states
calculations. Coherently with experimental proceduare-dimethylformamide
parameters have been used to simulate the solvent.

Transition states energies and oscillator strengths (intensities) have been
computed in the framework of the FranCkndon principle from the optimized
ground state geometry. In order to incorporated in a trivial way vibrational and
other experimental effects, vertical transitions have been convoluted with
Gaussian functions of fixed hd#ngth width of 0.3 eV.

Geoméry optimization have been performed using the LANL®8basis
set as developed by Hay et al., the latter includes electron core pseudopotentials
(ECP) for heaviest atoms such as iron. Geometry optimization has been performed
for all the possible spinates in order to verify the relative stability.

Optimizations have been performed using the B3f¥Pexchange
correlation functionals and the long range corrected cBauyYp.*?

Excited states have been computed atOEY level using the LANL2DZ
basis. D assess for the quality of the basis some tests have been performed using

an augmented triple zeta basis. Since the difference between the spectra obtained
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with the two basis is negligible, in particular for the visible region of the
spectrum, in the folwing we will present results obtained with the smaller
double zeta basis set only.

Excited states have been computed as vertical excitations uskiFTD
approach. The number of the calculated excited states is chosen for every
functional tested in ordeto span the experimental absorption spectrum range
(between 80 and 120 singlet states). We also performed a benchmark of different
functionals checking their reliability in reproducing absorption spectra, in
particular we considered: B3LYP, PBEDand Mo6-2X“? hybrid functionals,
the longrange corrected CANB3LYP, LC-wPBE*® and the longange and
dispersion corrected functionaB97X-D.1*

The nature of the main excitation has been analyzed with the help of the
Natural Transition Orbitals (NTO5%¥ in which a transition is represented,
most of the time, by a miple couple of orbitals: the occupied orbital, i.e. the
orbital left empty from the electron upon excitation, and the virtual orbital, i.e. the
orbital which describes the electron in the excited state. NTOs have been obtained
by a proper pogprocessing bthe Gaussian output file using NarEX

(http://nancyex.sourceforge.nNedd GPL code developed in our laboratory.

8.2 Functionals benchmarking

As previously cited, we performed a benchmark to evaluate the
performance of the different classes of fumetils on the calculation of the
UV/VIS spectra. Moreover, the effect of the functional chosen for the geometry
optimization, and therefore of the different equilibrium geometries, on the final
absorption spectrum was also considered.

Since the experimentapectrum of the iron(ll) complex is missing we
performed this benchmark only on the iron(lll) complex to compare the computed

spectrum with the experimental one.
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Starting from the geometry obtained byR&y diffraction analysis we
optimized the structuref the complex at BALYP and CAMB3LYP level of
theory for the three possible spin states.

As shown in Table 1 both functionals give the same energy order for the
different multiplicities. In agreement with experimental data, the sextuplet is
always the grond state. The doublet and the quartet are between 0.4 and 0.5 eV
higher energy than the sextuplet. Note that the energy difference between doublet

and quartet is much less important and close to 0.1 eV

Table 1. Relative energies (eV) of Iron(lll) complexfor different multiplicity states with

respect to the sextuplet ground state obtained with different functionals.

B3LYP CAM-B3LYP
Doublet 0.38 0.38
Quartet 0.45 0.49
Sextuplet 0.00 0.00

In Figure 2 we report the experimental spectrum togetherthétM DDFT
calculated ones. Different combinations of functionals were used to compute
optimized geometry and vertical transitions, as a convention, in the following
nomenclature, we will indicate first the functional used for TD calculations
followed bythe one used for geometry optimization. Notice that the experimental
spectrum presents an intense and broad maximum in the UV region of the
spectrum extending from 250 to 350 nm. Moreover a much lesser intense
absorption band is present in the visibleimagcentered at about 520 nm (see the
zoom panel in Figure 2). If we concentrate on the visible part of the spectrum one
can see that the choice of the functional used for geometry optimization is much
more important than the choice of the functiamsedfor the TD calculations.
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1.2 T T T T T
CAM-B3LYP//CAM-B3LYP se—

CAM-B3LYP//B3LYP
B3LYP/CAM-B3LYP m—
B3LYP//B3LYP wemm—

experimental
1 0.04 ' i

Figure 2. Absorption spectrum of Iron(lll) complex calculated with different functionals vs
the experimental one. On the left the functional used for TD calculation and on the right the

functional used for geometry optimizaton (wavelenght in nm, intensities in arbitrary units).

Indeed when using the CAM3LYP optimized geometry we obtain an
absorption maximum in better agreement with experimental results whatever
functional is used for the calculation of the excited statath a deviation of
about 25 nm for B3LYP. On the other hand when using B3LYP for geometry
optimization the value of the absorption maximum is significantlystetted,
with deviations going from 70 to 100 nm. The worst result is the one obtained
using (AM-B3LYP for vertical excitations and B3LYP for geometry
optimization. Note anyway that lofrgnge corrected functional overperform the
hybrid one in giving a much broader absorption band, coherently with
experimental evidences. As far as the near UV regoconsidered none of the
methods is able to correctly reproduce the broad absorption spectrum. In that case

the influence of the optimized geometry appears less important than in the
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previous one with the role of the functional used for TDDFT calcuidiging the
dominant one. Indeed B3LYP gives absorption maximum at about 330 nm,
whatever functional used for geometry optimization, while CGBBLYP
maximum appears at about 280 nm. The somehow worse agreement shown in the
UV region can be due to the lirad size of the basis set used as well as to the
necessity to compute more excited states.

These results show that the choice of the functional for the geometry
optimization, that is sometimes not sufficiently addressed, can bring important
differences onhte final calculated absorption spectrum, even when the deviations
between the optimized geometries are quite small. This effect may be due to the
internal p conjugation of salicyloylhydrazono dithiolane ligands as well as to the
interaction of the ligandsvith iron, that necessitate of lomgnge corrected
functionals to recover the lorrgnge 1/R behavior.

Considering the previous results we decided to assess for the performance
of different functionals in computing absorption spectrum starting from CAM
B3LYP optimized geometries. As described in computational detail, we want to
consider functionals built using different strategies and including different effects,
such as longange corrections, in order to understand how taking into account
these contribubns can improve the accuracy in reproducing the experimental
spectrum.

In Figure 3 we report the TDFT absorption spectrum computed with all
the different functionals. If , in particular, we analyze in detail the visible region
of the spectrum we cane¢hat the MO&X and LGWPBE functionals perfectly
fit the absorption maximum. Moreover M2X give a pretty broader absorption
band with a general shape and intensity that are in a very good agreement with the
experimental one.

On the other hand PBEO fctional show a blue shift of about 50 nm,
while B3LYP, wB97XD and CAMB3LYP experience a significant red shift
going up to 50 nm. Notice, as already underlined, that B3LYP experiences a less
pronounced deviation (about 25 nm) from the experimental maxithamlong
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range corrected functionals, even if the band shape and intensities are less well
reproduced.

Again none of the used functionals is able to correctly reproduce the large and
intense experimental band in the near UV, with again hybrid functi¢BalsyP

and PBEOQ) presenting maxima at shorter wavelengths than the others, while long
rangecorrected as well as M@&X fail in reproducing the absorption at about

350 nm, showing slightly blushifted maxima.

12 T T T T T
B3LYP we—

CAM-B3LYP
LC-WPEBE m—
MOG-2X —

PBEO

wB97XD
1r experimental m—

Figure 3. Comparison between absorption smgrum of iron (l1l) complex calculated with

different functionals vs the experimental one. In the inset an expansion of the visible region

(wavelenght in nm, intensities in arbitrary units).

This functionals benchmark for TD calculation show that althoM@6-
2X and LGwWPBE represent very well the visible part of the absorption spectrum
their performance is worse in the near UV part. However, in photovoltaic
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applications the visible region, constituted of chargesfer type transitions, will

be the mosimportant and therefore the one to which we will pay most attention.

As stated previously the present iron complex undergoes a
photoisomerization and photoreduction, it will be quite interesting to reproduce
the spectrum of the iron(ll) complex even if has not been reported
experimentally. UV/VIS spectrum has been calculated using the optimized CAM
B3LYP of the most stable isomer for these oxydation state. Note that like the case
of iron(lll) also the reduced specie is a high spin complex, the maximu
multiplicity state being the most stable. Like in the case of iron(lll) DFT
calculations also correctly reproduce the energy order of the different spin states,
with the quintet state being the ground state, triplet and singlet are- quasi
degenerate amongs and lay at about 1 eV higher energy. The convoluted
spectrum is reported in Figure 4 for the visible region only, and one can again see
a slight important variation of the absorption maximum with the functional used,
the latter assuming values compdsdetween 370 and 410 nm. Hybrid
functionals experience an important 1&dft, while M062X appears the most
blue-shifted. Note also that intensity (oscillator strengths) are much lower than in
the case of iron(lll), and vary quite a lot between functomneth wB97XD
giving the lowest and B3LYP the highest ones.

In the work of Welteret al ***3 the absorption spectrum of the iron(ll)
complex is not reported because of itss&nsitive behavior leading to oxidation,
even though they were able tolae it as a yellow crystals. The computed low
intensity peaks are coherent with such observation, and moreover the small values
of the oscillator strengths are also coherent with the fact that the crystal and the

solution are only very weakly colored.
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MOG-2X m—
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Figura 4. Expansion of the visible region of the spectrum of iron (II) complex calculated with

different functionals (wavelenght in nm, intensities in arbitrary units).

8.3 Transition analyses

One important possibility offered by quantum chemisdrjoi have a direct

access to the analysis of the individual electronic transitions, composing the
experimental spectrum, in terms of electron density rearrangement. Hence it can
be extremely helpful to show the role of the different ligand in the physical
process and to orient the synthesis of optimized dyes.
This analysis has been conducted in terms of NTO and allows to graphically
visualize the topology of the orbital involved in the transition and the type of
excitations, that can be a MetalLigand (MLCT), Ligandto-Ligand (LLCT) or
Ligandto-Metal (LMCT) Charge Transfer.

We decided to extract NTO from the FBBLYP calculation since it

shows a good overall performance, compared with the experimental iron(lll)
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spectrum, in all the spectral regions. Hoae NTOs obtained with the other
functionals show the same qualitative behavior.

In Table 2 are reported the wavelengths of the most important vertical
transitions in terms of oscillator strength and in figure 5 some NTOs for the
iron(Ill) complex.

Table 2. Main electronic transition of iron(lll) complex with B3LYP. The transition index

indicates the excited state involved in the transition.

Transition Wavelenght (nm) f
9 553 0.0129
10 550 0.0026
11 544 0.0082
12 542 0.0032
13 516 0.0021
17 480 0.066
20 451 0.0081
22 444 0.0099
42 390 0.0155
43 387 0.0113
44 384 0.0207
74 323 0.0599
75 322 0.2134
76 319 0.1214
78 317 0.2374
80 312 0.1034
94 288 0.3950
95 287 0.0748
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Transition 9

Transition 11

Transition 17

Transition 22
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N, Vo

of® ; ¢
Transition 80

Figure 5. Occupied (left) and Virtual (right) NTO for iron Ill complex selected transitions

Transition 78

By analyzing the selected NTOs reported in figure 5 one can notice the
presence of LMCT transitions in the visible part of the spectrum (transitions 9, 11,
17, 22). In particular the lowest lying transitions involttes creation of a hole on
the salycilic ligands, while higher energy transitions draw electron density from
the chlorine. Notice that some transitions appearing at relative high energy
(transition 75, 322 nm) can still be qualified as LMCT. The other imgsbrtant
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transition in Figure 5 can be seen whether as LLCT (transition 80, 95) or as
strongly delocalized 4 type (transition 78). Note that no MLCT transitions
appears to have significant intensity.

In Table 3 the main vertical transitions of iroj(domplex are reported
while in Figure 6 some representative selected NTOs for the same system are

shown.

Table 3. Main electronic transition of iron(ll) complex with B3LYP. The transition index

indicates the excited state involved in the transition.Tabl8.

Transition Wavelenght (nm) f
6 431 0.0007
8 406 0.0022
9 364 0.0013
11 362 0.0004
12 354 0.0009
16 330 0.0752
22 319 0.2189
27 311 0.2270
38 296 0.0229
50 284 0.0775
56 275 0.1785

Again one can clearly see that the visible part of thectspm is
characterized by LMCT transitions (8, 9, 16) notice also the more important role
played by the chlorine atoms in the low energy transitions, and notice also the
presence of a chlori®-metal chargdransfer transition at quite high energy
values (transition 56, 276 nm). All the other evidenced transitions are of LLCT
type and always show an extremely important role of the chlorine in the occupied

NTO, i.e. chlorine definitively acts as the principal electron donor group.
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