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RESUME

1. Introduction

La fonctionnalisation directe de maniére catalytiqgue des composés chimiques pour la
formation des liaisons C-C est devenue 1’un des plus grands centres d’intérét en chimie organique
au cours des dernieres décennies. Un intérét particulier est porté sur les réactions de Friedel-Crafts
des substrats non-préfonctionnalisés pour le développement de nouveaux produits
pharmaceutiques actifs. Bien qu’un grand nombre d’acides de Bronsted et de Lewis, ainsi que des
métaux de transition, ont été décrit comme catalyseurs des réactions de Friedel-Crafts des
différents classes d’alcools, la fonctionnalisation directe (a 1’aide des catalyseurs) des alcools
benzyliques fortement désactivés et des alcools aliphatiques primaires et secondaires représente

toujours un important défi dans ce domaine.

Dans cette optique, le but de cette these est de développer de nouvelles méthodes pour la
fonctionnalisation directe des alcools en utilisant 1,1,1,3,3,3-hexafluoroisopropanol (HFIP)
comme solvant, et les acides de Brensted ou de Lewis comme catalyseurs. Le solvant HFIP est
connu pour ces propriétés uniques, surtout pour former un réseau de liaisons hydrogene et de
micro-agrégats qui stabilisent les carbocations peu stables. Pour cette raison, nous avons choisi
d’étudier I’influence de ce solvant pour des réactions de Friedel-Crafts des alcools benzyliques,
propargyliques et aliphatiques (parties 2. 1., 2. 2. et 2. 3. de ce résumé). Les résultats initiaux nous
ont permis d’élargir le scope de transformations que notre systéme est capable de catalyser, et nous
avons donc poursuivi avec 1’étude des réactions de déshydroarylation des cyclopropanes substitués

(partie 2. 4. de ce résumé).

2. Résultats et discussion

Comme il est décrit dans la partie précédente de ce rapport, les études qu'ont été menées
au cours de cette these divergent en quatre axes principaux, et ils seront donc présentes séparément.
Cependant, il faut bien noter que le point commun de ces ¢tudes est I’exploitation du systéme

HFIP/acide pour la catalyse des réactions de Friedel-Crafts des différentes classes des substrats.
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2. 1. Les reactions de Friedel-Crafts des alcools benzyliques dans HFIP

Une méthode pour la fonctionnalisation directe catalytique des alcools benzyliques
fortement désactivés avec des nucléophiles aromatiques a été deéveloppeée. Les réactions ont lieu
dans HFIP comme solvant et I’acide triflique est utilisé comme catalyseur. Nous avons montré que
ce systeme est tres efficace pour la catalyse des réactions de Friedel-Crafts. Un large scope
d’alcools benzyliques primaires (portant des groupements cyano, nitro et fluoro), ainsi que
d’alcools benzyliques secondaires portant un groupement trifluorométhyle en position alpha par
rapport a la fonction hydroxyle (Figure 1) a été développé. Une vingtaine de nouveaux produits
ont été obtenus de cette maniére, avec des rendements de 50 a 95%, avec le naphthaléne, benzéne,
fluorobenzene et des xylénes comme nucléophiles. Afin de mieux comprendre et identifier
I’espéce active catalytique, des nombreuses expériences cinétiques ont été réalisées (dont le suivi
des réactions par RMN du *°F, titrations RMN etc.). Celles-ci suggérent 1’existence d’agrégats
représentant les espéces actives catalytiques, composées d’environ cinq molécules de HFIP et
d’une molécule d’acide triflique dans la solution. Des expériences supplémentaires ont confirmé
que le mécanisme qui a lieu dans ces réactions est bien de type Sn1, ce qui confirme 1’apparition
des carbocations au cours des réactions étudiées. Avec ces résultats, I’étude a été complétée et
publiée (Vuk D. Vukovi¢, Edward Richmond, Eléna Wolf, Joseph Moran, Catalytic Friedel-Crafts
Reactions of Highly Electronically Deactivated Benzylic Alcohols, Angewandte Chemie
International Edition, 2017, 56, 3085-3089).

FsC FaC
3 OH 3
TfOH
F (10 mol%) F

CF3

3
F - ~ F
on @
F F j:\F3 (3 equiv) F F CFs
F Ar'”OoH HFIP F Ar' /K®
highly

. 30 examples; up to 95% yield
deactivated

Figure 1. Les réactions de Friedel-Crafts des alcools benzyliques dans HFIP
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2. 2. Les reactions de Friedel-Crafts des alcools propargyliques

Cette partie de 1’é¢tude a montré qu’un nombre trés limité d’alcools propargyliques
réagissent de manicre analogue aux alcools primaires benzyliques en utilisant 1’acide triflique
comme catalyseur dans HFIP. Néanmoins, la majorité des alcools propargyliques dans ces

conditions donne des mélanges de produits qui sont difficiles a interpréter.

Cependant, les alcools propargyliques secondaires portant un groupement trifluorométhyle
en position alpha par rapport a la fonction hydroxyle réagissent de maniére trés différente que celle
des alcools benzyliques. En présence de chlorure de fer(lll) en quantité catalytique dans HFIP
comme solvant, ces alcools réagissent dans un premier temps avec des nucléophiles aromatiques
(tels que mésityléne, xylénes, benzéne) afin de former un diene cumulé (alléne) a température
ambiante, en 5-10 minutes. Dans un deuxiéme temps, aprés un temps réactionnel prolongé
(quelques heures), la plupart des substrats se transforment en indénes a travers une cyclisation du
type Nazarov. De cette maniere, nous avons pu obtenir une trentaine de nouveaux allenes et

indénes portant le groupement CF3 avec des rendements entre 40 et 93% (Figure 2).

FsC OH
FeCly (10 mol%)

Z X
O HFIP, rt, 5-10 min
Z,
)

(5 equiv)

Figure 2. Formation d’allénes et d’indénes a partir d’alcools propargyliques

Néanmoins, les alcools propargyliques tertiaires portant un groupement trifluorométhyle
en position alpha par rapport a la fonction hydroxyle montrent une réactivité différente que les
alcools benzyliques et les alcools propargyliques secondaires. Dans HFIP, avec ’acide triflique
comme catalyseur, en présence de nucléophiles aromatiques, ces substrats se transforment en
chromenes portant le groupement CF3. Huit nouveaux produits avec le motif chroméne ont été

obtenus avec des rendements entre 43 et 99%.
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2. 3. Les réactions de Friedel-Crafts des alcools aliphatiques tertiaires, secondaires et

primaires

Les alcools primaires aliphatiques représentent les substrats les plus difficiles a utiliser
dans les réactions de Friedel-Crafts, a cause de la migration de carbocation qui se forme apres le
départ de groupe hydroxyle. Pourtant, avec I’acide triflique en quantité catalytique dans HFIP
comme solvant, nous avons réussi a atténuer ’effet de migration des carbocations. Au lieu
d’obtenir un mélange de produits branchés et du produit linéaire, nous avons isolé avec des
rendements de 30-70% le produit linéaire seulement (Figure 3) a partir des alcools primaires
aliphatiques linéaires (y compris les alcools avec une longueur de chaine aliphatique de C6 a C16).
Plusieurs études de mécanisme réactionnel ont été faites, dont le suivi du progres de la réaction
par chromatographie gazeuse, ainsi que I’analyse de I’influence de la concentration de HFIP sur
le ratio des produits branchés et du produit linéaire obtenus lors de la réaction. Ces études ont ciblé
une concentration de HFIP limite ou I’effet de HFIP sur la sélection du produit linéaire apparait.
Nous avons ainsi optimisé le protocole pour les réactions de Friedel-Crafts des alcools secondaires

dans HFIP. Les dernieres expériences sont actuellement en cours.

H\o/\/\/\
TFOH (10 mol%) !

@P-H (5 equiv.) '

Linear primary alcohol HFIP
HFIP, 125°C, 16 h
"HFIP" effect

HO/\/\/\

Figure 3. Les réactions de Friedel-Crafts des alcools aliphatiques primaires dans HFIP

2. 4. Deshydroarylation et ouverture des cyclopropanes substitués dans HFIP

Lors de I’étude des réactions de Friedel-Crafts des alcools aliphatiques dans HFIP, nous
avons observé que les alcools portant un cycle a 3 ou un cycle a 4 ne subissent pas uniquement la
substitution de la fonction hydroxyle avec le nucléophile, mais aussi 1’ouverture du cycle de

maniere nucléophilique. Cela nous a permis d’ouvrir un nouvel axe de recherche sur 1’étude du

XX



comportement des cyclopropanes et cyclobutanes dans HFIP en présence de 1’acide de Bronsted

comme catalyseur.

2. 4. 1. Ouverture des cyclopropanes du type donneur-accepteur. En utilisant les
conditions précédemment mentionnées, un vaste scope de cyclopropanes substitués de maniere
donneur-accepteur a été développé en utilisant des nucléophiles aromatiques (tels que mesityléne,
1,3,5-triméthoxybenzéne, indole) et non-aromatiques (les azotures et les alcools primaires
aliphatiques). Des rendements de 50 a 99% ont été obtenus, aboutissant a la formation d’une
quarantaine de nouveaux produits chimiques (Figure 4). Cette étude a récemment été publiée (E.
Richmond, V. D. Vukovi¢, J. Moran, Nucleophilic Ring Opening of Donor-Acceptor
Cyclopropanes Catalyzed by a Brgnsted Acid in Hexafluoroisopropanol, Organic Letters, 2018,
20, 574-577).

CO,R COZR CO,R
ArJ><

CO,R H H* (cat) Ar CO,R Ar  CO,R
or "

B —————
R @_H HFIP, rt., 3 h Q@ Q Q
AFJ>....\<O WR WR
Ar

Ar
diverse cyclopropane substitution
wide nucleophile scope

practical, operator friendly conditions

40 examples
79% average yield

Figure 4. Ouverture des cyclopropanes du type donneur-accepteur dans HFIP

2. 4. 2. Ouverture des cyclopropanes monosubstitués (du type non-donneur-accepteur).
Le protocole pour I’ouverture des cyclopropanes du type donneur-accepteur a été ensuite adapté
pour D’ouverture nucléophilique des substrats plus difficiles, comme les cyclopropanes
monosubstitués (Figure 5). Une trentaine d’exemples de nouveaux composés ont été synthétisés
par une réaction d’ouverture de ces cyclopropanes du type « non-donneur-accepteur » avec des
nucléophiles aromatiques portant des groupements méthoxy. Plusieurs études mécanistiques ont
aussi été faites : 1’étude de Hammett, I’analyse DFT, ainsi que le suivi des réactions par RMN et
la comparaison de ses vitesses relatives. Ces résultats ont montré que le mécanisme réactionnel est
plutot de type Sn2, et qu’une charge positive existe dans 1’état de transition. Les résultats obtenus

lors de cette étude ont été également publiés récemment (E. Richmond, J. Yi, V. D. Vukovi¢, F.
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Sajadi, C. N. Rowley, J. Moran, Ring-opening Hydroarylation of Monosubstituted Cyclopropanes
Enabled by Hexafluoro-isopropanol, Chemical Science, 2018, 9, 6411-6416).

cyclopropanecarbonyls ~ H
o) 0® 0
H* (cat)) 0 @+ (A
R HFIP [: /< R

R

15 examples, 73% average yield - homo-conjugate addition - Hammett analysis/DF T support

aryl cyclopropanes

, H* (cat) . @‘H
Ar%] ﬁ 'Ar%]..ﬂ — >

Ar’

12 examples, 73% average yield - Sy1-type mechanism - wide arene-nucleophile scope

Figure 5. Ouverture des cyclopropanes du type non-donneur-accepteur dans HFIP

3. Conclusion générale

En cours de cette thése, une nouvelle méthode de fonctionnalisation des alcools
benzyliques fortement désactivés, alcools propargyliques triméthylfluorés et alcools aliphatiques
primaires et secondaires a été développée. La méthode se base sur I’effet de stabilisation de
carbocations tres réactifs dans ’HFIP et sur 1’activation de groupe hydroxyle dans ce solvant a
I’aide des acides (tel que I’acide triflique, chlorure de fer(IIl), etc.) en quantités catalytiques.
Egalement, cette méthode a éteé appliquée a I’ouverture catalytique des cyclopropanes activés par
des groupements donneur et accepteur, ainsi que des cyclopropanes portant uniquement un de ses
groupements. Les études des mécanismes détaillées de ces processus ont été réalisées aussi. Ces
travaux ont été publiés dans trois publications dans les journaux scientifiques internationaux, et

deux autres sont en cours de préparation.
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CHAPTER 1.
GENERAL INTRODUCTION



1. 1. General aspects of Friedel-Crafts reactions

The discovery of Friedel-Crafts reactions was reported in 1877 by French chemist
Charles Friedel and American chemist James Mason Crafts.! At first, a general method of
alkylation of benzene by alkyl halides (chlorides, bromides and iodides) was discovered in the
presence of the corresponding aluminum halides. In the following report,? Friedel and Crafts
presented the first example of benzene acylation by benzoyl chloride, again in the presence of
AIClI3 (Scheme 1.1). In the same study they stated the limitations of their method: substrates such

as alcohols and carboxylic acids did not undergo analog reactions.

AICI5
SNK T ©/\/\/ T HXg)

X=Cl,Br, |

O

(@]
AICI;
Q)kcu . © + Holg

Scheme 1.1. First examples of Friedel-Crafts alkylation and acylation

Over the years, Friedel-Crafts reactions have proved to be practically limitless in terms of
scope and usefulness, and they are still gaining interest among organic, theoretical, industrial and
other chemists.®> The use of more “green” substrates emerged, such as alkenes (styrenes) or
alcohols,* which would not result in side-product formation, or would give water as the only
byproduct, respectively. After more than one century from their discovery, first efforts were
made by Fukuzawa® in 1996 and Shimizu® in 1997 to significantly lower the loading of Lewis
and Brgnsted acids that had been used as catalysts mostly in superstoichiometric quantities up to
that point. However, some of the limitations that Friedel and Crafts noticed more than 140 years
ago have still remained unsolved. For example, primary aliphatic alcohols still resist becoming
synthetically useful substrates for Friedel-Crafts reactions, due to the rearrangement of the

! Friedel C., Crafts J.-M. Compt. Rend. Acad. Sci. Paris, 1877, 84, 1392-1395

2 Friedel C., Crafts J.-M. Compt. Rend. Acad. Sci. Paris, 1877, 84, 1450-1454

3 (a) Rueping M., Nachtsheim B. J. Belstein J. Org. Chem. 2010, 6, No. 6. doi:10.3762/bjoc.6.6, (b) Dryzhakov M.,
Richmond E., Moran J. Synthesis, 2016, 48, 935-959

4 (a) Mckenna, J. F.; Sowa, F. J. J. Am. Chem. Soc. 1938, 60, 124-125, (b) Oesper, P. F., Smyth C. P., Kharasch M.
S., J. Am. Chem. Soc. 1942, 64, 937-940

5 Tsuchimoto, T.; Tobita, K.; Hiyama, T.; Fukuzawa, S.-i. Synlett, 1996, 6, 557-559

6 Shimizu, I.; Khien, K. M.; Nagatomo, M.; Nakajima, T.; Yamamoto, A. Chem. Lett. 1997, 26, 851-852
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intermediate carbocation.” Also, there have been very few reports published about the use of

non-functionalized carboxylic acids as starting compounds in Friedel-Crafts chemistry.®

1. 1. 1. Substrates in Friedel-Crafts reactions

Friedel-Crafts reactions consist of two main types of reactions: alkylation and acylation.
In most cases, alkylation is done by employing alkyl halides, especially chlorides, bromides and
iodides. Very few reports have been published about catalytic Friedel-Crafts reactions of
primary® and tertiary alkyl fluorides.’® However, in all these reactions, equivalents of
halogenated byproducts are produced. In this regard, “cleaner” substrates are alkenes and
alcohols. Alternatively, Friedel-Crafts alkylation can also be driven by the internal strain of
cyclopropanes.t! For Friedel-Crafts acylation, acyl halides, anhydrides of carboxylic acids, esters
or amides have been mostly used.*® In the past several years, new modes of Friedel-Crafts
reactivity have been found, such as proton catalyzed, silane-fueled Friedel-Crafts coupling of

fluoroarenes.!?

1. 2. Dehydrative functionalizations of alcohols

Alcohols represent an attractive class of chemical compounds from the point of view of
an organic chemist, due to the versatile reactivity of their hydroxyl group functionality. In basic
conditions they can form alkoxide anions, which would subsequently act as strong bases or good

nucleophiles. On the other hand, in the presence of Lewis or Brgnsted acids, the hydroxyl group

" Roberts R. M., Lin Y.-T., Anderson G. P. Jr. Tetrahedron, 1969, 25, 4173-4182

8 (@) Singh A. P., Pandey A. K., J. Mol. Catal. A: Chem. 1997, 123, 141-147, (b) Zarei A., Hajipour A. R.,
Khazdooz L. Tetrahedron Lett. 2008, 49, 6715-6719

% (a) Olah G. A., Yamato T., Hashimoto T., Shih J. G., Trivedi N., Singh B. P., Piteau M., Olah J. A. J. Am. Chem.
Soc. 1987, 109, 3708-3713, (b) Lihmann N., Panisch R., Mller T. Appl. Organometal. Chem. 2010, 24, 533-537

10 Dryzhakov M., Moran J., ACS Catal. 2016, 6, 3670-3673

11 (@) Pinnick H. W., Brown S. P., McLean E. A., Zoller L. W. Ill, J. Org. Chem. 1981, 46, 3758-3760, (b) Huang J.-
W., Shi M. Tetrahedron Lett. 2003, 44, 9343-9347, (c) Wales S. M., Walker M. M., Johnson J. S., Org. Lett. 2013,
15, 2558-2561, (d) Dulin C. C., Murphy K. L., Nolin K. A. Tetrahedron Lett. 2014, 55, 5280-5282, (e) Kim A., Kim
S.-G. Eur. J. Org. Chem. 2015, 6419-6422, (f) Kaicharla T., Roy T., Thangaraj M., Gonnade R. G., Biju A. T.
Angew. Chem. Int. Ed. 2016, 55, 10061-10064, (g) Meloney T. P., Murphy K. L., Mainsah T. L., Nolin K. A.
Tetrahedron Lett. 2018, 59, 18-21

2 Tachrim Z. P., Wang L., Murai Y., Yoshida T., Kurokawa N., Ohashi F., Hashidoko Y., Hashimoto M. Catalysts,
2017, 7, 40

13 Allemann O., Duttwyler S., Romanato P., Baldridge K. K., Siegel J. S. Science, 2011, 332, 574-577
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is activated, and the remaining alkyl moiety acts as an electrophile. The hydroxy group is a poor
leaving group, and in order to be substituted, it has to be previously activated or functionalized.
As it has already been mentioned, activation is typically achieved by use of Lewis or Brgnsted
acids, while functionalization is achieved by forming corresponding halides, mesylates, esters,
etc. Afterwards, in the second step, nucleophilic substitution can occur via two different
pathways (Scheme 1.2.a): monomolecular (Sn1) or bimolecular (Sn2). Alternatively, in the case
of allylic and propargylic alcohols, the substitution can also occur via an Sn1’ or Sn2°

mechanism (Scheme 1.2.b) on the y-carbon to the hydroxyl group.

a) Two-step substitution of alcohols

OH Pre-functionalization LG NuH Bl
R1'j;R3 R1|jz\R3 — lez\R?' (via Sy1 or SN2 pathway)
-LG
(1%t equiv. of waste (2™ equiv. of waste
generated) generated)

b) Two-step substitution of propargylic alcohols
OH LG R®

Pre-functionalization NuH 2
Z a RS Z a2 R3 Nu R® (via S\1' or Sy2' pathway)
R R’ -LG R1

c) Ideal scenario: One-step substitution of alcohols with water as the only byproduct

Activating agent~_

OH NuH Nu
u
RJZ\RS - RJ;R?’
R -H,0 R

Scheme 1.2. Existing methods for nucleophilic substitution of alcohols

Nevertheless, the majority of described transformations proceed in a two-step sequence,
and generate therefore at least two equivalents of (waste) byproducts. A more preferable and
atom-economical approach would be based on a single-step reaction of non-prefunctionalized
substrates, where catalysts (ideally in substoichiometric loading) would activate the OH group,

allowing them to be recovered upon reaction completion (Scheme 1.2.c).

1. 2. 1. Substitution of alcohols via an Snx2 pathway

In the majority of cases, nucleophilic substitution of pre-functionalized primary and

secondary alcohols proceeds through an Sn2 pathway (i. e. “synchronous mechanism”). After the



transformation of the hydroxyl group into a better leaving group (for example, to mesylate or
tosylate), the nucleophile attacks from the side opposite to the leaving group, while the carbon-
leaving group bond is simultaneously being broken (Scheme 1.3). Because of the concerted
manner of formation of the new carbon-nucleophile bond and cleavage of the carbon-leaving
group bond, the reaction is bimolecular, and its rate will depend on both the concentrations of the
nucleophile and the starting product bearing the leaving group. These reactions are therefore

stereospecific and represent a typical example of Walden inversion.

LGH

(Le #’ e R__j o — Nu
Raw)}\Rs_/:NuH \/ R3/K'”/R1
R2

Nu R?

Scheme 1.3. General representation of the Sy2 mechanism

An example of such reactivity is the Mitsunobu reaction.*

DEAD (1 equiv.)

OH PhsP (1 equiv.) Nu
R1\“‘)\R3 + NuH ——————— R3/k"'R1
R2 - dihydroDEAD R

- PhsP=0

Scheme 1.4. General scheme of the Mitsunobu reaction

1. 2. 2. Direct substitution of alcohols via an Sn1 pathway

The mechanism of monomolecular nucleophilic substitution (Sn1, or “prior dissociation
mechanism”) of different classes of alcohols (mainly benzylic, allylic, propargylic and tertiary
aliphatic alcohols) has been well studied.® In the initial phase, the hydroxyl group is activated by
a Lewis or Brgnsted acid, followed by polarization and (slow) cleavage of the carbon-oxygen
bond, which is the rate-determining step (Scheme 1.5a). In this manner, a carbocation with
planar geometry is formed, being available for nucleophilic attack from both sides of its plane.
Once the carbocation is formed, the nucleophile can attack from either of the two sides (in the
case of the “naked” carbocation, Scheme 1.5b), forming an equimolar mixture of enantiomers (i.

e. diastereomers if the initial alcohol contains other stereocenters) in general case. This step is

14 Mitsunobu O. Bull. Chem. Soc. Jpn. 1967, 40, 2380-2382
15 Starting from Ingold C. K., Rothstein E. J. Chem. Soc. 1928, 1217-1221
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faster than the previous one (C-O bond cleavage). Therefore, the reaction rate in this case
depends on the concentration of the initial activated alcohol, and it does not depend on the
nucleophile concentration. However, although the carbocation itself is not chiral, the ion pair of
the carbocation and its counterion is chiral. Therefore, the probability of the nucleophile attack in
the case of the carbocation-counterion pair from both sides of the carbocation is not the same
(Scheme 1.5c), since one side of the carbocation is already occupied with the counterion. Also,
in the case of non-classical carbocations the outcome will also depend on the rearrangement rate
within the carbocation itself. All in all, these effects can have significant influence on reaction

Kinetics.®
Acid
\\ e
: Acid-OH
OH Nu
& / R'..& :NuH
a) oD ps
R1R2 R3 Rz/ R1j2\R3
R, @f—\:NuH R /_\:NuH

b) oy @ c) R2R3

Scheme 1.5. General representation of the Sn1 mechanism (a). The attack of the nucleophile on
the carbocation without (b) and with (c) a counterion.

1. 2. 3. Distinguishing an Sn1 from an Sn2 process

Although the first (correct) ideas!’ about possible mechanism of nucleophilic substitution
have been present since 1911, it was only in 1933 that first clear experimental distinction
between mono- and bimolecular nucleophilic substitution (and elimination) was achieved.®
Apart from different molecularity of Sn1 and Sn2 reactions (mono- and bimolecular,
respectively) that can be derived from reaction progress monitoring, other methods for

distinguishing these two mechanisms exist:

- determination of the enantiomeric excess of the reaction product: if the substitution
reaction took place on an enantiopure substrate, then the Sn2 process will result in enantiopure

product, whereas the Sn1 process will result in complete loss of chirality at this stereocenter.

16 Winstein S., Clippinger E., Fainberg A. H., Heck R., Robinson G. C. J. Am. Chem. Soc. 1956, 78, 328-335
17 Le Bel J.-A. J. Chim. Phys. 1911, 9, 323-324
18 Hughes E. D., Ingold C. K., Patel C. S. J. Chem. Soc. 1933, 526-530
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- linear free energy relations (LFER), and especially Hammett plot — illustrates the
influence of substituents present in the substrate on the reaction rate, i. e. on the reaction
activation energy, i. e. on the energy of the transition state. The method is based on the equation:

k
log—=o0p,
ko

where k and ko are the rate constants of the reactions with the molecule bearing a substituent
different from hydrogen and bearing hydrogen, respectively, ¢ - is the substituent-dependent
parameter of the given substituent, and p - is the reaction parameter. By plotting log(k/ko) values
against the o parameter, a linear graph should be obtained, where the slope equals to the p
parameter. Since the Sn1 process proceeds through a carbocationic intermediate, and the rate-
determining step involves an electron transfer from the alkyl group to the leaving group, a large
kinetic polar effect!® should be observed in the reactions of this type. This means that in Sn1
processes, substituents will have greater impact on the reaction rate than in Sn2 reactions, which
will result in a wider range of reaction rate values within a series of substituted compounds. This
will finally result in Hammet plots with steeper slopes, i. e. higher absolute values of p

parameters (around 5) than in Sn2 processes (closer to 0).%

- determination of the transition state thermodynamic parameters (AH* and AS?) from an

Eyring plot. This method is based on the Eyring equation?! that relates the transition state Gibbs
energy (AG”) with the chemical reaction rate constant (k):
_KkkgT _ 467

= e RT,

h
where x - is the fraction of molecules reaching the transition state which proceeds to the

formation of the products, ks - Boltzmann’s constant, T - thermodynamic temperature, h -
Planck’s constant, and R - universal gas constant. By expressing AG” as difference of AH” and
TAS?, it can be deduced that:

pk__AHT 1 kg AS?
"TTT TR TTY TR TR

Therefore, by determining reaction rate constants k at different temperatures, and plotting In(k/T)

against 1/T, AH” and AS” can be determined from the intercept and the slope. Activation

19 polar effect = electronic effect.

2 \Wurst J. M., Liu G., Tan D. S. J. Am. Chem. Soc. 2011, 133, 7916-7925

2L (a) Eyring H. J. Chem. Phys. 1935, 3, 107-115, (b) Glasstone, S., Laidler, K. J., and Eyring, H. “The Theory of
Rate Processes”, 1941, McGraw-Hill, New York



entropies are in general more positive for monomolecular (Sn1 and E1) than for corresponding

bimolecular processes (Sn2 and E2).%2

- observation of kinetic isotope effect, that is defined as:

k
KIE = -2
kp

where ky - is the reaction rate constant where compounds with protium are involved, and kp - is
the reaction rate constant of the same reaction where some of the protium atoms are replaced

with deuterium. The same principle can be used for any other pair of isotopes.?®

- measurement of Kkinetic solvent isotope effect (KSIE), that is defined in the same
manner as Kinetic isotope effect, only in this case the different isotope is introduced in solvent

molecules.

- combination of Eyring analysis and KSIE. Although AG” values for reactions involving
protiated and deuterated compounds do not differ much, AH” and AS* do. Regardless of the
mechanism, the AH” and AS”will be greater in deuterated solvent. Let SAS™ be:

8AS?= AS7(deuterated) — AS7(protiated), and correspondingly:
SAH? = AH”(deuterated) — AH?(protiated).

Then, since an Sn1 process requires higher degree of reorganization of solvent molecules than
Sn2 process, SAS will be higher, and consequently SAH” as well, in an Sy1 scenario than in an

Sn2 case. %

- rate of the Sn1 process depends more on the ionizing power of the solvent than the rate

of an SN2 process depends on it.

- rapid insight into the molecularity of the rate-determining step of the mechanism can be
achieved by carrying out the reaction with double concentrations of both reactants. If the reaction
rate doubles, the mechanism is monomolecular, and if it increases four times, the mechanism is

bimolecular. If the reaction rate stays unchanged, then the reaction is zero order in both reactants.

22 Schaleger L. L., Long F. A. Adv. Phys. Org. Chem. 1969, 1, 1-33

2 For detailed review on kinetic isotope effects in Sn2 reactions read: Westaway K. C. Adv. Phys. Org. Chem. 2006,
41, 217-273

2 Treindl L., Robertson R. E., Sugamori S. E. Can. J. Chem. 1969, 47, 3397-3404
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Based on all previously stated, several general descriptive trends for an Sy1 and Sn2
process can be established (Table 1.1), although the exceptions from these trends have been
reported.?

Table 1.1. General trends in nucleophilic substitution reactions®

Primary alkyl ~ Secondary Tertiary alkyl Expected Expected for

derivate alkyl derivate derivate for Sn2 Snl
Effect of the gdded Large Large Small Large Small
nucleophile
Effect of ;olvent Small Medium Large Small Large
polarity
Effect of s_o_lv_ent Large Medium Small Large Small
nucleophilicity

Stereochemistr 100% 100% ~50% inversion 100% 50% inversion
y inversion inversion ~50% retention  inversion 50% retention

At the very end of this subchapter, it is necessary to mention that the terms such as
“nucleophile”, “electrophile”, “heterolytic”, “homolytic” were all coined by Sir Cristopher K.
Ingold.?” Since modern chemistry cannot be imagined without these terms, it is clear that his
discoveries and terminology completely changed the way of thinking of the scientific community
about chemical reactions and mechanisms during the 20" century. He practically invented the
field of the experimental mechanistic investigation of chemical reactions. It is thus more than
obvious that these achievements should have been acknowledged at least with a Nobel prize, and

it is truly regrettable that this had never happened.

1. 2. 4. Carbocationic intermediates and their reactivity

Although it was as early as in 1922 that carbocations were postulated as possible
intermediates in chemical reactions,?® it was only in 1958 that they were experimentally
identified by NMR spectroscopy.?® The main challenges in the experimental detection of

carbocations are their short lifetime and low concentration in the reaction medium.%° From 1962

% Pronin S. V., Reiher C. A,, Shenvi R. A. Nature, 2013, 501, 195-199

% Taken from: Raber D. J., Harris J. M. J. Chem. Educ. 1972, 49, 60-64

27 Ridd J. H. ACS Symposium Series, 2017, 1262, 207-218

28 Meerwein H., von Emster K., Joussen J. Berichte Deutsch. Chem. Gesalsch. 1922, 55B, 2500-2528

2 Doering W von E., Saunders M., Boyton H. G., Earhart H. W., Wadley E. F., Edwards W. R., Laber G.
Tetrahedron, 1958, 4, 178-185

30 The remark about low concentration refers to the reactions where carbocations intervene as intermediates.
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onwards, in his remarkable work George Olah succeeded to overcome these limitations by use of
the superacidic media and to detect and determine the structure of a number of different

carbocations, starting with tert-butyl carbocation.3!

Concerning the general trend in reactivity of carbocations, it can be depicted as in
Scheme 1.6. In the aliphatic series of carbocations, the most reactive is methyl cation, followed
by other primary, secondary and tertiary carbocations. The trend further expands to the series of
n-carbocations, where the most reactive ones are benzylic and allylic, followed by propargylic

cations.®?

R3 . R’
RS ®
&) @ @ ® R2 @
CHy > R-CH, > RIR > il > /R2 > o O
R!

Scheme 1.6. General trend in reactivity of carbocations

Still, when we speak about carbocation reactivity, the next question that logically rises is:
reactivity towards what? Once the carbocation is formed, it can be captured by a nucleophile, it
can undergo an elimination in order to form a zm-bond, or it can rearrange. Which one of these
processes will be dominant will depend on the carbocation structure itself, as well as the reaction
partners and surrounding medium. It has been considered for long time that more reactive the
chemical species is, less selective it is, and vice versa. However, this is not always true,* and
among a number of studies that proved it, the most distinguished ones are the findings of Mayr
and Patz.3* Based on the rates of the carbocations with nucleophiles, they proposed the following
formula:

logk=s(N+E),

where k - is the rate constant of a nucleophile and electrophile reaction at 20 °C, s - nucleophile-
specific slope parameter, N - electrophile-independent nucleophilicity parameter, and E -
nucleophile-independent electrophilicity parameter. It was proved that this formula is universal

for all kinds of nucleophiles: n-nucleophiles (e. g. amines, phosphines), n-nucleophiles (e. e.

31 QOlah G. A,, Tolgyesi W. S., Kuhn S. J., Moffatt M. E., Bastien I. J., Baker E. B. J. Am. Chem. Soc. 1963, 85,
1328-1334

32 Exceptions from this general trend can be observed depending on the electron-withdrawing or -donating nature of
the substituents attached to the corresponding alkyl and aryl groups.

33 Mayr H., Ofial A. R. Angew. Chem. Int. Ed. 2006, 45, 1844-1854

3 Mayr H., Patz M. Angew. Chem. Int. Ed. Engl. 1994, 33, 938-957
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alkenes, benzene ring) and o-nucleophiles (e. g. hydrides). Then, for the construction of the
average general scale of nucleophilicity and electrophilicity (Figure 1.1), the electrophilicity
parameter E of bis(p-methoxyphenyl)methyl cation was set at 0, and the slope parameter s of 2-
methyl-1-pentene at 1. Values of s, N and E parameters for other nucleophiles and electrophiles
were derived from the relative rate constants with these two reference compounds.®® A standard
temperature of 20 °C was chosen, and for all reactions that were followed at different
temperature, conversion to 20 °C was made by using transition state thermodynamical
parameters. Although the solvent effect and steric effects were neglected, so far the Mayr-Patz

equation has proved to be valid for 1118 nucleophiles and 319 electrophiles.®
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Figure 1.1. Extract from Mayr’s electrophilicity-nucleophilicity scale

35 Once the scales were established, the values of s, N and E parameters were also determined from reactions with

other nucleophiles and electrophiles and correlated accordingly.
3 According to the Database on Herbert Mayr’s research group’s website:

http://www.cup.lmu.de/oc/mayr/reaktionsdatenbank2/
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This scale not only shows the relative trends of nucleophilicity and electrophilicity of a
range of different chemical species, but it also allows the prediction of reactions of certain
electrophiles with certain nucleophiles. Therefore, if the nucleophilicity and electrophilicity axes
are aligned in opposite directions so that N + 5 = —E, the nucleophiles from the left side th