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COMPUTATIONAL INVESTIGATION OF ORGANIC REACTIONS VIA
MECHANISTIC APPROACHES

SUMMARY

The importance of the theoretical approaches and computational tools has arised
significantly in the past decades. The increase in performance of scientific
computation has enabled fast and accurate calculations by parallel computing.
Moreover, the recent developments in the Density Functionals Theory, such as new
realease of advanced hybrid functionals facilitated fast and satisfactory results to
explain the complex reaction network of various systems.

The main concept and purpose of this Ph.D. thesis is understanding the mechanisms
of different classes of organic reactions. For this purpose, for each specific reaction
system, all the possible transition states and intermediate structures through the
reaction coordinate are evaluated and the detailed mechanism is investigated. Next
step is focusing on the several possible pathways of the process which lead to various
products and analyze them by means of thermodynamics and kinetics. Herein,
computational chemistry methods have been utilized which are powerful tools to
explain the outcome of the experiments. Understanding the mechanism in detail will
enable synthesizing custom made products and is crucial for both the development of
the currently employed procedures.

In the scope of this thesis, several computational modeling approaches have been
utilized in order to investigate the reaction mechanisms of several systems. The
thesis contains four chapters. First one is an organometallic cycloaddition reaction,
following two are different reactions of tropolone and diosphenol derivatives and the
last one is a co-catalyst assisted reductive amination reaction.

Triazoles are the building blocks of various biologically important compounds. They
are utilized in many biological applications, including treatment of tumors, HIV,
allergy, fungal infection and microbial diseases, since they can mimic peptide bonds.
For the first time, 1,2,3-triazoles were assembled synthetically via Huisgen 1,3-
dipolar cycloaddition of azides and alkynes (AAC). However, synthesis with this
procedure is not regioselective and the reaction rate is very low even at high
temperatures. In 2001, Sharpless et al. reported the first study on Cu catalyzed Click
chemisty and since then, this methodology has found widespread usage, varying
from functional to biological materials. Triazoles can be synthesized regioselectively
with a very high rate in bening reaction conditions, in different solvents, both protic
and aprotic, via Click procedure. After the successful application of the Cu catalyst,
several transition metals which have been effectively used in alkyne cyclization
reactions were tested. In 2005, ruthenium metal, whose catalytic activity on alkynes
has been formerly known, was found as a catalyst for AAC that produces 1,5-
disubstituted triazoles with internal alkynes. Ag and Au metals have also been tested
as good candidates since they are congeners of the efficient Cu catalyst. In 2011,
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McNulty et al. reported the first Ag (I) catalyzed reaction at room temperature in the
absence of Cu metal. This reaction is promising in the sense that it is the first
successful application of Ag catalyst alone in AAC reaction and has the advantage of
being non toxic, which is especially crucial in biological applications.

The first successful and promising Ag catalyzed azide alkyne cycloaddition has been
investigated by quantum mechanical calculations as a part of this thesis. The
feasibility of the experimentally proposed reaction mechanism was investigated by
modelling the profound intermediates and the transition state structures connecting
them. Then, the number of metal atoms involved in the reaction process was
examined comparatively, which is one of the main questions considered in
mechanistic studies of Click reactions. Elucidating the reaction mechanism will
enable more control over the synthesis and help to obtain tailor made products in
good yields without involving toxic copper.

Tropolone is classified as a diosphenol, whose derivatives are known to act as
medicaments. Stipitatic acid, puberulonic acid, colchicine, and hinokitol are some
examples of tropolone derivatives, which have been isolated from natural products
and have antimitotic, antiviral, antibacterial, anticancer effects. Tropolone and its
derivatives are also used in some reactions as a starting material for synthetic
purposes. Therefore, finding new and easy synthetic methods for obtaining tropolone
derivatives is a valuable task in synthetic organic chemistry. Thus, quantum
mechanical calculations are substantial in order to provide insights into the synthetic
pathway and the nature of the regioselectivity in comparison to its analogous.

Second chapter deals with experimentally obtained regioselectivity of a tropolone
system which shows structural similarity to diosphenol with different ring sizes. DFT
calculations were performed on the key elimination step of the mechanism in order to
elucidate the factors that led to different regioselectivity in the five-membered
diosphenols and seven-membered tropolone. For this purpose, the key steps were
modeled for both reagents by using computational tools to account on the proposed
reaction mechanism and to investigate the structural and electronic effects that
caused the difference in these two cases. The experimentally observed
regioselectivity was correlated to the calculated activation barriers on five and seven-
membered systems in the elimination step such that in both cases, experimentally
observed product was favored over the alternative one. Thus, quantum mechanical
calculations have provided insights into the synthetic pathway and regioselectivity of
the reaction, in comparison to the analogous five-membered system.

Third chapter focuses on the radicalic reactions of 6- and 7-membered diosphenol
derivatives with a significant difference in reactivity, ring size, aromaticity and
stability. While the former is producing a mixture of products, the latter is resulting
with a single product, regioselectively. DFT calculations were performed following
the experimental studies in order to describe the outcomes correctly. Therefore, all
possible reaction pathways were investigated for both structures to shed light on
different selectivity routes governed by several factors. The driving factors for the
observed regioselectivity was discussed in terms of the charge distribution at the
reactive atoms, entropy factors, variation of dihedral torsion angle between the
radicalic center and functionalized double bond and aromatization of the ring.

Amines are among the most important and frequently used chemical compounds due
to their biologically active features and wide applications in industry. Reductive
amination reactions are efficient and facile routes to synthesize long chain amines by
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using a diversity of aldehydes and ketones, and a variety of amines. The general
route for the reductive amination is well documented. The exact mechanism,
however, is dependent on the pH of the reaction medium and thus, the protonation
state of the intermediates and the role of a coordinating solvent. The parameters
affecting reaction performance and the selectivity such as type of the substrate and
reaction conditions are still not fully understood. Fourth chapter presents a
computational work on the mechanism of reductive amination including neutral and
co-catalyst assisted (as explicit water and acid) reaction conditions. The reaction
mechanism and the energy profile were characterized by MP2 calculations and an
implicit SMD approach to account for polarity effects of the solvent. With explicit
water assistance, the addition step proceeded in a stepwise fashion rather than
concerted and the activation barrier was lowered. In the co-catalyst assisted system,
the first part of the reaction (nucleophile addition) is kinetically disfavored compared
to the neutral one and second half of the reaction is thermodynamically driven by the
presence of an acid as a co-catalyst. Consequently, altering the reaction parameters
does not only influence the reaction kinetics, but also the thermodynamic profile of
the pathways in all cases. Further understanding on the reaction dynamics is essential
to develop a microkinetic model of the reaction, to control and steer the process in
order to rationally design reaction routes.

Optimizing the reaction conditions requires realising each mechanism in detail,
through the process. In this study, we aim to investigate the feasibility of the
experimentally proposed reaction mechanism by modelling the profound
intermediates and the transition state structures connecting them. The overall
interpretation of the results of this thesis will serve to a better understanding of the
reaction thermodynamics, as well as kinetics of the processes. Elucidating the
reaction mechanism will enable more control over the synthesis, help to obtain tailor
made products in good yields and develop new alternatives for chemistry and
beyond.
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ORGANIK TEPKIMELERIN MEKANISTIK YAKLASIMLAR
KULLANILARAK HESAPSAL INCELENMESI

OZET

Son yillarda, o6zellikle kimyasal tepkimelerin anlasilmasi ve proseslerin
yorumlanmasi konusunda teorik yaklasimlarin ve hesaplamali kimya yontemlerinin
Oonemi artmistir. Bunun sebeplerinden biri, bilimsel hesaplama yontemlerindeki
performans artisidir. Bu performans artis1 bilgisayar teknolojilerinde saglanan
gelismeyle birlikte hizli ve kesin sonuglar saglayan paralel hesaplamalarin
yapilabilmesinden kaynaklanmaktadir. Ayrica, Yogunluk Fonksiyoneli Teorisi
(YFT) alaninda yapilan calismalar ve gelistirilen yeni fonksiyoneller sayesinde,
kompleks reaksiyon sistemlerinin hizli ve dogru bir bi¢imde yorumlanmasi miimkiin
olmustur.

Bu doktora tezinin genel ¢ercevesi ve amaci, cesitli organik reaksiyonlarin
mekanizmalarmi hesapsal kimya yontemleri kullanarak incelemektir. Bu amagla ilk
olarak, her sisteme ait olast gecis konumlar1 ve ara iiriinler modellenmis; elde edilen
veriler termodinamik ve kinetik olarak incelenmistir. S6z konusu reaksiyonlarin
deneysel c¢iktilarin1 ve iiriin dagilimlarimi agiklamak icin olasi yollarin aktivasyon
bariyerleri ve tepkime enerjileri karsilastirilmistir. Coziicii polaritesinin tepkime
lizerine ve yik dagilimimna etkisi ¢esitli hesapsal kimya metotlart kullanilarak
incelenmistir.

Tez dort ana boliimden olusmaktadir. ik boliimde organometal katalizorlii bir
siklokatilma tepkimesi incelenmistir. Ikinci ve iiciincii béliimler tropolon tiirevlerinin
halkalasma tepkimelerinden olugmaktadir. Son boliimde ise indirgen aminlestirme
tepkimelerine ko-katalizorlin etkisi incelenmistir. Her boliimde, mevcut sistemin
ozelliklerini agiklayabilecek uygun hesapsal modelleme yaklagimlar1 kullanilmistir.

Triazoller, biyolojik 6nem tasiyan bir¢ok bilesigin yapitasidir. Peptit baglarini taklit
edebilme Ozellikleri sayesinde, tiimor tedavisi, HIV, alerji, mantar enfeksiyonlar1 ve
mikrobiyal hastaliklar gibi cesitli biyolojik uygulama alanlar1 bulunmaktadir. 1,2,3-
triazoller ilk olarak, Huisgen 1,3-dipolar azit ve alkin siklokatilma reaksiyonlar: ile
sentezlenmistir. Ancak bu prosediir, yliksek sicakliklarda bile diisiik verimle ve iiriin
seciciligi olmadan gerceklesmektedir. 2001 yilinda, Sharpless et al. tarafindan Cu
katalizorlii klik reaksiyonu ortaya konulmustur ve bu metot ¢esitli materyallerin
sentezinde genis uygulama alani bulmustur. Triazoller, klik metotu kullanilarak
cesitli solventler i¢inde yiiksek verimli ve regiosecici olarak sentezlenebilmektedir.
Cu metalinin basarili uygulamalarini takiben cesitli gecis metallerinin bu metottaki
etkinligi test edilmistir. Alkinler {izerindeki katalitik aktivitesi daha 6nce bilinen Ru
metali 2005 yilinda AAC reaksiyonlarinda basar1 saglanmis ve i¢ alkinler
kullanilarak 1,5-distibstitilie triazoller elde edilmistir. Daha sonra Cu benzeri olan Au
ve Ag metallerinin potansiyel aktiviteleri iizerine deneyler yapilmistir. 2011 yilinda
ilk defa McNulty et al. tarafindan oda sicakliginda ve Cu metali kullanilmadan Ag (I)
katalizorlii reaksiyon basariyla gerceklestirilmistir. Bu reaksiyon, Ag katalizorlii klik
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tepkimelerinin basarili ilk 6rnegi olmasi ve glimiisiin toksik ozellik géstermemesi
sayesinde biyolojik uygulamalarda kullanilabilirligi nedeniyle biiyiik Onem
tasimaktadir.

Birinci bolimde, Ag katalizorlii azit alkin siklokatilma reaksiyonu hesapsal
yontemler kullanilarak incelenmistir. Bu reaksiyon, Ag metalinin klik
reaksiyonlarindaki ilk basarili 6rnegidir. Bu sebeple, deneyciler tarafindan 6nerilmis
olan reaksiyon mekanizmasiin detayli olarak incelenmesi, sentez yonteminin ve
reaksiyon veriminin gelistirilmesine katki saglayacaktir. Klik reaksiyonlarindaki
temel sorulardan biri, reaksiyonda aktif olarak rol alan metal atomlarmin sayisidir.
Mekanistik ¢aligmalar sirasinda ayrica, etkin metal sayisini tespit etmek icin, farkli
sayida metal i¢eren sistemler karsilagtirmali olarak incelenmistir.

Tropolon ve diosfenol tiirevleri ilag 6zelligi gosteren ve farkli ilag sentezlerinde
kullanilan bilesiklerdir. Stipitatik asit, puberulonik asit, kolsisin ve hinokitol bazi
tropolon tiirevleridir. Bunlar ¢esitli dogal bilesiklerden ekstrakte edilebilmekte ve
antiviral, antibakteriyal ve antikanser 6zellik gdstermektedir. Tropolon ve tiirevleri,
bir¢ok sentez reaksiyonunda baslangi¢ bilesigi olarak kullanilmaktadir. Bu sebeple
tropolon tlirevlerinin eldesi, sentetik organik kimyanin énemli konularindan biridir.
Bu sebeple, bu reaksiyonlarin kuantum mekaniksel hesaplarla incelenmesi,
mekanizmalarmin  aydinlatilmast  ve analoglart ile karsilagtirnllmast  6nem
tagimaktadir.

Ikinci boliimde, tropolon tiirevlerinin reaksiyonlarinda gériilen yersegicilik ile halka
biiyiikliigii arasindaki iliski ele alinmistir. Bu amagla, yersegilikte belirleyici olan
ayrilma basamagi (eliminasyon), 5 ve 7 iyeli halkalar icin YFT hesaplariyla
incelenmistir. Farkli biyiikliikteki halkalarda etkin olan yapisal ve elektronik
ozellikler karsilastirilmistir. Her iki sistemde goriilen aktivasyon enerjisi farkina gore
secicilik agiklanmustir.

Ucgiincii boliimde, 6- ve 7-iiyeli diosfenol tiirevlerinin reaktivite, aromatiklik ve
stabilite agisindan gosterdikleri belirgin farklarin agiklanmasi hedeflenmistir. Ayni
sartlarda gergeklestirilen 6 liyeli bilesigin radikalik reaksiyonunda iiriin karigimi elde
edilirken, 7 tiyeliye ait reaksiyon regiosecici olarak tek bir iirlin olusturmaktadir.
Deneysel caligsmalarin sonucunu agiklamak ve s6z konusu iirin dagilimini inclemek
icin YFT hesaplar1 yapilmustir. Iki yapr icin segicilik farkini olusturan gesitli faktdrler
tespit edilmistir. Bu agamay1 kontrol eden faktorler, reaktif atomlar arasindaki yiik
dagilimi, entropi katkilari, radikalik merkez ve fonksiyonel ¢ift bag arasindaki
dihedral ag1s1 ve halkanin aromatikligi gibi etkenlerdir.

Aminler genis captaki endiistriyel kullanimlar1 ve biyolojik aktiviteleri sebebiyle, en
onemli ve sik kullanilan kimyasal bilesiklerden biridir. Indirgen aminlestirme
reaksiyonlari, cesitli aldehit ve ketonlarin basit aminlerle reaksiyonu sonucunda uzun
zincirli aminlerin sentezlenmesi i¢in kullanilan en etkin ve kolay yontemlerden
biridir. Indirgen aminlesme reaksiyonlarinin ana basamaklari literatiirde genis yer
bulmaktadir. Ancak reaksiyon mekanizmasi, ortamin pH degerine, ara iriinlerin
protonasyon seviyesine ve ara yapilara koordine olan solvent molekiillerine bagh
olarak degisebilmektedir. Bu parametrelerin reaksiyon verimini ve segiciligini
etkilemekte oldugu bilinmektedir, ancak etki yollari tamamen anlagilamamustir.

Dordiincii boliimde indirgen aminlesme reaksiyonlarinin mekanizmasi nétral ve ko-
katalizor esligindeki kosullarda hesapsal olarak incelenmistir. Reaksiyonun
mekanizmas1 ve enerji profili MP2 yontemi ile hesaplanmis, ¢dziiciiniin sisteme
etkisi SMD yaklagimi ile karakterize edilmistir. Sonu¢ olarak reaksiyon
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parametrelerinin degistirilmesiyle, reaksiyonlarin hem termodinamik hem de kinetik
profillerinde degisimler goriilmiistiir. Reaksiyon dinamiklerinin daha iyi anlasilmasi,
mikrokinetik modellerin olusturulmasint ve rasyonel reaksiyon tasarimlarinin
yapilmasini saglayacaktir.

Bu tezden elde edilen sonuglar, s6z konusu reaksiyonlarin termodinamik ve kinetik
ozelliklerinin daha iyi anlasilmasi acisindan &nem teskil etmektedir. Uzerinde
calisilan reaksiyonun dinamikleri, olasi kararli ara {irtin olusumu, ¢6ziiciiniin tepkime
hizina ve seciciligine etkisi gibi noktalarin aydinlatilmasi, reaksiyon kosullarinin
optimize edilmesi ve hedef odakli iiriin sentezi i¢in kritik 6nem tagimaktadir. Yapilan
hesapsal calismalar, mevcut sentez sartlarina alternatif bakis acilar1 ve yeni teknikler
saglamay1 hedeflemektedir.
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1. INTRODUCTION

The main concept and purpose of this thesis is understanding the mechanisms of
different classes of organic reactions with the help of computational chemistry tools.
Generally, the flow of a computational study consists of several steps. First, all the
possible transition states and intermediate structures through the reaction coordinate
are evaluated and the detailed mechanism is investigated by using a suitable
computational methodology, such as Density Functional Theory or ab initio
calculations. Next step is focusing on the several possible pathways of the process
which may lead to various products and analyze them by means of thermodynamics
and kinetics. By this way, electronic or structural effects that lead to the observed
products are explained or in some cases, anticipated products are identified. Thus,
computational chemistry tools have been utilized as powerful agents to explain the

outcome of the experiments.

The thesis contains four chapters and each of them deals with a specific reaction.
First chapter targets an organometallic cycloaddition reaction, following two are
different examples of cyclization reactions and the last one is a co-catalyst assisted
reductive amination reaction. In the scope of each chapter, several computational
modelling approaches have been utilized in order to investigate the reaction

mechanisms of each system.

In the first chapter, this first successful and promising Ag catalyzed azide alkyne
cycloaddition has been investigated by quantum mechanical calculations. The
feasibility of the experimentally proposed reaction mechanism was investigated by
modelling the profound intermediates and the transition state structures connecting
them. Then, the number of metal atoms involved in the reaction process was
examined comparatively, which is one of the main questions considered in
mechanistic studies of Click reactions. Elucidating the reaction mechanism will
enable more control over the synthesis and help to obtain tailor made products in

good yields without interfering of toxic copper.



Second chapter deals with experimentally obtained regioselectivity of a tropolone
system with different ring size. DFT calculations were performed on the key
elimination step of the mechanism in order to elucidate the factors that led to
different regioselectivity in the five-membered diosphenols and seven-membered
tropolone. The experimentally observed regioselectivity was correlated to the
calculated activation barriers on five and seven-membered systems in the elimination
step such that in both cases, experimentally observed product was favored over the
alternative one. Thus, quantum mechanical calculations have provided insights into
the synthetic pathway and regioselectivity of the reaction in this study, in comparison

to the analogous five-membered system.

Third chapter focuses on the radicalic reactions of 6- and 7-membered diosphenol
derivatives with a significant difference in reactivity, ring size, aromaticity and
stability. While the former is producing a mixture of products, the latter is resulting
with a single product, regioselectively. DFT calculations were performed following
the experimental studies in order to describe the outcomes correctly. Therefore, all
possible reaction pathways were investigated for both structures to shed light on
different selectivity routes governed by several factors. The driving factors for the
observed regioselectivity was discussed in terms of the charge distribution at the
reactive atoms, entropy factors, variation of dihedral torsion angle between the

radicalic center and functionalized double bond and aromatization of the ring.

Fourth chapter presents a computational work on the mechanism of reductive
amination including neutral and co-catalyst assisted (as explicit water and acid)
reaction conditions. The reaction mechanism and the energy profile were
characterized by MP2 calculations with an implicit solvent approach to account for
polarity effects of the solvent. Altering the reaction parameters (pH of the media,
explicit water assistance) does not only influence the reaction kinetics, but also the
thermodynamic profile of the pathways in all cases. Consequently, further
understanding on the reaction dynamics is essential to develop a microkinetic model
of the reaction, to control and steer the process in order to rationally design reaction

routes.



2. Ag-CATALYZED AZIDE ALKYNE CYCLOADDITION: A DFT
APPROACH !

2.1 Introduction

Triazoles are 5-membered heterocycles, which are the building blocks of many
biologically important compounds. They are utilized in many biological applications,
including treatment of tumors [1, 2], HIV [3], allergy [4], fungal infection [5, 6] and
microbial [7-11] diseases, since they can mimic peptide bonds [12]. For the first time,
1,2,3-triazoles were assembled synthetically via Huisgen 1,3-dipolar cycloaddition of
azides and alkynes (AAC) [13, 14]. However, synthesis with this procedure is not
regioselective and the reaction rate is very low even at high temperatures. In 2001,
Sharpless et al. reported the first study on Cu catalyzed click chemisty and since
then, this methodology has found widespread usage, varying from functional to
biological materials [15, 16]. Triazoles can be synthesized regioselectively with a
very high rate in bening reaction conditions, in different solvents, both protic and
aprotic, via click procedure [12, 17-22]. After the successful application of the Cu
catalyst, the scientists have searched for different transition metal analogues. Several
transition metals which have been effectively used in alkyne cyclization reactions
were tested [12, 23-27]. In 2005, ruthenium metal, whose catalytic activity on
alkynes has been formerly known, was found as a catalyst for AAC that produces
1,5-disubstituted triazoles with internal alkynes [25-27]. Ag and Au metals have also
been tested as good candidates since they are congeners of the efficient Cu catalyst.
In a recent study, Veige et al. reported an inorganic version of click reaction with Au
metal (Au-iClick) [28, 29]. In the literature, there are examples of Ag acetylides
reacting with azides via assistance of Cu [30]. It has been reported by Silvestri et al.
that Au (I) and Ag (I) acetylides are available with Cu (I) salts via a = complexation.
However, in their work, no triazole product could be obtained with silver acetlylides

in the absence of Cu or with only silver in its salt form [30]. In the work of Connell et

' This chapter is based on the paper “Boz, E and Tiiziin, N. S. (2016). Ag-catalyzed azide alkyne
cycloaddition: a DFT approach. Dalton Transactions, 45, 5752-5764. doi: 10.1039/c¢5dt04902d.
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al. on Ag catalyzed azide-alkyne cycloaddition, the catalytic activity of binuclear
{Ag2(TBTA),}(BF4), complex was reported to arise from trace copper impurity
coming from the ligand preparation step [31]. In 2011, McNulty et al. reported the
first Ag (I) catalyzed reaction at room temperature in the absence of Cu metal (Figure

2.1)[32, 33].

N
2~ .. ~CH,Ph
Ag catalyst N N

toluene RT
Ph

Figure 2.1 : Ag (I) catalyzed AAC reaction between phenylacetylene and benzyl
azide [32, 33].
In their work, instead of silver salts, silver complexes that have lower toxicity were
used. {Ag'(L,)(X)} type complexes were studied using different types of hemilabile
and bidentate P,O- and P,N-type ligands. Finally, they synthesized a stable crystalline
complex using silver acetate and diisopropylamide ligand. Reaction conditions were
optimised by investigating the effect of various silver (I) salts (AgOAc, Ag,O,
AgNO;, AgOTY), several additives (benzoic acid and caprylic acid), ligands and the
catalyst loading. As a result, 1,4-triazole product was obtained regioselectively in
98% yield from the reaction of phenylacetylene and benzyl azide in the optimum
conditions. Later, Yanez et al. reported the successful alkyne-azide cycloaddition
catalyzed by silver chloride and a silver N-heterocyclic carbene complex [34]. In
their work, Ag,O, AgNO; and Ag,SO,4 have not promoted AgAAC reaction [34]. In
the literature, a mechanism has been proposed for the AgAAC reaction (Figure 2.2)
initiated with silver (I) acetylide structure, however, the key catalytic intermediates
have not been identified or isolated in experiments [33]. In this study, the mechanism
of AgAAC reaction will be studied by quantum mechanical calculations as a part of
our ongoing interest in metal catalyzed azide-alkyne cycloaddition reactions [35].
This reaction is promising in the sense that it is the first successful application of Ag

catalyst alone in AAC reaction.

Optimizing the reaction conditions, especially in terms of catalyst, requires
understanding the mechanism in detail. In this study, we aim to investigate the
feasibility of the experimentally proposed reaction mechanism by modelling the

profound intermediates and the transition state structures connecting them.
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Figure 2.2 : Proposed catalytic cycle for AgAAC reaction [33] (X: -Ph, -C(CHs)s, -
Cg¢H11, phosphadamantane derivative; Y: -OCHs3, -CH,OH, -COOCHj3;, -
CON(C3H7),, -CH,N(CH3),).

Elucidating the reaction mechanism will enable more control over the

synthesis, help to obtain tailor made products in good yields and develop new

alternatives for click chemistry and beyond.

2.2 Methods

In this study, a model system (M) has been studied with methyl substituted azide and
alkyne compounds. Then, an experimentally studied reactant set, consisting of
phenylacetylene and benzyl azide was investigated (Table inserted in Figure 2.3).
This set has been referred to as real system (R) in the manuscript. In order to reduce
structural influence stemming from the steric and electronic effects of substituted
phosphane ligands reported in the experimental work, PH; has been considered as
ligand in the catalyst for M and R systems. PH3 ligand on the real system (R) has
been modified to PPh; in order to generate a real ligand set (RL) to imitate the
experimentally studied set [33]. Monometallic and bimetallic compounds are
specified as Ag; and Ag, respectively. Structure A is named after the silver (I)
acetylide ligand complex of the related system (Figure 2.2). Van der Waals (vdW)
complex between silver (I)-acetylide-ligand and azide is labeled as B (Figure 2.2).
Six membered metallacycle is stated as structure C and the triazole ring coordinated

to silver is denoted as D (Figure 2.2). Three different transition states are defined as



TSac, TScp, and TSap where subscripts are labeled by the intermediates on both
sides. Ag-Ag interactions are emphasized in 3D structures which have been specified
as a strong affinity in the literature with a short distance of 2.88 A, whereas in 2D
pathways this relationship is ignored for clarity [36-38]. For bimetallic complexes,
the numbering in Figure 2.6 will be used.

A preliminary benchmark calculation has been performed on a set of functionals
(B3LYP, BPW91, M06L, ®B97XD) which have been used very frequently or
reported to perform well especially with transition metals. For this purpose, the X-
ray structures of Ag-catalyst complexes reported in the work of McNulty et al. have
been used for comparative purposes. Among them ®B97XD [39] functional with
MWB28 effective core potential and 6-31+G* basis set combination has been found
not only to perform well on the system of concern, but also has a reasonable
computational cost. All geometries were fully optimized with ®B97XD [39]
functional and 6-31+G(d) basis set for all main group elements and MWB28§
effective core potential for silver atom using Gaussian 09 software [40]. Frequency
calculations were used to verify all stationary points with zero imaginary frequency
and transition states having a single imaginary frequency.

Intrinsic reaction coordinate (IRC) calculations were performed on the
transition state structures in order to confirm expected reactant and product on
both sides [41, 42]. All energies referred in text are relative free energies
calculated at 298 K in the gas phase. Atomic charges derived from atomic

polar tensors (APT) are calculated at the same level of theory.

2.3 Results and Discussion

A reaction mechanism for Ag catalyzed AAC reaction has been suggested by
McNulty et al., based on the generally accepted pathway for CuAAC (Figure
2.2) [33]. In the AgAAC experiment, transformation of a deuterated alkyne
ended up a triazole with 55% loss of deuterium which is consistent with the
silver (I) acetylide formation [33]. In the case of CuAAC, several experiments
showed that CuAAC reactions do not reveal a product in the case of internal
alkynes [15, 16, 43]. Based on this fact, Cu acetylide was proposed as the
starting structure of the catalytic cycle and this suggestion has been supported

by several computational and experimental studies [25, 44-49]. Thus, the



pathway for AgAAC reaction was proposed to start with the formation of Ag-
acetylide structures. Ag (I) complexes have been utilized as stoichiometric
oxidant or catalyst in many oxidation reactions [50]. Stable and easily prepared
solids of Ag acetylides have been reported in the literature [30]. They are
reported to be polymeric species with limited solubility [S1]. In this study,
possible coordinations and configurations of silver (I) complexes have been
investigated since the reaction is proposed to start with Ag-acetylides whose
structures have not been determined experimentally and have a key importance
in the reaction mechanism.

In a previous study, Ag-acetylide dissolving in pyridine was attributed to the
Ag-N(pyridine) coordinate bond formation breaking up aggregates [30].
Likewise, in the AgAAC case, whether concerted or stepwise, there is a close
Ag-N distance (between 2.16 - 2.38 A) in the pathway of all covered
cycloaddition reactions herein, which may help in preventing aggregation.
This has been observed in the case of CuAAC where azide and ligands prevent
formation of oligomeric copper aggregates [12, 44, 45].

Mono and dinuclear Ag-acetylides have been suggested in AgAAC as in the
congener Cu case [33]. In CuAAC, there has been a debate on the number of
copper atoms involved in the reaction and a consensus has been reached by
theoretical calculations and experiments that more than one copper atom is
actively involved in the reaction [12, 46, 47]. Accordingly, in this study, mono
Ag and bis-Ag-acetylide structures with differing number of alkynes and
ligands were modelled based on the experimental proposal and the well-known
facts about the Cu catalyzed analog.

In the proposed mechanism, alkyne is coordinated to the silver in ¢ fashion via
deprotonation of alkyne and yields a silver (I) acetylide. After azide
coordination to the metal center and the cycloaddition steps, triazole
compound is generated (Figure 2.2).

In modelling the proposed mechanism, ®B97XD functional and 6-31+G(d)
basis set for all main group elements and MWB28 effective core potential for
silver atom has been utilized for the three investigated systems (Please refer to
the first paragraph of methodology for details of nomenclature and M, R and

RL abbreviations used in the work).



2.3.1 Mononuclear mechanism

First, the monometallic mechanism that has been suggested in the literature was
investigated, starting from Ag-acetylide with PH; ligand, Ag; A M (Figure 2.4) [33].
At the initial step, azide group is coordinated to the silver metal while terminal
nitrogen atom attacks to the more electropositive carbon (-0.23 vs -0.52) on the
alkyne. In quantum mechanical calculations, existence of a van der Waals (vdW)
complex before oxidative coupling step of metal-acetylide and azide has been
questioned in various studies on both Ru and Cu catalyzed reactions and its possible
presence on the reaction path was found to depend on the metal, ligands and the
methodology [35, 47, 52]. In a recent experimental report, Cu-azide complexes in a
CuAAC reaction could be identified for the first time in solution [20], presence of
this complex is found to be depended on the methodology. With mono Ag, full
convergence of such a complex could not be achieved at the level of theory in this
study. In a concerted fashion, the coupling of methyl azide and propyne forms the
triazole compound (Ag; D M) via Ag; TSap_M with an activation barrier of 27.6
kcal/mol while the related structures of the stepwise mechanism could not be found

(Figure 2.3).
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Figure 2.3 : Energy profile for the mononuclear Ag catalyzed azide-alkyne
cycloaddition reaction path for model (M), real (R) and real ligand (RL) sets.
Energies are not to scale.



In analogous Cu and Ru pathways, mostly stepwise addition was reported to take
place [27, 35]. In a study on CuAAC, the activation barrier of concerted
monometallic mechanism has been found to be almost similar to the uncatalyzed
process [53]. This could not explain the catalytic rate increase by the copper metal
and led to a conclusion of stepwise mechanism for the reaction. In a latest
topological study on CuAAC reaction, this concerted addition was reported to be
favored depending on both ligands and the functionals used in the calculations [52].
Likewise, a concerted reaction pathway was found for mono Ag acetylide. In this
system, a 6-membered metallacycle is unlikely to form, mainly due to the olefinic
carbons. Terminal carbon in the alkyne should undergo hybridization to allow an sp*-

like structure to form a 6-membered ring.

Methyl azide Ag,_TSap_M Agi, D M

Ag, A R Benzyl azide Ag,_TS,p_R Ag,_D_R

Figure 2.4 : 3D geometries of the structures involved in monometallic AGAAC
reaction path for model (M) and real (R) sets. Selected bond lengths (in A) and APT
charges are shown on figures.



However, without any external assistance for coordination, this metallacycle is
highly unfavorable in this case. The Ag-triazolide formation is exergonic by a
relative free energy of -54.9 kcal/mol (Figure 2.3). The Ag metal can further detach
by protonation of the heterocyclic ring and the catalytic turnover takes place. Then,
monometallic mechanism has been explored by using the experimentally studied
substrates which are phenylacetylene and benzyl azide (Real system). This reaction
has the same concerted features as in the model mechanism. The activation barrier is
29.3 kcal/mol which is even higher than the model reaction.

Substituents on azide and alkyne have not caused dramatic changes in structures,
charges and the pathway. The p-orbital in the olefinic carbon bonded to phenyl group
is participating in the delocalization while the other p-orbital is interacting with the
azide during cyclization. Thus, this carbon is slightly more negative as compared to

its CH; (Ag;_A_ M) substituted analogue (-0.31 vs. -0.23).

2.3.2 Dinuclear mechanism

In the experimental study, no reaction was observed when started with silver phenyl
acetylide and benzyl azide without catalyst [33]. This result showed that the catalyst
has a role in both acetylide and product formation which invoked the idea of the
presence of a bimetallic complex.

Different dinuclear Ag-acetylide structures containing one or two alkynes with one
or two ligands have been considered as starting Ag-acetylide structures. These are as
follows:

I. [L-Ag-C=C-R]; type of (R = alkyl and L = ligand) dimeric silver (I) acetylide
(Figure 2.5) structure where two Ag-C=C-R are linked to each other via =-
coordination: Two different configurations of Ag-acetylide structure as active
starting species have been modelled in this study. However, starting with these
structures, a plausible mechanism could not be obtained. The basis set and the
functional was changed, however, transition states for the reaction could not be
obtained.

II. Cationic Ag acetylide structures containing two silver atoms with two ligands and
one alkyne group were also tried, however, transition states could not be located for

some of the steps.
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III. For obtaining the electroneutrality (as in the work of Straub et al. on CuAAC)
[22] Ag-acetylide structure with two Ag, two alkynes, and one ligand has been
chosen (Ag, A M structure in Figure 2.6). This model is based on CuAAC studies
as well, especially on Fokin/Ahlquist model [21].

In case I, the structure in Figure 2.5 which involves p,—n'-n? type of bonding modes
of Ag has been found as the most stable structure among the possible conformers and
configurations. In this structure, the lamellar orientation of Ag-acetylides is
maintained by m complexation of the Ag atoms with the olefins. An alternative
structure with parallel phenyl groups headed towards the same direction is less stable
by 13.6 kcal/mol. However, starting with the lamellar structure, neither transition
state for azide addition nor the expected azide-Ag-acetylide complex could be

located.
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Figure 2.5 : 3D geometry, selected bond lengths (in A) and APT charges of the &
type coordination of the silver (I) acetylide with lamellar structure.

Azide addition to this Ag-acetylide structure was disfavored due to the stability of
the pw,—n'—n” complex. When the azide approaches, it is expected to hinge from the
metal site first as in copper analogs. If the azide forms a complex, the strong -
coordination between the alkyne and the metal will be disturbed and weakened. In
that case, Ag cannot compensate its loss with coordinating to other atoms in the
system. Additionally, azide complexation will force the Ag atom to undergo
pyramidilization which will disturb the well-established m-complex structure. This
could lead to fragmentation as well.

The other alternative acetylide structure for the dinuclear case was pp-n'-n' bonding
mode (Case III) (Figure 2.6). Among the possible configurations, Ag, A M was

found as the most stable structure.
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Figure 2.6 : 3D geometry, selected bond lengths (in A) and APT charges of the
Ag, A M structure.

In this structure, the Ag-Ag distance is calculated as 2.81 A. In the multinuclear
silver (I) centered structures, argentophilicity, which can cause various unusual
structural characteristics, is observed [54]. The theoretical studies by Pyykko et al.
have shown that the distance and the strength of metallophilic interactions depended
strongly on the nature of the ligands [55-59]. Concerning the ligands considered in
the AgAAC study herein, several computational studies have been carried on the
dimer form of a silver-phosphine structure [H;PAgCl], and Ag—Ag distances have
been determined between 2.87-2.92 A in the literature [54]. In our calculations, the
Ag-Ag distances in the following silver-acetylide structures have been found as 2.81,
2.82 and 2.86 A in M, R and RL systems, respectively. These distances are not only
significantly shorter than that of the van der Waals radii for silver (3.44 A) [60], but
also shorter from the reported Ag-Ag separation of 2.88 A in the metallic state [37]
and the shortest interatomic distance in the ccp crystals of silver metal (2.89 A) [36].
The calculated Ag—Ag distances become even shorter in the following intermediate
structures of the pathway, fairly referring to a strong metallic interaction throughout
the mechanism [37]. In a silver catalyzed reaction, the reactivity of Ag catalyst was
attributed to electronic interactions between the two silvers and the unique
coordination feature of the disilver (I) core [61]. In this study, unreactive nature of
the silver (I) acetylide with lamellar structure (in Figure 2.5) could be attributed to
the weak coordination between silver atoms with a distance of 3.32 A.

The pathway of the AgAAC reaction is analyzed starting from the A structure. For
the analysis, generally proposed mechanism was followed [33]. The reaction is
proposed to start by azide addition. There are two different silver atoms in the
Agr A M structure for azide coordination. In this step, three different transition
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states were investigated which involve coordination of azide to both Ag; and Ag,: 1)
Coordination to Ag; and attacking C, alkyne (via Ag, TSac_M 1), 2) coordination
to Ag, and attacking C, alkyne (via Ag, TSac_M_2), 3) coordination to Ag, and
attacking C, alkyne (via Ag, TSap M 3) (Figure 2.7). Unlike the first two cases, the
last transition state led directly to 5-membered triazole structure. Relative free
energies of these three transition states are 22.8, 27.9 and 26.1 kcal/mol, respectively.
Transition states show that coordination to the more positively charged silver atom

(Ag; vs Ag, Figure 2.6) is favored.

Agz_T S AC_M_ 1 A gz_T S AC_M_2 Agz_T S AD_M_3

(22.8 kcal/mol) (27.9 kcal/mol) (26.1 kcal/mol)

Figure 2.7 : 3D geometries, selected bond lengths (in A) and APT charges of the

type 1, 2, 3 transition state structures (Ag, TSac_M). (Energies are relative free

energies with respect to the sum of the free energies of initial silver acetylide and
azide structures).

In Agy TSac M 1 and Agy, TSac M 2 cases, critical bond lengths of the transition
states are almost similar. In Ag, TSac M 1, similar charge distribution of the silver
atoms (0.25 and 0.28) provide stability to the structure. However, in Ag, TSap M 3,
there is a significant charge separation on silvers (0.42 and 0.16). In Ag, TSap M 3,
steric interactions between methyl group on the azide and C, alkyne cause a weaker
coordination between Ag, and azide (2.32 A) which led to a stronger interaction
between Ag, and C, alkyne (2.03 A) as compared to other transition state structures.
Ag> TSap_M 3 has slightly modified from the initial silver acetylide (A) complex,
thus, Agy, TSap M 3 is an early transition state and it is even earlier than

Agy TSac M 2, leading to a lower barrier.

Following Ag, TSac M 1 (Figure 2.9) a 6-membered metallacycle (C) has been
formed. Then, the metallacycle Ag, C M (Figure 2.8) has been exothermically
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converted to 1,4-disubstituted triazole ring (Ag, D M) via a second transition state
(Agy_TScp M), which is directly coordinated to both silver metals. The highest point

on the reaction path corresponds to TS ¢, where azide addition takes place.

Ag, C M1 Ag, TScp_M_1 Ag, D M 1

Figure 2.8 : 3D geometries selected bond lengths (in A) and APT charges of C,
TScp and D structures for the Ag, M 1.

HG HyC
g Ag, TS M_I
¢op n H;C y
Ag Ae v + ¢ Ary TS5 _NEE
v/ cH Ag Ag  CH; P Ag, TS_M_3
As2 Lo M _

Relative free energy (kcal/mol)

Reaction coordinate

Figure 2.9 : Energy profile for the binuclear Ag catalyzed azide-alkyne
cycloaddition reaction path for model (M) set via Agy TSxc M 1, Agy TSac M 2
and Ag, TSap_ M 3 transition state structures. Energies are not to scale.
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Cyclization to 5-membered ring via Ag, TScp M (Figure 2.8) is very close in
energy to that of Agy TSac M (21.1 vs 22.8 kcal/mol) as in copper analogues
(Figure 2.9) [35, 47, 52]. Triazole formation will take place via protonation of
structure Ag, D M. The alternative reaction path (Figure 2.9) via transition state
Agy TSac M 2 (Figure 2.7) will follow the same intermediates and transition states,
where they are 2-5 kcal/mol higher in energy. However, the reaction via
Ag, TSap M 3 has resulted with a concerted fashion, contrary to the other two
cases. Thus, the model reaction is expected to proceed stepwise via addition to Ag;

and C,p.

2.3.3 Dinuclear mechanism with PHj;

Then, a system with the experimentally studied reactants has been explored. For this
purpose, addition reaction of benzyl azide and phenylacetylene has been modelled
first by a model ligand, PH; (named R) then with the triphenylphosphine ligand
(PPh;) (named RL), as reported in the experiment [33]. In the real system (R),
coordination mode of the Ag, TSac M 1 (Figure 2.7) transition structure, which
had the lowest barrier compared to Agy TSac M 2 and Ag, TSac M 3, was used.
Presence of benzyl and phenyl groups have not changed the geometry of the Ag-
acetylide (Agx A R) complex, however the charges of the Ag atoms have become
more positive with respect to Agx A M due to electron withdrawing effect of the
phenyl groups (Figure 2.10). A van der Waals complex could not be located for this
set. The transition state, Ag, TSac R, has revealed a 6-membered intermediate
which required a barrier of only 1.0 kcal/mol to form the 5- membered triazolide ring
via reductive elimination (Ag, TScp R). However, structures from IRC calculations
have convergence problems, possibly because of the flat potential energy surface at
that point of the reaction coordinate.

An analogous situation has also been reported for the case of CuAAC, by Calvo-
Losada et al. that the nature of the mechanism, concerted vs stepwise could change
depending on the ligand and solvent and it has been concluded that the "stability of
the 6-membered metallacyclic intermediate” played the vital role [52]. Then,
bimetallic real system has been investigated with the experimentally studied

triphenylphosphine ligand (named RL).
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Ag, A R

Ag, C_R Ag, D R

Figure 2.10 : 3D geometries, selected bond lengths (in A), and APT charges of
structures for the Ag, R set.

The coordination mode of the silver acetylide structure of the RL set (uo-n'-n’)
(Ag: A RL in Figure 2.11) is different from the analogues structures (p-n'-n',
Ag, A M in Figure 2.6 and Ag, A R in Figure 2.10). However, whether started
with po-n'-n” or po-n'-n' type, approaching azide transforms the coordination mode

to pp-n'-n' in the transition state and in the following structures. In this system, no 6-
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membered metallacycle or transition state (TSac) for the oxidative addition could be

obtained.

Ag, A RL Ag, TSAp_RL

Figure 2.11 : 3D geometries, selected bond lengths (in A), and APT charges of A,
TSap and D structures for the Ag, RL set.

Triazole could be directly obtained from the Ag-acetylide structure (Figure 2.12) in a
concerted fashion. The main difference between Ag, R (PHj; ligand) and Ag, RL
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(PPhs ligand) systems (Figure 2.11) is steric effects stemmed by the phenyl groups
on the phosphor atom.

\ Ph

PX *
\& | 3 \& .
\
Ag PX;
Ag \ o
‘c/.,_..\N’C Pt Ag Ag  CHPh
\/ Ph
Ph \C& PX,
g\ \ Ag ¥
Ag %
C\ PX, </ N\ CHPh
Ag C----N
Ag  CH,Ph N

\C/ \

Relative free energy (kcal/mol)

1Ae ae CHzPh
[N
C—N

\

I
C. N

Ag, A +azide

0.0
0.0

| B
b
\

Ag R -H Ag, D

Ag, RL _Ph -56.3
-55.9

Reaction coordinate

Figure 2.12 : Energy profile for the binuclear Ag catalyzed azide-alkyne
cycloaddition reaction path for real (R) and real ligand (RL) sets. Energies are not to
scale.

In the 6-membered metallacyclic structure C, the 3-membered ring formed by Ag
atoms is coplanar with the 6-membered metallacycle, as in Ag, C M. In the 5-
membered ring, planarity of the two rings is perturbed and the rings are in
perpendicular orientation with respect to each other. In transition state
(Agy_TSap_RL), this planarity is disturbed by the Ag; atom which is almost 11.5°
out of the plane of N-C-C which was 4.0° in Ag, TSac R and 0.5° in the model
case. The planarity imposed in the 6-membered metallacyclic structure causes
unfavorable steric interactions due to the bulky substituents in the RL case (Figure
2.11). Thus, it is presumably highly unstable and cannot be located as a stationary
point on the potential energy surface and forces the reaction to concerted fashion.
The barrier for the reaction is 25.7 kcal/mol, which is a slightly higher value than that
of model systems in this study. The question referring to the monometallic and
bimetallic nature of the reaction was reverted for the RL system. A concerted

mechanism with a barrier of 32.9 kcal/mol (Figure 2.3) could be obtained for the
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monometallic reaction for RL (Figure 2.13) system. This high barrier is almost

competitive to the uncatalyzed case and incompatible with the nature of the catalysis.

Agl_A__RL Agl_TS AD_RL

Ag,_ D RL

Figure 2.13 : 3D geometries, selected bond lengths (in A), and APT charges of A,
TSap and D structures for the Ag; RL set.
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The comparative stability of dinuclear vs mononuclear Ag-acetylides was also
questioned. Formation of a dinuclear complex from mononuclear is exergonic [2 x
(Agi_ A M) vs Ag, A M + PHs;] by 9.4 kcal/mol which may contribute to dinuclear
reference. Thus, a bimetallic path is more likely to occur according to calculations

herein.

2.4 Conclusion

In this study, the mechanism for AgAAC reaction has been modelled for the first
time with quantum mechanical calculations by considering the experimental proposal
and the general CuAAC pathway. The calculations herein show that once the
proposed silver acetylide structures form, their cycloaddition with azide following

the proposed path is a facile reaction in terms of energetics.

The number of metal atoms involved in a click reaction is one of the main questions
considered in mechanistic studies. In AgAAC reaction, comparison of mononuclear
and binuclear paths shows that the barrier for binuclear cases are lower than that of
mononuclear by 4.8, 4.5 and 7.2 kcal/mol in M, R and RL systems. Although not
high, the effect of the barrier differences is reflected in the relative rates of mono and
dinuclear cases. Assuming the pre-exponential factors to be equal, the dinuclear case
is almost 600-30000 times faster than the mononuclear for M, R and RL systems at
the reaction temperature, 80°C. This result is similar to a recent report on CuAAC
where dinuclear complex was stated to be kinetically favored among the active
mono- and bis-copper species [17]. As in copper case, a second silver atom is needed
for assisting the terminal alkyne carbon to undergo hybridization from sp to sp”.
Furthermore, in a recent experimental study on silver (I) catalyzed carborane
synthesis, presence of a bimetallic intermediate has been proved by mass spectrum
analysis [62]. In the bimetallic paths, the Ag-Ag distances in several structures show
that the argentophilic interactions are significant in the modeled silver complexes in

this study.

All these results emphasize the critical role of a second metal atom in the reaction
which can be concluded as the superiority of dinuclear mechanism to mononuclear
case. The key intermediates and the number of Ag metals actively involved in

AgAAC reaction presents a strong correlation with the Cu analog.
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In evaluating these results care must be taken because in the experiments, the
reaction took place with a high yield in the presence of a X= tBu and Y= CON(iPr),
ligands (see Figure 2.2) under optimum conditions. However, this work is important
in the sense that this is the first computational work on this potentially versatile and
efficient process. Since the silver compounds represent a new form of potential
catalyst, this study should be extended by considering the sterically demanding N,N-
diisopropylamide and di-tert-butyl-phosphane substituted ligands which are
substantial to improve reaction yield, at the same time computationally cumbersome.
To elucidate the mechanism and the ligand effect in this promising reaction will help

to increase its yield and the effectiveness of the AAC reaction with the Ag metal.
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3. SYNTHESIS, REACTIONS AND DFT STUDY OF TROPOLONE
DERIVATIVES?

3.1 Introduction

Tropolone is classified as a diosphenol, whose derivatives are known to act as
medicaments. Stipitatic acid (1) [63], puberulonic acid (2)[64, 65], a commercially
available drug [66, 67], colchicine (3) [68], and hinokitol (4) [69] are some examples
of tropolone derivatives, which have been isolated from natural products and have
antimitotic, antiviral, antibacterial, anticancer effects. Tropolone and its derivatives
are also used in some reactions as a starting material for synthetic purposes [66, 70-
72]. On the other hand, 3-mercaptotropone (3-mercapto 2,4,6-cycloheptatrien-1-one)
is a member of troponoid family. While B derivatives are used in some synthesis, to
our knowledge, no related record could be found for the 3-mercaptotropone in the
literature [64, 65]. Therefore, finding new and easy synthetic methods for obtaining
tropolone derivatives is a valuable task in synthetic organic chemistry (Figure 3.1).
In this respect, we decided to apply a procedure to replace the enolic hydroxyl group
on tropolone with -Cl, -Br, -I after converting to dimethylthiocarbamate derivative
(10). For this purpose, an earlier study has been utilized with proper modifications
for the examination of N,N-dimethylthiocarbamate of tropolone [73-75]. The
synthesis and the reactions of diosphenol thiocarbamates (6) with some nucleophiles
have been inspected in detail (Figure 3.2) [73, 74]. While replacement of the enolic
oxygen of diosphenols (5) by chlorine or bromine were achieved by treating the
dimethylthiocarbamate of 5 with lithium chloride or bromide in hot
acetonitrile/acetic acid [74], treatment with lithium iodide gives replacement with

hydrogen (Figure 3.2) [73].

2 This chapter is based on the paper “Zaim, O., Tiiziin, N. S., Cevik, B., Ozcan, H., Boz, E. (2015),
Synthesis, reactions and DFT study of tropolone N,N-dimethylthiocarbamate. Tetrahedron, 71, 5391-
5398. doi: 10.1016/j.tet.2015.05.100.
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HO

HO OH HO

Figure 3.1 : Derivatives of tropolone.

Additionally, several 2-azido- and 2-thiocyanato-2,3-unsaturated cyclohexanones
were prepared starting from 1,2-cyclohexanediones by using the same method [75].
In contrast to previous investigations [73-75], in this study seven membered
tropolone ring (9) was converted to a 3-substituted-2,4,6-cycloheptatrien-1-one (11)

by following the same experimental procedure.

Newman-Kwart rearrangement is also possible since thiocarbamates are involved in
this reaction and an experiment was performed to observe if any related product

formed [76].

Figure 3.2 : Synthesis of diosphenol thiocarbamates with CIC(S)NMe, and reactions
of thiocarbamates with halides.

As a part of this study, quantum mechanical calculations were performed in order to
elucidate the dynamics in the five-membered diosphenols and seven-membered
tropolone, which led to different regioselectivity. For this purpose, the key
elimination steps are modeled for both reagents by using computational tools to
account on the proposed reaction mechanism and to investigate the structural and

electronic effects that caused the difference in these two cases.
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3.2 Methods

Density functional theory (DFT) calculations employing B3LYP functional and 6-
311++G** basis set have been carried out with the Gaussian 09 program [40, 77-79].
In the literature, a great number of theoretical studies on organic reaction
mechanisms have been reported. B3LYP hybrid functional is the most widely used

one and have proven to yield satisfactory results on energy and geometry.

More recent mechanistic studies showed that the Density functional theory (DFT)
method employing B3LYP functional successfully explain mechanistic features of
the organic systems [80, 81] as well. Despite the known shortcomings of B3LYP
such as underestimation of barrier heights and less accurate determination of
medium-ranged interactions, it gives satisfactory results for energy and geometry and
good enough for our comparative study due to cancellation of errors. In order to
investigate and verify the proposed mechanism, thermodynamic features of the
elimination reactions were modeled in the gas phase and compared with the
experimental data. Full geometry and transition states optimizations were carried out
in the gas phase. All stationary points and transition states were verified using
frequency calculations at the same level of theory. Intrinsic reaction coordinate (IRC)
calculations were performed for all transitions states in order to validate stationary
points of products and reactants in both directions [41, 42]. The energies given in text

are free energies calculated at 298 K.

3.3 Results and Discussion

Tropolone (9), an analogous structure to the five- and six membered diosphenols (5),
was used as the starting material in the experimental study. As a first step, N,N-
dimethylthiocarbamate (10) was synthesized from tropolone with N,N-
dimethylthiocarbamoyl chloride in dry THF (Figure 3.3). The product thiocarbamate
was treated with LiCl, LiBr and Lil in CH3;CN/CH3;COOH (9:1) solvent system.

In contrast to the reactions of the halogens with diosphenol thiocarbamates, an
identical compound was obtained from each reaction with halides. This compound
was identified as 3-N,Ndimethylcarbamoylthio derivative (11), which is the
rearranged product of the 2-N,N-dimethylthiocarbamate of tropolone (10).
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M—NMe,
OH  1)dry THF/NaH o
2) CIC(S)NMe, .
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Figure 3.3 : Synthesis of tropolone thiocarbamate with CIC(S)NMe,.

s NMe,
"~
OyNMez 10 eq. LiCl or LiBr or Lil o)
10 CH3CN/ACOH (9:1) y
O 0]
S 0
O>_NM62 cyclododecene S%NMez
10 250°C 12
0 0

Figure 3.4 : Halide treatment and Newman-Kwart reaction of 10.

Next, N,N-dimethylthiocarbamate (10) was heated at 250 °C to compare the possible
product of the Newman-Kwart reaction [76, 82, 83] with the experimentally obtained
product. Spectroscopic and chromatographic analysis has shown that the product
obtained from the procedure of Zaim et al. (11) and the product from Newman-
Kwart rearrangement (12) were different (Figure 3.4). Product (11) was also
hydrolyzed in NaOH solution and a new thiol derivative of tropolone (13) was

obtained (Figure 3.5).

NMe,
S SH
O NaOH
——
MeOH
11 O 13 O

Figure 3.5 : Hydrolysis of 11.

The regioselectivity observed in this reaction can be explained by the following
mechanism (Figure 3.6). Comparison of the product with the products of earlier work

has shown a significant difference. In the earlier work [73-75], enolic oxygen of five-
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and six-membered diosphenols were replaced by Cl or Br after treating
dimethylthiocarbamate with LiCl or LiBr in acidic media. In this work, following the

same procedure, led to the substitution at 3-position rather than 2-position of

tropolone.
S I\il S N
Q E}“[:f‘*” Q Q
14 OH 16 0
X=Cl, Br

Figure 3.6 : A proposed mechanism for the formation of 11 from 10.

To account on this difference, quantum mechanical calculations are performed on
both systems. The proposed pathways for the reactions of 10 and 17 when treated
with LiCl (or LiBr), rendering different products, are shown in Figure 3.6 and Figure
3.7, respectively. The pathway shown in Figure 3.7 has been proposed in an earlier
report on diosphenols and their hypothesis was confirmed by the observation that the
substituents that are reluctant to undergo cyclization (i.e., brosylate,
dimethylcarbamate) were unreactive. The difference in products was proposed to
stem from the rearrangements followed by elimination products. While 10 leads to
11 possibly from 16, under the same reaction conditions 17 eliminates
dimethylcarbanothioic-O-acid (immediately decomposes to dimethyl amine and

carbon oxysulfide) from the system.

1 e O~ SR
MezN O CH3COOH 2 O Y

Me,N
7 O reflux ) 18 O H* 19 @
MezN
77/\/
X=Cl, Br /Q -
X
O
21 o/ 20

Figure 3.7 : A proposed mechanism for the formation of 21 from 17.
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In order to elucidate the product distribution, elimination step was modeled for both
10 and 17 at the B3LYP/6-311++G** level. For both systems, possible
configurations for 16 and 20 including their Z and E isomers were investigated.
Diastereomer analysis has been conducted on both isomers and the minimum energy
structures, shown in Figure 3.8, were obtained. For both reactions, E isomers were
found as the minimum energy structures by an energy difference of 2.61 kcal/mol for

16 and 2.91 kcal/mol for 20.

2

16 E (0.0 kcal/mol) 16_Z (2.61 kcal/mol)

x

)

20 E (0.0 keal/mol) 20 Z (2.91 kcal/mol)

Figure 3.8 : 3D geometries, selected bond lengths (in A) and relative free energies of
E and Z isomers with minimum energy for 16 and 20.

In both cases, the E isomers, which have the Cl and dimethylcarbamoylthio
substituents in pseudo-axial position are preferred over the Z orientation where the
pseudo equatorial positioning of the bulky non-bonding orbitals of halogen created
steric hindrance. Additionally, in the Z isomer, sulfur, chlorine and oxygen being

directed towards the same point in space creates unfavorable electrostatic
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interactions and hence disfavors the Z orientation. In the E isomer, both in five- and
seven-membered cases, chlorine atom is significantly more negatively charged than
that of Z. The APT charge on chlorine atom is -0.37 in both 16 and 20 in E isomers
whereas it is -0.27 and -0.28 in Z for 16 and 20, respectively (Figure 3.9). Thus, the

E-orientation creates a more negatively charged halogen in the system.

The energy difference between the two isomers at room temperature creates a
Boltzmann distribution of almost 99:1 of isomeric ratio. Thus, for modeling the

elimination steps only the E-isomers have been used.

Reaction barriers for elimination are compared in the context of the experimentally
observed elimination versus the alternative elimination. In modeling, chloride ion is
considered as Lewis base for elimination. The least energetic transition state
structures belonging to both paths of five and seven-membered rings are
demonstrated in Figure 3.10. For five-membered system (20_E), activation barrier
for the experimentally observed product is 10.45 kcal/mol, whereas the alternative

elimination has a barrier of 12.79 kcal/mol (Figure 3.9).

)
0.065
-0.37
4]
16 E 20 E

Figure 3.9 : APT charges on the selected atoms of 16 E and 20_E.

In the seven-membered case, experimentally observed product (11) has an even
lower barrier than the alternative one (5.54 kcal/mol vs 12.76 kcal/mol). The reaction
pathways of 16 _E and 20 _E, which led to different products are given in Figure 3.11
and Figure 3.12.
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In the seven-membered system, among the hydrogens that can be abstracted, the one
with higher positive charge is preferentially abstracted (Figure 3.9, 16 _E). In the
20 _E structure, there is no such difference in the charges of the hydrogens and their

charges are relatively low as compared to that of 16 E.

16_E TS (10.45 kcal/mol) 16_E TS alternative (12.79 kcal/mol)

]

]

20_E TS (5.54 kcal/mol) 20 _E TS alternative (12.76 kcal/mol)

Figure 3.10 : 3D geometries, free energies of activation and selected bond lengths
(in A) of transition states of E isomers with minimum energy for 16 and 20.

In 16 _E TS, there is an intramolecular H-bonding between the carbonyl oxygen and
H on C2 at a distance of 2.39 A, whereas in the five-membered analogous transition
state structure, 20 E TS alternative, (The numbering in Figure 3.9 is used
throughout the discussion) this distance does not imply a significant stabilization
(3.21 A). In 16_E_TS alternative, the H-bonding between carbonyl and H on C3 is
2.34 A, which acts to hinder the reaction. In the five-membered system, similar
destabilization is present between the carbonyl oxygen and H on C3 at a slightly
longer distance (2.40 A in 20 E TS alternative). The CI-H-C bond distances in
16 E TS imply that it is an earlier transition state than 16 E TS alternative, thus

requiring a lower barrier and giving the more exothermic product.
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Figure 3.11 : Reaction pathways of 16_E for two possible elimination products
(Energies are not to scale).
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Figure 3.12 : Reaction pathways of 20_E for two possible elimination products
(Energies are not to scale).

This is also reflected in the changes of pyramidilization of the carbons (C2 and C3)

that transform to sp” from sp’ hybridization state. In 16 _E TS, the changes in
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dihedral angles defining pyramidilization of the carbons at the reaction center are

significantly lower than that of the alternative path.

The geometries, electronics and the energetics of the transition state structures for
two modes of elimination have demonstrated the preference for the experimentally

observed product for both five and seven-membered systems.

3.4 Conclusion

A facile and efficient way to the synthesis of 3-mercapto-2,4,6-cycloheptatrien-1-one
starting from tropolone has been devoleped by Zaim et al. It can be utilized for the
synthesis of many new compounds as starting material or intermediate. The quantum
mechanical calculations have provided insights into the synthetic pathway and
regioselectivity of the reaction in comparison to analogous five-membered system.
The elimination step for both five- and seven-membered systems, leading to two
different products in each case, has been modeled at the B3LYP/6-311++G** level.
The experimentally observed regioselectivity was correlated to the calculated
activation barriers on five and seven-membered systems in the elimination step such
that in both cases, experimentally observed product was favored over the alternative
one. Steric effects, relative charges of the abstracted hydrogens and intramolecular
H-bondings were found to rule the product formation dynamics. The proposed
mechanisms have been confirmed for their key steps in the overall rearrangements,
providing an additional confirmation for the reaction pathway and the experimentally

observed regioselectivity.
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4. REGIOSELECTIVITY PATTERNS IN RADICALIC CYCLIZATION OF
DIOSPHENOL DERIVATIVES WITH DIFFERENT RING SIZE

4.1 Introduction

Radical cyclization reactions have opened a wide scope of possibilities in organic
synthesis [84-88] and have been well documented [89, 90]. These reactions include
the selective formation of cyclic structures. The regio- and stereoselectivity of radical
cyclizations are often examined due to the highly reactive nature of the unstable
carbon radicals which enables synthetic versatility. In this respect, tributyltin hydride
(BusSnH) has been reported to be a useful reagent since the initiator BusSn- radical
can be formed very efficiently under mild conditions and can react with a variety of
compounds to form carbon centered radicals [91-97]. A method for tin-mediated
intramolecular aryl radical cyclization was reported by Beckwith in 1975 [98]. Since
then, focusing on the synthesis of benzocyclic compounds with biarylic and
heterocyclic structures, various methods based on intramolecular additions of aryl
radicals onto aryl groups, CC double bonds and CN or CO double bonds, as well as
the earlier discovery of photoinduced aryl-aryl couplings, have been developed [99,
100]. Zaim et al. and his co-workers have previously prepared oxabicycloalkanones
via cyclization of radicals generated from diosphenol-w-haloalkyl ethers (Figure 4.1)

[101].

When the cyclization of diosphenol-m-haloalkyl ethers 1 is compared with the results
of Beckwith [102], it is found that a conjugated carbonyl group had affected
cyclization over reduction substantially in these systems but there was almost no
improvement in regioselectivity (exo : endo = 1.2 : 1). Then, we decided to examine
the radical cyclization of a tropolone derivative. Tropolone is found structurally in
naturally occurring compounds and may be considered as a diosphenole since it is an

enolic 1,2- diketone system by the help of aromaticity.
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Figure 4.1 : Synthesis of oxabicycloalkanones via radicalic cyclization of
diosphenol-w-haloalkyl ethers.

Zaim et al. has synthesized a tropolone derivative, namely 2-(3-iodopropoxy)
cyclohepta-2,4,6-trienone (6) [103]. The effect of moving from six membered
diosphenol to seven membered ring system on reactivity and regioselectivity has

been examined experimentally and theoretically in this study.

4.2 Computational Methods

Density functional theory (DFT) is utilized for all the calculations. Although this
method is not the most precise choice to describe the absolute barrier heights, it is
adequate for a comparative study since the errors in the barriers will be eliminated by
means of comparison. Moreover, the correlation between the computational cost and
the performance of the calculations is satisfactory. Thus, the relative barriers are
presented and discussed rather than the exact barriers for 6- and 7-membered

analogues.

All calculations have been carried out using Gaussian 09 quantum mechanical
software [40]. The structures were optimized using unrestricted MOS5 functional, due
to the radicalic character of the species, at the 6-311++G (d, p) level which is
reported to present good performance for open shell systems [104, 105]. Vibrational
frequency calculations have been performed on all the structures at the same level of

theory.

Transition states were verified with a single imaginary frequency where all stationary
points have positive frequency values. Intrinsic reaction coordinate (IRC)
calculations have been carried out on the TS structures to verify the corresponding
intermediates on both sides [42, 106, 107]. Gas phase optimizations were done at

298K, latm and followed by the solvent optimizations in benzene and toluene using
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unrestricted M05/6-311++G (d, p) and Polarizable Continuum Model (PCM) method

for 6 and 7-membered systems, respectively [108].

Charge analysis on the optimized structures was performed using Atomic Polar
Tensors (APT) at the same level of theory, written in light blue and the bond

distances are given in units of A written in black where appropriate [109].

For the termination step, butyl groups in the (C4H;0);SnH are replaced by the methyl
groups in order to reduce the conformational space and computational cost. In this
case, effective core potential (ECP) has been utilized for the heavy atom Sn and
MWB (46/4) basis set is specified for the core and valence electrons in the
calculations [110]. The energies discussed through the manuscript are relative free

energies (AG) in kcal/mol.
4.3 Results and Discussion

4.3.1 Experimental findings

Originating from the work of Beckwith, the features of the radicalic reaction of 7-
membered tropolone analogue are examined. For this purpose, Zaim et al.
synthesized 2-(3-iodopropoxy)cyclohepta-2,4,6-trienone from tropolone 5 and 1,3-

diiodopropane in the presence of K,COj; as base in boiling acetone (Figure 4.2).

NN
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Figure 4.2 : Synthesis of 2-(3-iodopropoxy) cyclohepta-2,4,6-trienone from
tropolone 5 in the presence of 1,3-diiodopropane and K,COj5 as base in boiling
acetone.

Then, radical reactions were performed in boiling dry toluene with AIBN as initiator
and tributyltin hydride as a hydride source (Figure 4.3). Only one product at the end

of the reaction was observed after the purifications using column chromatography.
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Figure 4.3 : Proposed mechanism for the synthesis of 2-(3-
hydroxypropyl)cyclohepta-2,4,6-trienone.
After spectroscopic analyses, it is decided that compound 7, namely 2-(3-
hydroxypropyl)cyclohepta-2,4,6-trienone is the only product of the reaction.
Compound 7 is proposed to be produced via intermediates 8 and 9 (Figure 4.3).
Results from the experiment suggest that exo cyclization is the only feasible process
and a rapid aromatization follows the ring opening of 9, so that this transformation is

enhanced by the stability of the final product.

Endo cyclization would give the radical intermediate 10 which results 11 after
abstracting a hydrogen atom from tributyltin hydride (Figure 4.4). However,
compound 11 has not been observed in the final product mixture and spectroscopic
results show that 7 is the only product of the reaction. To prove the structure of 7,
HMBC which shows a cross coupling between 188.1 (from C=0O carbon of the ring
system) and 2.79 (triplet from CH; of side chain C-1) was employed. This correlation
is only possible at compound 7, not at compound 11. Besides, the stability of two
possible radical intermediates 9 and 10 also implies the same outcome. 9 is more
likely to be more stable than 10 because it is allylic and has an extended conjugation

up to the carbonyl group on the ring.
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Figure 4.4 : Formation of 11 via H-abstraction.

However, neighboring carbonyl and etheric oxygen to the radical center do not
support the stability of 10 as much as the conjugation does to radical 9. This is
reflected in the calculated energies (the details will be discussed in the following

part) such that intermediate 9 is 10.11 kcal/mol more stable than 10.

4.3.2 Computational results

In order to reveal the dynamics that are responsible at the regioselectivity step of
product formation, quantum chemical calculations were performed on both 6- and 7-
membered diosphenol systems. Calculations on the 6-membered ring is expected to
serve in two ways: i. It will be possible to compare its results and features with that
of 7-membered ring. ii. It will help us to validate the theoretical methodology

involved in this manuscript.

The experimental studies show that there is no regioselectivity in the cyclization
generated from 6-membered diosphenol-w-haloalkyl ethers 1, due to the competition
between endo and exo products. Moreover, the activation barriers calculated in
solvent by DFT methods indicate that formation of endo (2) and exo (3) products are
dominated over H-abstraction (4) (Table 4.1). The absolute charge difference of the
involved atoms in TSengo and TSexo are (0.29 vs. 0.35) almost similar and also
consistent with the attraction provided between the reactive centers and resulting in
40 vs. 47% product formation ratio. The methodology employed here is quite
successful to reproduce the experimental regioselectivity, both qualitatively and

quantitatively.

In the case of 7-membered system, the experiments performed herein lead to a single
product 7, regioselectively. In order to put a theoretical aspect and comment on this
observation, all possible pathways for exo, endo cyclization and H-abstraction were

scanned which are proposed in Figure 4.5.
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Table 4.1 : Activation barriers calculated at UM05/6-311++G(d,p) level in
benzene with PCM for the cyclization of 1 leading to different products. (AG' : Free
energy of activation, in kcal/mol).

Energy
Reaction
AG' Relative AG'
Cyclization-Exo 7.60 0.0
Cyclization-Endo 7.45 0.95
Termination by H-abstraction 12.20 4.60

Mechanistically, all the possible formations were suggested to initiate once the
radical 8 forms after the attack of Bu3SnH and product distribution will be
determined by the relative energies of transition state structures leading to exo and

endo cyclization or H-abstraction.
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Figure 4.5 : TS’s and intermediates leading to possible products after the radicalic
Initiation step.
The free energy of activation barrier, (AG*, Table 4.2) for exo cyclization is much
lower than that of endo cyclization and H-abstraction (3.47 vs. 11.47 and 13.27
kcal/mol). This is in accordance with the experimentally non-observed endo and H-
abstraction products. Then, having not observed any exo product from the
spectroscopic analyses has invoked us to the idea of a completely different route for
ring opening of compound 9 which subsequently rearranges to product 7. Thus, the
facility of this ring opening was also further investigated theoretically. The free
energy activation barrier for the exo cyclization is 3.47 kcal/mol which is the lowest

among the possible pathways (exo, endo, H-abstraction) in the reaction medium and
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the cyclization will be followed by a facile rearrangement of 9 to 7 via a barrier of

4.35 kcal/mol.

Table 4.2 : Activation barriers calculated at UM05/6-311++G(d,p) level in
toluene with PCM for the cyclization of 6 leading to different products. (AG* : Free
energy of activation, in kcal/mol).

Energy
Reaction
AG' Relative AG'
Cyclization-Exo 3.47 0.0
Cyclization-Endo 11.47 8.0
Termination by H-abstraction 13.27 9.8
Ring opening 4.35 0.88

This energetic profile supports the experimental proposal that starts with exo-
cyclization of 8 via TS, and is followed by ring opening pathway (via TSying opening)
and produces 7 as a single product via a facile pathway (Figure 4.5). This trend is
also reflected in the absolute charge differences on the involved atoms causing
attractive force in TSengo and TSexo (0.28 vs. 0.59) which is giving rise to exo
formation instead of endo. Ring opening is a facile route following the exo formation
due to the negative charges on the involved atoms (-0.22 and -0.19 in TSying opening) 1N

the transition state structure.

In the literature, there are several aspects to justify the possible contribution of
different products to the overall product distribution in radicalic systems [89, 111,
112]. They are mainly focused on the electronic and steric effects leading the
transition state and the forming product. These effects include the stability of the
radical intermediates, substitution of stabilizing groups, as well as the ring size,
conjugation of the reactive double bond, distortion type of the ring in the TS
structure into a boat or chair like geometry, torsion angles between the reacting
centers. Here, both 6- and 7-membered systems (1 and 6) are consisted of a carbonyl
group conjugated with a double bond in the ring and they have similar steric
environments. Comprehensive analysis of the data shows that, in both systems
cyclization is dominated over the simple reduction product (via termination) due to
the low stability of the initially formed radical and the facileness of low entropic
nature of the intramolecular cylization. However, in the 6-membered system, the
energy required to distort the radicalic center onto the functionalized double bond for

endo and exo product formation is presumably similar.
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Figure 4.6 : Critical bond lengths (in A, black) and APT charges (blue) on the TS
structures and intermediates.

Dihedral torsion angle between the radicalic center and functionalized double bond is
88° and 128° in TSex, and TSengo in 6-membered system, whereas; 87° and 179° in 7-
membered system, respectively. This difference in the torsion angle confirms the
need for the extra energy in 7-membered system, in order to distort the geometry
where radical carbon and alkene terminus will form the endo product. Moreover, the
planarity of the aromatic ring in 7-membered system is constraining the

perpendicular attack of the radicalic center to the double bond for the endo
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cyclization which is much more facile in 6-membered case due to the distorted
geometry of the ring. This fact also justifies why TSepq, is disfavored by 8 kcal/mol

relative to the exo production in 7-membered system.

7-mem_TSn40

7'mem_TSring_0pening

Figure 4.7 : Critical bond lengths (in f’\, black) and APT charges (blue) on the TS
structures and intermediates.

On the other hand, it is also claimed that the conjugation of the carbonyl double bond
in the aromatic ring might play a role in the product distribution. In order to clarify
the effect of aromaticity, planarity and charge features; 3D-geometries, bond lengths
and charges on the reaction center of transition states leading to products and pre-
intermediates were investigated (Figure 4.6 and Figure 4.7). An overall look at the
transition states of 7-membered system shows that first, the transition state with a

low entropy path is preferred via cyclization (endo-exo vs. H abstraction) and then
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followed by the formation of fully aromatic ring seen in 7 but not in 11. Conversely,
the aromatization factor is lacking in 6-membered system and the reaction is only

driven by less entropy pathway which results in an endo-exo mixture.

4.4 Conclusions

In this study, the radicalic reactions of 6- and 7-membered diosphenol derivatives
differing in reactivity, ring size, aromaticity and stability were reported both
experimentally and with DFT calculations. The experimental investigations
performed in this study have shown that 7-membered tropolone 5 has
regioselectively yielded 2-(3-hydroxypropyl)cyclohepta-2,4,6-trienone 7 via a
radicalic mechanism. On the other hand, we have previously reported formation of a
set of oxabicycloalkanones via cyclization of radicals generated from a similar 6-
membered derivative of diosphenol-m-haloalkyl ethers. Here, formation of 2-(3-
hydroxypropyl)cyclohepta-2,4,6-trienone as product is proposed to take place via

radicalic intermediates 8 and 9.

In order to test this proposal quantum mechanical calculations were performed for
possible intramolecular cyclizations of the forming radical in exo and endo modes
and also for termination by H-abstraction. For this purpose, both 6 and 7-membered
were used in the calculations which would allow us to validate the methodology used
in this study and provide a wide perspective to understand the origins of the
regioselectivity in a comparative sense. The UMO05/6-311++G(d,p) calculations on
radicalic cyclization of a 6-membered tropolone derivative 1 have shown that the
barriers to both endo and exo products are similar whereas termination by H-
abstraction is energetically unfavorable. The non-regioselectivity of the process is
attributed to the non-planar geometry of the ring which provides flexibility to the
radicalic chain and eases the attack for the endo and exo formation at the same time.
Besides that, lack of stabilizing effect of aromaticity in the final products disables the
regioselectivity of this process. In the 7-membered system, radical 8 is produced by
the radicalic initiation of 2-(3-iodopropoxy) cyclohepta-2,4,6-trienone 6. Following
this radicalic species, it is proposed and supported by spectroscopic calculations that
structure 7 has been obtained as a single product instead of a product mixture. The
possible existence of different products are investigated by modeling three different

pathways by quantum mechanical calculations. The calculated barriers show that the
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formation of 7 is energetically the most favored product to occur. Explanations for
the different selectivity patterns are mostly based on entropy factors, variation of
dihedral torsion angle between the radicalic center and functionalized double bond,

aromatization of the ring and the charge distribution at the reactive atoms.
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5. CONTROL OF THERMODYNAMICS AND MICROKINETICS OF THE
REDUCTIVE AMINATION REACTION BY ASSISTANCE OF SOLVENT
AND CO-CATALYST

5.1 Introduction

A green chemistry approach and the utilization of natural products from sustainable
sources is becoming more significant in industrial applications. Amines represent an
important class of fundamental chemicals which are used as intermediates in a range
of applications including pharmaceuticals, agricultural chemicals, rubber chemicals,
water treatment chemicals, and solvents [113]. The transformation of industrially
available fatty acids from sustainable sources into long chain amines via an
environmentally friendly and sustainable way has recently gained significant

importance (Figure 5.1) [114].
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Figure 5.1 : Production of long chain diethylamines from aldehydes via
reductive amination.

Indeed, the process of reductive amination has been stated to be one of the most
relevant challenges of process design for the pharmaceutical industry [115]. The
sequential or tandem coupling of industrial chemistry reactions [116] gives access to
these classes of compounds, for example, by coupling a hydroformylation reaction,
followed by an amination of the obtained aldehyde and finally hydrogenation of the
enamine to produce saturated, long chain primary, secondary or tertiary amines
[117]. Starting from n-undecene, first n-dodecanal (lauryl aldehyde, a fragrance) is
being produced which is then converted into N,N-diethyltridecane-1-amine

(CisH33N, an anti infective; Figure 5.1). Such a facile and more efficient route for a
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hydroaminomethylation process is of great interest to the chemical and

pharmaceutical industry [118, 119].

The reductive amination initiates with the addition of an amine to the carbonyl group

of the aldehyde/ketone and forms a hemiaminal as intermediate (Figure 5.2).
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Figure 5.2 : Proposed mechanism for the reductive amination of aldehydes.

The subsequent condensation reaction results in an imine or an iminium ion
depending on the pH of the reaction medium. The equilibrium between
aldehyde/ketone and imine can be controlled by continuous removal of the released
water. At the final step, the desired amine is obtained by a reduction of the C=N
bond. However, reduction of the C=N bond in an efficient, industrially applicable
and non-toxic way is still a challenging subject. Due to their great importance, there
are numerous synthetic approaches to form amines. These methods are generally
classified as ‘direct’ and ‘indirect’ according to the subsequent addition of the
reducing agent [120]. The reaction is described as ‘direct’, when aldehyde, amine and
reducing agent are reacting in a one pot process [117]. The drawback of the direct
reduction process is the competition between reduction of the C=0 carbonyl group of
the aldehyde and the C=N unsaturated bonds of imine which might lead to a number
of side products. Thus, the appropriate choice of the reducing agent becomes more
critical. In order to obtain an amine as a final product, the reducing agent must react
selectively with the imine (or enamine, when secondary amines are used) or iminium

ion rather than the carbonyl group of the aldehyde.

Usually, direct reductive amination is preferred to an ‘indirect’ process, because it is
more convenient and a more efficient process, especially in large scale applications
[116]. The use of borohydrides, for example sodium triacetoxyborohydrid [120-122],
are used as one example of a simple and cheap choice of reducing agents because of
its different selectivity at different pH, its stability in acidic conditions (pH=3) and its
solubility in polar solvent. However, the toxicity of the reducing agent and its low
conversion rate in case of unreactive ketones hamper the large scale application
[123]. Recently, a silane-based reductant was reported for the direct reductive

amination as a representative of the organosilane family [124]. This reducing reagent
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is not only cheap and metal free which provides a sustainable green process; but it
also shows a high selectivity to several unsaturated functional groups which prevents

the formation of undesired side products.

Heterogeneous catalytic reductive amination with suitable transition metals is an
efficient and economical way and used frequently on industrial scale [125]. One
drawback of this approach is the need for elevated H, pressure during the process.
This procedure is successful with noble metal complexes such as Rh, Ru, and Pd/C
systems, however reduction by the Ni and Co metals seems to be limited to the

production of primary amines [126].

Homogeneous transition metal catalysts such as Rh(I), Ru(Il) and Ir(I-IIT) [127-129]
are also successful tools for asymmetric reduction of imines/enamines which are in
complex with variety of ligands [130]. These reducing agents are particularly used

for an enantioselective synthesis of amines.

Most of the reduction methods are established for the synthesis of primary and
secondary amines. However, production of a tertiary amine is more challenging due
to the steric demand of two nitrogen-bound organic rests (R, and R3 in Figure 5.2)
and the strained formation of the imine/enamine intermediates. Several metal-based
catalyst systems (such as Co304/H, and SnCly/reducing agent) are especially
highlighted in the literature as good candidates for this process [124, 131, 132]. There
are also several successful experimental and computational reports on the
functionalization of several amines via intra- and intermolecular cyclization reactions
in a redox neutral way [133-135]. In addition, they give some evidence for the
formation of ylide intermediates which suggests that the reaction can also proceed
via an alternative route and not necessarily be forming the iminium ions, particularly

in case of intramolecular transformations of cyclic structures.

Here, we present a computational study on the thermodynamics and full mechanism
of the reductive amination reaction in an organic solvent in the absence and presence
of the co-catalyst acid using a combination of an explicit cluster model of solvation
and an implicit solvent model to account for long range effects. Information about
the thermodynamics, the non-ideality of reaction media and the rate-determining step
are required for the design of a reaction network model of the reductive amination of

sustainable long-chain aldehydes such as tridecanal which can elegantly be generated
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from a Rh-based hydroformylation reaction of 1-dodecene in a thermomorphic
multicomponent  solvent system (TMS) [136-139] or directly in a
hydroaminomethylation reaction in a TMS [140].

5.2 Computational Methods

In the scope of this work, a representative reaction between a long chain aldehyde
and a secondary amine has been studied in terms of neutral and co-catalyst assisted
reaction conditions. The computational set consists of propanal (C;HgO) and
diethylamine ((C,Hs),NH). In order to simplify the system and reduce the
conformational space, propanal was chosen instead of dodecanal (C;,H»40) in the
calculations which is shorter in chain length. The calculation of the Gibss free energy
of the reaction shows that the shortening of the carbon chain length does not

significantly affect the thermodynamics of the reaction.

The reductive amination process has been investigated in terms of computational
calculations by use of ab initio Meller—Plesset perturbation theory (MP). The
correlation of the movement of electrons is crucial to describe the electronic structure
of such a system correctly and has to be taken into account which is lacking in most
of the popular density functionals. The barrier heights of an enamine formation
calculated at Density Functional Theory (DFT) and the second order Mealler-Plesset
perturbation theory (MP2) levels were shown to differ by up to 4 kcal/mol [141]
which is larger than ‘chemical accuracy’ and shows the necessity of full geometry
optimization with a wavefunction-based approach. Additionally, the computed
energy barriers in an implicit solvent were found to be lower by 14 kcal/mol than in
gas phase [141]. This is also emphasizing the importance of the stabilizing effect of
the explicitly coordinating solvent molecules on the charge distribution and that

solvent effects should be taken into account to refine the computed barriers.

All the intermediates and transition state structures were fully optimized by using
MP2(full) with a 6-311+g (d,p) basis set [142] in Gaussian 09 [40]. Optimized
structures were verified by calculation of second derivatives to correspond to
minima, whereas a single imaginary frequency indicates a saddle point, presumably a
transition state. In order to verify the transition state structures, intrinsic reaction
coordinate (IRC) calculations were done along the reaction coordinate by following

the gradient in both directions [41, 42].

48



During the reaction, water is released in the condensation step (see above). The role
of the explicit water molecules which are coordinating to the substrates on the
reaction mechanism was investigated. Additionally, the role of the co-catalyst acid
was explored particularly on the coupling step, since it is stated to be unclear in the
literature. A mixed cluster-continuum solvation model was used particularly for
‘Explicit Water-Coordination’ (see section 5.3.2.2) by considering explicit water
molecules to form a hydrogen bond network and additionally treated with an implicit
solvation model. Single point implicit solvent calculations were carried out on the
optimized geometries at the same level of theory in order to estimate the effect of the
solvent on the reaction profile. The solvent effects were included using the solvation
model based on density (SMD) method for N,N-dimethylformamide (DMF) as polar
and decane as apolar solvent to mimic the polarity effect (¢ = 36.7 and 2,
respectively) [143]. The choice of solvents correspond to that used in the experiments

for the hydroformylation reaction of dodecene [137, 138].

All the energies reported through this work are Gibbs free energies at standard
conditions of 298 K and 1 bar. Thermodynamic corrections were taken from MP2
frequency calculations at 298 K and added to the single point SMD MP2 energies.
Charge analysis on the optimized structures was performed using the Natural Bond
Orbital (NBO) method [144, 145]. The bond distances are given in units of A written
in black and NBO charges in blue where appropriate.

5.3 Results and Discussion

5.3.1 Reaction thermodynamics

The thermodynamics of a reaction are critical parameters for simulation of chemical
reaction networks [146] and an entire process [147]. Standard thermodynamic
parameters such as reaction enthalpy and Gibbs free energy of the ideal system are
often not available in the literature but can be obtained computationally and then
later combined with other thermodynamic approaches to account for the non-ideality
of complex reaction mixtures at process conditions. Solvent effects on the kinetics
[148] and thermodynamics [149] of the hydroformylation reaction of 1-dodecene
were already investigated experimentally and combined with the Perturbed Chain

Polar Statistical Associating Fluid Theory (PCP-SAFT) to model the reaction of
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dodecene with syngas (CO/H,) in a solvent mixture of DMF/decane at 90 °C and 21
bar. Quantum chemical calculations of thermochemical data pose a challenge in
terms of accuracy and standard DFT functionals were not suitable to obtain accurate
data for the hydroformylation of long chain olefins but MP2 calculations gave

reliable thermodynamic equilibrium constants K¢ [149].

The reaction thermodynamics AG°r of the reductive amination reaction of aldehydes
of various carbon chain lengths and diethylamine were calculated in the gas phase
and in an implicit solvent environment. The free energy of the reaction was -14.7
kcal/mol and only slightly affected by presence of a solvent at -15.1 and -15.3
kcal/mol in either DMF or decane (see Table 5.1).

Then, the effect of the chain length of the aldehyde on the thermodynamics of the
reductive amination reaction has been investigated. The free energy of the reaction
was almost independent of chain length and only slightly fluctuating (-14.3 to -14.7
kcal/mol) with the chain length, and again the effect of the solvent is only minor.
One can thus conclude that the thermodynamics of the reaction is independent from
the chain length of the aldehyde. Thus, we investigated the mechanism of the
reductive amination only for the short chain aldehyde, e.g. for the reaction of

propanal and diethylamine.

Table 5.1 : The thermodynamics and solvent effects of the reductive amination
reaction of various aldehydes with diethylamine ((C,Hs),NH), (AG°®r, kcal/mol).

Free Energy of Reaction
Chain Length
Gas phase DMF Decane
C3Hs0 -14.7 -15.1 -15.3
CsH ;0O -14.5 -15.4 -15.2
CoH ;50 -14.5 -15.3 -15.1
C10H200 -14.4 -15.3 -15.1
C11H>,0 -14.3 -15.2 -15.0

5.3.2 Reaction mechanism

Reductive amination of an aldehyde starts with a nucleophilic addition of the amine
to the carbonyl group of the aldehyde. The initial step of the reaction leads to the
formation of a carbinolamine intermediate. In an intramolecular condensation
reaction, an imine or an iminium ion are formed depending on the chosen reaction

conditions (in particular the pH of the reaction medium). This imine formation is an

50



equilibrium reaction and can be controlled by H,O addition or removal in a chemical
process. The equilibrium can be shifted towards both directions, preferably to the
completion by the continuous removal of water [125]. At the final step, the product
amine is generated by reduction of the enamine. Throughout the reaction process,
there are several key structures and the reaction is proceeding via multiple
transformations in order to form the long chain amine as a final product. These
chemical transformations are controlled by several factors like the pH of the reaction
medium (see above), polarity of the solvent, explicit formation of hydrogen bonds by
polar reaction media, and activation of the intermediates by Lewis base/Brensted

acid addition.

We here investigate in detail the reductive amination mechanism of propanal by

diethylamine to yield N,N-diethylpropan-1-amine under varying reaction conditions:
a) The uncatalyzed reaction in neutral media with an implicit solvent model.

b) The uncatalyzed reaction in the presence of explicitly considered solvent
molecules (here water) to form a hydrogen bond network between electrophilic and

nucleophilic sites plus an implicit solvation model.

c) The effect of the co-catalyst acid on the reaction profile.

5.3.2.1 The uncatalyzed reaction in neutral media

In neutral media, the aldehyde (1) and the amine (2) form a pre-complex before the
nucleophilic addition of the lone pair of the nitrogen to the positively polarized
carbon atom of the aldehyde occurs (Figure 5.3) in a barrierless process. This pre-
complex is a stable intermediate and 9.1 vs. 7.6 kcal/mol higher in energy than the
substrates. Patil and Sunoj also report a barrierless nucleophilic attack from DFT
mPWIPWO1 calculation and an increase by 5 kcal/mol upon pre-complex formation
[141]. A hemiaminal intermediate (4) is formed via an intramolecular proton transfer
from the amine to the carbonyl oxygen in a concerted fashion (TS 1) with an
activation barrier of 33.3 kcal/mol (see Table 5.2) in the gas phase and 32.4 vs. 34.1
kcal/mol in DMF and decane, respectively, which agree with the 38 kcal/mol in the
gas phase (24 kcal/mol in THF) [141]. The polar solvent DMF slightly stabilizes the
transition state. The coupling is followed by an intramolecular release of a water

molecule, formed by the -OH group with a proton from the hemiaminal (4).
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In the condensation step, a proton from either an a— or a 3 carbon atom can be
eliminated. Abstraction of the proton at a position via TS 2a leads to forming the
imine S5a intermediate whereas when the [B-proton is eliminated via TS 2b the
enamine intermediate 5b is formed. The activation barriers for both routes are 48.9
kcal/mol high in gas phase. They are lowered 5-10 kcal/mol by solvent calculations

(still > 40 kcal/mol in both DMF and decane) with the a-pathway being slightly

favoured.
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Figure 5.3 : Reaction mechanism including transition state and intermediate
structures (top) and the energy profile for reductive amination reaction in neutral
media (bottom), (R; = R,=-CH,CH3).
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Table 5.2 : Relative Gibbs free energies (in kcal/mol) of the transition state and intermediate structures for reductive amination reaction in

neutral media, in neutral media with explicit water assistance and in acidic media, respectively.

1..2 TS 1 4 TS 2a TS 2b 5a 5b TS 3 TS 4 6 7 TS 5 TS 6 8
Gas phase 4.2 333 2.1 48.9 48.9 334 2.1 0.2 -1.2 -28.1 -25.9 -134.9 -125.2 -14.7
DMF 9.1 324 5.6 41.1 45.1 26.8 1.3 29.4 28.2 114 12.1 -6.7 38.0 -15.1
Decane 7.6 34.1 3.7 45.7 474 30.7 1.7 19.2 17.8 -5.8 -4.7 -45.7 -11.5 -15.3
1 w.2 TS 0 w 1w 2 TS 1 w 4 w TS 2a w TS 2b w 5a w 5b w 8
Gas phase 2.5 7.3 8.6 243 0.9 34.0 49.6 304 2.1 215
DMF 7.5 10.6 8.4 26.2 4.2 33.1 45.2 27.2 -3.1 -27.3
Decane 9.6 13.7 13.6 30.2 7.4 38.6 53.2 34.1 2.5 -19.3
3.2 TS 7 9 TS 8 TS 9 10 5b TS 3 TS 4 6 7 TS 5 TS 6 8
Gas phase 43 61.3 60.3 46.9 574 42.8 -9.0 -10.9 -12.4 -39.2 -37.0 -146.1 -136.4 -25.8
DMF 6.6 553 50.0 37.1 52.5 29.6 -10.2 17.8 16.7 -0.1 0.6 -6.8 26.5 -26.7
Decane 5.1 59.5 57.0 43.2 55.4 38.1 -9.7 7.8 6.4 -17.3 -16.1 -62.9 -22.9 -26.8
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This is significantly lower than the 58-60 kcal/mol reported in the literature [141].
The resulting intermediates 5a (imine) and 5b (enamine) are very different in
stability (Figure 5.3, bottom). The instability of the 5a by 25-29 kcal/mol compared
to 5b can be attributed to the larger charge separation in the structure and the re-

hybridization character of the C,,.

Whereas in 5b, formed double bond has a planar geometry with trans orientation of
the alkyl groups and a charge density that is evenly distributed through the structure

which are stabilizing 5b in comparison to 5a (Figure 5.4).

The final step in the reductive amination, is the hydrogenation (reduction) of either
intermediate 5a and 5b to generate the desired tertiary amine. Besides the
conventional boro hydride derivatives, there are several novel approaches for a mild
and selective reduction and most of them consider a transition metal catalyst splitting

H, into H and H® species for the addition to the double bond.

-0.50 0.511.45

TS_2b

Figure 5.4 : Details of the formation of the imine 5a and enamine 5b
intermediates after proton abstraction to release water via TS 2a (C,, position) and
via TS_2b (Cp position).

In this work, we used a sequential approach for hydrogenation since that reflects also

the procedure when an external hydride donor or an activated hydrogen molecule

bound to a transition metal catalyst is used. We did not consider the hydride donor or

54



the catalyst in molecular details since this is highly dependent on each experimental
set-up and the choice of the reducing agent.

Depending on the proton abstraction step, either the imine 5a or the enamine 5b can
be hydrogenated. Since the enamine is 25 - 29 kcal/mol lower in energy, only
reduction of the enamine was investigated via the addition of first H and then H"
species. The hydride addition to the enamine 5b structure was investigated for both
carbon atoms in the C=C double bond (Cg via TS 3 to give 6 and C, via TS 4 to
give 7). The C, atom in 5b has a charge of 0.10, where Cp is negatively charged
(Figure 5.4). Thus, the attack of the H to the positively charged C, carbon via TS 4
to generate 7 is found to be kinetically favourable with a difference in transition state
barrier of 1.2-1.4 kcal/mol but thermodynamically less preferred by 0.7-1.1 kcal/mol.
Thus, we consider both intermediates 6 and 7 in the final protonation step to give the
product 8. Formation of the intermediates 6 and 7 was followed by the H" addition as
the last part of the reduction. Intermediate 6 has a higher proton affinity by 44 — 47
kcal/mol than that of 7 and consequently the proton addition via TS 5 is preferred

due to its highly exergonic fashion.

5.3.2.2 Explicit water-coordination

Water as a green solvent was shown to accelerate the reductive amination reaction
itself [127]. It is also observed that H,O addition has a positive influence to avoid the
byproduct formation and catalyst poisoning, and also promotes the reduction [126,
150]. At the same time, the presence of an excess of water might lead to an unwanted
hydrolysis of the enamine intermediate.

It 1s reported that the direct reductive amination reaction can be catalysed by non-
aqueous hydrogen bonding solvents e.g. via thiourea coordination by means of the
imine activation solution in the absence of an acid [151]. Moreover, kinetic studies
on the system revealed that the added amount of the H-bond donor had no effect on
the rate- determining step and only needed to be used in catalytic amounts.
Additionally, the role of a hydrogen bond network has been shown to facilitate the
nucleophilic addition and stabilize intermediates [141, 152]. Also the activation
barrier of the nucleophilic attack of an amine decreased by explicit coordination of
an additional amine or a solvent methanol [141].

We here investigate the catalytic effect and mechanistic role of explicitly

coordinating water molecules on the kinetics (transition state barriers) in the
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reductive amination. For this purpose, two explicit water molecules were introduced
into the initially investigated system.

Propanal was coordinated by two assisting water molecules which form hydrogen
bonds to the oxygen lone pairs. The resulting aldehyde complex (1 _w) was used as
the starting structure (see Figure 5.5). Subsequently, the entire reaction pathway

including transition state localizations was elucidated in detail.
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Figure 5.5 : Reaction mechanism including transition states and intermediates
and the energy profile for reductive amination reaction with explicit water assistance,
(R1 = Rz = -CHQCH3).
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Upon hydrogen bonding, the electrophilicity of the carbonyl carbon atom in 1 w
structure increases due to the increase in charge on the oxygen atom (from -0.62 to -
0.70, see Figure 5.6, top). In the aldehyde-amine pre-complex, this leads to an extra
stabilization by 10.6 - 6 kcal/mol in DMF and decane due to water molecule

mediated interaction between aldehyde and amine (see Figure 5.6, bottom).

l . 1.94 -0.75

192

) g
—_
e8] 3

Figure 5.6 : The effect of the water assistance on pre-complex formation,
(Distances are given in A, black; NBO charges are presented in blue).

Complex 1_w .. 2 is more tightly bound and the N...C distance decreases from 2.84
A to 2.72 A. Coordination by water molecules leads to a different stepwise
nucleophile attack pathway which now proceeds via TS 0 w (amine addition) to
give 1w 2 and TS 1 w (proton transfer) to 4w. Here, the addition proceeds in a
stepwise fashion whereas in the absence of water it showed a concerted fashion
(TS _1, Figure 5.3). Explicit water coordination lowered the barrier of activation by
5.5 - 9.9 kcal/mol which is in agreement with the 20 kcal/mol in the case of one
methanol and 28 kcal/mol for two coordinating methanol molecules with implicit
THF in DFT calculations [141].

The water elimination step by proton abstraction from the C,, carbon is facilitated by

the explicit water coordination. This solvent cage lowers the barrier of the
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condensation reaction, particularly for the imine transition state TS 2a w (by 8 - 7.1
kcal/mol) where one solvent water coordinates to the leaving water molecule.

On the other hand, water coordination disfavors elimination from Cg of the enamine
TS 2b w by 0.1 - 5.8 kcal/mol. As a result, explicit solvation changes the preference
of reaction path of the water condensation reaction. In the absence of explicit
solvation, the o-pathway via the imine was slightly favoured. When solvent
molecules are considered, water release via C,, proton abstraction from the enamine
is kinetically favored over Cg (TS_2a w vs. TS 2b_w). However, the relative
thermodynamic stabilities of the intermediates 5a and 5b and 5a w and 5b w are
preserved in neutral and water coordinated systems and are still in favor of 5b and
5b_w formation.

We can thus show that the choice of an explicitly coordinating hydrogen-bonding
solvent (here water) changes the control of the reductive amination in that Cg
elimination from the enamine becomes kinetically favoured while C, elimination

from the imine is still thermodynamically preferred.

5.3.2.3 The role of an acid as a co-catalyst

Experimentally, the presence of an acid as a co-catalyst was found to favorably
influence the reductive amination reaction. An optimum pH range is 2.5 - 3.5 in
aqueous solution to achieve the best performance with cyclometallated iridium
complexes in a formic acid/formate buffer solution [127]. In the literature, different
aspects of the role of the acid addition in the reductive amination reaction are
discussed. Some of the studies suggest that the presence of a weak acid will facilitate
and promote the first addition step whereas strongly acidic solutions prevent further
reactions of the initially formed primary amine by formation of the ammonium salt
[126]. It was also shown that the pH level of the reaction media can affect the catalyst
activity during the reduction step as well as the enantioselectivity of the
intermediates and kinetics of the process by a rate increase about six times [127]. The
pH value is particularly relevant for an optimization of the catalytic selectivity and
the yield of the reaction. Another work suggested an imine/enamine tautomerization
in the presence of an acid [153]. Several experiments on reductive amination showed
that the addition of phosphoric acid was essential for a successful reduction with

Hantzsch esters. This was also investigated in computational works [154, 155] which

58



focused on the final hydrogenation step of the imine and concluded that phosphoric
acid played a crucial role in the imine activation and was controlling the
enantioselectivity. An acid and H-bond assistance were shown to influence the
equilibrium between iminium ion and enamine intermediate structures which can
control the yield of the reaction [156].

We here investigate the effect of an acid which acts as a co-catalyst in the reductive
amination reaction at mildly acidic conditions (pH 4 or 5; for example acetic acid or
formic acid). In the presence of an acid, the carbonyl oxygen can be protonated and
the protonated form is in equilibrium with the enol or enolate structure which is

formed via enolization (Figure 5.7).

. H\ + H\ _
(”) H* 1% ?
C — E— C
HyCH,C~ H HyCHC H H,CHC?Z H
H
1 I . 3

Figure 5.7 : Formation of the enol structure (3) from the aldehyde (1) in acidic
conditions via protonation of the carbonyl oxygen and keto-enol tautomerization.

After a keto-enol tautomerization, the reaction between the enol and the substrate
diethylamine was investigated (Figure 5.8). In the presence of the co-catalyst, two
different pathways which both lead to the enamine intermediate can be distinguished.
The first route is following the nucleophilic attack via TS 7 (> 55 kcal/mol) which
then leads to the high energy adduct 9 which is 50-57 kcal/mol higher in energy than
the substrates. From 9, C, proton abstraction and water elimination may proceed.
Here, the leaving -OH group is stabilized by interactions with the nearby methyl
hydrogen atoms of the alkyl chain. This stabilization makes the elimination from the
alpha position (TS_8) more favorable (by 4 - 2.5 kcal/mol compared to the neutral
path, Figure 5.3) to give the enamine zwitter ion 10.

The second route is the nucleophilic addition of the amine and intramolecular water
elimination by proton abstraction from the positively charged nitrogen atom via
TS 9. This transition state barrier is comparable to TS 7 in the absence of the co-
catalyst (within 3-4 kcal/mol) but the formation of the intermediate 5b is
thermodynamically more favorable and it is significantly more stable compared to 10

by 40-48 kcal/mol.
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Figure 5.8 : Reaction mechanism including identified transition state and
intermediate structures and the energy profile for reductive amination reaction in the
presence of an acid as a co-catalyst, (R; = R, = -CH,CH3).

After the formation of 5b, hydrogenation proceeds in analogy to the neutral pathway
by first hydride binding to C, or Cg and subsequent protonation of the remaining
carbon atom. Here, Cp reduction via TS 3 to give 6 is both kinetically and
thermodynamically less preferred than C, reduction via TS 4 to yield 7. The final
protonation of 7 via TS 6 gives the desired product 8. TS 6 was found to be lower in
energy than TS 5 in decane but upshifted by around 40 kcal/mol in DMF. This
destabilization creates a barrier around 26 kcal/mol for TS 6 in DMF which was

exothermic in case of TS 5.
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The large effects of destabilization of the transition states TS 5 and TS 6 in polar
media such as DMF indicate the need for a careful design of a suitable solvent which
thermodynamically and kinetically enables the reaction.

The main difference between the pathways in neutral and acidic media was observed
in the first addition step. The enol compound which was formed by tautomerization
has a different atomic partial charge distribution. Protonation of the oxygen atom
decreases the electrophilicity of the carbon atom from an atomic charge of 0.55 for
the aldehyde compound to 0.23 for the enol. Thus, the reactivity of the carbon center
towards the nucleophilic attack of the amine is lowered and renders this reaction
pathway inaccessible. This effect is also reflected in the activation barriers of this
step in each path (TS 7 vs. TS 1) which show a difference of 22.9 - 25.4 kcal/mol
and an elongation of the N...C distance from 1.58 to 1.73 A in the transition state
(Figure 5.9).

For the second part of the reaction, hydrogenation of the enamine intermediate is
following the same route as in the neutral route. However, the stability of the
enamine is different with respect to the initial reactants of the co-catalyst route. 5b
intermediate is thermodynamically more stable than that of the neutral reaction by 11
kcal/mol here. Although the barrier heights are the same for the hydrogenation step
in the neutral and co-catalyst assisted pathways, the reaction can thus be driven

easily due to the enchanced thermodynamic stability of the 5b.

5.4 Conclusion

We have carefully investigated the mechanism of the reductive amination reaction
between an aldehyde and a secondary amine to give a tertiary amine. This family of
products is of great relevance to the pharmaceutical and chemical industries [113-
115].

Three different reaction route scenarios (unassisted, explicitly water-assisted and
with an acid as a co-catalyst) were followed along the pathways. Relevant structures
for each case were modelled and the energetic reaction profiles of all were compared.
The thermodynamics of a reductive amination of an aldehyde was found to be
exergonic around -15 kcal/mol, independent of the carbon chain length and
consideration of an organic solvent has a negligible effect on the free energy of

reaction.
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TS_7

Figure 5.9 : Details of the role of the co-catalyst in the amine addition step. The
first transition states (TS 1 and TS 7) from different precursors (1 and 3) via neutral
and co-catalyst routes.

In the presence of water which is released during the condensation reaction, the first
part of the reaction is strongly affected. Water coordination is increasing the
electrophilicity of the substrate aldehyde. Thus, the activation barrier for the
nucleophilic addition is significantly lowered via formation of hydrogen bond and
the former concerted addition step turns into a stepwise fashion with lower energy
barriers. Explicit water assistance drives the reaction pathway from an imine- to an
enamine-based intermediate preferred one. Such insight is of relevance for the design
of a suitable solvent in a large-scale production of tertiary amines from long-chain
substrates from sustainable sources and the continuous removal of water during the
process in order to minimize product loss due to hydrolysis.

Addition of an acid as a co-catalyst changes both parts of the reaction, the addition
and hydrogenation steps. First, the neutral and co-catalyst assisted pathways are
already diverting at the nucleophilic addition step of the cycle because the initial
reactants (aldehyde vs. enol) have different electronic properties. The presence of an
acid here increases the activation barrier and decelerates the rate of the reaction.
However, the intramolecular release of water in the condensation reaction strongly
affects the thermodynamics of the enamine formation and clearly renders this
pathway the preferred one. After the water elimination step and formation of the
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enamine 5b, both pathways are converging to the final product via the same
hydrogenation route. Thus, the presence of an acid as a co-catalyst strongly enhances
the relative stability of the enamine intermediate 5b and drives the reaction forward.

In conclusion, explicit coordination of solvent water and the co-catalyst acid
assistance provide extra stabilization to different intermediates of the reductive
amination of aldehydes with diethylamine and drive the reaction along different
pathways. Thus, by choice of solvent and pH the microkinetics of different steps will
strongly be affected and allow control of kinetics and thermodynamics of the ‘step
of interest’ through the reaction. Until now, the effect of the addition of acids, bases,
or water on the activity and selectivity of catalysts were not resolved yet [126]. This
computational work, for the first time, provides a detailed insight into these process
control parameters and will aid the design of an appropriate reaction medium as well
as a suitable catalyst for the hydrogenation step which is the focus of currently

ongoing work.
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6. CONCLUSIONS AND RECOMMENDATIONS

Since Click chemistry achieved a significant breakthrough in synthetic organic
chemistry, further experimental and computational studies on this area are valuable
contributions. The success of the CuAAC reaction led the researchers to investigate
several transition metals to enhance this process. As a result of these efforts, efficient
application of Ag metal in this cycloaddition has been presented. In the first part of
this study, AgAAC reaction has been investigated by computational tools which is
the nontoxic successor of the Cu catalyzed reaction. The mechanism for AgAAC
reaction has been modelled for the first time with quantum mechanical calculations
in this thesis by considering the experimental proposal and the general CuAAC
pathway. The calculations herein show that once the proposed silver acetylide
structures form, their cycloaddition with azide following the proposed path is a facile
reaction in terms of energetics. The number of metal atoms involved in a Click
reaction is one of the main questions considered in mechanistic studies. In AgAAC
reaction, comparison of mononuclear and binuclear paths shows that the barrier for
binuclear cases are lower than that of mononuclear by 4.5 to 7.2 kcal/mol in all
systems. Although this energy difference does not look so high, it has a significant
effect on the relative reaction rates of mono and dinuclear cases. This difference will
move the dinuclear process further almost 10° - 10* times faster than the
mononuclear in the current reaction conditions. A similar trend is seen in the CuAAC
where dinuclear complex is kinetically favored among the active mono- and bis-
copper species. One can conclude that the second metal atom has a critical role not
only in AgAAC but also in CuUAAC reaction which cause the superiority of dinuclear
mechanism to the mononuclear one. The role of the ligands in the Ag catalyst is a
substantial parameter for the reaction performance. The choice of the ligand in the
catalyst complex is not only affecting the yield but also controls the regioselectivity
of the process. This work is important in the sense that this is the first computational

work on this potentially versatile and efficient process. Since the silver complexes
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represent a new form of high potential catalyst, this study should be extended by
considering the sterically demanding ligands such as N,N-diisopropylamide and di-
tert-butyl-phosphane. Although the steric ligands are computationally cumbersome,
extension of the current work might enlighten the role of the highly potent ligands in
the catalyst. Thus, elucidating the mechanism and the role of the ligands will help to
increase the reaction yield and the effectiveness of the promising AAC reaction with

the Ag metal.

Tropolone and diosphenol derivatives are substantial natural products which can be
converted into medicaments and be used as a starting material for synthetic purposes.
One of the easy and robust methods for obtaining tropolone derivatives is cyclization
reactions. Therefore, convertion of tropolones into its derivatives via several
cyclization reactions is a valuable task in organic chemistry. In the second chapter of
the thesis, quantum mechanical calculations have been performed in order to provide
insights into the synthetic pathway and regioselectivity of the reaction of a tropolone
derivative in comparison to analogous five-membered system. The proposed
mechanisms have been confirmed for their key steps in the overall rearrangements,
providing an additional confirmation for the reaction pathway and the experimentally
observed regioselectivity. The elimination step of the reaction has been modeled at
the B3LYP/6-311++G** level and discussed in detail which is responsible for the
regioselectivity. In conclusion, steric effects, relative charges of the abstracted
hydrogens and intramolecular H-bonds were found to rule the dynamics of product
formation. Moreover, these parameters are leading the ease of the elimination and
determining the difference in activation barrier during the formation of various
products. In both systems, experimentally observed product was favored over the
alternative one, also in terms of energetics. In the third chapter, the radicalic
reactions of 6- and 7-membered diosphenol derivatives differing in reactivity, ring
size, aromaticity and stability were reported both experimentally and with DFT
calculations. While the former is producing a mixture of products, the latter is
resulting with a single product, regioselectively. DFT calculations were performed
following the experimental studies in order to describe the outcomes correctly. First,
quantum mechanical calculations were performed for possible intramolecular
cyclizations of the forming radical in exo and endo modes and also for termination

by H-abstraction. Consequently, the activation barriers for both endo and exo

66



production of 6-membered diosphenole derivative are similar whereas termination by
H-abstraction is energetically unfavorable. The non-regioselectivity of the process is
attributed to the non-planar geometry of the ring which provides flexibility to the
radicalic chain and eases the attack for the endo and exo formation at the same time.
Besides that, lack of stabilizing effect of aromaticity in the final products disables the
regioselectivity of this process. Explanations for the different selectivity patterns of
6- and 7-membered analogues are mostly based on entropy factors, variation of
dihedral torsion angle between the radicalic center and functionalized double bond,

aromatization of the ring and the charge distribution at the reactive atoms.

Amines represent an important class of fundamental chemicals which are used as
intermediates in a wide range of applications. Finding an environmentally friendly
and sustainable way to produce long chain amines from industrially available fatty
acids has recently gained significant importance. Indeed, the process of reductive
amination has been stated to be one of the most relevant challenges of process design
for the pharmaceutical industry. In the fourth chapter, the mechanism of the
reductive amination reaction between an aldehyde and a secondary amine to give a
tertiary amine has been carefully investigated. Relevant structures for unassisted,
explicit water-assisted and acid as a co-catalyst assisted routes were modeled and the
energetic profiles of all reactions were compared. The thermodynamics of a
reductive amination of an aldehyde was found to be exergonic and independent of
the carbon chain length. In the presence of water which is released during the
condensation reaction, the first part of the reaction is strongly affected because water
coordination is increasing the electrophilicity of the substrate aldehyde. Thus, the
activation barrier for the nucleophilic addition is significantly lowered via formation
of hydrogen bond and the former concerted addition step turns into a stepwise
fashion with lower energy barriers. Addition of an acid as a co-catalyst changes both
parts of the reaction, the addition and the hydrogenation steps. The presence of an
acid increases the activation barrier and decelerates the rate of the reaction. However,
the intramolecular release of water in the condensation reaction strongly affects the
thermodynamics of the enamine formation and clearly renders this pathway the
preferred one. In conclusion, explicit coordination of water and the co-catalyst acid
assistance provide extra stabilization to different intermediates and drive the reaction

along different pathways. Thus, by choice of solvent and level of pH, the
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microkinetics of different steps will strongly be affected. This information can direct
the kinetics and thermodynamics of the ‘step of interest’ through the reaction. This
computational work, for the first time, provides a detailed insight into the synthetic

pathway and valuable contribution in sense of process control.

This Ph.D. thesis demonstrates several computational modeling applications in
organometallic, radicallic and organic reaction fields. In each chapter, the detailed
mechanisms and critical steps of the reactions have been illuminated. Moreover,
various parameters such as thermodynamic driveability, the key step for
regioselectivity, the effect of the polarity of the solvent, the critical role of the
available H-bonds in the system, effect of the co-catalyst have been investigated
which are substantial factors for a rational reaction design. As a future work,
important findings and conclusions from this computational study can be tested
experimentally. This may aid the design of an appropriate reaction medium by

providing insight into the parameters for process control.
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