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Chapter 1

Introduction and goals

1.1 Introduction

In 1928, Alexander Fleming discovered that the mould Penicillium possesses clear bacteri-
olytic properties. Penicillin was the first naturally occurring antibiotic to be used in clinical
medicine and is seen as the prototype for S-lactam antibiotics, recognised by their typical
four-membered N-heterocyclic ring structure.? Later on, Guiseppe Brotzu discovered a second
member of the B-lactam family, cephalosporin, extracted from Cephalosporium acremonium.?
Up until 1970, these two antibiotics were the only examples of naturally occurring S-lactam

compounds. Discovery of cephalosporin derivatives in 1971 further encouraged researchers to

search for new antibiotics.?

Meanwhile, antimicrobial resistance became an important and worldwide threat. In the 1930s,
organisms such as Streptococcus pyogenes became resistant to sulfonamide, especially in mili-
tary hospitals, where the antibiotic was frequently used.2% Further incidents with resistance
of several bacteria followed in the next decades.® 2 Bacterial resistance has led to the synthe-
sis of novel g-lactam derivatives to tackle the defence mechanisms of resistant micro-organisms

and to broaden their reactivity.

Next to their typical use as antibiotics, S-lactam compounds are exceptionally versatile and
their derivatives display a lot of other biological activities. Hence, modification of the -
lactam ring can provide compounds that inhibit the absorption of cholesterol; inhibit human

tryptase, thrombin and chymase; and act as anti-inflammatory, antiparkinsonian, antidiabetic
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and anti-HIV components. Furthermore, they also posess serine protease, human leukocyte
elastase and human cytomegalovirus protease enzyme inhibitor activity. Finally, they show

moderate activity against some types of cancer 37

This Master’s dissertation is a combined experimental and computational study to gain more
insight into the reactivity of 3-oxo-4-trifluoromethyl-3-lactam derivatives. In the experimental
part, the goal was to produce new types of 3-oxo-4-trifluoromethyl-g-lactams. The theoreti-
cal calculations on the other hand were performed to rationalise the experiments performed
by H. Dao Thi. During these experiments, it was intended to deprotonate the C4 carbon
atom of several 3-oxo-beta-lactam derivatives and to alkylate the formed anionic intermedi-
ates. The idea and motivation for performing these experiments originated from previous
experimental work completed at the SynBioC research group (UGent), in which 1-tosyl-2-
(trifluoromethyl)aziridine was deprotonated and subsequently alkylated.*® However, depro-
tonation of 3-oxo-4-trifluoromethyl-3-lactams turned out to be very challenging and mixtures
of several other compounds were repeatedly found. Based on the experimental results, possi-

ble reaction mechanisms were proposed, which will be evaluated in this work.

1.2 Goals

In an overview of experimental results is shown. Three equivalents of triethy-
lamine (Et3N) were added in order to deprotonate the 3-oxo-4-trifluoromethyl-g-lactam 1.
Furthermore, several halide electropiles were added to achieve a-alkylation. The reactions
resulted in the formation of the N-(2,2,2-trifluorovinyl) amido ester 7 as the minor product

and of the N-(2,2-difluorovinyl) amido ester 8 as the major product.

. E = 1.5 equiv 0 |IQ E . 0] ||Q =
F_RT K N
N, 3 equiv Et3N
©) R DMSO, r.t., 2-3h O 0
1 7 (8-25/75-92) 8

Scheme 1.1: Transformation of 3-oxo-4-trifluoromethyl-g-lactams 1 to products 7 and 8

(R=PMB, PMP; R’=Et, H, Ph, vinyl, 1-chloroethyl).
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The experimentally observed reaction was unexpected, since deprotonation and subsequent
alkylation of aziridines had been observed in previous research. In order to rationalise the re-
action outcome, possible reaction mechanisms were proposed that could lead to the formation
of products 7 and 8. shows all pathways under study (for 3-oxo-4-trifluoromethyl-
B-lactam 1 with R =Me). First of all, formation of the 8-lactam derivative 2 is investigated.
This reaction could proceed through a concerted or a stepwise pathway. Secondly, reactions
of ethanol with the starting compound 1 to form compound 3, as well as with compound 2
to form compound 4 are investigated. Ethanol is formed in a reaction from the added elec-
trophile, in this case an ethyl halide (R’=Me). Ring opening of these acetal compounds 3
and 4 towards their zwitterionic counterparts 5 and 6 is the subject of the next calculations.

These zwitterions are assumed to readily lead to products 7 and 8 via proton transfer.

Besides the reactions described above, the assisting effects of several molecules are considered.
Adding an extra ethanol molecule to the system under study is the first possibility to be
examined. Assistance by a water molecule is a second possibility that is considered. Finally,
triethylamine is an option for assistance as well, since this is the base added for the intended

deprotonation.

Thus, the overall goal of this study is to unravel the reaction mechanism in order to explain

the experimental results.

Chapter [2| gives a literature review, in which both experimental and computational tech-
niques are applied to analyse the behaviour and ring opening of cyclopropanes and aziridines.
Chapter |3| focusses on the experimental work. Experiments involved with the formation of -
lactam 1 are discussed and evaluated. Chapter [ contains an in-depth computational analysis
of the possible pathways, which §-lactams 1 can undergo when reacting with ethyl halides
and triethylamine in dimethylsulfoxide (DMSO). The first part of this chapter analyses the
reactions, without assistance of any molecules (Section . The second part discusses the
reactions with assistance of water or one or two ethanol molecules (Section . During
these calculations, it became clear that reactions without assistance or with ethanol or water
assistance were insufficient. Therefore, assistance of triethylamine is described in detail in the

last part, showing that these calculations give much better results (Section [4.2.3)).
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Chapter 2

Literature review

This literature review focusses on combined experimental and theoretical papers, in which
molecular modeling was applied to unravel the behaviour of several nucleophilic ring-opening
reactions of three-membered rings, since originally, the goal of this Master’s thesis was to
compare the reactivity of three and four-membered rings. More information on the compu-
tational techniques will be provided briefly in Section The interested reader is guided to

dedicated textbooks. 221

In the first part, the nucleophilic Sy 2-like ring-opening reaction of specific cyclopropanes by
means of the azide ion is discussed. Therefore, both experimental and theoretical approaches
are elaborated, giving a good insight in the observed reaction mechanism. Furthermore, the

formation of other azaheterocyclic compounds is covered.

The second part includes the formation of aziridines with specific protecting groups and several
other substituents as well as the ring-opening reaction of the newly synthesised aziridines using

several nucleophiles. A comparison between experimental and theoretical results is also made.

2.1 Ring opening of cyclopropanes

Nucleophilic Sy 2-like ring-opening reactions of three-membered cyclic compounds by means
of the azide ion can be used in the synthesis of various nitrogen-containing compounds, both
cyclic and acyclic. The use of the azide ion leads to a compound with an azido group,

which can further be transformed by the loss of an No molecule, e.g. by the Staudinger,
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Curtius, Schmidt or Boyer reactions®# 2% or without the elimination of Ng, e.g. by the [3+2]
cycloaddition to unsaturated reactants.? 3! Besides these nucleophilic ring-opening reactions,

electrophilic ring opening has been observed as well. 52730

2.1.1 Ring-opening reaction

The ring-opening reaction of donor-acceptor (D-A) cyclopropanes 9 with the azide ion was
investigated by Ivanov et al. (Scheme 2.1)). The selected cyclopropanes 9 varied in both
the electron-donating group (EDG) as well as the two vicinal electron-withdrawing groups
(EWG). The EDG was typically an aryl group bearing a substituent, while the EWG was
usually a carbonyl group or nitrogen-containing group.*? The azide ion was added as the
sodium or trimethylsilyl (TMS) azide and acts as a nucleophile, mostly attacking on the more
substituted C2 atom in an Sy2-like pathway.2”

Ny N EWG EDG EWG
3 ‘}1 . \T//\\T/
2

EWG Ny EWG
EDG

9 10

Scheme 2.1: General Sy2-like ring-opening reaction of D-A cyclopropane 9.7

Experimental results

In order to obtain a sufficient yield for the ring-opening reaction, appropriate conditions
were determined by selecting a phenyl group as the EDG and two methyl ester groups as
the vicinal EWG, as can be seen in [Scheme 2.2/% A first requirement for the reaction is

3 COoMe
;><1 XNa, additive, PhYYCOZMe
o/ COMe  solvert A N; CO,Me
9a 10a

Scheme 2.2: Reaction performed for determination of optimal conditions for the ring-opening reac-

tion of D-A cyclopropanes 9.7

the activation of the donor-acceptor cyclopropane 9a, using a Lewis acid.®® In addition,
conditions that are typical for Sy2 reactions are applied using TMS or sodium azide as

source of the nucleophile and trimethylsilyl trifluoromethanesulfonate (TMSOTY) as a Lewis
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acid. In experiments where TMSN3 was used as both the source of nucleophile as well as
Lewis acid, no yield was obtained, since the acidic properties of TMSN3 are relatively weak
(Table 2.1)). Using TMSOTT as a Lewis acid, the highest yield was 66 %, in contrast with the
use of sodium azide without activation by a Lewis acid, leading to a yield of only 15%. The
reversibility of the reaction was demonstrated by performing the reverse reaction with NaH in
DMF at 100°C. Ultimately, the highest yield was obtained if the source of the azide ion was
NaNj (2 equivalents), the Lewis acid was EtsN-HCI (2 equivalents), the solvent was N,N-
dimethylformamide (DMF) and the temperature was set at 100°C for 4 hours. This reaction
was essentially irreversible because of the strength of the Lewis acid, and the obtained yield

was 94 %.

Table 2.1: Overview of performed reactions and corresponding yields for determination of optimal

conditions for the ring-opening reaction in [Scheme 2.2|%"

XNj3 (equiv) Additive (equiv) Solvent T [°C] t [h] Yield [%]

TMSN; (1) - PhCl 131 8 -
TMSN; (3)  TMSOT (1.2) PhCl 131 8 40
TMSN3 (3)  TMSOTY (3) PhCl 131 10 60
TMSN3 (3)  TMSOTY (3.5) PhCl 131 10 66
NaNjs (2) - DMF 100 4 15
NaNj (2) EtsN - HCI (2) DMF 50 4 -
NaNj (2) EtsN - HCI (2) DMF 100 4 94
NaNj (1) EtsN - HCI (1) DMF 100 9 90
NaNj (2) EtsN - HCI (2) DMSO 100 4 92
NaNj (2) NH,CI (2) DMF 100 4 86

After optimisation of the conditions, the original phenyl electron-donating group was replaced
with a wide variety of other substituents, including arylhalides 9b, alkylaryls 9c¢, alkoxyaryls
9d, aryls carrying an EWG 9e and two-ring structures 9f . This changed the
electronic and steric properties of the cyclopropane and ultimately altered the reaction yield.
Lowest yields were found if the aryl substituent carried an EWG such as a nitrile group (53 %),
while the highest yield was encountered with the two-ring 1-benzyl-3-indolyl substituents

(91 %). Important in all these reactions was the exceptional regioselectivity towards the more
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substituted C2 atom instead of the C3 atom.

s COMe D "
NaNs, EtsN-HCI G COMe
2
CO,Me DMF, A N CO,Me
EDG 2 3 2
9bf 10b-f
EDG =
Hal (RO) X -
/ n~%/
_ — N
\
R
9b 9c od 9e of

Scheme 2.3: Altered EDG for the Sy2-like ring-opening reaction of cyclopropane 9b—f by means of

sodium azide.2?

In the next part, the cyclopropanes were substituted with other EWG, such as esters, ketones,
nitriles and nitro groups 9g—j . Here, it was shown that the yield was the lowest
at 43 % when two cyano groups were chosen as EWG 9h. The reason for this were side
reactions towards a number of unidentified products. On the other hand, the highest yield
of 90 % was found for isopropylketone and ethyl ester as EWG 9j, although it must also be
noted that the original phenyl EDG was in this case changed into a 4-fluorophenyl group.

3 EWG

L NaNs, EtsN-HCI Ph\K\(EWG
2 —_—

EWG DMF, A N3 EWG

PH
9g7j 10g—j
EWG = &MCOzEt &(CN &MCOzR &MCOzEt
NO, CN COMe COiPr
10g 10h 10i 10j

Scheme 2.4: Altered EWG for the Sy2-like ring-opening reaction of cyclopropane 9g—j by means of

sodium azide.27

In all of the experiments described above, the ring-opening reaction involved the azide ion
attacking on the more substituted C2 atom leading to full inversion of configuration at this

chiral center. This was verified in an extra experiment, in which the starting product was
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the cyclopropane (IS)-10a in 96 % enantiomeric excess. After the ring opening, the same
enantiomeric excess for the (R )-enantiomer 10a was found and subsequent conversion resulted

in the five-membered heterocyclic compound (R)-12a.

COoMe 1. Pth, CH,Cl,
Ph COo,M
[>< NaNs, EtsN-HCI Y\( 2M€ 5 H,0, THF. A ©
oK CO,Me DMF, 100 °C N3 CO,Me 3. KOH, H,0/MeOH NH
inversion 4. toluene, A Ph
(5)-10a (R)-11a 78% (R)-12a 75%
96% ee 96% ee

Scheme 2.5: Full inversion of configuration in the nucleophilic ring-opening reaction of D-A-

cyclopropane ($)-10a to (R)-11a and (R)-12a.*7

Theoretical calculations

In order to understand the outcome of the Sy2-like ring-opening reaction of cyclopropanes
with use of the azide ion , Ivanov et al. also performed density functional
theory (DFT) calculations, using the ORCA 2.9 program package.?’ The B3LYP hybrid
functional was selected with the Split Valence Polarization (SVP) basis set. To take into
account the solvent DMF, the conductor-like screening model (COSMO) was used. This
model is a continuum solvation model, introduced by Klamt and Schiitirmann, in which
the continuum is assumed to be a perfect conductor. This conductor screens the charge
density of the solute and scales the charges down to a finite dielectric constant, which is then

implemented in the system’s Hamiltonian.3%40

Firstly, the transition states (TS) for the C1-C2 ring-opening reaction with the azide anion as
nucleophile were optimised. The molecules used here had at least one electron-withdrawing
group, mostly methyl esters, but also nitro groups, methyl ketones and nitriles. The electron-
donating groups were phenyl groups, ether groups, indolyl groups or were left out
. The angle of attack between the nucleophile, the carbon atom and the leaving
group varied from 142° up to 148°, whereas for Sy2 reaction mechanisms, this angle is

typically 180°.
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Scheme 2.6: Representation of the ring-opening reaction of compound 9 towards compound
10 and visual representation of the pre-reactive complex and transition state of
compound 9a (Gibbs free energy profile in kJ/mol, B3LYP/SVP, COSMO(DMF,
£=238.0))(Table 2.2)(3D structures reproduced from Ivanov et al.27; Copyright 2015
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

The calculations showed that when a cyclopropane with only one electron-withdrawing sub-
stituent (methyl ester) was used for the ring-opening reaction, the activation enthalpy was
the highest at 118.8kJ/mol, which means that the reaction would not be able to proceed
(Table 2.2). The presence of a second methyl ester group or second methyl ester and phenyl
group significantly lowered the activation enthalpy to 73.6kJ/mol and 81.6kJ/mol, respec-
tively. An even greater decrease of the activation barrier was encountered with a structure
containing a methyl ketone EWG (60.2kJ/mol) or a nitro EWG (47.7kJ/mol). The lowest

activation enthalpy (38.1kJ/mol) was found when two cyano groups were used as EWG.

These computational findings are in good agreement with the experimental results, since the

cyclopropane with only one EWG did not undergo ring opening, while the reaction with the
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methyl ester and methyl ketone or nitro groups could be performed at a temperature lower

than the standard 100°C.

Furthermore, when the EDG was left out, the activation enthalpy was 79.1kJ/mol, while an
ether EDG gave an activation enthalpy of 63.6kJ/mol. Finally, the indolyl EDG gave an

activation enthalpy of 42.7kJ/mol.

Table 2.2: Theoretical results with corresponding activation enthalpies for the ring-opening reaction

of compound 9 towards compound 10 (Scheme 2.6)).27

EDG, EDG; EWG; EDG:; AH" [kJ/mol]
Ph - CO2Me - 118.8
Ph - CO3Me CO9Me 73.6
Ph Ph CO2Me CO2Me 81.6
Ph - CO2Et  COMe 60.2
Ph - CO2Et  NO2 47.7
Ph - CN CN 38.1
- - CO3Me COg9Me 79.1
4-MeOCgHy - CO3Me COgMe 63.6
3-(N-Me)Ind - CO2Me CO2Me 42.7

2.1.2 Formation of other azaheterocyclic compounds

After the ring opening of the cyclopropane 9 and the azido-functionalised compound 10 is

formed, several consecutive reactions can prevail, of which some will be described in this part.

A first important follow-up reaction is the synthesis of five-membered N-heterocycles, espe-
cially derivatives of pyrrolidone and pyrroline. This intermolecular reaction occurs between

the vy-placed carbonyl group and the azido group, which reacts as an amino function by

elimination of an Ng molecule through the Staudinger reaction (Scheme 2.7)).

If the reaction described above was carried out for compound 10a, a yield of 89 % was found.
Next to high yields, the reaction also provides an easy pathway towards natural products,

such as the total synthesis of (iS)-nicotine starting from the corresponding (R)-reactant, as
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Scheme 2.7: Formation of five-membered N-heterocycles 12k from 10k by Staudinger via 11k or

aza-Wittig reaction.2?

well as other medicinal products such as the cholesterol lowering Lipitor, of which the calcium

salt atorvastatin was produced ([Figure 2.1)).

Ph CONHPh
N
) F
! NN OH
Me H
V. HO,C
N PN Non
(S)-nicotin atorvastatin

Figure 2.1: (S)-nicotine and atorvastatine as examples of the possibilities which the azide 10 pro-

vides.

A second promising follow-up reaction is the functionalisation of the C3-carbon atom of the
azide 10 via substitution of its two EWG. This methine group can undergo nucleophilic
substitution or addition reactions, yielding a wide variety of highly functionalized acyclic
compounds and N-heterocycles with different ring sizes. One example is the synthesis of 1-
pyrroline 14 by means of nucleophilic substitution, as shown in In this reaction,
the azide 10a was acylated with benzoyl chloride, after which PPhs was added in order to

initiate the Staudinger or aza-Wittig reactions.

A third important reaction is the synthesis of triazolo- and tetrazolopyridines 15 and 16
by methine functionalisation and a subsequent [3+2] cycloaddition. The latter is the most
important example of follow-up reactions proceeding without the loss of an Ny molecule, for

which reactions with alkyne and nitrile groups are of special importance. As can be seen
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CO,Me CO,Me

Ph Ph
on 1) NaH, THF CO,Me _ PPhg __/TCcosMe
(@] N3 CH2C|2 N
2) C,A/< 0~ “ph Ph
Ph

13a 14a
82% 75%

Scheme 2.8: Synthesis of 1-pyrroline 14 by nucleophilic substitution and following Staudinger or

aza-Wittig reaction.?

in [Scheme 2.9} using a propargyl bromide (2-propynyl bromide) reagent to functionalise the

methine group even leads to a spontaneous azide-alkyne [3+2] cycloaddition, producing the

triazolopyridines 15.

1) NaH, Ph COzMe Ph COyMe
DMF/toluene CO,Me CO,Me
92 @ —— .
2) BrCH,C=CH N3 _N
[/ N
(80% in toluene) \\ N
N
13b 15
Ph CO,Me Ph COyMe
9a L) NaH, DMF COzMe DMSO CO,Me
2) BrCH,CN N3 110-120 °C _N
N N
NN \} /
N—N
13c 16

Scheme 2.9: Synthesis of triazolo- and tetrazolopyridines 15 and 16 by nucleophilic substitution and

following [3+2] cycloaddition.?”

2.2 Ring opening of aziridines

Nucleophilic ring opening of aziridines 17 provides -substituted quaternary compounds 18
and 19 , of which compound 18 is present in a number of different products,
including S-substituted quaternary amino acids and important enzyme inhibitors.#! These
amino acids can be incorporated in peptides in order to alter secondary and tertiary confor-

mations and eventually have improved catalytic and pharmacological properties.4

Another important application of the ring-opening reaction is the total synthesis of Ustiloxin D

and several derivatives (Figure 2.2f), which belong to the class of ustiloxins and phomopsins,
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Scheme 2.10: General nucleophilic ring-opening reaction of trisubstituted aziridine 17 at the C2

(red) or C3 (blue) carbon atom, towards compounds 18 and 19.%

naturally occurring heterodetic peptides (peptide containing only amino-acid residues but
with other types of linkages besides peptide bonds) having antimitotic properties. In this
way, eukaryotic cells can be inhibited by interference with the assembly and further functions

of microtubule. 44346

Ustiloxin D

Figure 2.2: Ustiloxin D as example of the possibilities of the ring opening of aziridines 17.

Due to the electronegative nitrogen atom and Baeyer distortion strain in the three-membered
ring, aziridines tend to undergo nucleophilic ring opening even under mild conditions.*” A col-
lection of nucleophiles such as carbon nucleophiles, heteroatom nucleophiles, tertiary moieties
and 1,2-diamines have been examined before. Most nucleophiles showed to be stereospecific
and regioselective towards the less substituted carbon atom C3, and this reaction proceeded
under non-Lewis acidic conditions.48Y In order to achieve ring opening at the more sub-
stituted carbon atom C2, Lewis acid catalysis or a m-bond-containing substituent (e.g. aryl
group) should be employed. If carbon nucleophiles were used, ring opening was also observed
at the more substituted carbon atom C2.°Y Furthermore, some trisubstituted aziridines itself

feature a one-of-a-kind regioselectivity towards the more substituted carbon with inversion of
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configuration. The reactivity of these last aziridines have been studied by Kelley et al. and

will be discussed in the following sections.

2.2.1 Formation of aziridines

In order to perform ring-opening reactions of trisubstituted aziridines 17 with carbon nucle-
ophiles, the 2-nitrobenzenesulfonyl (Ns) group of compound 17, as seen in was
changed to a tert-butanesulfonyl (Bus) group, as this protecting group would be compatible
with hard carbon nucleophiles, is stable in strong basic conditions and can easily be removed

under mildly acidic solvolysis, in contrast to e.g. a 4-toluenesulfonyl group (Ts). 42152

Ri Rz Ri Ry NEts, tert-butyl Ri Ry
{_ _R;  PhSH, Cs,COs3, {_ _R3 sulfinyl chloride, _ _Rs3
—_— —_—
HO DMF, 81% HO CH,Cl,, 93% HO
NHNs NH; HN. (20
21 22 4\
23
m-CPBA,
CH,Cl,, 98%
R R Mitsunobu Ri Rz
- 3 8
—W/' PPha, DIAD R
Ry’ -3 PIAY, 3
¥ CH,Cl,, 719% HO o
Bus HN\géO
24

Scheme 2.11: Synthesis of N-tert-butanesulfonylaziridine 20, starting from Ns-protected intermedi-

ate 21 and using Mitsunobu conditions.*t

The main problem with the Bus group is that the starting reactant tert-butanesulfonyl chlo-
ride is unstable and the protecting group thus had to be synthesized . 2l Removal
of the Ns group in the intermediate compound 21 afforded the free amine 22, after which
reaction with tert-butanesulfinyl chloride provided compound 23. Finally, oxidation of the
sulfinyl group by means of meta-chloroperoxybenzoic acid (m-CPBA) generated the pro-
tected amine 24. Ring closure towards the protected aziridine 20 was then achieved under

Mitsunobu conditions, using diisopropyl azodicarboxylate (DIAD) and PPhg."?
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Besides protecting the aziridine with the Bus group, several aziridines were produced in order
to further investigate the ring-opening reaction . In every aziridine, the C2 atom
had at least one methyl substituent and could carry an additional acetylenic (ethynyl) group
or a l-propynyl group. The C3 atom carried one substituent, namely a methyl, phenyl,
tert-butyldimethylsiloxymethyl (OTBS-methyl) or OTBS-ethyl group.

OTBS
’W)/ ”W)OTBS —WQ
N N N N N
Ns Ns Ns

Ns Ns
17a 17b 17c 17d 17e

Figure 2.3: Newly synthesized aziridines 17a—e used for further investigation of the nucleophilic ring

opening. 4

2.2.2 Ring-opening reaction

The ring-opening reaction of the aziridines mentioned above proceeds through attack of the
nucleophile at the more substituted carbon atom. This atom however is fully substituted
and the substituted groups would usually block Sy2 nucleophilic attack. Nevertheless, the
angle methyl-C2-methyl in e.g. compound 17c is 116 °, and is thus much bigger than that
of a normal tetrahedral carbon and would therefore allow for the Sy2 attack to be carried
out. Moreover, crystallographic experiments suggested that the C2-N bond is weaker than
the C3-N bond, which again implies that the C2-N bond would be broken under nucleophilic

conditions.*!

In the following parts, the experiments performed by Kelley et al. will be discussed, after

which a comparison will be made with their computational results.

Experimental results

Upon treatment of the aziridines 17a—e with a phenol nucleophile in presence of the base 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) and the solvent toluene, predictions on the regioselectivity
were confirmed and only one regioisomer was formed . Highest yields were found
in the ring-opening reactions of compounds 17a and 17c (84 %), while the lowest yield was

obtained using compound 17b (68 %). Intermediate yields of 78 % and 77 % were encountered
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with aziridines 17d and 17e, respectively.

phenol (2 equiv), @\ Rl;Rz
178 TBD (2 equiv) O)\‘/ R3

toluene

18a—e

Scheme 2.12: Performed nucleophilic ring-opening reactions of the trisubstituted aziridines 17a—e

to compounds 18a-e .4l

In order to test and influence the preference of the phenol nucleophile for the less substituted
C3 atom, the known 2,2-dimethyl-N-tosyl aziridine compound 17f was produced and the same
conditions were applied for the ring opening.®® In this case, two regioisomers 18f and 19f

were isolated in a 1:1 ratio, meaning that the nucleophile had no specific preference for the

C2 or C3 carbon atom (Scheme 2.13)).

= phenol (2 equiv), ></O
N/ TBD (2 equiv) i TsHN AN
N toluene NHTs |

Ts 0 =

17f 18f 19f
1:1 mixture

Scheme 2.13: Performed nucleophilic ring-opening reaction of the trisubstituted aziridines 17f to

compounds 18f and 19f in order to alter the preference of phenol to the C2 atom.*!

As mentioned above, the ring-opening reaction of these unsymmetrical aziridines 17 proceeds
with unusual regioselectivity. However, depending on both the aziridine and the nucleophile,
unsymmetrical aziridines also tend to undergo ring opening via a Single Electron Transfer
(SET) pathway.?*2? In this reaction, the more stable radical is formed on the more substituted
carbon. To rule out this radical reaction, a radical trap (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) was added in the reaction. The final product was again the known stereomeric

compound 18, which proved that no radical reaction prevailed.

In a final step, the TBD and phenol were changed to potassium phenoxide by adding potas-
sium hydride (KH) and phenol in order to analyse the reaction even further (Scheme 2.14]).
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The absence of TBD in this reaction is an important factor, since it is a guanidine analogue

56

which acts as a hydrogen bond donor and activator of the aziridines.

N
Ns o
17b 18p NHNs g 19b
=
—7 ©
79%
\ =h, \| . NsHN><r
Ns o
17¢ 18c VNS g 19¢
5
75% ></
v e Ol o
Ts o
17f 18f 1:25 19f

Scheme 2.14: Ring-opening reaction of the trisubstituted aziridines 17b, 17c and 17f to compounds
18b and 19b, 18c and 19c and 18f and 19f, respectively. Conditions: phenol (4
equiv), KH (4 equiv), 18-crown-6 (4 equiv, as ligand for potassium), THF.*

For aziridine 17b, only one reaction product was observed, namely the compound resulting
from reaction at the more substituted carbon atom. When aziridine 17¢c was used, a 15 to 1
mixture of regioisomers was obtained, in which attack at the more substituted carbon atom
gave the major isomer. In the reaction of compound 17f however, a 1 to 2.5 mixture of
isomers was found, meaning that the phenol nucleophile favors attack at the less substituted

carbon atom.

Theoretical calculations

In order to understand the ring-opening reaction of trisubstituted aziridines 17 at the more
substituted carbon atom, Kelley et al. performed several DFT calculations, using the Gaus-
sian 09 program package.*! The B3LYP/6-31+G* basis set was selected and the solvent
THF was implemented using the self-consistent reaction field (SCRF). For the computational
model, the same structures and potassium phenoxide conditions as in were used.

For all three compounds 17b, 17c and 17f, ground states, transition states and Gibbs free
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activation barriers were calculated, for reactions at both the more and less substituted carbon
atom for compound 17b). For compound 17b, the ring-opening reaction at C2
had an activation barrier of 67.9 kJ/mol, while ring opening at C3 had a barrier of 84.6 kJ /mol.
This clearly shows that the phenoxide nucleophile has a preference for the C2 atom, as was
predicted by the experimental results. For the second aziridine 17c, the Gibbs free energies
were 76.3kJ/mol and 84.7kJ/mol for ring opening at the C2 and C3 atom, respectively,
showing again the preference for the C2 atom. A possible cause for the higher transition state
energies for attack at the less substituted carbon atom C3 is unfavorable electronics, but this
falls beyond the scope of the research performed by Kelley et al. Finally, for compound 17f,
the Gibbs free activation barrier for the C2 atom was 90.0kJ/mol. In this case however,
the activation barrier for attack at C3 was 86.4kJ/mol, which means that this reaction will
be preferred. This is again in good agreement with the previously mentioned experimental

results.

2.3 Conclusions

In the study of Ivanov et al., a novel method for the ring opening of donor-acceptor cy-
clopropanes is developed, providing easy access to a wide variety of azides. The reactions
proceed with complete inversion of configuration at the C2 carbon atom. These compounds
can give rise to the formation of several important azaheterocyclic compounds of biological

importance e.g. (S)-nicotin, 1-pyrroline and triazolo- and tetrazolopyridines.

The research of Kelley et al. on the other hand involves stereoselective ring opening of 2,2,3-
trisubstituted aziridines through an Sx2 nucleophilic attack of phenol. The reactions can be

used in the production of a number of biologically active compounds e.g. Ustiloxin D.

For both studies, exceptional regioselectivity towards the more substituted carbon atom is
observed. Furthermore, in both studies DFT calculations are performed, of which the results
give a much better insight in the reaction mechanism. The calculations show for example the
important effects of EDG and EWG on the reaction enthalpy and provide a clear comparison
for ring opening at different carbon atoms. It is thus clear that the theoretical calculations

provide a powerful tool to support the experimental outcome.
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Scheme 2.15: Representation of the ring-opening reaction of the trisubstituted aziridine 17b to com-
pounds 18b and 19b with ground state and pre-reactive complex (Gibbs free energy
profile in kJ/mol, B3LYP/6-314+G*, SCRF(THF, £=7.4))(Scheme 2.14)(3D struc-
tures reproduced from Kelley et al.L; Copyright 2014 American Chemical Society).



Chapter 3

Experimental results

The goal of the experiments was to produce new types of 3-oxo-4-trifluoromethyl-5-lactams 1,
starting from 1-ethoxy-2,2,2-trifluoroethanol 25 and a suitable amine 26 and explore the reac-
tivity of the formed 3-ox0-4-CF3--lactams 1. However, because of time limits and difficulties

in finding the appropriate reaction conditions, only the first step in the reaction pathway could

be explored, with formation of (E)-N-(2,2,2-trifluoroethylidene)amines 27 (Scheme 3.1J).

R
OH -
R-NH, 26 [
}/ko/\ S S—— >‘)J\H
F
25 27
(R =iPr, Bn)

Scheme 3.1: Production of trifluoroaldimine 27, starting from 1-ethoxy-2,2,2-trifluoroethanol 25 and

an amine 26.

3.1 DMaterials and methods

3.1.1 NMR-spectroscopy

NMR spectra ({HNMR, *C-NMR and F-NMR) were recorded on a Bruker Avance Nano-
bay III (400 MHz, 100 MHz and 376.5 MHz, respectively) high resolution NMR spectrometer.
The compounds were solved in deuterated chloroform (CDCl3) with tetramethylsilane (TMS)
as the internal standard. The used probe was a 5 mm BBFO Z-gradient high resolution probe

21
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at room temperature.

3.1.2 Liquid chromatography - Mass spectroscopy

The samples were dissolved in acetonitrile and analysed using an Agilent 1200 series LS/MSD
SL device. This device was equipped with a Supelco Ascentic Express C18 column (3 cm
length, 4.6 mm internal diameter), a UV detector, an electrospray ionisation mass spectrom-

eter (ESI, 70eV) and a quadrupole detector.

3.1.3 Melting point determination

The melting point of the crystals was detected by means of a Kofler-melting point device of
type WME Heizbank of Wagner and Munz. Calibration of the device proceeded with several
standard substances. The crystals are applied from the cold side of the bench, which has
a temperature gradient from 50 to 260°C. The crystals are then slowly moved towards the
warmer side. From the place where the crystals melt, the melting point temperature can be

deduced.

3.1.4 Infrared spectroscopy

Infrared spectroscopy was performed using an IR Affinity-1 apparatus from Shimadzu, which
is a compact Fourier Transform Infrared Spectrophotometer, offering a high S/N ratio of
30000:1 and a maximum resolution of 0.5cm™!. After carrying out a background analysis,

the analysis of the product was performed.

3.1.5 Dry solvents

Dry dichloromethane (CH2Cly) was obtained using an MBraun SPS-800 solvent purification
system equipped with different solvents. This system works with Pure-Pac solvent storage
vessels of 17 liters. The solvents are pressurised by inert nitrogen gas and before use, the
solvents flow through two filter/drying columns, which absorb moisture from the solvent.
The columns have a volume of 4.8 liter and the filter particles depend on the type of solvent
used. The dried solvents are dispensed in evacuated collection vessels. The vacuum in the

collection vessels is created using an MPC 301 Zp type oil free diaphragm pump.
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3.1.6 Safety
General safety features

All of the experiments in the laboratory were performed in agreement with the ‘Safety Instruc-
tions’ and ‘Internal guidelines’ of SynBioC (Synthesis, Bioresources and Bioorganic Chemistry
Research Group, Department of Sustainable Organic Chemistry and Technology, Faculty of
Bioscience Engineering, Ghent University). Prior to the experiments, the Material Safety
Data Sheet (MSDS) of used reagents and solvents were reviewed and appropriate safety mea-

sures were taken when demanded.

Specific safety risks

Some of the important hazardous reagents and solvents used during the experiments, requiring

special precautions, are classified below and their chemical and physical effects are explained.

Isopropyl amine: Isopropyl amine is an extremely flammable liquid and has corrosive and
toxic effects when swallowed or inhaled. It can cause severe skin burns and eye damage

and therefore, protective gloves and goggles should be worn at all times.

Dichloromethane (CH2Cly): Dichloromethane is suspected of causing cancer and may cause
damage to organs. Moreover, it also causes skin, eye and respiratory irritation. Protec-

tive gloves and goggles are mandatory when handling dichloromethane.

3.2 Results and discussion

Synthesis of (E)-N-(2,2,2-trifluoroethylidene)amines 27

For the synthesis of (E)-N-(2,2,2-trifluoroethylidene)amines 27, 1-ethoxy-2,2,2-trifluoroeth-
anol 25 was dissolved in toluene or dry dichloromethane and 0.9 up to 1.0 equivalents of
isopropylamine 26a or benzylamine 26b were added to the mixture. 1mol% of p-toluene-
sulfonic acid monohydrate or 2 equivalents of MgSO, were also added. Several reaction
conditions were examined for the production of the (E)-N-(2,2,2-trifluoroethylidene)amines

27 and are summarised in [Table 3.1l
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Table 3.1: Attempts towards the preparation of compounds 27.

Entry Amine Reaction conditions
1 0.9 equiv 26a toluene, A, Dean-Stark, 22 h
2 1.0equiv 26a 2 equiv MgSQy, dry CHsCly, A, 2h
3 0.9 equiv 26b toluene, A, Dean-Stark, 5h
4 1.0equiv 26b  1mol% pTsOH - H5O, toluene, A, Dean-Stark, 24 h

The production of (E)-N-(2,2,2-trifluoroethylidene)isopropylamine 27a did not succeed. In-
stead, the 2,2,2-trifluoro-1-isopropylamino-ethanol 28a, as shown in[Scheme 3.2| was formed.>"

iPr iPr
HN OH -
F F F
>KKOH -— >H\O/\ —_——— >HJ\H

F F F

F F F

28a 25 27a

58 %

Scheme 3.2: Production of compound 27a from 1-ethoxy-2,2,2-trifluoroethanol 25 and an amine

26a did not succeed, instead, compound 28a was formed.

The production of the (E)-N-(2,2,2-trifluoroethylidene)benzylamine 27b was however con-

firmed, as traces (3 %) of the substance could be indicated after detailed spectral analysis.”

27b

Figure 3.1: Compound 27b, produced from 1-ethoxy-2,2,2-trifluoroethanol 25 and benzylamine 26b.

Since this experimental part is very limited, follow-up reactions could include fine tuning of
the reaction conditions in order to obtain a higher yield of the aldimine intermediate 27b

and the transformation of this compound into the desired 3-oxo-4-trifluoromethyl-g-lactam
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1b. Production of other aldimines 27 is an interesting follow-up study as well, such as the

attempted production of the (E)-N-(2,2,2-trifluoroethylidene)isopropylamine 27a.
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Chapter 4

Computational results

In this section, the theoretical calculations are discussed in order to unravel the pathways sug-
gested in Chapter [I]and explain the experimental results. In the first part, the computational
methods, which were used in this thesis to obtain insight into various reaction pathways,
are discussed. Afterwards, these techniques are applied to investigate the reactivity of the

3-oxo0-4-trifluoromethyl-3-lactams and the results are reported and discussed.

4.1 Computational methods

Molecular modeling techniques have been developed to unravel mechanistic aspects of chem-
ical reactions, making it possible for researchers to rationalise experimental results and to
thoroughly understand chemical reactivity. The techniques attempt to describe interactions
of atoms and molecules at the (sub)nanoscale, i.e. at the level of covalent bonds and non-

covalent interactions between molecules, and to elucidate chemical mechanisms.

The energy of a system of atoms or molecules can be described using the potential energy sur-
face (PES), which represents the potential energy (PE) as a function of the nuclear geometries
. Several techniques have been established to describe the PES and these can be
divided into two main categories: ab initio and force field methods. Ab initio methods start
from quantum mechanical principles, with no or a limited amount of empirical input, while
force field methods are based on classical physics and are typically fitted to experimental (or
ab initio) data. Intermediate semi-emperical techniques are based on quantum mechanical

aspects in combination with empirical data.’?

27
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Figure 4.1: Representation of a potential energy surface, with two first order saddle points as tran-
sition states for the reaction of the reactants towards products A and B (Reproduced

from Schlegel®®; Copyright 2011 John Wiley & Sons, Ltd.).

In this Master’s thesis, only ab initto methods were used. This method is based on quantum
chemistry, in which the molecular system is determined by a many-electron wave function
¥ from which the probability of finding an electron at a certain coordinate can be deduced
and which depends both on the position and the spin of the electrons. This wave function
can be found by solving the time-independent Schrodinger equation (Equation . In this

equation, H is the Hamiltonian and E the energy of the system.

HU=EWU (4.1)

Using the Born-Oppenheimer (BO) approximation, the wave function is simplified, since it
assumes that the motion of the electrons does not depend on the motion of the nuclei and vice
versa.80 In this way, the electronic Schrodinger equation is solved for a fixed configuration of
the nuclei. Afterwards, a new configuration is selected and a new solution for the electronic
Schrodinger equation is searched for. This complete cycle is repeated until convergence is
reached. This way, the lowest energy of the system or minimum on the PES is found for

stable species, while a first order saddle point is found for transition states.

Even with the BO approximation, the Schrédinger equation can only be solved exactly for

one electron systems, e.g. H;“ . For systems involving more electrons, several many-body
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techniques have been developed to cope with this many-body problem: Hartree-Fock (HF),
post-Hartree-Fock methods and density functional theory (DFT).0

4.1.1 Hartree-Fock and post-Hartree-Fock methods

The Hartree-Fock method is an approximation in which the wave function is approximated by
a single Slater determinant of individual electron spin-orbitals or molecular orbitals.®? These

molecular orbitals are constructed as a linear combination of atomic orbitals (LCAQ).%3

The atomic orbitals can be represented by hydrogen-like Slater type orbitals (STO). Since
these STOs are not computationally attractive, Gaussian type orbitals (GTO) are used, each
consisting of one ore more Gaussian type functions. A distinction can also be made in the
number of GTOs for the core and valence orbitals. Finally, several polarisation or diffuse

functions can be applied. 1?2V

In order to determine the potential energy of a molecular system for a given set of nuclear
coordinates, an initial guess of the Slater determinant is made, after which it is iteratively
optimised through a self-consistent field method (SCF).% In Hartree-Fock however, correla-
tion between electrons is left out, since only a single Slater determinant is used, meaning that
the Hartree-Fock result will always be higher in energy than the exact solution.?? Several
extensions of the basic Hartree-Fock method have been developed in order to include some

correlation effects. 4

Post-Hartree-Fock methods like many-body perturbation theory (MBPT), coupled cluster
(CC) or configuration interaction (CI) are extensions of Hartree-Fock in order to obtain
better results. In these methods a linear combination of Slater determinants is made, each
corresponding to an excitation of electrons. The number of these excitations determines the
number of Slater determinants used and is denoted in the name e.g. MP2, MP3 (MP for
Mpgller-Plesset), CCSD(T) (CC for single and double excitations, triple excitation based on

perturbation). 19165

4.1.2 Density Functional Theory

As an alternative to Hartree-Fock and post-Hartree-Fock, density functional theory was de-

veloped. In this theory, Thomas and Fermi proposed to use the electron density to describe
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molecular systems.?%? Hohenberg and Kohn provided the theoretical groundwork for DFT
with two theorems. The first theorem states that the wave function is uniquely determined
by the electron density of the ground state. The second Hohenberg-Kohn theorem gives the
variational principle and states that the energy of a system is minimal for the ground state
density of the system. In other words, every other electron density will result in a higher

energy than in the ground state 20468

From these theorems it is clear that DFT is only ap-
plicable to ground states, since this is a requirement for the first Hohenberg-Kohn theorem.

However, a lot of extensions have been made since the development of DFT.¢?

The Hohenberg-Kohn theorems form the basis of density functional theory, in which the elec-
tron density is thus used instead of the wave function to describe molecular systems. Kohn
and Sham provided a work flow to obtain the electron density of the ground state, known
as the Kohn-Sham scheme. In this Kohn-Sham scheme, the electronic energy is expressed
as a functional of the electron density.”” One of the terms in this expression is the exchange
correlation functional describing electron-electron interactions. DFT would be exact if the
expression of this functional was known. In practice, however, only guesses based on theo-
retical and empirical insights are available. For a chosen functional, ground state electron

density and energy are determined variationally within in the Kohn-Sham scheme.™?

4.1.3 Considering the solvent

Since most chemical reactions take place in a solvent environment and interaction with the
solvent is of great importance, a method to take this solvent into account is necessary. ™3
There are several methods to model the solvent. In an explicit solvent model, the solvent
molecules interact with the reactant molecule(s) and are individually added to the chemically
active species. The chemically active species and its surrounding solvent molecules form a
so-called ‘supermolecule’.™ The main advantage of the explicit solvent model is that it is

possible to describe specific interactions like hydrogen bonds. On the contrary, no long-range

interactions are included in the model and this type of models is computationally expensive.

In an implicit solvent model (or continuum model) on the other hand, the solvent is modeled
as a continuous medium. In this medium, the active species is placed in a cavity which is

characterised by a dielectric constant (¢) and other variables. In contrast to the explicit
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solvation, this model accurately describes long-range electrostatic interactions. ™ Explicit

interactions such as hydrogen bonds however are not included.™

In implicit solvation, interaction between solvent and solute is also determined using the
properties of the solute, e.g. polarisability and charge distribution. In the solute, polarisation
will be induced, which creates a reaction field within the continuum. This changes the wave
function and can be solved by a self-consistent reaction field (SCRF).™ One type of continuum
model is the Polarisable Continuum Model (PCM), a frequently used method which was
developed in 1981 by Miertus et al.”C The PCM method has been adjusted continuously since

its original development in order to expand its use. 4TS

Next to explicit and implicit solvation, other ways of including the solvent exist as well. A
combination of implicit and explicit solvation is possible. The supermolecule is then placed
in a dielectric continuum, combining the advantages of both methods. Another alternative,
which is often used for complex systems for which the inclusion of a lot of solvent molecules
is necessary, is to treat the most important part of the system quantum mechanically, while

describing the larger solvent environment with force field methods.0

4.1.4 Methodology

In this Master’s thesis, all DFT calculations were performed with the Gaussian 09 program
package.®l' Both geometry optimisations and frequency calculations were performed. The
latter was necessary in order to verify the nature of the stationary points, with zero or one
imaginary frequencies for ground states and transition states, respectively. During the cal-
culations, the M06-2X functional was used with a 6-31+G* basis set.8283 This functional
includes dispersion effects, which are important for polarisable atoms. After determination
of a transition state, the corresponding reactant and product complexes were found through
Intrinsic Reaction Coordinate (IRC) analyses and subsequent full geometry optimisations.®”
In order to take into account the solvent, the PCM implicit solvation model was used. The
Gibbs free energy was determined via frequency calculations or normal mode analyses (NMA),
during which the thermal corrections to the electronic energy were calculated based on the

vibrational frequencies or normal modes. This is done within the harmonic oscillator ap-

proximation. All Gibbs free energies are reported with respect to seperate reactants. The
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pre-reactive complex, which is the configuration of the reactant complex before the start of
the reaction, will be designated by its abbreviation PRC. The configuration of the prod-
uct complex is the post-reactive complex and will be denoted as Post-RC. Visualisation of

geometries was done using the CYLview program package.®®

4.2 Results and discussion

in Chapter [I] shows an overview of the possible pathways for the reactions of
the starting compound 3-oxo-4-trifluoromethyl-g-lactam 1. The purpose of the following
theoretical study is to unravel the exact mechanism, in order to rationalise the experimental
results. In the first part, the reactions are examined without assistance of an extra molecule,
after which reactions with assistance of ethanol and water molecules will be discussed. The
last part will examine the influence of triethyl amine on the reactions. Throughout the three
parts, it will become clear that assistance of extra molecules is necessary to achieve a plausible

reaction mechanism.

4.2.1 Calculations without assistance of an extra molecule

The calculations without assistance of extra molecules were a first attempt to unravel the

pathways under study.

Elimination of hydrogen fluoride from p-lactam 1

The Gibbs free energy profile for the elimination of hydrogen fluoride (HF) by the starting
compound [-lactam 1 is shown in As can be seen, this reaction takes place
in a concerted (single-step) Eo-fashion, meaning that simultaneous breaking of the C4-H
(deprotonation) and C5-F bonds occurs, together with formation of an H-F bond and a

double C4-C5 bond.

This double bond formation can also be seen in the profile, since the length of the C4-C5
bond has shortened from 1.52 A in the PRC to 1.43 A in the transition state and 1.32 A in

the post-reactive complex.
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Post-RC 2
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Scheme 4.1: Gibbs free energy profile for the reaction of compound 1 towards product 2 (MO06-
2X/6-31+G*, IEF-PCM (¢ =46.7, DMSO), energies in kJ/mol, distances in A, 298K,
1atm).

The activation barrier (AG¥) for this reaction is 318.4kJ/mol with respect to the seperate
reactants. Since this barrier is very high, the elimination of HF is not plausible. This was
expected, since compound 1 is a very stable compound as opposed to the product complex
(AGyzn =126.3kJ/mol), making spontaneous deprotonation and release of the fluorine atom

unlikely.

Attack of ethanol on S-lactam 1

Based on the experiments, it was proposed that ethanol is formed in a reaction from added
ethyl halide, together with Et3N, EtsN-HF and water (Scheme 4.2).5% The Et3N was added
in order to deprotonate the starting compound 1 as was the goal of the experiments. Water
on the other hand was present since no dry solvents were used during the experiments. The

formed ethanol can then react with the starting compound 1 to form compound 3.
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H,O

Et;N
ANy ——2 Sy + EtgNHX
EtsN-HF

Scheme 4.2: Formation of ethanol from ethyl halide.5

The Gibbs free energy profile for the reaction between ethanol and the starting S-lactam 1 is
shown in From the scheme it is clear that both a cis and trans attack of ethanol
with respect to the trifluoromethyl group is possible. The trans reaction has an activation
barrier of 158.2kJ/mol and a reaction energy of -11.3kJ/mol. The cis reaction has a similar
activation barrier of 158.5kJ/mol (AAG* = 0.3kJ/mol) and has a slightly lower reaction
energy of -15.2kJ/mol (AAG,z, =3.9kJ/mol). Since the difference in activation barriers
and reaction energies is this small, it is not possible to conclude which pathway is preferred,

but the activation barriers are both too high for the reactions to be plausible.

TS(1-3)cis

c D 158.5
: #1582
~N

TS(1-3)trans h f;—u

PRC

cis-1
317 Post-RC
- - . ' trans-3 trans-<
20 77 196 ‘ N 113 11.3
1 ) € 2 o ooo:
PRC i - 152 152
trans-1 \ 5 )
Ve AN i , Post-RC cis-3
cis-3

e

Scheme 4.3: Gibbs free energy profiles for the cis and trans reactions of compound 1 towards product
3 (M06-2X/6-31+G*, IEF-PCM (¢ = 46.7, DMSO), energies in kJ/mol, distances in A,
298K, 1atm).
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In order to analyse the effect of other substituents, the trifluoromethyl group on C4 and the
methyl group on N were changed to several other substituents, which were used during the
experiments as well. The Gibbs free activation barriers of these reactions can be seen in
As the table shows, the activation barriers of the reactions are higher than the
original barrier for compound 1 (AG% g~ =138.6kJ/mol), meaning that different and mostly
larger substituents cause more steric hindrance and thus make the reaction even more difficult

to proceed.

Table 4.1: Activation barriers with respect to the PRC for the trans attack of ethanol on compounds
1c—j providing compounds 3c—j (M06-2X/6-31+G*, IEF-PCM (e =46.7, DMSO), ener-
gies in kJ/mol, 298 K, 1 atm).

R!' R? AGH,

- PMP 1682
o, R - PMB 1770
% iPr - 172.2
° ¥ iPr PMP 1711
iPr PMB  170.6
Ph - 170.3
Ph PMP  173.6
Ph PMB  177.0

Ring opening of the ethoxy-g-lactam 3

After attack of ethanol on the starting compound 1, leading to the ethoxy-3-lactam compound
3, this intermediate can react further through ring opening. The proton of the hydroxyl group
is simultaneously passed on to the C4 atom of the compound, resulting in the dicarbonyl
product 7. The Gibbs free energy profile is shown in and the activation barrier
of this reaction is 177.8kJ/mol. Since preliminary calculations revealed that the difference in
activation barriers between the formation of cis-3 and trans-3 was small, only one type of

reaction was studied here.

Other reactions concerning the zwitterionic compounds 5 and 6 were neglected at this point,

since these compounds are very unstable intermediates and no extra stabilisation was possible.



CHAPTER 4. COMPUTATIONAL RESULTS 36

F
F
00 . 10.2
cis-3 P'RC
cis-3
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7
Scheme 4.4: Gibbs free energy profiles for the ring opening reaction of compound cis-3 towards
product 7 (M06-2X/6-31+G*, IEF-PCM (¢ =46.7, DMSO), energies in kJ/mol, dis-
tances in A, 298K, 1 atm).

Reactions of compounds 3 and 7 to products 4 and 8, respectively, are reactions with the
elimination of HF. These reactions are expected to have high activation barriers as well, since
preliminary calculations showed that the spontaneous elimination of HF had a very high

activation barrier.

Simultaneous attack of ethanol and ring opening of the g-lactam compound 1

Besides attack of ethanol on compound 1, resulting in compound 3, and subsequent ring
opening of this compound towards compound 7, a concerted alternative for the two previously
described reactions could take place. This reaction is shown in and consists of
simultaneous formation of the O ;o - C3 and Hg:opr - C4 bonds and breaking of the C3-C4

and Ogton - Herom bonds, providing compound 7.

From the scheme it can be seen that the activation barrier for this reaction is much higher
(AG™=204.9kJ/mol) than the previous activation barriers for the first step (AG{ 4ns =-
158.2kJ/mol and AG,,,=158.5kJ/mol), meaning that this reaction is even less probable

than these previous reactions.
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Scheme 4.5: Gibbs free energy profiles for the reaction of compound 1 towards product 7 (MO06-
2X/6-31+G*, IEF-PCM (¢ =46.7, DMSO), energies in kJ/mol, distances in A, 298K,
1atm).

The reason for this could be that in the transition state, a bicyclic ring is formed causing a lot
of strain. In the first reaction of the two-step pathway on the other hand, the four-membered
rings are connected with only one mutual atom, making this a more likely transition state.
The same phenomenon is observed looking at the second step in this pathway, having again
a much higher activation barrier (AG™=177.8kJ/mol). This could be the confirmation for

this theory, since the bicyclic ring is formed here as well.

Subsequent reactions from the difluoromethenyl-5-lactam 2

The reactions as presented in the three previous sections, all have similar counterparts starting
from compound 2. The Gibbs free energy profiles of these reactions are shown in
[Scheme 4.7 and [Scheme 4.8

When comparing the reaction from 1 to 3 with the similar reaction from 2 to 4, it can be
seen that the latter reaction has a slightly lower activation barrier of 141.9kJ/mol than the

former (AG,,, =158.5kJ/mol).

cis
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For the ring-opening reactions, 3 to 7 and 4 to 8, the contrast is smaller, with a difference in

activation barriers AAG™ of 2.8kJ/mol (177.8kJ/mol for 3 to 7, 180.6 kJ/mol for 4 to 8).

For the final concerted reaction starting from compound 2 the difference is much more sig-
nificant, with a AAG™ of 30.4kJ/mol (204.9kJ/mol for 1 to 7, 174.5kJ/mol for 2 to 8). A
possible explanation for this is the reduced steric hindrance because of two fluorine atoms
instead of three. These differences thus show that reactions starting from the original com-
pound 1 are mostly similar in activation barriers to reactions starting from the difluoromethyl

compound 2, except for the concerted mechanism.
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Scheme 4.6: Gibbs free energy profile for the reaction of compound 2 towards product 4 (MO06-
2X/6-31+G*, IEF-PCM (¢ =46.7, DMSO), energies in kJ/mol, distances in A, 298K,
1atm).
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Scheme 4.7: Gibbs free energy profile for the reaction of compound 4 towards product 8 (MOG-
2X/6-314-G*, IEF-PCM (e =46.7, DMSO), energies in kJ/mol, distances in A, 298K,
latm).
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Scheme 4.8: Gibbs free energy profile for the reaction of compound 2 towards product 8 (MOG-
2X/6-314-G*, IEF-PCM (¢ = 46.7, DMSO), energies in kJ/mol, distances in A, 298K,

latm).

To provide a summary of the analysed mechanisms in this section, an overview can be seen
in [Scheme 4.9, From this scheme, the conclusion is that none of the reactions will proceed

without assistance, since all the activation barriers are too high.
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4.2.2 Calculations with assistance of extra ethanol or water molecules

In the previous section, it became clear that the unassisted activation barriers were too high
for the reactions to proceed as expected. Therefore, assistance of ethanol and water molecules

is investigated. As mentioned before, ethanol can be formed during the reaction described in

while water is present in the solvent.

Elimination of hydrogen fluoride

In the previous section, it was shown that the elimination of HF from the starting compound
1 was not a plausible reaction, since the activation barrier was 318.4.5kJ/mol. In this sec-
tion, the influence of assistance of ethanol and water is investigated. For the elimination of
HF however, the assistance of both types of molecules is very limited, since both are weak
bases (pKbgiom =16.4, pPKbp,0 =15.7 in water), not able to deprotonate the starting com-
pound 1.2%21 The assisted elimination of HF will thus be very similar to the spontaneous

deprotonation mentioned above and is expected to have a high activation barrier.

1239 1122
Post-RC 4
4

0o 175

—_ PRC

cis-3 cis-3

Scheme 4.10: Gibbs free energy profile for the reaction of compound cis-3 towards product 4, with
the assistance of a water molecule (M06-2X/6-314+G*, IEF-PCM (e =46.7, DMSO),
energies in kJ/mol, distances in A, 298K, 1 atm).
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The Gibbs free energy profile for the reaction of cis-3 to 4 with the assistance of a single
water molecule is shown in As was expected, the activation barrier has a high

value of 303.5kJ/mol and the reaction is not plausible.

Attack of ethanol on the S-lactam 1

For the attack of ethanol on the starting compound 1, two scenarios were analysed. In
the Gibbs free energy profile is shown for the assistance of an ethanol molecule,
having an activation barrier of 103.2kJ/mol. In on the other hand, the same
reaction with water as the assisting molecule, is shown. In this case, the activation barrier is
105.4kJ/mol. From both of the schemes it is clear that the activation barriers are very close
to the limit of feasibility and that the assistant molecules lower the activation barriers signif-
icantly (AAGE, 0y = 55.0kJ/mol, AAGH;, ,=52.8kJ/mol). Hence, it seems that assistant

molecules are necessary to model the formation of the final products 7 and 8 from reactant

1.
AQ’lH F F
H ) (Ol F OH F
\ H A
\/OF\‘ F O= F
N —/ N
(0) Me (0) Me

)

N
1 2{ trans-3
2]
o--{)X 1.02

‘ 1.20071.66 *
- 1 1.22 3(1@8) S
| i~ . .
: (’_‘( 103.2 >4 ﬁ’”

’_,—"’— TS(1-3)trans

37.6 Pt
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20 - trans-1 *L\N 113
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trans-<
trans-3

Scheme 4.11: Gibbs free energy profile for the reaction of compound 1 towards product trans-3,
with the assistance of an ethanol molecule (M06-2X/6-31+G*, IEF-PCM (e =46.7,
DMSO), energies in kJ/mol, distances in A, 208 K, 1 atm).
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Scheme 4.12: Gibbs free energy profile for the reaction of compound 1 towards product trans-
3, with the assistance of a water molecule (M06-2X/6-31+G*, IEF-PCM (e =46.7,
DMSO), energies in kJ/mol, distances in A, 208 K, 1 atm).

It is not clear whether EtOH or H2O assistance will be preferred for this reaction, however.
First of all, the difference in activation barriers is only 2.2kJ/mol. Secondly, the difference

in reaction energy is insignificant as well (AAG,,, =2.0kJ/mol).

To investigate the effect of substitutions, the trifluoromethyl group on C4 and the methyl
group on N were changed for this reaction as well. The activation barriers and reaction

energies for the formation of 3c, 3e and 3h can be seen in

Assisting EtOH molecules lower the activation barriers with respect to the original reaction
1to 3 (AGpp-=68.9kJ/mol). This is in contrast with the results without assistance, where
other substituents caused even higher activation barriers. For R? = PMP, the activation bar-
rier was the lowest at 58.7kJ/mol. For R! =Ph, on the other hand, the most stable product
complex was obtained (AGygy, =-45.2kJ/mol).
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Table 4.2: Activation barriers with respect to the PRC for the trans attack of ethanol on compounds
1c,e,h with the assistance of an ethanol molecule, forming compounds 3c,e,h (M06-2X/6-

31+G*, IEF-PCM (e =46.7, DMSO), energies in kJ/mol, 298 K, 1 atm).

(0] R! Rl R2 AGTJRC AGm:n
O> Noe - PMP 58.7  -38.2
iPr - 685  -30.0
Ph - 65.5  -45.2

Ring opening of the ethoxy-p-lactam compound 3

The ring opening following the attack of ethanol on compound 1 was the next reaction under
study. Even after close investigation however, no correct transition states were found for this

reaction.

Simultaneous attack of ethanol and ring opening of the S-lactam 1

Comparable to the ring opening above, the calculations for the concerted reaction of com-
pound 1 to 7 were not straightforward. Only a single transition state was found and the
partial Gibbs free energy profile of this reaction is shown in As can be seen,
the pre- and post-reactive complexes are missing in this scheme, since the IRC analyses have
not converged. The representation of the separate reactants and products can replace these

to some extent.

With an activation barrier of 196.7 kJ/mol, this reaction is not plausible, even after the addi-
tion of assistant molecules. The barrier has been lowered by only 8.2kJ/mol (AG* =204.9kJ/
mol for the reaction without assistance). It is expected that the ring opening from 3 to 7,
discussed in the previous section behaves similarly, i.e. assistance will have little influence on
the barriers and the reaction is not likely to proceed. This should however be confirmed by

extra calculations.
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Scheme 4.13: Partial Gibbs free energy profile for the reaction of compound 1 towards product
7, with the assistance of a water molecule, missing data in grey (M06-2X/6-31+G*,
IEF-PCM (e =46.7, DMSO), energies in kJ/mol, distances in A, 298 K, 1 atm).

provides an overview of the ethanol and water assisted reactions reviewed in
this section. From this scheme, it is clear that only the addition of EtOH or HoO to 1 has
come close to the limit of plausibility, with activation barriers of 103.2 and 105.4kJ/mol for
assistance by an ethanol and water molecule, respectively. However, because of the time
limitation in this study, some data is still missing. Further calculations should be performed

in order to complete this Gibbs free energy profile.



47

CHAPTER 4. COMPUTATIONAL RESULTS

(e T 86T ‘Tow/ [ ut serdious (OSINA ‘LY = 2) INDJ-AHI ‘«D+TE

-9/XZ-90IN) T punodurod wrolj Sur)re)s ‘JOURIIS PUR I9jem JO 9OURISISSE IIM SUOIIORDI oY) 10] ogoid AB10Us 901] SqqIY) [[RIPA() :FT'F SUILYDS

@)

N

,/,m:@é«muﬁvm,ﬂs\
HO 2°€0T
OH $'G0T

L'96T




CHAPTER 4. COMPUTATIONAL RESULTS 48

4.2.3 Calculations with assistance of a triethylamine molecule

In the previous part, the assistance of ethanol and water was investigated. The influence of
these molecules was rather limited, since their basic properties are relatively weak. In this
part, the influence of triethylamine (Et3N), added to deprotonate the starting compound 1,

is examined. This substance is a much stronger base (pKb = 3.25 in water).?12

Et3N has several possible conformations, two of which are shown in In the confor-
mation on the left side the ethyl groups are more planar, while they are more perpendicular
to the plane on the right side. Combinations of these orientations are possible as well, e.g.
with one planar and two perpendicular ethyl groups. Calculations showed however that the
conformation with only planar ethyl groups was the most stable one (AG = 13.7kJ/mol for

planar versus perpendicular). This conformation is used for further calculations.

(0.0 kJ/mol) (13.7 kd/mol)

Figure 4.2: Two conformations of Et3N, with the conformation on the left side being the most stable

(M06-2X /6-31+G*, IEF-PCM (e =46.7, DMSO), energies in kJ/mol, 298 K, 1 atm).

Elimination of hydrogen fluoride

The influence of Et3N assistance on the elimination of HF is investigated. In this case, the
elimination of HF was found to be a two-step reaction E{, which can be explained because
Et3N is a strong base and will first deprotonate the S-lactam compound 1. Afterwards, the
protonated EtsNHT complex helps to extract a fluorine atom from the B-lactam anion 1k.

The Gibbs free energy profile for the two-step reaction from compound 1 to 2 is shown in
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From the scheme, it can be seen that the activation barrier of the first step is 80.5kJ/mol,
which makes it a plausible reaction pathway. The formed anionic intermediate 1k is metastable
and will immediately react further. The second reaction is the rate-determining step and has
an activation barrier of 149.0kJ/mol. This barrier is however too high for the second step
to be plausible. It is most likely that the intermediate 1k will react back to 1 or will be
degraded towards other compounds. However, these reactions are beyond the scope of this

Master’s thesis.

It is expected that all reactions involving the elimination of HF will have a high barrier. This
hypothesis was examined for the reaction from 3 to 4. For the second step in this reaction,
an activation barrier of 126.8kJ/mol with respect to the PRC was found, even higher than
the second step shown in (AGppe="70.9). This suggests that the elimination

reactions 1 to 2, 3 to 4 and 7 to 8 will not proceed.

Attack of ethanol on the S-lactam 1

In the previous part, it was shown that the assistance of ethanol or water significantly lowered
the activation barriers for the attack of ethanol on compound 1 (AG},,y =103.2kJ/mol,
AGY, o =105.4kJ /mol). In this part, the assistance of Et3N in the attack is investigated. In
the Gibbs free energy profile for this reaction is shown, both for the cis and

trans pathways.

From the scheme, it is clear that the activation barriers for both reactions are low enough for
the reactions to proceed (AG/;; =72.0kJ/mol and AG,,,,, =56.6 kJ/mol). These barriers are
even lower than the barriers with assistance of ethanol or water (AAG* =46.6 kJ /mol versus
assistance of ethanol, AAG™ =48.8kJ/mol versus assistance of water), i.e. Et3N assistance

is preferred.

The difference between the cis and trans activation barriers is 15.5kJ/mol, making trans-3l
the kinetically preferred product. However, since for both pathways, the activation barrier
of the backward reaction is low enough, it cannot be concluded which pathway, cis or trans,

will be preferred.
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Scheme 4.16: Gibbs free energy profile for the cis and trans reaction of compound 1 towards prod-
uct 31, with the assistance of Et3N (M06-2X/6-31+G*, IEF-PCM (e =46.7, DMSO),

energies in kJ/mol, distances in A, 298 K, 1 atm).

Note that in the product complex, the proton originally bound to oxygen is actually bound
to the nitrogen atom of EtsN, with a distance of 1.14 A in both the c¢is and trans product

complexes. This means that the computationally calculated product 31 is actually anionic.
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Ring opening of the ethoxy-g-lactam compound 3

The ring opening of 3 starts from the anionic compounds c¢is-31 and trans-31. These com-
pounds are deprotonated at the hydroxy group and must be compared to their C4 deproto-
nated forms cis-3k and trans-3k (see , since their stability differs. Without
stabilisation by assisting molecules, it is clear that 3k is at least 121.8kJ/mol less stable than

3l. The latter will be used below.

(0.0 kd/mol) (2.5 kJ/mol) (124.3 kJ/mol) (129.5 kJ/mol)

trans-31 cis-31 cis-3k trans-3k

Scheme 4.17: The most stable anion trans-31 (left), the least stable anion trans-3k (right) and
intermediate anions cis-31 and ¢is-3k (two central structures) (M06-2X/6-31+G*,
IEF-PCM (e =46.7, DMSO), 298K, 1atm).

The cis and trans ring-opening reactions of compound 3 are shown in These cis
and trans reactions have activation barriers of 64.4kJ/mol 73.4kJ/mol, respectively. Even

though both reactions are plausible, the cis reaction is preferred.

Besides the ring opening shown in the previous scheme, 31 can also react towards 8 in a

two-step reaction as shown in
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Scheme 4.18: Gibbs free energy profile for the reaction of compound 31 towards product 7, with
the assistance of Et3N, missing data in grey (M06-2X/6-31+G*, IEF-PCM (e =46.7,
DMSO), energies in kJ/mol, distances in A, 208K, 1atm).

As can be seen from the activation barrier is 65.1kJ/mol for the first step and
67.5kJ/mol for the second step. No other two-step reaction mentioned above was feasible,
except this one. Intermediate 5 is very unstable and will immediately react further. The
proton bound to Et3N in both 31 and 5 is oriented towards the carbonyl group in 5. It should
also be noted that the PRC of the second step has a higher energy than the transition state
itself, which is caused by an anomaly in the calculations. The concerted pathway of this

reaction was investigated as well. However, no transition states were found.
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provides an overview of the reactions reviewed in this section. It is clear that the
two-step elimination of HF from compound 1 towards 2 will not proceed, since the activation
barrier of the second step is too high. The attack of EtOH on 1 leading to 3 on the other
hand will be able to proceed, just like the further reactions towards compounds 7 and 8.
The difference in activation barriers is relatively low for these reactions, making it hard to
predict whether 7 or 8 will be formed. However, since product 8 is much less stable than 7,
this compound will be more likely to react back with eventual formation of 7. Nonetheless,
it should be noted that this is not completely in line with the experimental results. Further
calculations should be performed here in order to provide this question with a final answer

and to complete this Gibbs free energy profile.
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Chapter 5

Summary, conclusion and outlook

Since the discovery of penicillin in 1928, the spectrum of S-lactam antibiotics has been broad-
ened tremendously. Not only do these structures function as antibiotics, they display several
other biological activities, such as an anti-inflammatory action, cholesterol absorption inhibi-

tion and anti-cancer activity.

However, because of the increased prevalence of antimicrobial resistance, new S-lactam deriva-
tives are needed urgently. This Master’s dissertation tries to contribute to that. To that end,
the reactivity of 3-oxo-4-trifluoromethyl-5-lactams towards ethanol and triethylamine was in-
vestigated, in order to rationalise the experiments performed by H. Dao Thi. The goal of these
experiments was to produce, deprotonate and perform an a-alkylation on the C4 carbon atom
of several 3-oxo-4-trifluoromethyl-S-lactams. Subsequently, computations were performed to
obtain more insight into the various pathways. First of all, reactions without assistance of
any other molecules were investigated. Secondly, the influence of assisting molecules such as

ethanol, water and EtsN on the reactions and activation barriers was examined.

5.1 Summary

During the experiments in this Master’s thesis, the first step in the production of new
derivatives of 3-oxo-4-trifluoromethyl-3-lactams was explored. In this reaction, 1-ethoxy-
2,2,2-trifluoroethanol 25 was transformed using either isopropylamine 26a or benzylamine

26b. The production of (E)-N-(2,2,2-trifluoroethylidene)isopropylamine 27a did not succeed

o7
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and the 2,2,2-trifluoro-1-isopropylamino-ethanol 28a was formed instead. The production
of (E)-N-(2,2,2-trifluoroethylidene)benzylamine 27b however did succeed and is shown in
[Scheme 5.1

OH N
F Bn-NH, 26b F
N .

F F

25 27b
3%

Scheme 5.1: Reaction  of  l-ethoxy-2,2,2-trifluoroethanol 25  towards (E)-N-(2,2,2-

trifluoroethylidene)benzylamine 27b, using benzylamine 26b.

In the computational part, the reaction of 3-oxo-4-trifluoromethyl-s-lactam 1 towards dicar-

bonyl products 7 and 8 was investigated in order to unravel the reaction mechanism and

rationalise the experimental outcome as shown in [Scheme 5.2

R F 1.5 equiv

o o} Fle F - 0 Fle F
F ‘/\ > \)< \)\
N, 3 equiv Et3N
o R DMSO, r.t., 2-3h o o
1 . (8-25/75-92) s

Scheme 5.2: Transformation of 3-oxo-4-trifluoromethyl-g-lactams 1 to products 7 and 8

(R=PMB, PMP; R’=Et, H, Ph, vinyl, 1-chloroethyl).

In order to limit the computational cost of the calculations, a methyl group was chosen as the
substituent on the nitrogen atom (R =Me). An ethyl halide was chosen as the electrophile.
Throughout the calculations, other substituents were used in order to examine their influence

on the activation barrier.

Firstly, the calculations were performed without the assistance of other molecules. These

reactions and their corresponding activation barriers and reaction energies are summarised in

[Table 5.11
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Table 5.1: Activation barriers and reaction energies with respect to their seperate reactants, for the
reactions without assistance (M06-2X/6-314+-G*, IEF-PCM (e =46.7, DMSO), energies in
kJ/mol, 298 K, 1 atm).

Reaction Reactant Product AG* AG,.,
HF expulsion 1 2 318.4 126.3
Ethanol attack 1 trans-3  158.2 -11.3
1 cis-3 158.5 -15.2
2 4 141.9 -30.6
Ring opening cis-3 7 177.8 -91.8
4 8 180.6 -87.9
Ethanol attack and ring opening 1 7 204.9 -101.4
2 8 174.5  -136.9

The HF expulsion follows a concerted mechanism, involving simultaneous deprotonation and
extraction of the fluorine atom. Next, the attack of ethanol is a reaction which can take place
both in a cis and trans manner. In this reaction, the proton from ethanol is immediately
passed to the keto group at C3, transforming it into a hydroxy group. The C3-C4 bond of 3 or
4 opens subsequently. The concerted alternative for these reactions involves the simultaneous

attack of ethanol and ring opening.

None of the unassisted reactions have an activation barrier low enough to be feasible. Assis-
tance is clearly necessary in order to obtain realistic barriers for these reactions. This is in

good agreement with the experimental results.

In the second part, ethanol and water, both present during the experiments, were used as
assistant molecules. An overview of these results is shown in [Table 5.2l The ethanol and
water assisted attacks of ethanol on compound 1 have activation barriers close to the limit
of plausibility. The activation barrier for the expulsion of HF on the other hand is too high
for the reactions to proceed, because of the weak basic properties of both ethanol and water
(pKbgiog =16.4, pKbg,0 =15.7). The activation barrier for the concerted ethanol attack

and ring opening is too high as well, although water assistance has slightly lowered the barrier.
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Table 5.2: Activation barriers and reaction energies with respect to their seperate reactants, for
the reactions with assistance of ethanol or water (M06-2X/6-31+G*, IEF-PCM (¢ =46.7,
DMSO), energies in kJ/mol, 298 K, 1 atm).

Reaction Reactant Product Assisting AGT AG,.,
compound

HF expulsion 3 4 H>O 303.5 123.9

Ethanol attack 1 trans-3 EtOH 103.2 0.4

1 trans-3 H>O 105.4 -1.6

Ethanol attack and ring opening 1 7 H,O 196.7 -

The last part of the computational study examined the assistance of triethylamine in the
reactions described above. During the experiments, this compound was added to achieve de-
protonation at the C4 atom of the S-lactam 1. The results of the calculations are summarised

in [Table 5.3

Table 5.3: Activation barriers and reaction energies with respect to their seperate reactants, for
the reactions with assistance of Et3N (M06-2X/6-31+G*, IEF-PCM (¢ =46.7, DMSO),
energies in kJ/mol, 298 K, 1 atm).

Reaction Reactant Product AG™ AG,.,
HF expulsion Step 1 1 1k 80.5 81.2
Step 2 1k 2 149.0 94.0

Ethanol attack 1 trans-3 56.6 -6.0
1 cis-3 72.0 -4.4

Ring opening trans-31 7 73.4 -
cis-3l 7 64.4 -59.7

Ring opening and expulsion of HF Step 1  trans-31 5 65.1 60.2
Step 2 5 8 67.5 -4.7

It is clear that HF expulsion will not proceed, since the activation barrier for the second step

is still too high (AG* =149.0kJ/mol). Ethanol attack on compound 1 however is plausible.
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For the ring opening, both trans and cis reactions are feasible, although the cis reaction is
kinetically preferred. For the final reactions, involving ring opening and subsequent expulsion
of HF, the reaction pathway is plausible. It should be noted however that the intermediate 5

is relatively unstable and will quickly react towards other compounds.

In order to provide an overview, the Gibbs free energy profiles for all probable reactions are
shown again in The only plausible reactions are the reactions with assistance of
EtsN. The two reactions of 1 to 3 with assistance of ethanol and water are shown as well,

since the activation barriers were close to the limit of plausibility.
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5.2 Conclusion and outlook

From the calculations performed on the reactivity of 3-oxo-4-trifluoromethyl-g-lactams 1,
plausible pathways towards the dicarbonyl products 7 and 8 were found and are shown in
The reaction starts at the S-lactam compound 1 and proceeds through an
ethoxy-f3-lactam intermediate 3. From this intermediate, the dicarbonyl product bearing a
trifluorovinyl substituent 7 is formed immediately from the ethoxy compound 3 through a
ring-opening reaction. The product with the difluorovinyl substituent 8 on the other hand,
is formed through ring opening towards the unstable the zwitterionic intermediate 5 and
subsequent expulsion of a fluorine atom. Throughout this entire pathway, triethylamine
assistance is necessary to lower the activation barriers, which is in good agreement with

experimental results.

= F
0 FF i FF I EQZF
EtOH o 0 .
N, —/ N,
o Me o Me 0

1 3 7

H
\|o® |\|/|e F . 0 |\|/|e F
N\)< N\/k
o) o}
5 8

Scheme 5.4: Plausible pathway for the reaction from compound 1 to 7 and 8, all with assistance of

Et;N.

These calculations do not provide an explanation for the formation of the difluoro compound
8 as the major product. Furthermore, the influence of the use of other electrophiles and bases
as well as the effect of temperature and solvent were not investigated. Further calculations

are necessary to unravel these mysteries and to fill in the blanks in this study.
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