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Abstract

FORMATION OF KETENIMINIUM SALTS:

MECHANISTIC ASPECTS AND EFFECT OF

SUBSTITUENTS

Most organic reactions occur in several consecutive steps that include the gen-

eration of highly reactive intermediates, which are short-lived. Keteniminium salts

(KI) are key and versatile intermediates in synthetic organic chemistry that are used

in various reactions, such as [2+2] and [4+2] cycloadditions, Pictet–Spengler cycliza-

tion, Claisen-like rearrangements. Elucidation of the mechanistic aspect of these KI

formation reactions ensures the understanding of the formation of this intermediate.

In this study, to provide a comprehensive understanding of the KI formation, vari-

ous formation mechanisms were investigated, using density functional theory (DFT).

Particularly, Ghosez’s formation mechanism was extensively elaborated since Ghosez’s

reaction occurs in mild conditions and is the most frequently used experimental method.

Moreover, a broad range of substituents was examined to give perspective to the possi-

ble contributions of the substituents. The effect of these substituents on the reactivity

of starting amides was also inspected using population analysis, distortion/interaction-

activation strain model analysis, non-covalent interaction (NCI) analysis. In the final

part of the study, the substituent effect on corresponding KIs is also investigated in the

frame of Conceptual DFT. Computed data showed that, in general, electron-donating

groups (EDGs) decrease the activation barrier by increasing the electron density of

the amide carbonyl oxygen in contrast to electron-withdrawing groups (EWGs). Be-

sides, according to the distortion/interaction-activation strain model and NCI analysis,

electronic and steric effects are notable factors on electrophilic activation of the start-

ing amide during KI formation. This study will contribute a pivotal insight into the

mechanistic aspects of the KI formation and the role of the substituents.
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ÖZET

KETENİMİNYUM TUZLARININ OLUŞUMU:

MEKANİSTİK ÖZELLİKLER VE SÜBSTİTÜENT ETKİSİ

Organik reaksiyonların çoğu, kısa ömürlü ve oldukça reaktif olan ara ürünlerin

oluşumunu içeren birkaç ardışık adımda meydana gelir. Keteniminium tuzları (KI),

sentetik organik kimyada [2+2] ve [4+2] siklokatılma, Pictet-Spengler siklizasyonu,

Claisen düzenlemeleri gibi çeşitli reaksiyonlarda kullanılan anahtar ve çok yönlü ara

maddelerdir. KI oluşum reaksiyonlarının mekanik yönünün aydınlatılması, bu ara mad-

denin oluşumunun anlaşılmasını sağlar. Bu çalışmada, KI oluşumunun kapsamlı bir

şekilde anlaşılmasını sağlamak için, bir yoğunluk fonksiyonel teorisi (DFT) kullanılarak

çeşitli oluşum mekanizmaları araştırılmıştır. Ghosez’nin reaksiyonu hafif koşullarda

meydana geldiğinden ve en çok kullanılan deneysel yöntem olduğundan, Ghosez’nin

oluşum mekanizması kapsamlı bir şekilde detaylandırılmıştır. Ayrıca, sübstitüentlerin

olası katkılarına perspektif sağlamak için geniş bir sübstitüent yelpazesi incelenmiştir.

Bu sübstitüentlerin başlangıç amidlerinin reaktivitesi üzerindeki etkisi, popülasyon

analizi, distorsiyon/etkileşim-aktivasyon modeli analizi, NCI analizi kullanılarak da

incelenmiştir. Çalışmanın son bölümünde, karşılık gelen KI’lar üzerindeki sübstitüent

etkisi de Kavramsal DFT çerçevesinde incelenmiştir. Hesaplanan veriler, genel olarak

elektron veren grupların (EDG), elektron çeken gruplara (EWG) nazaran amidlerin

karbonil oksijeninin elektron yoğunluğunu artırarak aktivasyon bariyerini azalttığını

gösterdi. Ayrıca, distorsiyon/etkileşim-aktivasyon gerinim modeline ve NCI analizine

göre, elektronik ve sterik etkiler, KI oluşumu sırasında başlangıç amidinin elektrofilik

aktivasyonu üzerinde dikkate değer faktörlerdir. Bu çalışma, KI oluşumlarının mekanik

yönüne ve sübstitüentlerin rolüne ilişkin önemli bir kavrayışa katkıda bulunacaktır.
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1. INTRODUCTION

The majority of organic reactions proceed through short-lived, high-energy, and

reactive intermediates. Since the conversion of these reactive intermediates to more

stable molecules underlies most of the transformation, they are at the center of organic

synthesis. In addition, they are beneficial in understanding the mechanism and selec-

tivities of reactions. They can be simply classified as cationic, ionic, and radical species

other than their neutral and metal including types. The cationic type of intermediates

draws attention since the chemistry of carbocations leads to many developments in

chemical synthesis. Apart from pure carbocations, carbocation intermediates include

oxonium and iminium along with ketenium and keteniminium ions [1]. Keteniminium

salts (KI) which are nitrogen analogues of ketenes are highly reactive cationic inter-

mediates. They are considered superior to ketens since they are more stable, reactive,

and regioselective, in addition to not giving any side reactions, for instance, polymer-

ization or dimerization [1,12]. KIs are used in various reactions as intermediates, such

as [2+2] and [4+2] cycloadditions [2, 13], Pictet–Spengler cyclizations [14], cyclization

of ortho-vinyl-anilino-amides [15], and 6π/10π electrocyclizations [16–21].

The formation reactions of these unique intermediates are first mentioned in

1967 [7] by Viehe et al. Nevertheless, these formation reactions have some disad-

vantages, such as usage of toxic phosgene gas and undesired side reactions of KI salts

with their precursors. The expansion of the application area and the discovery of the

new formation reactions of keteniminium salts required further investigation about the

chemistry of these structures. Therefore, Ghosez and coworkers [5] introduced a for-

mation method, which is synthetically the most useful one in, 1981. Several formation

reactions (Figure 1.1) have been proposed up to now as well as Ghosez’s mechanism.

These are methylation of ketenimines [6], reactions of a-halo enamines with Lewis

acids [2, 4], protonation of ynamines [1, 17,21], and ynamides [8–10].
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Figure 1.1. Various formation reactions of KI [1–10]

1.1. Generation of Keteniminium Salts via Ghosez’s Mechanism

Keteniminium salt formation was first observed in the preparation of alkyl and

aryl-substituted α-chloroenamines from tertiary amides [3] by Viehe and Ghosez et.al.

These KI are in equilibrium with obtained α-chloroenamines (Figure 1.2). Later, Viehe

and Ghosez et. al reported that α-chloroenamines readily give cycloaddition reactions

with olefins and acyclic dienes to generate cyclobutenone derivatives [2, 4] in high

yields. They stated that this exceptional reactivity is due to the equilibrium of α-

chloroenamines with keteniminium salts, which reacts with the nucleophilic agents to

give cycloaddition reactions.

Figure 1.2. Viehe’s method for generation of keteniminium salts [3].
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Furthermore, these keteniminium salts were used in synthesis of four-membered

rings via cycloaddition reactions [2,4,22]. However, Viehe’s formation method had some

limitations. Although keto keteniminium salts were readily generated from the reaction

of α-chloro enamines with Lewis acids, aldo keteniminium salts reacted faster with

their precursors and gave side products due to notable nucleophilicity of the starting

material, α-chloroenamines. This undesired side reaction could be prevented by the

formation of KI from non-nucleophilic α-substituted enamine intermediates [1, 5, 11].

Based on these limitations, Ghosez reported an alternative method for the generation

of keteniminium salts starting from amides [5], which became the most widely used

procedure. The reaction mechanism consists of three consecutive steps. The first step

is the electrophilic activation of the amide with triflic anhydride providing a transient

O-triflyliminium triflate, which at the second step, upon reaction with collidine, gives

the corresponding α-trifloylenamine; the enamine then undergoes elimination to the

desired keteniminium triflate at the last step [1] (Figure 1.3).

Figure 1.3. Ghosez’s formation reaction of keteniminium salts [5].

By using triflic anhydride (Tf2O) and the non-nucleophilic collidine base for amide

activation, the nucleophilicity of α-trifloylenamine precursors is lowered, which sup-

presses the dimerization reactions. In this case, since nucleophilicity of TfO− ion is

lower than Cl−, the equilibrium between the α-trifloylenamine precursor and the KI

favors the formation of KI. In addition, collidine is chosen since using a hindered base

slows down the reaction of KI with its precursor [5]. Furthermore, readily available

amides does not require an isolation in the case of α-chloroenamines and so they can

be used directly as a starting material [11].
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As a consequence, both aldo and keto keteniminium salts gave cycloaddition re-

actions with olefins generally with moderate yields. Additionally, keteniminium salts

were proved to be superior to their corresponding ketenes, since ketenes only react

with activated alkenes or alkynes [5]. However, Snider’s study on [2+2] cycloaddi-

tion of ketenes and keteniminium salts showed that in a series of starting materials,

ketenes outperformed their corresponding KI. Later on, Brady concluded that while

keto ketenes gave better yields than keto keteniminium salts in [2+2] cycloaddition

reactions, aldo keteniminium salts are superior to aldo ketenes [23].

Figure 1.4. Reactivity difference between aldo keteniminiums generated from

α-chloroenamines and amides [11].
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1.2. Generation of Keteniminium Salts from α-halo Enamines

As previously mentioned, Viehe showed that α-chloroenamines could easily be

added to acetylenes to give cyclobutanones derivatives via [2+2] cycloaddition reac-

tions [3]. It is claimed that the ease of reaction stems from the equilibrium between α-

chloroenamines and keteniminium salts. Further investigations about α-chloroamines,

their preparation and reactivity in [2+2] reactions proceeded by Ghosez in 1972. They

reported that upon replacing the carbonyl group in ketenes by an immonium, the

resulting keteniminium intermediate becomes more effective in [2+2] cycloaddition re-

actions. Reaction conditions are milder, the yield is higher, and the starting material

is cheaper. This showed that keteniminium salts are more preferable than their corre-

sponding ketene analogs [2]. Aforementioned α-chloroenamines are versatile synthetic

intermediates obtained from the activation of amides with phosgene and a Schiff base

that is in equilibrium with the corresponding keteniminium salt [1]. Although the

equilibrium favors chloroenamine, the use of Lewis acids such as silver tetrafluorobo-

rate (AgBF4) and/or zinc chloride (ZnCl2) prefers the formation of the keteniminium

ion [2,3]. Ghosez group developed a procedure for keteniminium salt formation in pres-

ence of ZnCl2 since AgBF4 is an expensive reagent [4]. Even though this is an effective

generation method for keteniminium salts, the procedure includes using highly toxic

gas, phosgene, in order to obtain the starting material α-chloroenamine. Moreover, the

aldo keteniminium salts readily react with their precursors as mentioned earlier.

Figure 1.5. Reactivity difference between aldo keteniminiums generated from

α-chloroenamines and amides [4].
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1.3. Generation of Keteniminium Salts from Ketenimines

In 1975, Deyrup also proposed an alternative route to obtain functionally substi-

tuted aziridines synthesis from ring closure of azomethine ylides by deprotonation of

iminium salts [24]. In this regard, a series of iminium salts were generated by alkyla-

tion of imines with methyl fluorosulfonate. Methyl fluorosulfonate, which is a highly

reactive direct alkylation agent was chosen, since it consists of a methyl group with

methyl cation (+CH3) characteristics and an excellent leaving group, (FSO2O
−). Com-

parative studies on the alkylating ability of methyl fluorosulfonate indicates that it is

indeed one of the direct alkylation agents since it reacts with the majority of lone pair

bearing functional groups. Amines also undergo quaternization with methyl fluorosul-

fonate [25]. In addition, the dealkylation of iminium salts was a major problem for

this reaction since it could compete with the deprotonation process. By using methyl

fluorosulfonate, the product anion could be relatively non-nucleophilic and would not

lead to dealkylation. The resulting iminium salts are relatively stable and the iminium

salt bearing t-Bu substituents were purified sufficiently [24]. After the successful gen-

eration of azomethine ylide via deprotonation of iminium salts, Deyrup tried to extend

this study to keteniminium salts. Although the alkylation of ketenimines with methyl

fluorosulfonate (magic methyl) led to the successful generation of keteniminium salts

(Figure 1.6), these salts were highly reactive for deprotonation studies. In the subse-

quent deprotonation step, the KI preceding keteniminium salts dimerized to piperazine

instead of the intended aziridine. Nevertheless, although deprotonation did not lead to

the desired aziridine structures, a new KI formation method was discovered [6]. Despite

being an excellent direct alkylating agent, the use of methyl fluorosulfonate, is an ex-

tremely toxic substance inducing chronic and long-term effects, which is a disadvantage

for this formation method.

Figure 1.6. Generation of KI salts from methylation of ketenimines [6].
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1.4. Generation of Keteniminium Salts from Ynamines and Ynamides

The most versatile and unique subclass of alkynes is the heteroatom-substituted

ones. Ynamines are inherently highly reactive heteroatom-substituted alkynes, which

have a nitrogen atom directly bonded to the triple bond. Their reactivity is based on

the electron-donating ability of the nitrogen atom, which polarizes the triple bond [26].

However, their sensitivity towards hydrolysis brings many difficulties to their prepa-

ration and handling, which limits their synthetic use. Thus, an electron-withdrawing

group (EWG) on the nitrogen atom greatly enhances the stability of ynamines. This

electron-deficient type of ynamines called ynamides still have a strong polarization of

the triple bond, although tempered by the electron-withdrawing group [8,10]. Keteni-

minium salts are the intermediates in both the synthesis of ynamines from α-halogeno

iminium salts and reactions of ynamines with protonic acids, alkylating agents and

ketenes [3, 27]. As the protonation of ynamines give reactive KI intermediates, trap-

ping it with water leads to simple amides in an expensive way due of their hydrolytic

instability [8]. In addition to the previously mentioned formation methods of the

”classical” keteniminium salts from ynamines, protonation of ynamides is the source of

”activated” keteniminium salts [1, 10, 26, 27]. The reason why these ynamide-based

keteniminium salts are called ”activated” is because they are substituted with an

electron-withdrawing group on the nitrogen atom, making them more reactive. Since

they have easily tuned and controlled reactivity, the activated keteniminium salts can

promote the reactions that classical ones may fail, such as activating poorly reactive

C-H bonds through hydrogen shift and hydride abstraction [27]. This method includes

the reaction of ynamines and ynamides with the several electrophiles. The electrophiles

used in these keteniminium formation reactions can be classified into five categories

as acids, halogenium ions, chalcogenyl halides, C-electrophiles, and electrophilic metal

complexes. Strong acids are generally used for protonation of ynamines and ynamides.

Moreover, it is important to choose a suitable electrophile, which does not react with

the EWG on the ynamide, but reacts with nucleophilic nitrogen atom [1].
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Figure 1.7. Generation of KI salts from a) ynamines and b) ynamides. [1]

1.5. Aim of the Study

In this thesis, the main purpose is to computationally rationalize the formation

reactions of keteniminium salts, examine the substituent effect on Ghosez’s formation

reaction and investigate keteniminium salt reactivities using a DFT approach. In

this regard, the aforementioned four different methods for the formation reactions of

keteniminium salts are examined; These are mechanisms of Ghosez’s keteniminium

salt formation reaction (formation from tertiary amides), alkylation of corresponding

ketenimines, reactions of a-halo enamines with Lewis acids, and protonation of ynamine

and ynamides. To the best of our knowledge, this study is the first computational study

to elucidate the possible KI formation mechanisms. These reactions have been modeled

and compared with each other to find the most likely mechanism for the formation of

keteniminium salts. In the second part of the study, a wide range of substituents

were selected and thoroughly examined to explain their potential contribution to the

formation of KIs through Ghosez’s mechanism. Reactivity of starting amides with

various substituents were evaluated using population (NBO) analysis. In addition,

distortion/interaction, critical distances and non-covalent interaction analyses were

performed to rationalize the substituent effect. Finally, reactivity of corresponding KIs

with several substituents were examined.
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2. METHODOLOGY

The main focus of quantum chemistry is the behavior of electrons under the

electromagnetic field that arises from the nuclear charge. While classical mechanics

depicts systems through specifying velocities and positions, quantum mechanics uses

a mathematical vector named wavefunction that theoretically contains all the infor-

mation about a given system. All properties of this given system can be described by

solving Schrödinger’s equation

Hψ = Eψ (2.1)

where H represents the Hamiltonian operator, E stands for the total energy of the

system, and ψ corresponds to the wave function. H operator consists of kinetic and

potential energy terms of the nuclei and the electrons

H = −
∑
i

~2

2me

∇2
i −

∑
k

~2

2mk

∇2
k −

∑
i

∑
k

e2Zk
rik

+
∑
i<j

e2

rij
+
∑
k<l

e2ZkZl
rkl

(2.2)

where the electrons are symbolized with i and j , nuclei as k and l masses of nuclei and

electron as mk and me, respectively. ~ in the ”h/2π ” symbolizes Planck’s constant,, e is

the electron charge, Z is atomic number r is the distance between the particles and∇2 is

the Laplacian operator. The kinetic energy of the nuclei and electrons are represented

by the first and second terms, respectively. The potential energy stems from Coulomb

interactions of nucleus-electron (Uik), electron-electron (Uij), and nucleus-nucleus (Ukl)

are also represented. However, Schrödinger’s equation is not accurate for many-particle

systems because of the associative motions of particles. The nuclei are much heavier

than the electrons within an atom that leads it to move slower compared to electrons

that move and respond to forces quickly.



10

In addition to this difference, there are attractive forces due to the opposite

charges of nuclei and electrons. The Born-Oppenheimer (BO) approximation [28] pro-

poses to separate the motion of the nuclei and electrons of the atom, neglects the

motion of the nuclei and considers it stationary, and eliminates the nucleus-electron

attraction. As a result of this approximation, the Hamiltonian operator becomes

Hel = Ekin
k + Uki + Uij. (2.3)

Thus, the Schrödinger equation with respect to the Born-Oppenheimer approxi-

mation becomes,

(Hel + Vnn)ψel = Eelψel (2.4)

where Vnn represents the nuclear-nuclear repulsion energy constant, and the eigenvalue

Eel is the electronic energy. While Schrödinger’s equation can define approximately all

properties of systems, it is complicated to solve. The solution can be obtained precisely

for hydrogen-like systems. Schrödinger equation can be used for all other systems by

using the variational principle. Multiplying both sides of Equation 2.1 by ψ gives

ψHψ = ψEψ. (2.5)

For many electron systems, integration of both sides in a volume (dτ) gives:

E =

∫
ψHψdτ∫
ψ2dτ

. (2.6)

According to this theorem, calculated energy (E) can be equal or greater than the

ground state energy E0. It gives an approximate solution to Schrödinger’s equation.

In this thesis, Density Functional Theory [29] is utilized as it is considered the most

sufficient approach. The theory of DFT will be explained in the next section.
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2.1. Density Funtional Theory

Density Functional Theory (DFT) [29] is a commonly used quantum chemistry

approach, which was proposed by Hohenberg and Kohn [30,31] in 1964. This approach

is based on the Hohenberg-Kohn Existence Theorem [32] which suggested that the

wavefunction is determined if the density of the corresponding system is known, so it

gives the solution of the Schrödinger equation to obtain energy. The electronic structure

of molecules are also calculated with this theorem. Hohenberg and Kohn also prove

that external potential V(r) is correlated with electron density ρ(r)

ρ(r) : N

∫
...

∫
|Ψ(r1, r2, ...rn)|2dr1dr2...drn (2.7)

where r i stands for coordinates of the electrons.

Hohenberg-Kohn Variational Theorem states that when the charge density is

in the ground state, the energy content reaches its minimum value. According to

this theorem, the ground state electronic energy is a function of the electron density

function and represented as

E[ρ(r)] =

∫
V (r)ρ(r)dr + T [ρ(r)] + Vee[ρ(r)] (2.8)

where T[ρ(r)] is the kinetic energy of interacting electrons and Vee[ρ(r)] represent the

interelectronic interaction energy. Equation 2.7 can be rewritten with concept for non-

interacting electrons presented by Kohn and Sham [33]

E[ρ(r)] =

∫
V (r)ρ(r)d(r) + Tni[ρ(r)] + J [ρ(r)] + EXC [ρ(r)] (2.9)

where J[ρ] and, Tni[ρ] represents the Coulomb energy and the kinetic energy of the non-

interacting electrons and EXC[ρ] denoting the exchange-correlation energy functional.
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The Coulomb energy of electron-electron interactions is represented as

EXC [ρ(r)] =

∫
ρ(r)εXC(ρ(r))dr. (2.10)

The independent orbitals ψi, called as Kohn-Sham orbitals are established by solving

the Kohn-Sham equations

hKSi χi = εiχi. (2.11)

The Kohn-Sham Hamiltonian ~i, is defined as

hKSi = −∇
2

2
−

M∑
k

Zk
|ri − rk|

+

∫
ρ(r)

rij
dr + VXC (2.12)

where VXC represents the exchange-correlation potential and is related to exchange

correlation energy by

VXC =
δEXC
δρ

. (2.13)

VXC is divided into two: an exchange functional and a correlation functional:

EXC [ρ] = EX [ρ] + EC [ρ] (2.14)

The correlation term is related with the interactions between the electrons of

opposite spin, while the exchange term is associated with the interactions between the

electrons of same spin. The exact form of exchange-correlation energy is unknown.
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2.2. Functionals

Since the exact exchange-correlation term is not known, several approximations

were invented as DFT developed to determine the approximate exchange-correlation

term. Local Density Approximation (LDA) is the first approximation to determine

EXC . According to this approach, the electron density of a given system is equal in

each site, as uniform gas, and with electrostatic energy of positive charge Eb added,

the system becomes neutral. The energy expression is

E[ρ] = Tni[ρ] +

∫
ρ(r)v(r)dr + J [ρ] + Exc[ρ] + Eb. (2.15)

Since electron density and positive charge density is equal, the equation can be reduced

to

E[ρ] = Tni[ρ] + Exc[ρ]. (2.16)

Exc can be written as divided into two functionals: an exchange functional and a

correlation functional, respectively

E[ρ] = Tni[ρ] + Ex[ρ] + Ec[ρ] (2.17)

where kinetic energy functional Tni[ρ] is

Tni[ρ] = CF

∫
ρ(r)5/3dr (2.18)

CF is a constant equal to 2.8712. The exchange functional can be found by using the

following equation

Ex[ρ] = −Cx
∫
ρ(r)4/3dr. (2.19)
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Cx constant is equal to 0.7386. Parametrization of the results of a set of quantum

Monte Carlo calculations gives the correlation energy term, Ec[ρ]. However, since the

electron densities vary in a molecule, it cannot be uniformly distributed. Thus, LDA

is not suitable for determination of the exact exchange-correlation functional.

Due to LDA’s inadequacy on this issue, Generalized Gradient Approximation

(GGA) [34] method is developed. GGA considers the electron density as nonhomoge-

neous as exchange and correlation energies to depend on density gradient

EGGA
XC [n] =

∫
drn(r)εXC(n(r), |∇n(r)|). (2.20)

Hybrid density functional methods are alternative approaches that combine GGA

with a percentage of Hartree-Fock (HF) exchange. M06-2X [35] is one of the most well-

known hybrid functionals that is a member of the Minnesota Functional family. It is

based on meta-GGA approximations. Zhao states that M06-2X functional enhances the

calculation of atomization energies, ionization potentials, electron, and proton affinities

as well as improving the calculation of alkyl-bond dissociation energies, proton affinities

of conjugates π systems, binding energies of Lewis acid-base complexes, and heavy atom

transfer barrier heights [35,36]. The hybrid-change correlation can be written as

Ehyb
XC =

X

100
EHF
X + (1− X

100
)EDFT

X + EDFT
C (2.21)

where X represents the percentage of Hartree-Fock exchange, and it equals to 54 in

M06-2X functional. Another alternative approach is Long-range corrected (LC) [37]

hybrid density functionals that have 100% HF exchange for long-range electron-electron

interactions. ωB97XD [38] is one of the long-range hybrid functional. It applies a small

fraction of short-range exact exchange. The long-range correction advances long-chain

polarizability, optical properties, charge-transfer excitations, and dissociation of two-

centered three electrons bonds.
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The long-range corrected hybrid of a density functional theory approximation

(LCDFA) is

ELCDFA
XC = ESR−DFA

X (ω) + ELR−HF
X (ω) + EDFA

C . (2.22)

2.3. Basis Sets

Basis set [39] is a set of functions that is used to describe the orbitals in a system.

Basis functions are expanded as lineer combinations of atomic orbitals (LCAO) with

different coefficients.

φi =
K∑
µ=1

cµifµ (2.23)

where µi represents molecular orbitals, fµ atomic orbitals, cµi coefficients and K is the

total number of atomic orbital functions that are basis functions.

Basis sets are divided into two groups Slater Type Orbitals (STOs) and Gaussian

Type Orbitals (GTOs). STOs give an accurate solution for Schrödinger’s equation

for hydrogen atoms; however, the computational cost is high since a large number of

required integrals increase the time required for the computation. GTOs are approxi-

mated analogues of STOs.

All orbitals are considered to have the same shape in a minimal basis set and

one basis function represents each atomic orbital within an atom. However, it is not

realistic to accept all orbitals to have the same shape. Thus, double and triple zeta

basis sets have been developed. This time, the computational cost is high when the

molecules get bigger since the calculation of double zeta for each orbital becomes costly.

To overcome this issue, Pople developed split-valence basis sets. In this method, the

core and valence orbitals are treated separately.
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Since valence electrons are more affected by the chemical environment than the

core electrons, minimal basis function is used for core orbitals and larger basis functions

for valence orbitals. The notation of the split-valence basis sets is based on A-BCd. [40]

In this notation, A represents the number of primitives for inner shell orbitals, B and C

represents the valence orbitals composed of two basis functions for each. The number

two after the hyphen (B and C) means that this basis set is a split-valence double zeta

basis set.

There are two modification functions to add in basis sets to have better approx-

imations for electronic energy: polarization and diffusion functions. The first one,

polarization function is required since the orbitals may have more than one type of

angular momentum as they polarize each other when they are mixed. An asterisk (*)

at the end of a basis set or (d) implies polarization function is added for heavy atoms

while double asterisk ** or (d,p) is used for heavy atoms like hydrogen or helium. The

second one, diffuse function, is used for larger orbital occupancies. Anions and elec-

tronegative atoms require diffuse function as they have higher electron density. The

one plus sign, +, represents the diffuse function that is added to p orbitals while ++

implies it is added to s orbitals.

Schrödinger’s equation gets more accurate when the basis sets are more complex.

On the other hand, accurate calculations make the computational cost increase. Hence,

the selection of basis sets and functionals should depend on the required accuracy level

and acceptable computational cost.

2.4. Continuum Solvation Models

Solvation models elucidate the behavior of the solvated condensed phase as they

provide a solvent environment. They are needed for more realistic calculations. Two

general types are implicit and explicit models. In explicit models, certain numbers of

solvent molecules are explicitly added to the model.
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In contrast, the implicit -also continuum solvation- model represents the solvent

continuum. It considers several physical effects to contribute overall solvation process.

The total solvation free energy can be described as

∆Gsolvation = ∆Gcavity + ∆Gdispersion + ∆Gelectrostatic + ∆Grepulsion (2.24)

where ∆Gcavity represents the energy of solute addition to the system, ∆Gdispersion

implies dispersion interactions between solute and solvent, that stabilizes the system.

∆Gelectostatic is the electrostatic interaction energy between solute and solvent and lastly,

∆Grepulsion is the exchange solute-solvent interactions that are not included in the

energy of cavitation.

The Polarizable Continuum Model (PCM) [41] is one of the polarizable continuum

solvation models. It places the solute in a cavity defined by a set of spheres centered

on atoms, having radii defined by the van der Waals radius of the atoms multiplied by

a predefined factor. The polarization charges are placed into small domains that the

cavity surface is divided into. Mainly, there are three different approaches to perform

PCM calculations. The first method is the Dielectric PCM (D-PCM). The second

model is the Conductor-like PCM (C-PCM) that the surrounding medium is modeled

as a conductor instead of a dielectric. The last one, Integral Equation Formalism of

PCM (IEF-PCM) is an implementation at the PCM equations that are reformed.

2.5. The Activation Strain-Distortion/Interaction Model

The activation strain model or distortion/interaction model [42–44] is used to

determine the favorable interactions and unfavorable distortions of the reactions. It

provides a broad understanding of the physical factors that affect the height of the acti-

vation barrier and reactivity patterns when substituents or reactants are changed. The

distortion/interaction model contributes to analyzing equilibrium structures, transition

states (TS), and nonstationary points of the reaction coordinate.
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In this model, the activation energy of a reaction is divided into two contributors

∆E‡0 = ∆E‡dist + ∆E‡int (2.25)

where distortion energy (∆E‡dist) is caused by the structural distortion of reactants

and interaction energy (∆E‡int) stems from the interaction of these distorted reactants.

The reaction strain energy (∆E‡dist) is the required energy to distort the reactants

from their equilibrium structures to TS structures. It is determined by rigidity of

the reactants [45] and the interaction energy (∆E‡int) among the reactants depends on

their electronic structure and how they are positioned relative to each other during the

reaction. In most cases, strain energy has a positive value and is a destabilizing effect,

while interaction energy has a negative value and is a stabilizing effect.

Figure 2.1. Schematic representation of Distortion/Interaction Model
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2.6. Noncovalent Interactions

The Noncovalent Interaction(NCI) analysis provides an NCI index that identifies

the noncovalent interactions based on the electron density and its derivatives. This

index is based on a 2D plot of the reduced density gradient, s, and the electron density,

ρ,to visualize the interactions in the low density system as follows

s =
1

2(3π2)1/3
|∇ρ|
ρ4/3

. (2.26)

NCI index contributes to identify and classify the NCIs and NCI plots provide

graphical representations of overlapped electron densities of interacting molecules. Ac-

cumulation of the density is related to the strength of the interaction.

2.7. Population Analysis and Atomic Charges

There is no quantum mechanical observable for charges of atoms in a molecular

system which leads to a lack of original definition for quantum charges. Population

analysis methods are used for assigning charges on atoms. The partial atomic charge

of a positively charged atomic center ZA covered with electron density is defined as [46]

qA = ZA −
∫
ρA(r)dr (2.27)

where qA represents the atomic charge, and ZA is the charge on nucleus for an atom

A. The second term of the Equation 2.27 is the total number of electrons in the system

(N) and can be described as

N =
AO∑
µ

(PS)µµ. (2.28)
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P represents the electron density and S is the overlap population. Mulliken population

analysis [47] is expressed as

qA = ZA −
AO∑
µεA

(PS)µµ (2.29)

where all of the electronic charges comes from the atomic orbitals that are summed up,

electronic overlap population between two atoms are divided between atomic orbitals

(AO) which contribute to the corresponding overlap. Mulliken population analysis has

a limitation since it is basis function dependent. It assumes that basis functions are

centered on nuclei. Being sensitive to basis set size makes the comparison at a different

level of theories meaningless.

In addition, this population analysis may result in populations less than 0 or

higher than 2. Löwdin analysis [48], less sensitive to basis functions, was developed as

an improvement to Mulliken analysis to overcome these negative populations using a

nonorthogonal basis.

Another method is Natural Population Analysis (NPA) [49] which provides an-

other perspective than Mulliken and Löwdin. This method is based on the Natural

Bond Orbitals (NBO) scheme that distinguishes the electrons that participate in co-

valent bonds and lone pair electrons. The atomic orbitals are partitioned to the core,

valence, and Rydberg orbitals to provide accurate Lewis structure. The partials charges

are acquired by summing over Natural Atomic Orbitals (NAO). NPA offers various ad-

vantages compared to Mulliken or other alternative approaches. They display numeri-

cal stability in the case of changing basis sets when compared with associated energy

changes. Besides, NPA defines charge distributions in ionic compounds better where

Mulliken populations differ in density integration and empirical measures of ionicity.
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2.8. Conceptual DFT

Conceptual DFT developed by Parr [50] is a subfield of DFT that is derived from

concepts and principles related to electron density, and it attemps to understand and

predict the chemical behavior of a molecule. [51] Parr and co-workers and then theo-

retical chemists managed to precisely define chemical concepts which are already been

known and used, such as electronegativity. It provides contribution to the qualitative

knowledge and quantitative prediction of reactivity in chemical terms. Conceptual

DFT originally based on the fact that the ground state energy of an N electron system

is considered to be dependent on the number of electrons N and the external potential

v(r) determined by density as stated in the Hohenberg-Kohn theorem

E[ρ(r)] = E[N ; v(r)]. (2.30)

The system responds to the change of electrons, external potential, or both that

contributes to the prediction of the reactivity. The E[N ; v(r)] derivatives compose the

first series of reactivity indicators, the electronic chemical potential µ, electronegativity

χ, chemical hardness η, the Fukui function f(r) and the two variables linear response

function χ(r,r’). The electrophilicity index ω is

ω =
µ2

2η
(2.31)

where µ is electronic chemical potential and η is absolute hardness. The electrophilic-

ity index ω measures the stabilization of energy of a molecule as it accepts electron

density. Relative nucleophilicity index (N) relies on the idea that molecules having

high nucleophilicity have the lowest ionization potential and it is defined as [52]

N = EHOMO(Nu)(eV )− EHOMO(TCE)(eV ) (2.32)

and based on HOMO energies obtained from Kohn-Sham schemes [53].
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2.8.1. Reactivity Descriptors

Reactivity indices are used to characterize the nucleophilic and electrophilic be-

haviors of molecules in the conceptual DFT framework. The Fukui function f(r) [54]

describe the changes in electron density at a point r regarding the variation of the

number of electrons N at a fixed external potential v(r) and defined as

f(r) =
(∂ρ(r)

∂N

)
v(r)

. (2.33)

Parr and Yang stated that the reagent approaches the molecule where the chemical

potential of the molecule is at maximum value and direction is preferred where the

fukui function is largest

f−(r) ≈ ρHOMO(r) (2.34)

f+(r) ≈ ρLUMO(r) (2.35)

where f−(r) for electrophilic and f+(r) for nucleophilic attacks. The fukui functions

based on Mulliken gross charges q(r)are defined [55] as

f− = qk(N)− qk(N − 1) (2.36)

f+ = qk(N + 1)− qk(N) (2.37)

where qk(N) , qk(N + 1), qk(N − 1) are the atomic charges in the neutral, cationic and

anionic species. Fukui functions contribute to the characterization of local reactivity

of the molecule as they allow dispersion of the global reactivity indices for instance

nucleophilicity and electrophilicity indices along the molecule.
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The local electrophilicity and nucleophilicity are defined as

ωk = ωf+
k (2.38)

Nk = Nf−k . (2.39)

Parr functions P k
+ , P k

− [56, 57] relies on the atomic spin density (ASD) distri-

bution at the radical anion and at the radical cation of a neutral molecule respectively.

They identify the most electrophilic and nucleophilic centres of molecules. The Parr

functions are described as

P−(r) = ρrcs (r) (2.40)

P+(r) = ρras (r) (2.41)

where ρrcs (r) is the ASD of radical cation and ρras (r) is the ASD of radical anion.

P k
+ and P k

− represent electrophilic and nucleophilic Parr functions, respectively.

With the help of Parr functions the local electrophilicity [58] and nucleophilicity [59]

can be redefined respectively as

ωk = ωP+
k (2.42)

Nk = NP−k . (2.43)

Consequently, the most electrophilic (ωmax) and nucleophilic (Nmax) center of the

molecule can be identified with the reactivity descriptors.
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3. RESULTS

3.1. Computational Procedure

An extensive Density Functional Theory (DFT) study was conducted where KI

formation reactions were modeled. The optimizationswere performed at M062X [35,60]

level of theory, 6-31+G(d,p) basis set was employed for all atoms except sulfur for which

the 6-311++G(3df,3pd) extra basis set was used for higher accuracy [61, 62]. A de-

tailed analysis of possible conformers of all reactants, transition states, and products

were performed. M06-2X was selected for its well-known performance in functional

organic systems with dispersion effects [63, 64]. All calculations were performed with

Gaussian 16 [65] software package. All free energy values are relative to corresponding

separate reactants and are reported at 298 K and 1 atm. ∆Grxn for formation reac-

tions of α-halo enamine, ketenimine, ynamine, ynamide and the last step of Ghosez’s

mechanism are calculated with respect to product complex. Normal mode analysis

was performed, as well as Intrinsic Reaction Coordinate (IRC) calculations to verify

transition state geometries. [66,67] The effect of the solvent environment was modeled

by means of the self-consistent reaction field (SCRF) theory [68]. Geometry opti-

mizations were performed in chloroform (CHCl3, ε=4.7113), diethyl ether ((C2H5)2O,

ε=4.2400), and dichloromethane (CH2Cl2, ε=8.93) taking into account the experimen-

tal conditions of different mechanisms. Specifically, for all calculations performed on

Ghosez’s mechanism, all compounds are modeled in CHCl3 except for 7a and 10a which

are modeled in CH2Cl2. Energy refinements were performed with range-separated

ω97XD39 [38], double hybrid B2PLYP [69], and hybrid-GGA MPW1K41 [70] func-

tionals and 6-31+G(d,p) basis set. The performance of the functionals on the barrier

heights were comparatively analyzed. Natural Population Analysis (NPA) [49] was

conducted with the 6-31+G(d,p) basis set. NBO atomic spin density (ASD) was per-

formed with the UM062X/6-311+G(d,p)//M062X/6-311+G(d,p) and Fukui indices

were performed with M062X/DZP)//M062X/6-31+G(d,p) to examine KI reactivity.
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3.2. Keteniminium Salt Formation: Mechanistic Aspects

A comprehensive DFT study was conducted to explain mechanistic details of four

different KI formation reactions. These are the formation reactions of KI from α-halo

enamines, ketenimines, ynamines, ynamides, and lastly from Ghosez’s reaction (from

tertiary amides). Each formation reaction was described in the following sections.

3.2.1. Formation of Keteniminium Salts from α-halo Enamines

The reaction between ZnCl2 and N,N -dimethyl-1-chloro-2-methylpropenylamine

was modeled in dichloromethane (CH2Cl2). Figure 3.1 describes the generation of

the KI through simultaneous C-Cl bond breakage and new Zn-Cl bond formation.

Hybridization of the central carbon atom changes from sp2 to sp resulting in a formation

of the corresponding KI. Results disclose that the reaction is exergonic and proceeds via

a concerted mechanism. Besides, the low activation barrier (∆G‡= 5.7 kcal.mol−1) in

Figure 3.1 indicates that keteniminum salts are readily generated from N,N -dimethyl-

1-chloro-2-methylpropenylamine in the presence of the Lewis acid ZnCl2.

Figure 3.1. Reaction mechanism (M06-2X/6-31+G(d,p)) for the formation of KI salt

from α-halo enamines in CH2Cl2.
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Even though this is a straightforward reaction to generate KI, it is not preferred

anymore since it requires the isolation and purification of the α-chloroeneamine and

it uses a toxic gas, phosgene, to obtain starting material, enamine. Besides, it is not

applicable to synthesize aldo-keteniminium salts [2, 3, 22].

3.2.2. Formation of Keteniminium Salt from Keteniminies

Secondly, alkylation of N -(2-tert-butyl-3,3-dimethylbut-1-enylidene) ethanamine

by methyl fluorosulfonate (FSO2OCH3) was modeled in diethyl ether. The formation

reaction takes place via an SN2-type concerted mechanism where the new bond between

N1 and CH3 forms as ketenimine attacks the methyl and FSO2O
− leaves simultaneously

(Figure 3.2). The direct methylation of the keteneimine by methyl fluorosulfonate is

exothermic and has a free energy of reaction ∆Grxn= -12.0 kcal.mol−1. Although direct

methylation of ketenimine seems to be an effortless mechanism for the formation of the

corresponding KI, its synthetic application is too restricted to be used extensively. [6]

Figure 3.2. Reaction mechanism (M06-2X/6-31+G(d,p)) for the formation of KI salt

from ketenimines in (C2H5)2O.
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3.2.3. Formation of Keteniminium Salts from Ynamines and Ynamides

The reaction between HCl and ynamine (a) and ynamide (b) were modeled in

CH2Cl2. DFT results depict that the formation of KI from ynamine has a lower free

activation energy and is an exergonic reaction, while generation from ynamide has a

higher activation energy and is an endergonic process as reported in Figure 3.3. Being

sensitive toward hydrolysis restricts the use of ynamines although the energetics for the

formation of KI is more favorable and the corresponding ynamides have found much

broader synthetic applications. [1]

Figure 3.3. Reaction mechanism (MPW1K/6-31+G(d,p)) for the KI formation from

a) ynamines and b) ynamides in CH2Cl2.
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3.2.4. Formation of Keteniminium Salts Through Ghosez’s Mechanism

Finally, the mechanism of KI formation from tertiary amides with triflic anhydride

and collidine was examined. Piperidine was selected as the N-substituent to provide

a better comparison with several experimentally accessible KIs [16, 18, 19, 71–74] as

shown in Figure 3.5. Furthermore, the original mechanism with dimethyl substituted

nitrogen was also modeled in chloroform and in gas phase (Table 3.1). The energetic

results and rate determining step (RDS) are consistent with the piperidine bearing

amide. (Figure 3.4).

The first step is the electrophilic activation of starting amide by triflic anhydride.

A new bond formation occurs between the amide carbonyl oxygen and sulfur of Tf2O

as the starting amide attacks triflic anhydride and the bond between sulfur and oxygen

of triflic anhydride is broken simultaneously (G-TS1 in Figure 3.5). Thus, step one

has proven to be concerted. The second step includes hydrogen abstraction from O-

triflyliminium by collidine, resulting in the formation of α-trifloylenamine. A double

bond formation occurs between C2 and C3 as the proton is abstracted by collidine.

In the last step, the desired keteniminium triflate salt is generated through cleavage

of the carbon-oxygen bond of α-trifloylenamine. Computed data show that the first

step is the RDS (∆G‡)= 29.8 kcal.mol−1 since it has the highest activation barrier

compared to the hydrogen abstraction and the formation of KI steps. The result

indicates that the overall KI salt formation process is directly affected by the reactivity

of the starting amide towards Tf2O. N -sulfonylated minor product is obtained during

electrophilic activation of the amide by triflic anhydride as previously stated by Ghosez

and coworkers. [5] Figure 3.6 depicts the formation of this side product. Comparison

of the activation barriers of N - and O-acylated products indicates that the activation

barrier of the side reaction (∆G‡= 27.9 kcal.mol−1) is slightly lower than the major

product (∆G‡= 29.8 kcal.mol−1).
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Figure 3.4. Reaction mechanism (M06-2X/6-31+G(d,p)) for Ghosez’s reaction [5]

with dimethyl substituent in CHCl3.
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Figure 3.5. Reaction mechanism (M06-2X/6-31+G(d,p)) for Ghosez’s reaction [5] in

CHCl3.
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On the other hand, the KI is a thermodynamically more stable product in com-

parison to the N -sulfonylated side product (∆Grxn= 24.7 kcal.mol−1). Free energy of

activation (∆G‡) and reaction (∆Grxn) values are given in Figure 3.6. Side reaction

was also modeled for the N, N -substituted amide Figure 3.7. All energies are calculated

compared to separate reactants. ∆Grxn calculated according to product complex.

Figure 3.6. Side reaction mechanism (M06-2X/6-31+G(d,p)) for Ghosez’s reaction in

CHCl3)

Figure 3.7. Side reaction mechanism (M06-2X/6-31+G(d,p)) for Ghosez’s reaction for

N,N -dimethyl substitutent in CHCl3)
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As mentioned previously, the original Ghosez’s mechanism was also modeled in a

vacuum. The results are depicted in Table 3.1 where all free energies were calculated

from complex reactants and products due to presence of ions to avoid BSSE errors.

Results gave similar trend with reaction in chloroform as triflation of amide is the rate

determining step.

Table 3.1. Gibbs free energy barriers (∆G‡) and reaction free energies (∆Grxn) for

Ghosez mechanism with dimethyl substituted nitrogen in vacuum

M06-2X ωB97XD MPW1K B2PLYP

Entry ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn

1st Step 26.4 1.2 27.2 2.1 30.9 3.5 35.3 4.2

2nd Step 12.8 -10.3 12.0 -10.7 10.6 -12.3 15.7 -12.4

3rd Step 14.7 11.0 12.4 9.6 14.4 12 10.2 5.2

Energy refinements at ω97XD, B2PLYP, and MPW1K levels of theory were con-

ducted in addition to the M06-2X calculations for all mechanisms and tabluated in

(Table 3.2). Calculations generally gave similar results.

Consequently, KI formation reactions were examined through four different mech-

anisms as from α-haloenamines, ketenimines, ynamines, ynamides, and tertiary amides.

Since the amide triflation reaction (mentioned as Ghosez’s reaction) has milder condi-

tions compared to other three and is the synthetically most used method, the mecha-

nism of it was fully elaborated and the substituent effect on KI formation is investigated

on Ghosez’s mechanism. The following part of the study includes the energetic analysis

of KI formation from Ghosez’s mechanism through the effect of different substituents

on the starting amides taking into account energetic, steric, and electronic effects. In

addition, natural population analysis of amides, distortion/interaction energy analysis,

and non-covalent interactions (NCIs) were examined.
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Table 3.2. Gibbs free energy of activation (∆G‡) and reaction free energies (∆Grxn)

for four different keteniminum formation mechanisms with various functionals.

M06-2X ωB97XD MPW1K B2PLYP

Entry ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn

1

tertiary amide

3.9 -5.3 1.7 -7.0 3.5 -4.5 0.4 -11.4

2

α-enamine

7.4 -4.2 9.6 -15.7 15.5 5.0 16.4 0.4

3

ketenimine

21.9 -12.0 19.7 -18.6 24.7 -7.7 26.2 -6.0

4

ynamine

3.6 -9.1 2.5 -11.9 9.4 -9.0 5.3 -8.3

5

ynamide

10.4 10.4 20.5 6.8 22.7 9.0 25.6 7.5

3.3. The Energetics of KI Formation from Ghosez’s Mechanism

After exploring the mechanistic aspects of different KI formation reactions, sub-

stituent effect on the amide reactivity was investigated in particular for Ghosez’s mech-

anism. Results showed that KI formation from the reaction of tertiary amides with

Tf2O and collidine has three consecutive steps (Figure 3.1). Electrophilic activation of

amide, the first step of the reaction, is the RDS (Figure 3.8). The ease of KI formation

and the reactivity of corresponding KI is greatly affected by amide reactivity.
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Therefore, experimentally available amides [16, 18, 19, 71–74] were selected and

their substituent placement, named C3 and N1 substituents (Figure 3.8) were analyzed

regarding energetic, electronic, and steric effects.

To verify the RDS with different substituents, second and third steps of Ghosez’s

mechanism were also investigated along with the firts step. (Tables 3.3 - 3.11 and

A.1-A.6). In general, EDG substituted reactants have lower activation barrier in com-

parison to EWG substituted ones regardless of being in C3 or N1 position for RDS of

the mechanism.

The substituent effect were discussed for each step to verify the RDS for all steps

in the next section and followed by natural population analysis, distortion/interaction

energy analysis and non-covalent interactions (NCIs) for amide reactivity.

Figure 3.8. First step of Ghosez’s mechanism with C3 and N1 atoms labeled.

3.3.1. Effect of Substituents on First Step of Ghosez’s Mechanism

Amides bearing EDG and EWG substituents generating experimentally available

KIs were chosen to investigate the effect of substituents on RDS. The formation and

reactivity of KI and tabulated in Table 3.3. Firstly, the effect of C3 substituents were

examined. According to computed data, in general, substituents having the electron-

donating ability eases nucleophilic addition reaction of the amide carbonyl oxygen to

the strongly electrophilic triflic anhydride by increasing the electron density on oxygen

and have similar activation barriers within a range of 2.1 kcal.mol−1, whereas EWGs

increase the activation barrier by inductively lowering the electron density on oxygen.
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Inductive and steric effects can elucidate the relatively modest effect of C3 sub-

stituents on activation barriers. When EDGs are examined, N,N -dimethyl substituted

amide 1a (∆G‡ = 29.8 kcal/mol) has an activation barrier higher than the isopropyl

substituted amide 2a (∆G‡ = 27.9 kcal/mol). The amide bearing dimethyl substituent

leads 1.9 kcal.mol−1 difference betwen activation energies, which indicates the effect of

the sterics around the carbonyl moiety (Figure 3.9).

Figure 3.9. Optimized structures of TS-1a and TS-2a. M06-2X/6-31+G(d,p) with

IEF-PCM in CHCl3.
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In the case of amides with rings, close activation energy values in the range

of 27.2 - 28.6 kcal.mol−1 were observed in amides bearing aromatic rings adjacent

to the carbonyl moiety (3a and 4a) and amides with cyclic rings (5a and 6a). The

electron density of the aromatic and of the cyclic [72,73] rings might contribute to the

stabilization of the trifloyliminium ion.

In the case of EWGs, amides 7a, and 8a demonstrate increasing activation barriers

due to the inductive effects of the EWGs in the β-position. The highest activation

energy among them is observed in 8a (∆G‡ = 30.5 kcal.mol−1) that carries the strongest

electron-withdrawing alkyne group even though it is in a smaller size compared to its

vinyl 7a analog. Notably, β-trifluoromethyl substituent 10a (∆G‡ = 31.3 kcal.mol−1)

has a higher activation barrier than α-chlorine substituent 15a (∆G‡ = 29.7 kcal.mol−1)

. The decreased electron density of the carbonyl oxygen of 10a caused by the strong

inductive effect of trifluoromethyl substituent leads this energy barrier difference. The

highest activation barrier belongs to the phenyl sulfide substituted amide 11a (∆G‡ =

32.2 kcal.mol−1), that is even higher than the phenyl ether 12a (∆G‡ = 30.9 kcal.mol−1)

and the aniline 13a (∆G‡ = 30.5 kcal.mol−1) substituted amides. The higher activation

barrier for the phenyl sulfide substituted amide 11a was unexpected, since sulfur has

a lower electronegativity compared to oxygen and nitrogen. The longer bond length

and the higher bond angle of the C-S bond compared to their oxygen and nitrogen

analogs are expected to ease the reaction with Tf2O. Nevertheless, sulfur and methyl

groups created a steric hindrance, which might result in rotational barrier bringing

about the increased activation barrier. Figure 3.10 depicts that TS-12a and TS-13a

have stabilizing interactions that lowers the activation barriers and TS-11a prefers a less

crowded orientation. Further investigation of this situation is discussed in the following

sections by means of NCI. The steric hindrance of the methyl- and the X-phenyl groups

in 11a-13a adjacent to the amide increases the activation barrier compared to their

parent derivatives 16a-18a.
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Figure 3.10. Optimized structures of TS-11a, TS-12a and TS-13a.

M06-2X/6-31+G(d,p) in CHCl3.

However, parent X-Ph substituted amides, phenyl ether substituted amide 17a

(∆G‡ = 30.1 kcal.mol−1) has the highest barrier among phenyl sulfide 16a (∆G‡ =

28.7 kcal.mol−1) and aniline 18a (∆G‡ = 29.5 kcal.mol−1) substituted amides and

the expected trend is observed. This difference between parent 16a-18a and methyl-

substituted 11a-13a amides stems from the steric hindrance that the methyl group on C3

caused. Also, formations of 11a-13a supports the formation of 16a-18a considering the

energetic results. -SPh, -OPh, and -NRPh substituted amides synthetically provided

the corresponding KI leading to high yield benzothiophenes, benzofurans and indoles,

respectively [18–21].

A prominent increase in the activation barrier is observed for the trifluoroethyl

10a amide (∆G‡ = 31.3 kcal.mol−1), in comparison to 2a, which stems from the strong

inductive effect of the trifluoromethyl substituent that decreases electron density on

the oxygen atom of the amide. Amides 3a and 9a have an aromatic ring and 5a

cyclopropyl derivative adjacent to the carbonyl group demonstrates similar activation

energies (∆G‡ = 27.9 kcal.mol−1, ∆G‡ = 27.8 kcal.mol−1, ∆G‡ = 27.7 kcal.mol−1,

respectively). The electron density of the aromatic and of the cyclopropyl [72,73] rings

might contribute to the stabilization.
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Various experimentally available amides were chosen for the investigation of the

effect of N1 substituents on the RDS and, formation and reactivity of KI are tablu-

lated in Table 3.4. The lowest free activation energy belongs to piperidine and N, N -

dimethyl substituted amides 1a and 1b (∆G‡ = 29.8 kcal.mol−1 and 30.1 kcal.mol−1,

respectively) . Electron-donating ability of piperidine and N, N -dimethyl groups cause

their activation barrier to be lowest among the amides tabulated in Table 3.4. In com-

parison with the piperidine ring, benzyl 3b (∆G‡ = 32.1 kcal.mol−1) and diallyl 2b

(∆G‡ = 32.6 kcal.mol−1) substituted amides have higher activation barriers owing to

higher steric hindrance and having more sp2 hybridized carbons than corresponding

sp3hybridized ones that creates an electron withdrawing effect . Cyanomethyl 4b and

trifluoroethyl 5b, (∆G‡ = 33.7 kcal.mol−1) and (∆G‡ = 33.5 kcal.mol−1) substituted

amides have the highest activation barriers. These higher activation barriers can be

explained by the presence of strong electron withdrawing groups, trifluoromethyl and

nitrile which decrease the electron density on the N1 atom. Thus, they reduce the

reactivity of amide carbonyl oxygen towards triflic anhydride. Consequently, similar

EDG and EWG effects were observed with the C3 substituents.

Furthermore, energy refinements at B2PLYP, MPW1K, and ωB97XD were also

performed, and free energies calculated from seperate products for the electrophilic ac-

tivation of amide are given in Table 3.5 and Table 3.4 Generally, similar barrier trends

were displayed regardless of the level of theory. All reported Gibbs free energy val-

ues for Ghosez’s reaction steps were according to the separate reactants and products

except for last step in which reaction free energies were calculated from product com-

plexes. IRC calculations were performed to see the consistency of results for different

substituents and tabulated in Table A.1 and Table A.2 which included pre-reactive

complex (PRC) and product complex (PC) energy values with the separate reactants,

transition states and separate products. Energies of pre-reactive complexes are gener-

ally higher than the separate reactants and product complex energies are higher than

separate ones due to the presence of TfO−.
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Table 3.4. Free energy barriers (∆G‡ ) and reaction free energies (∆Grxn) for N1

substituted amides for first step of Ghosez’s mechanism.

M06-2X ωB97XD MPW1K B2PLYP

Amide ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn

1b 30.1 9.9 30.3 5.6 38.7 7.0 44.5 5.9

1a 29.8 9.2 32.2 7.3 41.8 9.2 47.3 7.8

2b 32.6 11.1 35.1 10.3 44.3 12.9 50.4 11.7

3b 32.1 11.4 35.7 10.1 45.3 13.7 51.3 12.7

4b 33.5 22.6 36.9 22.1 46.3 24.4 52.0 23.3

5b 33.7 18.7 36.5 17.3 45.9 19.5 51.6 18.5

The reactivity of starting amides is critical in the formation, since electrophilic

activation of the starting amide is the RDS. Computed results are consistent with

the increased reactivity of amide as a minimum steric hindrance and higher electron

density is present around the carbonyl. Conversely, having an EWGs on N1 and C3

atoms increases the activation barrier and reduces the reactivity of amide towards Tf2O.

The following sections include the substituent effect on second and third of Ghosez’s

mechanism to verify the RDS with different substituents.
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Table 3.5. Free energy barriers (∆G‡ ) and reaction free energies (∆Grxn) for C3

substituted amides with various functionals for the first step of Ghosez’s mechanism.

M06-2X ωB97XD MPW1K B2PLYP

Entry ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn

1a 29.8 9.2 32.2 7.3 41.8 9.2 47.3 7.8

2a 27.9 9.2 30.0 5.1 39.5 7.9 45.3 6.2

3a 28.0 8.9 30.5 7.0 39.6 10.0 45.4 8.9

4a 28.6 8.5 30.5 6.0 38.8 7.9 44.3 6.4

5a 27.7 5.5 30.1 3.4 37.8 4.8 43.4 3.4

6a 27.9 6.7 31.2 5.3 40.3 7.1 45.8 5.5

7a 29.6 1.2 32.8 -0.3 41.5 0.9 47.0 -1.0

8a 32.2 7.3 30.5 11.1 42.4 10.0 47.9 8.4

9a 27.8 10.7 30.3 8.7 37 9.8 42.3 8.2

10a 31.3 4.8 32.8 1.7 41.7 3.0 47.4 1.4

11a 32.2 13.11 35.6 11.5 44.5 13.1 50.0 11.2

12a 30.9 11.7 34.6 11.3 45.2 13.5 52.1 11.4

13a 30.5 9.2 34.7 8.5 46.0 10.6 51.1 9.4

14a 28.5 12.5 30.8 10.6 38.6 12.5 44.3 11.1

15a 29.7 14.9 32.4 13.5 39.3 14.1 44.8 12.5

16a 28.8 7.7 31.3 5.1 41.8 9.5 47.8 9.1

17a 30.1 12.3 32.5 12.5 38.8 12.8 43.8 10.4

18a 29.5 7.8 33.7 7.4 43 7.6 48.5 5.9
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3.3.2. Effect of Substituents on Second Step of Ghosez’s Mechanism

After the investigation of first step of the reaction, the second step, the pro-

ton abstraction from O-triflyliminium by collidine, resulting in the formation of α-

trifloylenamine (Figure 3.11) was energetically investigated and tabulated in Table

3.6 and 3.7. Generally, α-trifloylenamines generating aldo KIs have higher activation

barriers when bearing EDG C3 substituents. Since electron donating ability of the sub-

stituents destabilizes the conjugate base α-trifloylenamines inductively, stabilization of

the triflyliminium increases the activation barrier. Although the EWGs generally have

lower activation barriers, since keto triflyliminiums have steric hindrance around the

acidic hydrogen to be abstracted, their activation barriers are higher among EWGs.

Effect of N1 substituents were lower compared to C3 substituents. However, the same

trend was observed between EWG and EDG groups. Thus, inductive and steric effects

can account for the effect of C3 substituents on proton abstraction of triflyliminium.

Figure 3.11. Second step of Ghosez’s mechanism with C3 and N1 atoms labeled.

In the case of EDGs on C3 atom, isopropyl substituted triflyliminium 2a (∆G‡ =

18.4 kcal.mol−1) has the higher activation barrier due to its highly electron donating

ability, which lowers the acidity of hydrogen adjacent to C3 by destabilizing its conju-

gate base. It is followed by the dimethyl 1a (∆G‡ = 16.6 kcal.mol−1) and cyclobutyl

6a (∆G‡ = 13.5 kcal.mol−1) substituted ones, which are crowded around the acidic hy-

drogen relative to other EDGs. Aromatic 4a and cyclic ring 5a bearing triflyliminiums

displayed similar activation energies around 11.8/11.9 kcal.mol−1. Phenyl substituted

triflyliminium 3a, have the lowest activation barrier (∆G‡ = 8.3 kcal.mol−1) among

EDGs as it has a ring very close to the acidic hydrogen as it hinders the collidine to

abstract it.
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In the case of EWGs, electron withdrawing ability of the substituent lowers the ac-

tivation barrier compared to EDGs as conjugate bases of triflyliminiums are stabilized.

The significant activation barrier difference between β-positioned EWG substituted

α-trifloylenamine 7a (∆G‡ = 14.8 kcal.mol−1) and 8a (∆G‡ = 8.7 kcal.mol−1) can be

explained with the higher electron drawing ability and smaller size of alkyne. The

lowest activation barrier belongs to triflyliminium bearing a methyl acetate group 14a

(∆G‡ = 5.4 kcal.mol−1) on its α-position, which is lower than its α-chlorine analogue

15a (∆G‡ = 8.3 kcal.mol−1), since it has higher inductive effect. X-phenyl group sub-

stituted triflyliminiums 11a-13a showed an unexpected trend as phenyl sulfide have

lower activation barrier, even though sulfur is less electronegative than its oxygen 12a

(∆G‡ = 14.0 kcal.mol−1) and nitrogen 13a (∆G‡ = 15.2 kcal.mol−1) analogues. Simi-

lar unexpected trend for these three structures was also observed in first step, and the

lower activation barrier of 11a in hydrogen abstraction step may be explained with the

same reason with first step as 11a prefers less crowded orientation and the conjugate

base would be less stabilized than 12a and 13a. However, the expected trend was ob-

served in their parent analogues 16a-18a. The activation barriers followed the expected

order, same as the electronegativity order of phenyl ether 17a (∆G‡ = 6.0 kcal.mol−1),

aniline 18a (∆G‡ = 9.7 kcal.mol−1), and phenyl sulfide 16a (∆G‡ = 12.4 kcal.mol−1).

Moreover, all these parent structures have relatively lower activation barriers than their

analogues with mehtyl group. The additional electron donating methyl group hinders

the collidine attack to the acidic hydrogen of triflyliminium.

N1 substituent effect was also investigated and tabulated in Table 3.7. Generally,

the same trend with C3 substituents were observed as EDGs relatively increase the

activation barrier compared to EWGs. Activation barriers of EDGs are similar for

piperidine 1a (∆G‡ = 16.6 kcal.mol−1), diallyl 2b (∆G‡ = 17.8 kcal.mol−1) and benzyl

3b (∆G‡ = 7.8 kcal.mol−1) substituted ones in the range of 1.2 kcal.mol−1 and higher

than dimethyl substituted one 1b (∆G‡ = 14.1 kcal.mol−1), which have smaller size

than the others. β-positioned EWGs 4b (∆G‡ = 10.2 kcal.mol−1) and 5b (∆G‡ = 14.2

kcal.mol−1) generally have lower activation barriers compared to EDG substituted ones.
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Table 3.7. Free energy barriers (∆G‡ ) and reaction free energies (∆Grxn) for N1

substituted amides for second step of Ghosez’s mechanism with different functionals.

M06-2X ωB97XD MPW1K B2PLYP

KI ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn

1b 14.1 -16.8 14.1 -15.4 24.1 -15.7 32.5 -15.2

1a 16.6 -15.8 15.1 -15.9 25.4 -17.1 33.8 -16.7

2b 17.8 -17.7 16.4 -18.2 26.4 -19.0 35.1 -18.4

3b 17.8 -16.9 16.3 -17.3 24.5 -19.8 32.6 -19.3

4b 10.2 -28.5 7.6 -29.5 17.3 -31.6 25.3 -31.3

5b 14.2 -23.4 13.0 -23.2 22.6 -24.5 31.0 -25.0

Energy refinements with ωB97XD, B2PLYP, and MPW1K were performed, and

free energies of activation and reaction with these functionals were tabulated Table 3.8

and Table 3.7. Similar barrier trends were observed regardless of the level of theory.

IRC calculations were also tabulated in Table A.4 and Table A.3.

As a result, electronic and steric effects of substituents are important for the H

abstraction step as they determine the acidity of α-trifloylenamine. Generally, EDGs

increase the activation barrier as they destabilize the conjugate base and lower the

acidity of α-trifloylenamine’s alpha H, while EWGs affect reversely. Activation barriers

of the second step are lower for all substituents compared to the first step.
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Table 3.8. Free energy barriers (∆G‡ ) and reaction free energies (∆Grxn) for C3

substituted amides for second step of Ghosez’s mechanism with different functionals.

M06-2X ωB97XD MPW1K B2PLYP

Entry ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn

1a 16.6 -15.8 15.1 -15.9 25.4 -17.1 33.8 -16.7

2a 18.4 -10.6 17.0 13.0 27.7 15.4 35.9 13.7

3a 8.25 -14.0 7.2 -13.3 15.7 -15.9 22.9 -15.5

4a 11.8 -10.6 10.4 -9.4 23.0 -9.5 31.6 -8.5

5a 11.9 -9.8 10.8 -9.4 20.4 -10.7 27.7 -11.3

6a 13.5 -10.4 12.1 -11.0 22.7 -12.4 30.7 -13.1

7a 14.8 -3.3 12.2 -1.2 22.7 -1.1 30.1 -1.2

8a 8.7 -11.4 8.2 -11.3 18.2 -11.4 25.6 -11.8

9a 9.4 -14.6 6.4 -13.1 17.3 -16.3 24.3 -16.2

10a 7.1 -12.5 5.5 -8.3 15.8 -8.6 23.3 -8.0

11a 13.7 -11.0 12.3 -18.7 24.8 -5.3 33.9 -19.0

12a 14.0 -5.2 12.0 -19.4 27.0 -17.8 37.1 -15.9

13a 15.2 -18.7 13.1 -19.0 29.0 -6.3 39.4 -20.8

14a 5.4 -18.4 3.1 -17.7 11.9 -19.8 15.6 -18.8

15a 8.3 -15.5 7.6 -15.2 15.9 -15.4 22.8 -13.8

16a 12.4 -11.4 10.7 -10.2 18.6 -14.1 21.8 -13.5

17a 6.0 -14.4 1.0 -16.4 10.1 -16.7 14.4 -15.3

18a 9.7 -12.8 6.8 -13.6 20.3 0.7 28.5 -13.5
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The third step of the Ghosez’s reaction was investigated in the next section to

determine whether the first step is indeed RDS for all substituents.

3.3.3. Effect of Substituents on Third Step of Ghosez’s Mechanism

Finally, the last step of Ghosez’s formation reaction, elimination of triflate ion

from α-trifloylenamine, was investigated. Free energy barriers (∆G‡ ) and reaction

free energies (∆Grxn) of the last step of C3 and N1 substituted KIs are tabulated in

Tables 3.10 and 3.9. Reaction free energies were calculated according to their product

complexes due to the triflate ion.

In general, same trend with the activation energies of first step was observed.

EDGs generally decrease the activation barrier as they increase the electron density

on C3 atom and faciliate the C2 - TfO− bond cleavage. Activation barriers of EDGs

on C3 atom were similar in the range of 1.3 kcal.mol−1. EWGs have relatively higher

activation barriers due to decreased electron density on central carbon atom. Activa-

tion barrier increased on β-substituted α-trifloylenamines 7a (∆G‡ = 3.5 kcal.mol−1)

and 8a (∆G‡ = 5.4 kcal.mol−1) as the electron withdrawing ability of substituent is in-

creased. Activation barrier is even higher in the case of α-trifloylenamine 9a (∆G‡ = 6.0

kcal.mol−1) which has the most electronegative atom fluorine. Generally, α-substituted

ones have higher activation barriers as they are directly bonded to C3 atom. Al-

though the EWG bearing α-trifloylenamine have closer activation barrier among them,

there was a sharp increase on methyl acetate bearing α-trifloylenamine 14a (∆G‡ =

14.0 kcal.mol−1) followed by α-chlorine substituted 15a (∆G‡ = 9.7 kcal.mol−1) α-

trifloylamine. The expected order was observed between the phenyl ether 12a (∆G‡ =

7.7 kcal.mol−1), aniline 13a (∆G‡ = 6.7 kcal.mol−1), and phenyl sulfide 11a (∆G‡ = 5.8

kcal.mol−1) in contrast to first and second steps. However, the parent structures 16a-

18a did not follow the expected trend. Aniline substituted 18a (∆G‡ = 3.4 kcal.mol−1)

α-trifloylenamine have one of the lowest activation barriers among all substituents due

to the delocalization that stems from unpaired electrons of nitrogen atom.
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In the case of N1 substituents, same trend was observed with C3 substituted ones.

α-trifloylenamines bearing EDGs have lower activation barrier than EWG substituted

α-trifloylenamines. EDGs have similar/closer activation barrier among them except for

diallyl substituted one 2b (∆G‡ = 6.0 kcal.mol−1). The size and orientation of 2b might

decrease the activation barrier as it hinders the cleavage of TfO - C2 bond. Energy re-

finements were performed with range-separated ωB97XD, double hybrid B2PLYP, and

hybrid-GGA MPW1K functionals and given in Tables 3.9 and 3.11. In general, energy

refinements showed similar trends regardless of the level of theory. Energy profiles are

tabulated in Tables A.5 and A.6 and obtained from IRC optimization. Although the

energies were calculated from separate reactants, the reaction free energies (∆Grxn)

in Tables 3.9 and 3.10 were calculated according to the product complex, since the

presence of ions may lead to BSSE errors.

Table 3.9. Gibbs free energies of activation ∆G‡ and reaction ∆Grxn of N1

substituted KI’s.

M06-2X ωB97XD MPW1K B2PLYP

Amide ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn

1a 3.1 -4.4 1.2 -6.0 3.7 -2.6 0.9 -9.7

1b 3.9 -5.3 1.7 -7.0 3.5 -4.5 0.4 -11.4

2b 6.0 -1.5 4.1 -3.1 5.2 -1.2 1.6 -8.5

3b 3.6 -6.0 4.2 -2.0 5.8 0.3 1.8 -6.9

4b 7.4 2.9 5.4 1.6 7.9 4.7 3.9 -2.5

5b 6.8 0.3 4.6 -1.1 6.6 1.4 3.0 -4.9
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Table 3.11. Free energy barriers (∆G‡) and reaction free energies (∆Grxn) for

C3-substituted amides for third step

M06-2X ωB97XD MPW1K B2PLYP

Entry ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn ∆G‡ ∆Grxn

1a 3.9 -5.3 1.7 -7.0 3.5 -4.5 0.4 -11.4

2a 4.0 -4.5 2.0 -6.0 3.0 -3.9 -0.6 -2.0

3a 3.3 -5.0 1.2 -6.8 2.8 -5.5 -0.1 -12.3

4a 3.7 -5.0 1.9 -6.3 3.4 -3.5 0.7 -9.7

5a 3.3 -5.0 1.3 -6.9 3.3 -4.5 1.0 -10.9

6a 4.0 -4.7 2.4 -5.6 4.3 -2.7 2.4 -8.9

7a 3.5 -7.9 1.8 -8.8 3.3 -6.5 1.0 -12.2

8a 5.4 -2.1 3.4 -3.8 4.3 -2.5 1.2 -9.3

9a 6.2 -1.0 4.5 -3.0 6.5 0.2 2.7 -7.4

10a 5.9 -2.9 4.5 -4.0 6.5 -0.6 3.7 -7.6

11a 5.8 -1.0 3.7 -1.7 4.9 0.4 1.6 -6.1

12a 7.7 3.7 6.7 3.8 6.1 4.1 1.7 -3.4

13a 6.7 -5.0 4.2 -9.1 5.7 -5.2 2.1 -12.3

14a 10.4 3.7 8.5 2.0 11.5 4.7 7.6 -3.4

15a 9.7 4.8 7.5 3.9 9.3 6.6 4.8 -0.6

16a 6.8 0.5 4.9 0.1 5.5 2.1 1.1 -5.2

17a 7.3 4.7 5.4 3.4 6.9 5.9 2.3 -1.3

18a 3.4 -4.2 0.6 -7.0 3.4 -4.5 0.3 -11.6

Same trend was observed with substituents on C3 and N1; the EDGs have de-

creased the activation barrier, while EWGs have increased it. The activation energy

values of the third step are lower than the first ones. First step is proven to be RDS

meaning that the amide reactivity is crucial since the RDS is an electrophilic activation

of starting amides. Amide reactivity was investigated in detail in the following sections

by means of distortion/interaction, population analysis, and non-covalent interactions.



51

3.4. Amide Reactivity

The substituent’s effect on starting amides were examined to see their contribu-

tion to Ghosez’s formation reaction with distortion/interaction model analysis, non-

covalent interactions and population analysis.

3.4.1. Distortion/Interaction Model Analysis

Distortion/interaction energy analysis were investigated to rationalize the dif-

ference in activation barriers of the electrophilic activation step caused by various

substituents. According to Table 3.12, distortion mainly influences some part of the

activation energies, while interaction affects the remaining ones. The lowest distortion

energy (∆E‡dist ) belongs to TS-6a, while TS-12a has the highest distortion energy,

therefore, the highest activation barrier. The results are consistent with the activation

barriers in Table 3.3. TS-6a is the less crowded TS among all which means its reac-

tants to relatively distort less. Moreover, the results of the ASM model were also in

agreement with critical distances of TS structures Figure 3.12. TS-6a has a relatively

long critical distance between the carbonyl oxygen and sulfur atom of Tf2O when com-

pared to TS-11–TS-13a. The short S···O distances in TS-11a, TS-12a, and TS-13a

demonstrate the product-like nature of the TS that cause higher distortion energy, and

higher free energy of activation. Another notable observation is that the cleavage of

S-O bond in Tf2O follows a reverse trend. The cleaved TfO− is more distorted when

the distances of S-O bond of Tf2O are longer and as a result, the energy of distortion

is increased. Moreover, as previously mentioned, TS-11a has an unexpected activa-

tion barrier. TS-11a has higher interaction energy compared to TS-12a and TS-13a,

which leads TS-11a to have higher activation energies. In parent counterparts (TS-16a,

TS-17a, TS-18a), distortion energies govern the reaction and lowest distortion energy,

which leads to lowest activation barrier are seen in TS-16a.
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Table 3.12. Distortion and interaction energies for the first step in KI formation

reactions with different C3 and N1 substituents (M06-2X/6-31+G(d,p), in CHCl3)

C-substituted TS N-substituted TS

TS ∆E‡ ∆E‡dist ∆E‡int TS ∆E‡ ∆E‡dist ∆E‡int TS ∆E‡ ∆E‡dist ∆E‡int

1a 14.1 39.0 -24.9 10a 15.1 38.5 -23.5 1b 14.2 37.8 -23.6

2a 11.9 40.4 -28.5 11a 16.1 41.6 -25.5 1a 14.1 39.0 -24.9

3a 12.1 37.4 -25.3 12a 14.0 46.6 -32.6 2b 16.1 43.7 -27.1

4a 12.8 41.3 -28.5 13a 12.8 44.2 -31.4 3b 14.9 40.6 -25.7

5a 12.7 40.3 -27.6 14a 13.7 39.7 -26.0 4b 17.6 42.7 -25.1

6a 12.2 36.4 -24.2 15a 15.2 39.4 -24.2 5b 17.3 43.1 -25.8

7a 14.1 37.6 -23.5 16a 11.3 37.2 -25.9

8a 14.2 39.2 -25.0 17a 16.0 41.5 -25.5

9a 13.5 39.0 -25.5 18a 12.8 42.3 -29.5

Table 3.12 also showed that the distortion energies of N-substituted TSs are also

in agreement with the activation barriers in Table 3.3. TS-1a and TS-1b have relatively

lower distortion energies leading to lower activation barriers. Interaction energies of N-

substituted TSs are also similar, excluding TS-1b and TS-2b. Furthermore, relatively

short S···O critical distance between amide carbonyl oxygen (4b and 5b) and sulfur of

Tf2O and long S···O distances in the cleavage of Tf2O give the product-like nature of

TSs that result in higher free energies of activation and higher endothermicity (∆Grxn

= 22.6 and 18.7 kcal/mol, respectively) (Figure 3.13).
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Figure 3.12. Critical distances of optimized TS structures of Ghosez’s reaction with

selected C-substituted amides.
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Figure 3.13. Critical distances of optimized N-substituted TS structures.
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3.4.2. Non-covalent Interactions

In order to support the energetic and distortion/interaction model results, all

of the TS structures were investigated using NCIplot program [75]. Herein, the NCI

plots of same selected transition states are discussed. In particular, TS stabilizing

interactions such as lone pair-π (lp-π) and CH-π interactions were observed (Figure

3.14). In TS-3a and TS-9a, CH-π interactions were observed. The hydrogens of the

piperidine ring interacts with the benzyl (3a) and benzofuran (9a) rings. The CH-π

interaction confirms that TS-9a has relatively lower activation barrier among other

EWG groups. Non-conventional interactions such as CH···O and CH···F interactions

were seen in some TS structures as incoming hydrogens of substituents on C3 atom

interacts with oxygen in TS-5a and TS-9a fluorine atom. Similar interaction energies

in TS-6a–TS-8a, and TS-10a were seen in Table 3.12, which is corralated with CH···O

interactions. Since TS-5a and TS-9a have extra CH···F interactions, higher interaction

energies were observed compared to others.

In addition to previous ones, similar stabilizing interactions were seen from TS-

5a to TS-8a, TS-10a and TS-18a as shown in Figure 3.14. The unexpected activation

barrier trend that is observed in (Table 3.3) for TS-11a, TS-12a, and TS-13a can also

be explained with the NCI effect. TS-12a and TS-13a have relatively lower interaction

energies compared to TS-11a that may stem from lone pair-π (lp-π) interactions. TS-

11a does not have these stabilizing interactions that results in the unexpected activation

barrier trend (Figure 3.14).

When TS-16a–TS-18a are examined, lp-π interactions were observed and this

leads to a relatively lower activation barrier and higher interaction energies. Besides,

low distortion energies in TS-16a–TS-18a also depicts that the methyl group on C3

creates steric hindrance and increases the activation barriers.
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3.4.3. Population Analysis

Investigation of the substituent effect on reactivity of experimentally accessible

amides was tabulated in Tables 3.3 and 3.4 with population analysis. Natural bond

orbital (NBO) analysis was performed to clarify the electrostatic nature of the RDS of

the formation reaction of KI and rationalize the calculated order of activation barriers.

Computed data is displayed in Table 3.13. Natural Population Analysis (NPA) cal-

culations show that for both N1 and C3 substituents, electron-donating groups result

in higher electron density on the carbonyl oxygen, while electron-withdrawing groups

caused lower electron density. When compared 7a, 8a, and 10a with 11a-18a, it is seen

that the inductive effect of the vinyl 7a, propargyl 8a, and trifluoromethyl 10a reduced

when they are in more distant positions compared to 11a-18a that are adjacent to the

carbonyl moiety.

Likewise, the electron density and the NPA atomic charges on carbonyl oxygen

are higher for 1b and 1a than in the allyl and benzyl substituted ones, 2b and 3b.

Electron density on carbonyl oxygen is decreased when stronger electron-withdrawing

groups as nitrile 4b and trifluoromethyl 5b is present. To conclude, the NPA atomic

charges presented in Table 3.13 are compatible with the activation energies of the RDS

(Tables 3.3 and 3.4).
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Table 3.13. NPA atomic charges of C3 and N1-substituted amides.

C3 Substituents N1 Substituents

Entry C3 O C2 N1 Entry C3 O C2 N1

1a -0.520 -0.704 0.730 -0.369 1b -0.519 -0.702 0.725 -0.367

2a -0.522 -0.702 0.729 -0.558 1a -0.520 -0.704 0.730 -0.369

3a -0.518 -0.700 0.722 -0.571 2b -0.510 -0.699 0.733 -0.369

4a -0.520 -0.701 0.724 -0.557 3b -0.522 -0.691 0.728 -0.374

5a -0.520 -0.705 0.724 -0.555 4b -0.518 -0.675 0.738 -0.369

6a -0.516 -0.701 0.725 -0.367 5b -0.371 -0.680 0.741 -0.536

7a -0.517 -0.710 0.726 -0.526

8a -0.517 -0.700 0.723 -0.556

9a -0.516 -0.699 0.725 -0.568

10a -0.513 -0.700 0.722 -0.579

11a -0.510 -0.688 0.714 -0.477

12a -0.506 -0.686 0.711 0.001

13a -0.522 -0.693 0.715 -0.139

14a -0.519 -0.687 0.723 -0.654

15a -0.507 -0.684 0.692 -0.536

16a -0.512 -0.691 0.704 -0.687

17a -0.507 -0.693 0.679 -0.204

18a -0.517 -0.693 0.702 -0.332

3.5. KI Reactivity

3.5.1. Local Reactivity Descriptors

In order to predict the local reactivity of corresponding KIs and to rationalize the

calculated activation barrier order, the electrophilic Parr function P k
+ and the Fukui

function fk
+ were calculated and tabulated in Table 3.14.
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Parr and Fukui function analysis emphasize that electrophilicity is relatively lower

when substituents with electron-donating ability (KI-3b) through resonance (KI-3a),

delocalization (KI-13a and 18a), and mesomeric effect (KI-14a) are present on the C2

atom. The presence of electron-withdrawing substituents and steric hindrance also

affected electrophilicity. KI-10a, KI-4b, and KI-5b have comparatively increased elec-

trophilicity as they carry highly electronegative substituents like nitrile and trifluo-

romethyl which are strong EWG groups. KIs with X-Phenyl groups have lower elec-

trophilicity compared to other EWG substituted ones due to steric hindrance. Besides,

phenyl ether (KI-12a and KI-17a) substituted ones expectedly have higher electrophilic-

ity than phenyl sulfide (KI-11a and KI-16a) and aniline (KI-13a and KI-18a) since

oxygen is more electronegative than sulfur and nitrogen. However, aniline substituted

KIs have the lowest P k
+ and fk

+ among all since there is delocalization which reduces

electrophilicity. Thus, generally, KIs carrying substituents that have the ability of elec-

tron donation and generates steric hindrance have relatively lower electrophilicity. In

contrast, KIs that have electron-withdrawing substituents with electronegative atoms

on them and relatively smaller in size are more electrophilic and more available to the

nucleophilic attacks.

Table 3.14. P k
+ and fk

+ for the C2 atoms of corresponding KIs.

C-Substituents N-Substitutents

KI P k
+ fk

+ KI P k
+ fk

+ KI P k
+ fk

+

1a 0.702 0.364 10a 0.671 0.340 1b 0.711 0.368

2a 0.681 0.353 11a 0.602 0.290 1a 0.702 0.364

3a 0.340 0.161 12a 0.659 0.332 2b 0.694 0.353

4a 0.683 0.352 13a 0.367 0.231 3b 0.712 0.364

5a 0.678 0.355 14a 0.441 0.210 4b 0.736 0.372

6a 0.638 0.356 15a 0.556 0.299 5b 0.743 0.369

7a 0.680 0.356 16a 0.598 0.302

8a 0.663 0.353 17a 0.634 0.338

9a 0.692 0.309 18a 0.144 0.131
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4. CONCLUSION

In conclusion, to give a detailed understanding of KI formation, the energetics

of the formation of KI through four different mechanisms were disclosed. Notably, the

most commonly used method of Ghosez that includes activation of starting amide with

triflic anhydride and followed by treatment with collidine is comprehensively investi-

gated. In the first part, to examine the effect of the substituent on ease of formation

of triflated amide (RDS for overall reaction) to give corresponding KI, a set of suitable

substituents on the C3 the N1 atoms of starting amide are modeled.

Then, all steps of Ghosez’s formation reaction were investigated with same set of

substituents energetically. Results prove that the first step of the reaction is the RDS

meaning that the reactivity of starting amides towards triflic anhydride is directly re-

lated to the formation of the KI. In general, EDGs on C3 and N1 atoms of starting

amide lower the activation barrier as they increase electron density on carbonyl oxy-

gen, while EWGs tend to display a reverse trend as they decrease electron density

on carbonyl oxygen and, as a result, increase the activation barrier. Steric hindrance

around the starting amide also has a detrimental effect on the activation barrier for

the electrophilic activation of the amide with triflic anhydride. Population analysis

proves that in general, EDG substituted amides have higher electron density on the

oxygen atom of carbonyl rather than EWG substituted ones, which make them more

reactive for electrophilic activation by Tf2O. Distortion/interaction model analysis and

the investigation of non-covalent interactions are in agreement with the energetic find-

ings. Lastly, the reactivity analysis was performed on the corresponding KIs to predict

the local reactivity. Electrophilicity of the KIs substituted with EDGs or create steric

hindrance is relatively lower. KIs carrying EWGs are more available to nucleophilic at-

tacks on C2 atom. Overall, this computational study provides rationalization of diverse

experimental results obtained previously as well as allowing a more detailed prediction

of the ease of formation of keteniminium intermediates for synthetic applications.
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57. Chamorro, E., P. Pérez and L. R. Domingo, “On the Nature of Parr Functions to

Predict the Most Reactive Sites Along Organic Polar Reactions”, Chemical Physics

Letters , Vol. 582, pp. 141–143, 2013.
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Appendix A: ENERGY PROFILES FOR GHOSEZ’S

MECHANISM

Table A.1. Gibbs free energies of C3-substituted amides for RDS

(M06-2X/6-31+G(d,p)) in CH3Cl and CH2Cl2 for 7a and 10a.

Entry R PRC TS PC P Entry R PRC TS PC P

1a 0.0 4.8 29.8 -3.9 9.2 11a 0.0 6.5 32.2 2.7 13.1

2a 0.0 6.8 27.9 -5.8 7.5 12a 0.0 5.6 30.9 0.2 11.7

3a 0.0 6.8 28.0 -5.7 8.9 13a 0.0 6.7 30.5 -0.4 9.2

4a 0.0 7.9 28.6 -4.7 8.5 14a 0.0 5.8 28.5 -3.1 12.5

5a 0.0 5.9 27.7 -6.2 5.5 15a 0.0 5.3 29.7 -1.7 14.9

6a 0.0 7.0 27.9 -4.9 6.7 16a 0.0 5.3 28.8 -3.8 7.7

7a 0.0 6.3 29.6 -4.0 1.2 17a 0.0 6.6 30.1 1.7 12.3

8a 0.0 6.2 30.5 -1.1 11.1 18a 0.0 5.8 29.5 -2.9 7.8

9a 0.0 5.5 27.8 -4.5 10.7

10a 0.0 7.4 31.3 1.2 4.8

Table A.2. Gibbs free energies of N1-substituted amides for RDS

(M06-2X/6-31+G(d,p)) in CH3Cl.

Entry R PRC TS PC P

1b 0.0 6.0 30.1 -1.8 9.9

1a 0.0 4.8 29.9 -3.9 9.2

2b 0.0 6.7 32.6 -0.4 11.1

3b 0.0 6.1 32.1 -1.0 11.4

4b 0.0 5.6 33.5 5.3 22.6

5b 0.0 6.0 33.7 3.9 18.7
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Table A.3. Gibbs free energies of C3-substituted enamines for second step of Ghosez’s

mechanism (M06-2X/6-31+G(d,p)) in CH3Cl and CH2Cl2 for 7a and 10a.

KI R PRC TS PC P KI R PRC TS PC P

1a 0.0 6.2 16.6 -15.8 -1.1 10a 0.0 -3.0 7.0 3.5 -12.5

2a 0.0 4.2 18.4 -0.7 -10.6 11a 0.0 2.9 13.7 -11.0 -18.6

3a 0.0 1.6 8.3 -2.2 -14.0 12a 0.0 -0.4 14.0 -5.2 -14.4

4a 0.0 3.5 11.8 0.6 -10.6 13a 0.0 1.3 9.7 -3.8 -12.8

5a 0.0 9.6 11.9 -4.3 -9.8 14a 0.0 1.8 5.4 -12.6 -18.4

6a 0.0 3.8 13.5 2.1 -10.4 15a 0.0 3.7 8.3 -8.3 -15.5

7a 0.0 8.4 14.8 -0.1 -6.4 16a 0.0 9.6 12.4 -3.7 -11.4

8a 0.0 3.7 8.7 -0.6 -11.4 17a 0.0 -0.8 6.0 -11.4 -14.4

9a 0.0 2.5 9.4 0.1 -14.6 18a 0.0 1.3 9.7 -3.8 -12.8

Table A.4. Gibbs free energies of N1-substituted enamines for second step of Ghosez’s

mechanism (M06-2X/6-31+G(d,p)) in CH3Cl

Entry R PRC TS PC P

1b 0.0 2.8 14.1 -2.3 -16.8

1a 0.0 6.2 16.6 -1.1 -15.8

2b 0.0 5.0 17.8 -0.5 -17.7

3b 0.0 0.7 17.8 0.2 -16.9

4b 0.0 4.1 10.2 -28.5 -15.1

5b 0.0 5.3 14.2 -10.5 -23.4
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Table A.5. Gibbs free energies of C3-substituted KIs (M06-2X/6-31+G(d,p)) in

CH3Cl and CH2Cl2 for 7a and 10a.

Entry R PRC TS PC P Entry R PRC TS PC P

1a 0.0 0.6 3.9 -5.3 4.6 11a 0.0 0.5 5.8 -1.0 34

2a 0.0 0.8 4.0 -4.5 4.3 12a 0.0 3.7 7.7 3.7 9.4

3a 0.0 0.1 3.3 -5.0 5.6 13a 0.0 0.1 6.7 -5.0 3.0

4a 0.0 0.3 4.6 -4.0 5.6 14a 0.0 2.6 10.4 3.7 16.0

5a 0.0 0.5 3.3 -5.0 5.2 15a 0.0 1.0 9.7 4.8 14.5

6a 0.0 1.0 4.0 -4.7 5.7 16a 0.0 1.9 6.8 0.5 34.1

7a 0.0 0.0 3.5 -7.9 -4.8 17a 0.0 -1.7 7.3 4.7 12.8

8a 0.0 1.0 5.4 -2.1 7.1 18a 0.0 -0.3 3.4 -4.2 4.4

9a 0.0 2.8 6.5 -0.9 10.6

10a 0.0 2.9 6.0 -2.9 0.2

Table A.6. Gibbs free energies of N1-substituted KIs (M06-2X/6-31+G(d,p)) in

CH3Cl.

Entry R PRC TS PC P

1a 0.0 0.4 3.1 -4.4 4.5

1b 0.0 0.6 3.9 -5.3 4.6

2b 0.0 0.0 6.0 -1.5 7.4

3b 0.0 -0.4 3.6 -6.0 4.6

4b 0.0 0.7 7.4 2.9 15.5

5b 0.0 0.8 6.8 0.3 13.8
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Appendix B: NCI PLOTS

Figure B.1. Non-covalent interaction (NCI) plots for the TS structures of second and

third steps. The NCI isosurface value= 0.5 au using SCF densities.
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