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Het onderzoek, uitgevoerd in deze thesis, was louter computationeel. De optie was er om dit
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Deze communicatie verliep zeer vlot en zonder problemen. De coronamaatregelen hadden dus
zo goed als geen impact op het verloop van mijn thesis. Ik kon mijn onderzoek van thuis uit
verderzetten terwijl ik de nodige communicatie met mijn begeleiders en promotoren kon
onderhouden. Bijgevolg was er geen heroriéntering van de thesis nodig.

Deze preambule werd in overleg tussen de student en de promotoren opgesteld en door
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Chapter 1

Background and Goals

1.1 Background

Since the discovery of penicillin by Alexander Fleming in 1928, azetidin-2-ones or -lactams
have been one of the most intensively studied classes of heterocyclic compounds due to their
medical [1]-[4] and synthetic [5] value. Fleming was growing Staphylococcus cultures in his
lab when one day he noticed that bacteria were dying in the vicinity of a fungus which had
contaminated one of his plates and named the active compound after the producing genus
Penicillium. [6] The accidental discovery of this antibacterial compound revealed its
pharmaceutical usefulness as it was only active towards some types of bacteria and not
towards animals and humans. The biological activity of penicillin and derivatives is dictated
by their characteristic 3-lactam structure. They are structurally similar to the peptidoglycan
subunits which are the building blocks of the bacteria’s cell wall. Penicillins bind irreversibly
to the active catalytic site of the proteins responsible for the crosslinking of these
peptidoglycan subunits. This way cell wall formation is inhibited and growing cells undergo
lysis. Excessive use of penicillin antibiotics gave bacteria the opportunity to develop
mechanisms to counteract penicillin’s biological activity, resulting in an increasing number of
resistant strains. Researchers were well aware of this danger and they understood the
importance of modifying the side chains to fight off resistance. The first generations of
penicillin antibiotics were produced exclusively via fermentation. [7] Addition of various
additives, for example acetic acids, to the Penicillium fermentation medium gave newly
derived penicillins with different activity spectra. However, a purely synthetic route would
enable the production of a much wider range of -lactam antibiotics, an absolute necessity to
arm humanity against the threat of resistant bacteria. This was not possible yet because there
was still dissension about the actual structure of the compounds. It was not until 1945, when
Dorothy Crowfoot, Hodgkin and Barbara Low completed a successful X-ray crystallographic
analysis, that the [3-lactam structure was shown beyond question to be correct.

O/:/\OH

Figure 1: Structure of penicillin



Nowadays, the Staudinger [-lactam synthesis is the most widely used method for the
production of substituted (-lactams. Apart from their biological activity, B-lactams are very
useful starting compounds for the stereoselective synthesis of a variety of organic compounds.
[5] This is why the Staudinger (-lactam synthesis is so relevant today and why so many
experimental and theoretical studies are published in the last 50 years tackling this specific
reaction.

1.2 Goals

Although the reaction between ketenes and imines has been known since 1907, the exact
nature of the underlying mechanisms was not well understood until a few decades ago. -
lactams 4 (Figure 2) are formed via a [2+2]-cyclocondensation of imines 3 with ketenes 2. [7]
The latter are relatively unstable compounds and are not suitable for storage, so they need to
be generated in situ. This can be done by adding the corresponding acid chlorides 1 to the
mixture which contains an excess amount of a suitable base. Other methods for ketene
generation include a Wolff rearrangement of a-diazoketones induced by light, heat or a
transition metal catalyst, or via photolysis of metal-carbene complexes. [8], [9] The
advantages of the acid chloride method are the mild conditions which can be applied to a one-
pot reaction. Room temperature is sufficient to obtain high product yields. A disadvantage is
the potential formation of unwanted side products such as N-(chloromethyl)amides 5 [10]-
[13] and enamides 6. (Figure 2) [14], [15]
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Figure 2: Observed products 4, 5 and 6 after reaction of acid chlorides 1 with imines 3 in the presence of a base.



This thesis is a computational continuation on the experimental findings of D. Deturck and L.
Cools. [16], [17] With the original aim of producing spiro-fused [3-lactams 10, the Staudinger
synthesis protocol was applied in an attempt to make precursor 9a using (5)-1-(2,2-dimethyl-
1,3-dioxolan-4-yl)-N-(4-methoxyphenyl)methanimine 7a and 2,2-dichloroacetyl chloride 8.
(Scheme 1) The purpose of the 2,2-dimethyl-1,3-dioxolan side chain is to initiate a series of
modification resulting in a spiro-fused side chain at the C4 terminus. The two chlorine groups
are required to protect the C3 carbon from deprotonation, since proton abstraction at the C3
position could lead to the formation of bicyclic 3-lactams.
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Scheme 1: Synthesis of spiro-fused 3-lactams 10 from precursor 9a. [16]

However, the attempts to make precursor 9a did not result in the formation of the envisioned
B-lactam structure, but 2,2-dichloro-N-(chloromethyl)acetamide 11a was formed instead.
(Scheme 2)
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Scheme 2: Unexpected reactivity of imine 7a with 2,2-dichloroacetyl chloride 8, observed in the experimental
thesis of D. Deturck. [16], confirmed and further investigated in experimental thesis of L. Cools. [17]



This behaviour was rather unexpected, since (S)-1-(2,2-dimethyl-1,3-dioxolan-4-yl)-N-(4-
methoxyphenyl)methanimine 7a has been used before in combination with other acid
chlorides 12 to succesfully produce (-lactams 13. (Scheme 3) [18] Also, reactions of 2,2-
dichloroacetyl chloride 8 with a variety of imines under Staudinger conditions have already
been reported to yield -lactams. [19], [20] The problem thus lies in the specific combination
of (S5)-1-(2,2-dimethyl-1,3-dioxolan-4-yl)-N-(4-methoxyphenyl)methanimine 7a with 2,2-
dichloroacetyl chloride 8.
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Scheme 3: Successful application of imine 7a in combination with acid chlorides 12 to yield -lactams 13,
observed in thesis of D. Deturck. (R=Bn: 60%, R=Me: 22%) [16]

The reactivity of imine 7a with 2,2-dichloroacetyl chloride 8 will be investigated by means of
a DFT study. Gibbs free energy profiles will be constructed for the mechanisms dictating this
unexpected reactivity and for the mechanisms which are common in the Staudinger -lactam
synthesis. These profiles will be made for different acid chloride and imine combinations in
order to investigate the effect of the side chains on the preferential formation of different
products. In addition, the hydrolytic stability of 2,2-dichloro-N-(chloromethyl)acetamide 11a
will be examined since the observation of this compound was always accompanied by the
observation of it’s hydrolysis product. The latter is most probably formed during aqueous
workup in the attempts to isolate 2,2-dichloro-N-(chloromethyl)acetamide 11a.



Chapter 2

Literature Study

This chapter presents an overview of experimental and computational studies concerning the
reaction of imines with acid chlorides applying Staudinger conditions. It was suggested that
multiple mechanisms could operate simultaneously. (Scheme 4) [21] These different
pathways can interfere with the stereoselectivity of the reaction and can result in lower yields
of the desired products. The mechanisms proposed in the literature are discussed with the
main focus on stereochemistry. In the end, a more recent computational technique that was
used to investigate mechanochemical activation of the Staudinger B-lactam synthesis is
reviewed.

2.1 Reactions of Imines with Acid Chlorides

In the literature, three intertwined paths are formulated that lead to 3-lactams 4 from acid
chlorides 1 and imines 3 in the presence of a base. Scheme 4 outlines the main mechanisms
that were proposed to rationalize experimental findings. [22] The addition order of the
reagents has a distinct influence on the preference for the different paths that are given. When
acid chlorides are added over a solution which contains imine and excess base, ketene
generation occurs almost instantly and path I is operative. Path II and path III can occur in
situations where a base is added dropwise over a solution containing imines and acid
chlorides. This procedure is widely applied when trans-selectivity is desired. [23]

Path I follows the mechanisms which are specific to the Staudinger -lactam synthesis and in
the section where the results are discussed, this path shall be referred to as the ‘Staudinger
Path’. Acid chlorides 1 are activated carbonyl compounds that generate ketenes 2 and
hydrogen chloride by the action of a base. Suitable bases are tertiary amines and in most
reported procedures triethylamine is used. [4], [18]-[20] The essential step in path I is the
nucleophilic addition of imines 3 onto ketenes 2. This way zwitterionic intermediates 15 are
formed that subsequently undergo a conrotatory ring-closure producing -lactams 4.
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Scheme 4: Reaction paths leading to $-lactams 4 starting from acid chlorides 1 and imines 2.

Parallel to this, N-(chloromethyl)amides 5 have been reported in the literature as
intermediates during the Staudinger B-lactam synthesis using the acid chloride method for
ketene generation. [10]-[13] In some cases these intermediates were isolated, which indicates
that other reaction paths are active during the reaction of imines with acid chlorides, apart
from Path L. In the presence of a suitable base, Lynch et al. showed in a low temperature FT-
IR spectroscopic study that B-lactam formation goes exclusively via a zwitterionic
intermediate because ketene generation occurs very quickly when excess amounts of base are
present in the mixture. [24] However, in the absence of a base or when the base is added
slowly over the mixture, direct acylation of the imines occurs, resulting in N-acyliminium salts
14. [22] This intermediate opens up two other possible routes for -lactam formation. Path II
can be seen as a bridge between path I and path III. When addition occurs prior to ketene
generation, delayed proton abstraction from cations 14 by a base will still result in the
formation of zwitterionic intermediates 15. Alternatively, recombination of the chloride anion
with the ammonium cations gives rise to N-(chloromethyl)amides 5. Some authors suggest
that deprotonation of the ketene moiety in these compounds could lead to stable anions 16.
[22] Subsequent ring-closure of the latter compounds via an intramolecular Sn2-displacement
could be an alternative route for $-lactam formation.



The reversibility of the initial addition steps of acid chlorides 1 to imines 3 was proven
experimentally by Bose et al. [11] They studied the TH-NMR spectra of a carbon tetrachloride
solution containing equimolar amounts of acetyl chloride 17a and benzalaniline 18 (Scheme
5). At 40 °C, 95% of acetyl chloride 17a had been converted to covalent adduct 20a, at 65 °C
the proportion was reduced to 90% and after cooling to 40 °C, the spectrum returned to its
original form. This feature highlights the reversibility of the reaction, in which an equilibrium
exist between the starting materials and N-(chloromethyl)amide 20a. Addition of
triethylamine to this mixture did notlead to 1,4-diphenylazetidin-2-one 21a, while other acid
chlorides 17b-d did react with benzalaniline 18 in these conditions to form trans-f-lactams
21b-d. This indicates the side chain dependence on this particular reaction.
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Qk RQL Ph : o
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17a-d 18 19a-d 20a-d 21a-d d (R=Cl, 62%)

Scheme 5: Reversible relationship between starting components 17a-d and 18, and covalent adducts 20a-d,
observed experimentally by Bose et al. [11]

Duran et al. [10] investigated the dependence of the addition order of the base and the reaction
conditions on the different pathway’s given in Scheme 4. They observed N-
(chloromethyl)amide 22 as the sole product when no triethylamine was added to a mixture
of 2,2-dichloroacetyl chloride 8 and benzalaniline 18 in benzene at room temperature.
(Scheme 6) However when compound 22 was heated under reflux in a benzene solution, §3-
lactam 23 formation was observed. Addition of triethylamine to a solution containing 22 at
room temperature also yielded 23. On the other hand, yields of almost 100% were obtained
when 2,2-dichloroacetyl chloride 8 was added to a solution where an excess amount of
triethylamine was already present. This lead to the conclusion that, considering the applied
reaction conditions, 22 should be excluded as the main precursor for 23 and path I is favored
over path III. Although, small contributions of path III cannot be ruled out completely.

o Et3N, rt cl Ph
o N/Ph Cl N/Ph or A cl
A G D A e :
cl benzene o Ph

8 18 22 23

Scheme 6: Formation of 3-lactam 23 through covalent adduct 22, observed experimentally by Duran et al. [10]



Similar trends were observed by David A. Nelson. [13] Chloroacetyl chloride 24 was added
over a solution of benzalaniline 18 in DMF at 80 °C and yielded a mixture of cis- and trans-
cycloadducts 26 (Scheme 7). When the proposed intermediate N-(chloromethyl)amide 25
was stirred in DMF at 25 °C, no -lactam was formed, but when added to refluxing DMF, a
diastereomeric mixture of -lactam 26 was obtained (trans/cis = 47/53). Treatment of N-
(chloromethyl)amide 25 with triethylamine in either DMF or benzene at 25 °C yielded only
trans-26. No [3-lactam formation was observed when N-(chloromethyl)amide 25 was heated
under reflux in benzene, so they stated that solvent participation cannot be neglected.
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DMF or c Ph
benzene N
[¢] “ph

trans-26

Scheme 7: Formation of B-lactam 26 via heating N-(chloromethyl)amide 25 under reflux in DMF or by treatment
with triethylamine, observed experimentally by Nelson et al. [13]

The articles discussed in this section provided experimental evidence that 3-lactam synthesis
does not always go exclusively through a zwitterionic intermediate (path I and I, Scheme 4).
Depending on the conditions applied, path III can occur to some degree and alter the
stereochemistry of the final product. In the next section a more detailed overview of the
mechanisms governing the stereoselectivity in the Staudinger -lactam synthesis is given.



2.2 Stereoselectivity

2.2.1 Origins of Stereoselectivity

When acid chlorides and imines combine to form substituted (3-lactams, two chiral centers are
created at the C3 and C4 terminals. This leads to four different enantiomers, namely (3S,4S)-,
(3S,4R)-, (3R4S)- and (3R,4R)-B-lactam.

A ? (o
0] R H R% + R®
R1 & 3 Z SN R! + RS
\]/ J Z N

-
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Rz O// 2 1\R3
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Scheme 8: Chiral centers (indicated with *’) created in Staudinger (3-lactam synthesis.

The first nucleophilic addition of ketene to imine is mostly a low energy, reversible process.
[25] A first distinction is made between the endo- and exo-attack, where the larger ketene
substituent is directed towards the imine (left side in Scheme 9) or away from the imine (right
side in Scheme 9), respectively. Besides the different attack options, the ketene can be
approached by the imine from the bottom face (upper half in Scheme 9) or top face (lower
half in Scheme 9), to produce two intermediates which are basically the same zwitterion but
their newly formed N1-C2 bonds have a different dihedral angle. For example, when the
ketene is approached from the bottom face by the imine in an endo fashion, zwitterion 15a
will be formed. Rotation around the N1-C2 bond leads to 15b. In order to subsequently form
the planar four-membered ring structure, a 90° rotation of the N1-C2bond is needed alongside
torsions of the enolate and imine m-systems of the zwitterions 15. According to the torque-
electronic model this has to happen in a conrotatory fashion. [26] For intermediate 15a, the
m-systems can only rotate counterclockwise because a clockwise torsion of the enolate and
imine systems in 15a would cause the RLand R* groups to collide. In this model the endo-
attack produces intermediate 15a or 15b, and both form to the final product in trans
configuration, but with an opposite absolute configuration. The same applies for the exo-



attack where two transition states both form cis-cycloadducts with opposite absolute
configuration.

R
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Scheme 9: Illustration of the different addition conformations of imines and ketenes, leading to the four
enantiomers of the corresponding 3-lactam

According to this model, the stereochemistry will be a result of the differences in energy
between the transition states originating from 15a-d. Apart from this, other models have been
developed to explain and predict the stereoselectivity in the Staudinger -lactam synthesis.
Xu et al. proposed that the latter is due to the competition between direct ring-closure of the
zwitterionic intermediate 15 and isomerization of the imine moiety in 15 to form
intermediate 15’ in Scheme 10. [27] For the substrates that were used in their experiments,
they found that addition of ketene 2 to imine 3 went exclusively via an exo-attack. Subsequent
cyclization of 15 leads to the formation of the cis-cycloadduct 4 while cyclization of 15’ results
in trans-cycloadduct 4. Intermediate 15’ is sterically more favorable than intermediate 15 due
to the outward position of the R* group in 15’. Therefore, k2 is much larger than k2" and the
ratio [cis-4]/[trans-4] can be predicted via the ratio ki/ko.

10
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Scheme 10: Reaction rates associated with isomerization of the imine moiety in the Staudinger -lactam
synthesis.

It should be stressed that this model is only valid when (3-lactam formation goes exclusively
via a zwitterionic intermediate. As was mentioned before, delayed addition of the base to a
mixture of acid chlorides and imines can cause reaction path IIl to become operative. Here the
final SN2 displacement dictates the stereospecific outcome of the reaction. [28]

2.2.2 Influences of the Starting Reactants on the Stereoselectivity

The electronic structures of the starting ketenes and imines play a crucial role in the kinetic
model described by Xu et al. The final cyclization step of the zwitterionic intermediate,
described by ki and ks, can be seen as an intramolecular nucleophilic attack of the electron-
rich enolate system to the C4 atom of the imine moiety. Electron-donating groups on the
ketene thereby accelerate direct ring-closure (increase ki), favoring cis-products, while
electron-withdrawing groups decrease cis-selectivity. [29] In the literature three types of
ketenes are mentioned: 1) “Bose-Evans ketenes”, possessing strong electron-donating
substituents (0-alkyl, 0-aryl or N-alkylaryl) favor the formation of cis-f-lactams, 2) “Sheehan
ketenes”, (PhthN) produce complex stereochemical mixtures due to the moderate rate
constant for direct cyclization, and 3) “Moore ketenes”, carrying very weak electron-donating
groups (S-alkyl, S-aryl, alkyl or aryl) have a preference for the formation of trans-f-lactams
due to the very small rate constant for direct cyclization. [27]

The effect of the imine substituents R3 and R* is not as biased as the effect of the ketene
substituents. According to the experimental findings of Xu et al. the effect of R3and R* is two-
sided. Electron-withdrawing groups lower the electron density on C4 making it more
susceptible for nucleophilic attack of C3. On the other hand, decreased electron density on the
imine double bond increases the possibility of isomerization of the zwitterionic intermediate.
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Thus, electron-withdrawing groups R3 and R* can accelerate both direct ring-closure and
isomerization (increase both ki and kz2) complicating stereo-control of the synthesis. This
effect can be counteracted by introducing bulky groups on N1. If the N1-substituent R3is a
bulky group, such as isopropyl, isomerization can be slowed down due to steric effects
favoring the E-configuration of the imine moiety. This means lower values for k2 and cis-
products are favored. [27]

Until now, only the preference for cis- or trans-f-lactam formation was discussed. But most
production processes rely on the synthesis of enantiomerically pure products. This is where
chiral auxiliaries come into play in order to control the absolute stereochemistry. Cossio et al.
showed in a computational study the effectiveness of using chiral starting imines or ketenes.
The HF/6-31+G* transition structure 29 in Scheme 11 [30] was calculated to be 6.3 k] /mol
more stable than transition structure 30, which is in good agreement with experimental
results. The difference in energies of these two transition structures, both originating from the
initial exo-attack of chiral imine 28 onto ketene 27, is due to a steric hindrance between the
2,2-dimethyl-1,3-dioxolane group and the B-lactam ring being formed in 30. The same
reasoning can be applied to the use of chiral ketene substituents for enantioselective
Staudinger 3-lactam syntheses. [30]

28

MeO o

31 32

Scheme 11: Illustration of how chiral auxiliaries can control the absolute stereochemistry in the Staudinger 3-
lactam synthesis. Transition structures 29 and 30 were calculated at the HF/6-31+G* level of theory by Cossio
etal. [30]
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2.2.3 Influences of the Reaction Conditions on the Stereoselectivity

In this section, the conclusions from a series of papers on the influences of reaction conditions
on the Staudinger reaction of imines with ketenes, published by Xu and coworkers, will be
discussed. [27]-[29], [31] First, it was investigated if the ketene generation method had an
effect on the stereoselectivity. The two major methods that were compared are the
dehydrohalogenation of acid chlorides and the thermal Wolff-rearrangement of a-diazo
carbonyl compounds. Their results indicated that the ketene formation pathways did not have
an obvious effect on the stereoselectivity.

The reaction temperature, however, did have a distinct effect on the stereoselectivity. Their
experiments were designed to distinguish between three possibilities for this temperature
dependency: 1) products can epimerize at higher temperatures, 2) there is a competition
between endo- and exo-attack at higher temperatures, dictating the final stereochemistry, and
3) the ratio between ki and k2 is the major temperature dependent effect. From the obtained
results, they concluded that the third possibility is the major contributing factor. They
observed that cis-selectivity decreased with increasing temperature because the rate constant
for isomerization k2 increases faster than the rate constant for direct ring-closure ki when
temperature is raised.

According to calculations performed by Arrieta et al,, transition structures leading to cis-
products are generally more polar than their trans-counterparts, so they argued that
increasing the polarity of the solvent should affect the stereoselectivity. However, Xu et al.
doubted the computational accuracy of the method used by Arrieta et al. and stated that this
was not the major factor in the solvent’s effect on the stereoselectivity. [28] Again, they
proposed that the real influence of the solvent on the stereoselectivity lies in the competition
between direct ring-closure and isomerization of the zwitterionic intermediate. The latter is
highly ionic in nature and increasing the polarity of the solvent should increase their half-life
and moreover, increase the possibility of isomerization thus favoring the formation of trans-
cycloadducts. On the other hand, nonpolar solvents should favor direct ring-closure and hence
increase cis-selectivity. In terms of rate constants, this means that k2 increases when more
polar solvents are used. This was investigated by performing a series of Staudinger (-lactam
syntheses in different solvents. The results indicated that, as anticipated, nonpolar solvents
are favorable for the synthesis of cis-3-lactams while polar solvents increase the formation of
trans-f3-lactams. The same conclusion was confirmed by Nagy et al. in a recent computational
study where solvent effects in the Staudinger B-lactam synthesis were evaluated with the
IEFPCM method. [32]
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2.2.4 Relation between Stereochemistry and the Reaction Paths participating in
the Staudinger -lactam Synthesis

When reaction path III is responsible for the formation of [3-lactams, there is a distinct
preference for the formation of trans-cycloadducts. This was shown in a computational
analysis performed by Arrieta and coworkers using the B3LYP/6-31+G* level of theory. [22]
The free energy barriers for the final cyclization steps in path I and path III were calculated
and compared. It was found that transition structure 34 in Scheme 12, which leads to the cis-
cycloadduct (3R,4S)-38 via conrotatory cyclization, was 34.4 kJ/mol lower in energy than the
corresponding transition structure 35 that would lead to the trans-cycloadduct (3S,45)-38. On
the other hand, transition structure 36, which leads to (3R,4R)-38 via an Sn2-displacement of
chloride, was 26.4 kcal/mol lower in energy than the transition state 37 that would form cis-
cycloadduct (35,4R)-38.

H
0 N~
mQJ\ *
cl Me H
24 33

/ /
N + N+ N/ N/ H
cl
)§7H " § : O~ %C' A~ %Cl
~—_ 7 ~— 7
Me cl Me H Me al Me
34 35 36 37
cl, Me cl Me c, Me cl Me
® © ) ® ® R) () ®)
N\ N\ N\ N\
d H o} H o} H o} H
(3R,4S)-38 (35,45)-38 (3R,4R)-38 (3S,4R)-38

Scheme 12: Formation of 3-lactam 38 via conrotatory cyclization of zwitterionic intermediates 34-35 or via an
Sn2-displacement of a chloride anion in 36-37. (The arrows in 34-35 are used to indicate the clockwise rotation
in the conrotatory cyclization step) [22]
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The zwitterionic intermediates in transition structures 34 and 35 have a more rigid structure
due to the enolate and imine m-systems and are stuck in the conformation determined by the
direction of ketene-imine addition. The N-(chloromethyl)amide obtained via path III on the
other hand has a higher degree of rotational freedom, hence giving it the possibility to adopt
a more stable conformation prior to enolate formation in 36 and 37. Steric effects between
the chlorine atom at C3 and the methyl group at C4 favor the trans-configuration for the final
Sn2-displacement. This explains the decreased cis-selectivity when B-lactam formation does
not go exclusively through the formation of a zwitterion. Scheme 13 gives an detailed
overview of the processes leading to these different cyclization transition state structures.

In order to distinguish between the pathways responsible for the formation of (-lactams 4
(Scheme 13), Xu et al. conducted a series of experiments. [28] In Path I and II, the conrotatory
cyclization of zwitterionic intermediates 15 favors the formation of cis-3-lactams in most
cases. When Path III is operative, cis-selectivity of the reaction is reduced considerably. The
cis/trans ratios of B-lactam products formed from a series of ketenes and imines were
compared for different addition methods and different ketene generation methods. Addition
method A) a solution of acid chloride in toluene was added into a solution of imine and
triethylamine in toluene, addition method B) a solution of triethylamine in toluene was added
over a solution of imine and acid chloride in toluene immediately, and addition method C) a
solution of triethylamine in toluene was added after the solution of imine and acyl chloride in
toluene was stirred for 4 hours at 80 °C.

For addition method A, cis/trans-f3-lactam ratios were the same as those formed from ketenes
which were generated via a Wolff-rearrangement. Path II and III can be excluded when
ketenes are generated via this method due to the absence of the reactive acid chlorides 1. This
means that for addition mode A, -lactam formation goes exclusively via path [ (Scheme 13).

For addition method B there was a higher amount of trans-product 4 observed, meaning that
path [ was not fully responsible for B-lactam formation and path III had a share in the final
stereochemical outcome. However, for imines carrying strong electron-donating groups and
for imines carrying strong electron-withdrawing groups, the results were the same as for
addition mode A. This can be ascribed to the electron-rich group increasing the nucleophilicity
of the imine and decreases the possibility of the nucleophilic addition of a chlorine ion to the
imine moiety in the formed iminium ion 16. The slowly added triethylamine immediately
abstracts a proton from iminium ion 16 to give rise to zwitterionic intermediate 17, which is
further responsible for B-lactam 4 formation (Path II). Thus, delayed addition of base gives
acid chloride 1 the opportunity to react directly with imine 3, but from the moment base is
added, equilibrium shifts towards the formation of zwitterionic intermediate 17. Imines with
strong electron-withdrawing groups have a decreased nucleophilicity, disfavoring direct
addition of imines to acid chlorides. Consequently, all acid chloride can be converted to the
corresponding ketene when base is added and path I is the major process.
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Finally, addition method C yielded predominately trans--lactams, meaning that path III was
the stereochemistry determining factor here.
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Scheme 13: Overview of the three reaction paths, responsible for the formation of $-lactams 4 starting from

acid chlorides 1 and imines 3. Note that for Path I only the case for exo-attack is drawn. The structures formed
after endo-attack are included in Scheme 9.
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2.3 Recent Advances: increasing Reactivity via mechanochemical
Activation, a computational Analysis

Chemical reactions are associated with an activation barrier that needs to be overcome.
Addition of energy to a reaction can assist the system to get over this barrier more easily,
hence decreasing the duration of syntheses. This energy can come in different forms, such as
heat, irradiation or mechanical energy. The first step in the Staudinger $-lactam synthesis, that
is the nucleophilic addition of the imine to the ketene, is mostly a low-energy reversible
process. [25] The conrotatory ring-closure of the zwitterionic intermediate however is the
rate-limiting irreversible step that needs to be activated if shorter reaction times are desired.
Many concepts have been developed to enhance the reactivity of imines with ketenes,
including microwave- and photochemical-induced methods. [9], [33]-[36] Until now, less
attention has been given to mechanochemical activation in the Staudinger 3-lactam synthesis.
[37], [38] Yet, some experimental work reported that ultrasonication methods provided
shorter reaction times and higher -lactam yields. [39] Where chromophores are capable of
transforming light energy into electronic excitations, mechanophores can convert mechanical
energy into force. [40] The mechanochemical ring opening of 3-lactams has been investigated
and it was demonstrated that a §-lactam ring is indeed a mechanophore capable of undergoing
a mechanically activated cycloelimination reaction (Figure 3). [41] The force-assisted
synthesis of -lactams on the other hand has not been investigated computationally up until
recently by Menéndez et al. [42]

Figure 3: Force-assisted cycloelimination of B-lactams.

This force-assisted synthesis can be explained as follows. During the Staudinger (-lactam
synthesis, the double bond in the imine reactantis converted into a single bond in the 3-lactam
product (red bonds in Figure 4), so Menéndez and coworkers suggested that specific
mechanical activation leading to the weakening of that particular strong bond in the reactant
species could accelerate 3-lactam formation.
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Figure 4: Force-assisted synthesis of 3-lactams from ketenes and imines.

A computational technique was used that resembles atomic force microscopy (AFM) [37],
where force versus extension curves are measured by pulling apart chain molecules which are
anchored both at the tip and to a support surface. Theoretically, this is mimicked by imposing
a distance constraint q(x) = |x; — X;| connecting two atoms at positions xi and X;j and

minimizing equation 1.

Veoger(X,q) = Vo (%) — A(q(x) — qo) Eq. 1

Here, VBo(X) is the ground-state Born-Oppenheimer potential energy surface (PES), qo is the
control parameter and A is a Lagrange multiplier. This constrained minimization yields the
“COnstrained Geometries simulate External Force” potential Vcocer(qo) as a function of qo, the
distorted molecular structures xo(qo) and the force/extension curves F(qo). Analogically, the
changes in the PES can be simulated as a function of the external force Fo directly when Fo is
taken as the control parameter rather than a structural constraint qo. An exact, fully nonlinear
and self-consistent approach can be formulated by applying the external force directly on the
respective atoms and minimizing equation 2 with respect to x by structure optimization.

Verg1 (X, Fp) = Vo (X) — Foq(x) Eq. 2

At stationarity, VyVgrgi (X0, Fo)[r, = 0 and the external force Fo cancels out the internal force
F = —V4Vgo(X,) at the determined minimum xo and q(Xo) = qo is obtained. This technique, in
which the “External Force is Explicitly Included” (EFEI), yields the exact distortion of the
molecular structure xo(Fo) as a function of the external force Fo. It can be shown that VErei(Fo)
is the Legendre transform of Vcocer(qo) at stationarity.

Vere1 (Fo) = Veoger(do) — Fodo Eq. 3
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Furthermore, Verei(X,Fo) is the correct force-transformed Born-Oppenheimer PES and xo(Fo)
describes exactly the deformation of the molecular structure xo as a function of a specified
external force Fo. This way, properties such as reactant and transition state structures or
activation energies can be evaluated as a function of Fo, without invoking any approximation.
[40]

The stereochemistry of $-lactam products is an important issue for the Staudinger -lactam
synthesis. Therefore, when activation methods such as sonication techniques are used to
increase reactivity of the system, stereoselectivity should be preserved as much as possible.
To tackle this topic, Menéndez et al. [42] calculated the free activation energies for the endo-
and exo-pathways of diethylimine 39 with two different monosubstituted ketenes 40 and 43.
(Scheme 14) Varying tensile forces (Fo), ranging from 0 nN up to 4.0 nN, were applied on the
methyl-terminals of the imine moieties in 41 and 44, using the isotensional EFEI
computational approach. [40] Structure optimizations were performed at the B3LYP/TZVP
level of theory and the PCM solvent model was used to represent a dichloromethane solution.
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Scheme 14: Reaction of diethylimine 39 with ketenes 40 and 43, modelled in the computational study of
Menéndez et al. [42]

The second step in Scheme 14 is the rate-limiting irreversible step where the torque-
electronic rules dictate the stereoselectivity. [43] The electronic character of the ketene
substituent and the substituent on the C-terminus of the imine determine if clockwise or
counterclockwise rotation is preferred for cyclization of 41 and 44. [44] A m-electron-
donating group like chlorine tends to place itself on the outside during the final ring-closing
step of 41 to minimize repulsive filled-filled orbital interactions between the donor orbital of
the enolate system and the o-orbital of the partially formed C3-C4 o-bond. In contrast, -
electron-accepting groups such as formyl rather prefer the inside position in 44 to maximize
favorable overlap of the empty m* orbital of the formyl substituent and the HOMO of the
partially formed C3-C4 bond.
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Indeed, in the absence of tensile forces, Menéndez and coworkers found that chloroketene 40
preferred the exo-attack over the endo-attack by 50.2 kJ/mol and for formylketene, endo-
attack was favored by 2.1 k]/mol. When tensile forces were applied with increasing steps of
0.1 nN, they observed that the preference for the exo- and endo-pathways for chloro- and
formylketene respectively, remained the same for every amount of external force, meaning
that torque-selectivity is not affected by the applied tensile forces. Furthermore, for tensile
forces larger than 1.4 nN, a continuous decrease of the free energy barriers was obtained up
until the breaking point of the imine chain at 3.9 nN. The key conclusion of this computational
study is that mechanochemical activation can be applied to obtain the desired reactivity, while
keeping the stereoselectivity of the Staudinger 3-lactam synthesis unchanged.

2.4 Conclusion

This chapter gave an overview of the possible mechanisms occurring in the Staudinger -
lactam synthesis when dehydrohalogenation of acid chlorides by a base is used as a method
for in situ generation of ketenes. There was an emphasis on studies tackling the
stereoselectivity in the Staudinger (-lactam synthesis since the final stereochemistry can
explain a lot about the paths that were favored during reaction. Many models developed to
predict stereochemistry are based on the conrotatory cyclization of the zwitterionic
intermediates formed by addition of imines onto ketenes. However, in many cases this
conventional depiction of the Staudinger -lactam synthesis does not satisfy experimental
observations. A considerable portion of the reactivity can be induced by the direct acylation
of imines and the subsequent formation of intermediate N-(chloromethyl)amides.
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Chapter 3

Computational Part

3.1 Theoretical Introduction to DFT

3.1.1 A brief History in molecular Physics

The scientific progress during the first half of the 20t century was characterized by our
fundamental understanding of nature and the development of quantum mechanics. At that
time it was believed that the atom was comprised of electrons embedded in a homogeneous
distribution of positive charge. However, this model was not able to describe scattering
experiments with alpha-particles by golden foil. [45] In 1911 Rutherford came up with a new
model. Most of the atomic mass was concentrated at the core of the atom which carried the
positive charge and was very small compared to the dimensions of the atom. Electrons moved
around this ‘nucleus’ in planetary orbitals, much like a miniature solar system. Rutherford was
able to describe the scattering experiments but his model failed drastically on other fronts.
There was a lack of atom stability due to the attractive Coulomb force and it was impossible
to verify the spectral lines emitted by atoms. Two years later, in 1913, Niels Bohr managed to
describe the latter. [46] He postulated that the orbital momenta of the electrons are
‘quantized’ and electrons can make transitions between these quantized orbitals, leading to
the observed spectral lines of the H atom. However, his model had some major shortcomings,
as it was only able to reproduce the spectrum of atomic species with one electron (H, He*, Li2+)
and failed otherwise.

In 1926, Erwin Schrédinger paved the road for future physicists and theoretical chemists with
his famous equation and thereby created a mathematical framework to describe the wavelike

character of matter. [47] This lead to a deeper understanding in the fundamental nature of the
chemical bond and chemistry in general.

.0 3 ~h?_,
lhad)(r, t) = I%V + V(r, t)l Y(r,t) Eq. 4
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Equation 4 shows the time-dependent Schrodinger equation for a non-relativistic particle
subjected to an external potential V(r,t). From this the time independent Schrodinger equation
can be derived for a bound particle where yn(r) are the eigenfunctions, also called stationary
states, corresponding to discrete eigenvalues En (equation 5). This discretization is a
consequence of the boundary conditions implied upon the particle and the solution to this
eigenvalue equation is a set of standing waves.

—h?
[% V2 + V(r)l Yn(r) = EqPn (1) Eq. 5

The left term in equation 5 represents a hermitic operator which acts upon the wavefunction
and thereby computes the quantized energy levels En associated with every stationary state
Un(r). In terms of atoms and molecules the Schrédinger equation can be rewritten as shown
in equation 6 and 7.

[TN + 7\1e + vNN + VNe + ‘7ee] l/)n(T) = En l/)n(T') Eq' 6
H Un(r) = Ep Yr (1) Eq.7

H in equation 7 is called the molecular Hamiltonian operator and consists of 5 terms: Tn and
Te represent the kinetic energy of the nuclei and the electrons respectively. The Coulomb
potential energies are represented by Vnn : between the nuclei reciprocally, Vne : between
nuclei and electrons and Vee : between electrons reciprocally.

3.1.2 Born-Oppenheimer Approximation

For computational purposes, Max Born and ]. Robert Oppenheimer developed a flow scheme
to solve molecular problems based on some assumptions since it is impossible to find an exact
analytical solution for the molecular Schrédinger equation. [48] Their methodology, called the
Born-Oppenheimer approximation (BOA), is one of the founding principles for computational
chemistry.

The mass of the nuclei is several orders of magnitude larger than the mass of the electrons
while their momenta are similar. This means that on the timescale of the nuclear motion,
electrons almost instantaneously relax to their ground state. Hence, the BOA assumes that the
nuclei are stationary point-particles and therefore Tn can be neglected for computations
involving electronic motion. Basically, the BOA implies that the motion of electrons does not
depend on the motion of the nuclei and vice versa. Obviously, this is not the case in reality. In
mathematical terms, the BOA translates to expressing the total wavefunction Y (ri,Ra) of a
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molecule as the product of the electronic wavefunction ¢(ri,R«) and the nuclear wavefunction
X(Ra). In equation 8, ri and R« refer to the spatial coordinates of electron i and nucleus «
respectively.

BOA Ea. 8
l/)(ri) R(Z) = (p(ri’ Ra) X(R(X) q

Consequently, the molecular Hamiltonian operator H can be separated into the electronic and
the nuclear Hamiltonian where the former still depends parametrically on the nuclear
positions Ra.

ﬁelec(ri»Ra) (pn(ri’Ra) = Un(Ra) (Pn(ri'Ra) EQ' 9

(TN + Un(Ra)) Xnm(Re) = EnmXnm(Re) Eq. 10

Starting from an initial set of nuclear coordinates R« the electronic Schrédinger equation is
solved. An electronic surface is constructed by varying the nuclear positions R« and each
electronic eigenvalue Un will give rise to what is called a Born-Oppenheimer surface. On these
surfaces the nuclear Schrédinger equation can be solved, yielding a set of vibrational and
rotational energy levels Enm (indicated with index n and m in equation 10). In order to
minimize the energy, the nuclei are moved until convergence is reached, resulting in a self-
consistent solution of the coupled equations.

3.1.3 Hartree-Fock

The electronic Hamiltonian (equation 11) is comprised of three terms. The first one is the sum
of the kinetic energies of the electrons, the second one represents the electron-nuclei Coulomb
interaction and the last term represents the potential energy between electrons reciprocally.
The former two terms do not depend on the positions of other electrons while the last term
does and is thus called ‘non-seperable’. The location and hence the charge of an electron is not
fixed at a specific position, but rather smeared out over space. Therefore, there is no
convenient way to compute the repulsive interaction between electrons and approximating
techniques are required to solve the electronic Schrodinger equation.

h=Y -3 -2 R DY
elec — . 2 ' Tia ' Ty Eq.11
i i« i

J
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In 1928, Douglas Hartree published a set of equations aiming to compute many-electron
systems in a self-consistent field, which were later generalized by Vladimir Fock to include
exchange phenomena between two electrons. [49], [50] This method is known as the Hartree-
Fock (HF) approximation and plays a pivotal role in many quantum computational methods
up to this day, including DFT. Firstly, the BOA is inherently assumed and relativistic effects are
completely neglected. In order to treat the non-separable term of the electronic Hamiltonian
(Equation 11) as a one-particle operator, the interaction of electron i with all electrons in the
system is averaged over a ‘mean field". To meet the requirements for a many-body electronic
wavefunction which correctly treats the statistics of fermions, the Slater determinant was
introduced as an approximation for the electronic wavefunction. [51] This is a normalized
product of one-electron wavefunctions which satisfies the anti-symmetry requirement for
electrons. The variational principle is applied to obtain a solution for the eigenvalue equation.
This solution is a linear combination of a finite and complete set of orthogonal functions, called
basis functions. Equation 12 shows the Slater determinant ¢ for a N-electron system where i
represent one-electron spin-orbitals and xi the spatial and spin coordinates.

1 [P o )
¢(x1,x2, ...,xN) = — : . .

: . : Eq. 12
\/ml/h(xN) = Yy (xw)

The energy of the Slater determinant (Equation 13) is given by the usual quantum mechanical
expression applying the ‘bra-ket’ notation.

Eq (o) = ((plﬁelec'(p) Eq. 13

After alengthy evaluation of equation 13, this expression can be rewritten in terms of integrals
of one- and two-electron operators.

N N-1 N

Eq(¢) = Z Wi || i) + Z Z Uij — Kij) Eq. 14
j=i+1 i=1 j=i+1

Jij = Wi Dec i) Eq. 15

Kij = (il Deeltpjih;) Eq. 16

The one-electron operator h or ‘core Hamiltonian’ is comprised of the kinetic energy and the
electron-nuclei attraction energy. Evaluation of the Slater determinant with the two-electron
operator yields two terms: Jij, the Coulomb intergral and Kj;, the exchange intergral (Equation
15 and 16, respectively). The former represents the electrostatic repulsion potential and does
not depend on the spin coordinate while Kij quantifies the exchange energy. The latter effect
arises due to the wave function of indistinguishable particles being subject to exchange
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symmetry and is related to the Pauli exclusion principle. [52] It is interpreted as the
interaction between a given state and a second state in which the coordinates of two identical
electrons are switched. Physically, Kij contributes to the energy when an electron (ex)changes
position or spin in a molecule, while in the Coulomb integral J;; the electron always stays in the
same orbital. Computing the actual Hartree-Fock energy Enr of a system is done using the
variational theorem. This theorem states that Esi(¢) will always be higher than the true energy
Eo of a system. Hence, the best approximation for the wavefunction is found by varying the
parameters of the basis functions until a Slater determinant is obtained whose energy is
minimized.

Eo < Eyr = r{rllplr}l Esi(¢) Eq.17
The one-particle Hartree-Fock energy €HFq (Equation 18) of orbital a is calculated using the

Fock operator f (Equation 19). These expressions are required for implementation of the
numerical solution method.

elF = (o |f (3150 W) Eq. 18
FAYL %) = () + 7 r) — k(3L x) Eq.19

In practice an iterative process is used to implement the Hartree-Fock method numerically,
which is illustrated in Figure 6.

3.1.4 Post Hartree-Fock

Due to all the approximations introduced in the HF method,

there will always be a significant gap between the HF energy t

and the true energy of a system, which is always lower than

EHF, The collection of all the effects causing this deviation is — HF Energy
termed electron correlation and is mainly attributed to the — HF Limit (infinite
mean field approximation to describe repulsive electron  Electron- basis set)
interaction. In order to improve the HF method and obtain g?lg;zl;tm" — Post HF
energies closer to the true energy, the electron correlation | Exact (non-

has to be included in some way. Therefore, a lot of post-HF relativistic)
methods have been developed with the aim to obtain more energy

accurate approximations for the exact energy. A good
example is the Mgller-Plesset method which uses the Figure 5: Electron correlation energy.
Rayleigh-Schrédinger perturbation theory to add electron
correlation. [53] Because of its relatively low computational
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cost the MP theory is still widely used today as a reference method to benchmark new
functionals for larger molecules. [54]
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Figure 6: Iterative proces to solve Hartree-Fock equations.

3.1.5 Density Functional Theory (DFT)

Considerable progress was made in the field of computational chemistry during the second
half of the 20t century. An increasing amount of papers dealt with the expansion of the HF-
equations and the application of molecular orbital theory. In 1964 P. Hohenberg and W. Kohn
published a paper which dealt with the ground state of an interacting electron gas in an
external potential v(r). [55] They introduced two theorems later known as the foundation of
DFT. Their first theorem (HK I) reads that the external potential v(r), and hence the total
energy E(p), is a unique functional of the electron density p(r). Furthermore, it was proven
that there exists a universal functional of the density F(p), independent of v(r), such that
minimization of equation 20 yields the exact ground state energy of a system associated with
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v(r). The latter statement is defined in the second Hohenberg-Kohn theorem (HK II) and
provides a variational principle for the ground state electron density.

E(p) =F(p) + f v(r)p(r)dr Eq. 20

The HK theorems show that the electron density can be used, instead of the wavefunction
itself, as a variable to find any measurable of a N-electron system. However, they do not
provide a computational scheme to solve such a problem and the difficulties in developing
such a scheme are again related to the electron-electron interaction term in the Hamiltonian.
One year after the publication of the HK theorems, W. Kohn and L. J. Sham released a paper
tackling this difficulty. [56] They projected the interacting N-electron system onto a non-
interacting reference system (Kohn-Sham system) whose ground-state wave-function can be
described by a single Slater determinant. The resulting Kohn-Sham (K-S) equations are a set
of N one-electron Schrodinger equations which are defined by a local fictious external
potential veft(r), also called the Kohn-Sham potential (Equation 21). The K-S potential vef(r) is
the potential associated with the non-interacting system which gives rise to the same electron
density associated with the interacting system.

hZ
(—%VZ + veff(r)> @i(r) = &¢i(r) Eq. 21
The K-S theory suggests that the exact electronic energy of a molecule can be expressed as the
sum of 4 terms given in equation 22.

E(p) = Ts(p) + j 2 +J () + Exe(p) Eq. 22

Ts(p) is the kinetic energy of the non-interacting electrons, the second term is the attractive
electron-nuclei potential energy, J(p) is the classical electron-electron Coulomb energy and
Exc(p) represents the exchange-correlation energy, which is a correction term for the errors
introduced by Ts(p) and J(p).

Exc(p) =T(p) — Ts(p) + Vee (p) — ] (P) Eq. 23

T(p) and Vee(p) in equation 23 represent the exact kinetic and potential energy of the
interacting system and therefore, equation 22 ensures that E(p) is the true energy of the
interacting system but expressed as if it were a non-interacting system. The aim for a good
DFT method is thus to find a good approximation for Exc. Again, numerical implementation in
practice is done using an iterative process, shown in Figure 7.

27



Guess initial density p@ (r)

v

Use p™(r) to calculate vz (T)

A

p(r')
= dr' + Ex.(p)

wﬁ@)=ww+f

\ 4
Solve K-S equations:

2

—h
2 —
[mv + Veff(’”)] Y = &y p(out) mp_m; p(l'n)

v
Use v, to evaluate p(r) and E;,;

If not converged

pO) = Y 1l = Eroe(p)

If converged
v

Output quantities

Figure 7: Iterative process to solve Kohn-Sham equations.

3.2 Computational Methodology

3.2.1 Calculation and Construction of Gibbs free Energy Profiles

All calculations will be performed using the Gaussian 16 package. Transition-, reactant - and
product states will be identified via frequency analysis. Transition states are first order saddle
points on the potential energy surface (PES) characterized by exactly one imaginary
frequency. Product and reactant states are minima on the PES and are identified by
frequencies which are all positive. Thorough conformational analyses will be performed to
ensure that intermediate -, reactant -, product- and transition states are in the lowest energy
conformation. Pre- and post-reactive complexes will be identified via IRC calculations. [57]
This type of calculation follows a reaction path in the forward and reverse direction starting
from an initial transition state structure by integrating the intrinsic reaction coordinate.
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Gibbs free energies are always reported with respect to a certain reference. Since this thesis
deals with multiple reaction paths which will be visualized in the same Gibbs free energy
profile, an appropriate reference is required to construct these profiles. The best option is to
use the combined Gibbs free energies of the separate reactants as the reference value. In order
to maintain the same atom balance within one specific profile, intermediates that are not
participating in certain reaction steps have to be included in the Gibbs free energy value
associated with that particular step. An example is presented in Figure 8. Consider a
hypothetical reaction mixture, containing three solutes A, B and C. The following two
consecutive reactions are known to occur:

A+B — Y — 7
-X +C
In a first step, reactants A and B combine with the formation of intermediate products X and
Y. In a following step, intermediate product Y reacts with component C yielding final product
Z. In this case the seperate reactants are A, B and C and thus the reference value is given by
equation 24.

GREF=GA+GB+GC Eq24

Take now for example the final product Z, equation 25 is used to calculate the Gibbs free
energy difference of Z with respect to the separate reactants, while taking into account the
prior formation of intermediate X in order to maintain the correct atom balance.

AGZ = GZ+GX_GREF Eq 25
F
AG
[A+BF
[Y+C}
0 A+B+C /Gy + Gy, - Grer\\
GA+GB+GC_GREF=0
X+Y
VA
Gx+Gy+ Gc' GREF
Gx + Gz - Gger

Figure 8: Gibbs free energy profile for the consecutive reactions A+B — X+Y and C+Y — Z with respect to the
seperate reactants A, B and C.
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3.2.2 Functionals and Basis Set

The hybrid functional B3LYP was used as the main method to report free energies. This
functional combines Becke’s exchange correlation functional (B3), which uses 3 parameters
to mix in the exact Hartree-Fock exchange correlation, with the Lee Yang and Parr correlation
functional (LYP) that recovers dynamic electron correlation. [58]-[61] Becke’s original paper
is one of the most cited papers of all time [54], which indicates how well established this
method is among theoretical chemists. It's popularity is due to many reasons. It’s fairly robust
for a DFT method and consistently scores above average in studies benchmarking functionals
for small and medium sized organic molecules. [62]-[64] Because it is not as heavily
parameterized compared to other functionals, it performs generally faster than most other
post Hartree-Fock methods, while yielding comparable results. A major drawback is the
insufficient treatment of London dispersion interactions. [65], [66] Therefore the D3 version
of Grimme’s dispersion correction was included. [67]

Two extra functionals, wB97XD and M06-2X, will be used for single-point energy calculations
on the geometries obtained by B3LYP-D3 in order to validate the reported data. wB97XD is a
more recently developed functional which includes empirical dispersion. [68] M06-2X is part
of the Minnesota group of functionals and performs well for main group thermochemistry,
kinetics and non-covalent interactions. [69] All the functionals used are easily accessible in
the Gaussian software package. The 6-311+G(d,p) basis set was chosen for all calculations.
This is a split-valence triple-zeta basis with additional polarization and diffuse functions. [70],
[71] Despite the relatively large size of the basis set, the duration of the computations were
acceptable.

3.2.3 Thermochemistry

Throughout this computational study, Gibbs free energy differences AG associated with
chemical reactions will be reported. The sign and magnitude of AG provide the chemist with
information about the direction and speed in which a system will evolve. The general
expression for G is given in equation 26.

G=H-TS Eq. 26

The entropy S is a measure for the disorder of a system and the enthalpy H is related to the
internal energy U of a system via equation 27.
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H=U+RT Eq.27

The internal energy of a system U is the result of four different contributions related to
translation, electronic motion, rotational motion and vibrational motion. The principles of
statistical physics can be applied to relate microscopic molecular quantities to the
macroscopic quantities presented in equation 26 and 27. For each contribution i, the partition
function gi can be derived which in turn can be used to calculate macroscopic quantities. The
following equations are used in the Gaussian software to compute entropy S, internal thermal
energy Ei and heat capacity Cv, for each contribution i. [72]

dlng;
Si=R+Rln(qi(V,T))+RT< aqu> Eq. 28
%4

dIng;

2 L
;= Eq.2
E; = NkgT ( 5 )V q.29

OE;

Cyi= (—‘) Eq. 30

! 0T N,V

Next the total entropy S and the internal energy U of the system can be derived. The term ZPVE
in equation 32 refers to the zero-point vibrational energy which is the energy resulting from
vibrational motion at 0 K.

Stot = Strans t Setec + Srot + Svibr Eq. 31
U=Eians + Eciec + Evor + Epipr + ZPVE Eq. 32

From this follows the Gibbs free energy and Gaussian predicts by default thermochemical
values for 298,15 K and 1 atm.

3.2.4 Solvent Model

When dealing with the Staudinger [3-lactam synthesis, a lot of polarized and ionized species
appear on the reaction paths. Thus, it is of utmost importance to include possible stabilizing
solvation effects in the calculations. Adding solvent molecules explicitly to the model would
substantially increase the computational cost. Whether or not solvent molecules actively take
part in the mechanisms under investigation might be subject for further investigation, but
within the scope of this study it is assumed that this does not happen. Therefore, only
stabilizing effects are accounted for by means of an implicit solvent model which is
computationally less expensive than an explicit model. The Polarizable Continuum Model
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using the Integral Equation Formalism (IEFPCM) was applied for all calculations. [73]-[75]
This method places the solute in a cavity created by a set of overlapping spheres. This way a
surrounding continuous medium is obtained, which is mainly characterized by the dielectric
constant of the solvent.

3.3 Results

The subject of this theoretical study was the unexpected behavior concerning the reaction of
2,2-dichloroacetyl chloride with (5)-1-(2,2-dimethyl-1,3-dioxolan-4-yl)-N-(4-
methoxyphenyl)methanimine in the presence of triethylamine. Usually, the applied method
easily yields substituted 3-lactams. However, upon applying the same conditions which are
customary for the Staudinger (3-lactam synthesis, the former reaction did not yield the desired
B-lactam structure. Scheme 15 presents a generalized overview of the reactions that will be
investigated. The Staudinger Path pertains to the conventional mechanisms that govern the
Staudinger B-lactam synthesis where 3-lactams 4 are formed via reaction of acid chlorides 1
with imines 3 in the presence of a base. The Chloro-amide Path follows the direct acylation of
imines 3 yielding N-(chloromethyl)amides 5. An alternative ring-closure mechanism where f3-
lactams 4 are obtained from N-(chloromethyl)amides 5 by the action of a base will also be
discussed briefly.

H R*
R! 3 R? .
cl ! Staudinger Path
R2 Et;N S \R3
1 4
N/R3
(0]
o) Ak
. R 3 H _ R N/Ra )
o > Chloro-amide Path
RZ
R? R* Cl
1 5
o R? -
R! _R? R2
N > \ Alternative Ring-Closure
R? J\
R* Cl EtsN o “R?
5 4

Scheme 15: Generalized overview of the reaction paths under investigation in this thesis.
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3.3.1 Preliminary Study

In order to quickly identify the key intermediates and transition states, specific to the
Staudinger [-lactam synthesis, and the proposed mechanisms responsible for the
unexpectedly formed sideproducts, preliminary calculations were performed with N-
methylethanimine 47 as the starting reactant. In this section the schemes and profiles will be
presented individually for each path. Later, when the main results are discussed, these profiles
will be combined, which will make it easier to compare the results obtained for different paths.
Also, isomerization of the imine double bond (vide supra) will not be taken into account in
this thesis. Therefore, all imine moieties of intermediates appearing on the following schemes
are drawn in the (E)-configuration.

3.3.1.1 Staudinger Path

Scheme 16 gives a mechanistic overview of the Staudinger Path for 2,2-dichloroacetyl
chloride 8 and N-methylethanimine 47.

Me

. )k o
o NEt Mo H

Et;N & >HOQ 40 cl . CI\H\J( Me
Cl —_— Ho— cl C Z SN
\Hkm o \cl ELNWCF Y Y )k & J

Cl Cl Cl
8 TS-1.0 46 TS-2.0 48

49 TS-3.0

Scheme 16: Staudinger Path for the synthesis of 3,3-dichloro-1,4-dimethylazetidin-2-one 49 via [2+2]-
cyclocondensation of 2,2-dichloroacetyl chloride 8 and N-methylethanimine 47.

Three steps are required to obtain 3,3-dichloro-1,4-dimethylazetidin-2-one 49. Firstly, 2,2-
dichloroacetyl chloride 8 is converted to the corresponding ketene 46 by the action of
triethylamine (TS-1.0). Addition of N-methylethanimine 47 onto the newly generated ketene
produces zwitterionic intermediate 48 via TS-2.0. In the final step the zwitterionic
intermediate 48 closes in a conrotatory fashion (TS-3.0), leading to 3,3-dichloro-1,4-
dimethylazetidin-2-one 49. The Gibbs free energies corresponding to Scheme 16 are
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visualized in Profile 1. The intrinsic barrier associated with TS-1.0 amounts to 34.3 kJ/mol.
This is followed by the expulsion of chloride from the post reactive complex (post-TS-1.0,
Figure 9) and subsequently dichloroketene 46 is generated. The reported free energy of
dichloroketene 46 takes into account the formation of triethylammonium hydrochloride, a
salt that embodies the most stable form of hydrogen chloride, given the reaction conditions
applied during synthesis, and is the product of the dehydrohalogenation of 2,2-dichloroacetyl
chloride 8 by triethylamine. Based on calculations at the B3LYP-D3/6-311+G(d,p) level of
theory, formation of triethylammonium hydrochloride from triethylamine and hydrogen
chloride has a Gibbs free energy difference of -58.9 k] /mol and -82.7 k] /mol associated with
it for toluene (€ = 2.3741) and dichloromethane (€ = 8.93), respectively.

Figure 9: 3-D representation of post-TS-1.0, Level of theory: B3LYP-D3/6-311+g(d,p), IEFPCM: € = 2,3741
(toluene).
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Profile 1: Gibbs free energies (kJ/mol) with respect to the separate reactants for the Staudinger Path of 2,2-
dichloroacetyl chloride 8 and N-methylethanimine 47. Dichloroketene 46 is generated via TS-1.0, ketene-imine
addition occurs via TS-2.0 and conrotatory cyclization of zwitterionic intermediate 48 occurs via TS-3.0 yielding
3,3-dichloro-1,4-dimethylazetidin-2-one 49. Level of theory: B3LYP-D3/6-311+G(d,p), IEFPCM: € = 2,3741
(toluene).
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We were unable to locate a transition state structure for TS-2.0, hence the given estimated
value is derived from a structure which resembles what it should look like. This structure was
obtained by performing a relaxed scan in zwitterionic intermediate 48 over the newly formed
C-N bond. Next, the bond distance was fixed at a value of 2.52 A and optimized to a transition
state. The resulting structure had two imaginary frequencies (-148.2 and -75.0) and seemed
like the best approximation since further calculations could not yield a structure with exactly
one imaginary frequency. However, for the substituents of interest (vide infra) the ketene-
imine addition transition states were correctly identified. The final barrier associated with the
conrotatory ring-closure of 48 amounts to 85.7 k] /mol and is therefore the rate-determining
step in this path. The reverse barrier for TS-3.0 is 210.4 k] /mol and (-lactam 49 is thus 118.1
kJ/mol more stable than the separate reactants, which means that 49 is the thermodynamic
product in this case.

3.3.1.2 Chloro-amide Path

A mechanistic overview of the Chloro-amide Path for 2,2-dichloroacetyl chloride 8 and N-
methylethanimine 47 is given in Scheme 17. In the absence of a base, or when reactant
addition happens prior to ketene generation, an iminium ion is formed through the direct
acylation (TS-4.0) of imine 47 by acid chloride 8. It would not be realistic to model the
expelled chloride as a free anion since the Staudinger [3-lactam synthesis is carried out in non-
aqueous solvents such as toluene or dichloromethane. The newly generated iminium ion is
the only positively charged specie present in the reaction mixture and is therefore modelled
as a salt (50) with chloride as its counterion. Recombination of chloride at the C-terminus of
the imine moiety in the iminium specie gives rise to stable adduct 51. No transition state was
found for the recombination, which could mean that the barrier associated with this reaction
step is negligibly small or non-existing and hence occurs spontaneously.

(O
D G o . .
€ Cl
o 47 K: e cl Me cl e
Cl _— Cl — ‘ —_—
cl ) - cl
cl M cl

H Me
8 TS-4.0 50 51

€

Scheme 17: Direct acylation via TS-4.0 of N-methylethanimine 47 by 2,2-dichloroacetyl chloride 8 resulting in
post-reactive complex 50 and subsequent recombination yielding N-(1-chloroethyl)amide 51.
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Profile 2 presents the Gibbs free energies corresponding to the Chloro-amide Path for N-
methylethanimine 47 and 2,2-dichloroacetyl chloride 8. A forward barrier of 36.5 k]/mol is
obtained for the direct acylation step. Recombination of iminium salt 50 is favored, given the
barrier of -84.3 k] /mol, yielding the stable N-(1-chloroethyl)amide 51.
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G (k)/fmol)
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Profile 2: Gibbs free energies (k]J/mol) with respect to the separate reactants, for the direct acylation (Chloro-
amide Path) of 2,2-dichloroacetyl chloride 8 and N-methylethanimine 47 yielding N-(1-chloroethyl)amide 51.
Level of theory: B3LYP-D3/6-311+G(d,p), [IEFPCM: € = 2,3741 (toluene).

3.3.1.3 Alternative Ring-Closure

An alternative ring-closure mechanism is often proposed in the literature to rationalize the
preferential formation of trans-f3-lactams when the addition of triethylamine to the reaction
mixture is delayed. [22] The proposed mechanism, applied on N-(1-chloroethyl)amide 51, is
shown in Scheme 18. Deprotonation of N-(1-chloroethyl)amide 51 via TS-5.0 yields anion 52
which forms 3,3-dichloro-1,4-dimethylazetidin-2-one 49 via a Sx2 displacement of chloride
(TS-6.0).

o 0
cl _Me Fa QAH —~ 0) Me cl ] Me cl Me i 7 ve
N N %N/ v \%\N/ -<>» O N C'\HKN/Me T» cl
“ )\ “ )\ EtNHe C * c )\ I \\v)\/\ 7 N
Me Cl Me Cl 3 Me (] Me Cl Me cl Cl o Me
51 TS-5.0 52 52 TS-6.0 49

Scheme 18: Alternative ring-closure mechanism to obtain -lactam 49 starting from N-(1-chloroethyl)amide 51,
depicted the way it was proposed in the literature. [22]
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An attempt was made to model this path, but TS-5.0 was not found for this imine substituent
combination. In addition, anion 52 could not be identified as a stable intermediate due to the
instability of the C-Cl bond (shown in red in Scheme 18). A transition state structure was
found for TS-6.0, which is shown in Figure 10 (middle). In order to obtain pre- and post-
reactive complex, an IRC calculation was performed. The results are visualized in Figure 10.
Anion 52 (Scheme 18) was not identified as the pre-reactive complex for TS-6.0. The C-Cl
bond distance in pre-TS-6.0 is 2.63 A which is too high to be classified as a covalent bond (as
areference: this C-Cl bond distance in intermediate 51 is 1.87 A). Also, the substituents at the
C-terminus in pre-TS-6.0 (indicated by * in Figure 10) are in a planar configuration, which
indicates the presence of a double bond, thus confirming the absence of the C-Cl covalent bond
(red bond in Scheme 18). A better representation of what is really happening in the
simulation is shown in Scheme 19.
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Scheme 19: Alternative ring-closure mechanism to obtain 3-lactam 49 starting from N-(1-chloroethyl)amide 51,
depicted the way it was modelled at B3LYP-D3/6-311+G(d,p) level of theory. IEFPCM: € = 2.3741 (toluene).
Arrows in TS-6.0 are used to indicate conrotatory torsion during cyclization.
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Figure 10: 3-D representation of TS-6.0 and the pre- and post-reactive complex obtained by integrating the
intrinsic reaction coordinate (IRC) and visualization of the Gibbs free energy barriers (not scaled). Level of
theory: B3LYP-D3/6-311+G(d,p), IEFPCM: € = 2.3741 (toluene).
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When the enolate is formed via TS-5.0 (Scheme 18-19), the formation of zwitterionic
intermediate pre-TS-6.0 (Scheme 19) via expulsion of chloride is favored over anionic
intermediate 52 (Scheme 18). Furthermore, TS-6.0 can be identified as a conrotatory
cyclization yielding $-lactam as post-TS-6.0 (Scheme 19). It should be stressed that Scheme
19 is not a realistic depiction of what would happen in solution where the expelled chloride
would form a salt with triethylammonium, but is used to clarify the simulated structures in
Figure 10. Based on these results, one can assume that the alternative ring-closure
mechanism, proposed in the literature to explain increased trans-selectivity, does not go via a
SN2 type reaction (Scheme 18), but via conrotatory cyclization of a zwitterionic intermediate
which is formed spontaneously after delayed proton abstraction via TS-5.0 (Scheme 19). The
altered stereoselectivity can still be explained by the ability of N-(1-chloroethyl)amide 51 to
rotate freely around the N1-C4 and C2-C3 bonds (pink bonds in Scheme 19) before they are
converted to double bonds.

3.3.2 Main Results

The preliminary study was meant to identify the key intermediates and transition states
which are of interest in this thesis. The goal of this section is to provide computational support
for the unexpected behavior concerning the reaction of 2,2-dichloroacetyl chloride 8 with (S)-
1-(2,2-dimethyl-1,3-dioxolan-4-yl)-N-(4-methoxyphenyl)methanimine 7a (Scheme 20). The
methyl groups of the imine discussed in the previous section are replaced by para-
methoxyphenyl at the N-terminus and (S$)-2,2-dimethyl-1,3-dioxolan-4-yl at the C-terminus,
in correspondence to the experiment. [16], [17] The Gibbs free energy profiles are constructed
for the Staudinger Path and the Chloro-amide Path. Toluene was the solvent of choice to
include implicitly in the calculations but the effect of a more polar solvent, dichloromethane,
is also discussed. Possible influences of different imine substituents will be investigated. The
Staudinger and Chloro-amide Paths are also constructed for the reaction of (S5)-1-(2,2-
dimethyl-1,3-dioxolan-4-yl)-N-(4-methoxyphenyl)methanimine 7a with the ketene derived
from methoxyacetyl chloride. The choice of this ketene is based on in-house experiments
where the Staudinger synthesis of this ketene with (5)-1-(2,2-dimethyl-1,3-dioxolan-4-yl)-N-
(4-methoxyphenyl)methanimine did exhibit the expected formation of the corresponding 3-
lactam. [16]
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3.3.2.1 Staudinger and Chloro-amide Paths

Scheme 20 gives a mechanistic overview of the formation of N-(chloromethyl)amide 11a via
the Chloro-amide Path (Scheme 20, red) and (3-lactam 9a via the Staudinger Path (Scheme
20, blue). Experimentally, B-lactam 9a could not be identified after work-up by NMR
spectroscopy and it was assumed that this product was not produced at all during the reaction.
Analysis of the NMR spectra lead to the observation of N-(chloromethyl)amide 11a in 35%
yield after purification and X-ray analysis showed that 11a was only formed in the (R)-
configuration. [16] Executing the same reaction in the absence of a base also yielded product
11a, which confirms that triethylamine does not necessarily take part in the reaction path
leading to amide 11a. [17]
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Scheme 20: The Chloro-amide Path (red) and the Staudinger Path (blue) for the formation of N-
(chloromethyl)amide 11a and B-lactam 9a, respectively, starting from 2,2-dichloroacetyl chloride 8 and (S5)-1-
(2,2-dimethyl-1,3-dioxolan-4-yl)-N-(4-methoxyphenyl)methanimine 7a. Conrotatory cyclization of 53a via TS-
3.1a is modelled in the conformation that yields (S)-f-lactam 9a, due to the steric effect of chiral auxiliary R*.
This effect was investigated in a computational study by Cossio et al. (vide supra). [30]

An overview of the results for the Staudinger and Chloro-amide Paths is shown in Profile 3.
The first step in the Chloro-amide Path (red) is the direct acylation of imine 7a by 2,2-
dichloroacetyl chloride 8 via TS-4.1a and has an intrinsic barrier of 52.7 k]/mol associated
with it. Two conformations are possible for this transition state (TS-4.1a and TS-4.1a’, Figure
11). The conformation TS-4.1a in which the chloride gets expelled at the side where
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subsequent recombination of chloride onto iminium 54a yields the (R)-configuration of the
final product 11a, is energetically favored (Table 1) over the conformation TS-4.1a’ where
subsequent recombination would yield the corresponding (S)-configuration of 11a.

Table 1: Comparison of thermochemical data for TS-4.1a and TS-4.1a’. Values obtaines for TS-4.1a’ are
substracted from the values obtained for TS-4.1a. Level of theory: B3LYP-D3/6-311+G(d,p), IEFPCM: € = 2.3741
(toluene).

AH(Ts-4.1a - TS-4.12") AS(15-4.1a - TS-4.12)*298.15K AG(Ts-4.1a - TS-4.12")

-19.40 kJ/mol +0.08 kJ/mol -19.48 kJ/mol

1.75 A
TS-4.1a TS-4.1a’

Figure 11: 3-D representation of two conformations for direct acylation of imine 7a by 2,2-dichloroacetyl
chloride 8. The dashed arrows indicate the side where subsequent recombination of chloride onto the iminium
carbon defines the stereochemistry of the final product 11a, assuming recombination occurs immediately. Left
structure, yielding (R)-11a, is favored over right structure, yielding (S)-11a. Level of theory: B3LYP-D3/6-
311+G(d,p), IEFPCM: € = 2.3741 (toluene).

Additional conformational analyses and comparison of Gibbs free energy barriers are
required to obtain true confirmation for the exclusive observation of (R)-11a in experiments,
[16] but this is not included in the scope of this study. Also, the reasoning described above
assumes that recombination of chloride onto iminium 54a occurs instantaneously. This can
be justified by the large reverse barrier associated with the formation of N-
(chloromethyl)amide 11a which amounts to -102.4 k] /mol (Profile 3). This is in contrast with
authors claiming that the iminium chloride salt and it's covalent adduct can exist in
equilibrium depending on experimental conditions. [76] Additional insights could be obtained
from an explicit solvent environment.

Continuing on the results presented in Profile 3, the blue path corresponds to the formation
of B-lactam 9a via the mechanisms governing the Staudinger (-lactam synthesis (Scheme 20).
Now triethylamine actively takes part and initiates the reaction by deprotonation of 2,2-
dichloroacetyl chloride 8 via TS-1.0 with an intrinsic barrier of +34.3 k] /mol associated with
it. The nucleophilic addition of imine 7a onto ketene 46 via TS-2.1a is alow energy reversible
reaction with an intrinsic barrier of +10.9 k] /mol. The obtained intermediate 53a is a stable
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zwitterion which closes via TS-3.1a yielding -lactam 9a. This last step has a forward barrier
of +58.7 k]/mol and a reverse barrier of -192.6 k]J/mol, thus ring-closure of zwitterionic
intermediate 53a is, in accordance to the preliminary calculations, the rate-determining step
and 9a is the thermodynamic product for the Staudinger Path in this specific case.
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Profile 3: Gibbs free energy profile (k] /mol), with respect to the separate reactants, for the Chloro-amide Path
(red) and the Staudinger Path (blue) given in Scheme 20. Level of theory: B3LYP-D3/6-311+G(d,p), IEFPCM: €
=2,3741 (toluene).

An additional path can be added to Profile 3 but will be discussed briefly and seperately
(Scheme 21) in order to maintain orderly profiles. In the preliminary study, an alternative
ring-closure mechanism was discussed. However, the proposed Sn2 type reaction seemed
unrealistic, given the unstability of the intermediate anion. On the other hand, this opened up
a path (Scheme 21) to obtain zwitterionic intermediate 53a, which appears on the Staudinger
Path, from N-(chloromethyl)amide 11a, which is formed via the Chloro-amide Path. The Gibbs
free energy barrier for TS-6.1a (Scheme 21) with respect to the pre-reactive complex
amounts to +78.2 k] /mol and +98.4 k] /mol with respect to the seperate reactants. Thus, one
can assume that this reaction does not occur.

+20.2 NEt; O +78.2 (:l\‘lEt:; O) +2. 5 NEta 371 o
N 3 3
\Hk >HJ\ Hﬁ/R /H\ Cl - Jjj/R
Cl
¢] . + ¢]]
R“ ®"Cl Et;N R" ®Cl R (R)CI R4 ®Cl Et3NH cr R4
Ma pre-TS-6.1a TS-6.1a post-TS-6.1a 53a

Scheme 21: Formation of zwitterionic intermediate 53a from N-(chloromethyl)amide 11a via TS-6.1a. (R3 = p-
methoxyphenyl, R* = (§)-2,2-dimethyl-1,3-dioxolan) The intrinsic Gibbs free energy barriers (k]/mol) are shown
above the reaction arrows. Level of theory: B3LYP-D3/6-311+G(d,p), IEFPCM: € = 2,3741 (toluene).

41



Going back to the results in Profile 3, there is no reason to assume that 3-lactam 9a would not
be formed at all, while N-(chloromethyl)amide 11a would. The intrinsic Gibbs free energy
barrier associated with the rate-determining step for $-lactam 9a formation via TS-3.1a is
only 6.0 k] /mol higher than the intrinsic Gibbs free energy barrier for N-(chloromethyl)amide
11a formation via TS-4.1a. With respect to the seperate reactants, TS-3.1a is 15.2 kJ/mol
higher in Gibbs free energy than TS-4.1a. Therefore Profile 3 indicates that both products are
able to form with almost equal likelihood. In order to verify this trend, different levels of
theory are used, namely: the M06-2X and wB97-XD functionals. With these single-point
calculations of the structures in Profile 3 are performed. The forward intrinsic single-point
energy barriers associated with the formation of N-(chloromethyl)amide 11a and -lactam 9a
via TS-4.1a and TS-3.1a, respectively are given in Table 2. The single-point energies with
respect to the seperate reactants are also given between brackets.

Table 2: Single-point energy barriers (kJ/mol), with respect to pre-reactive complex (with respect to seperate
reactants between brackets) associated with the rate-determining steps for the formation of N-
(chloromethyl)amide 11a and B-lactam 9a via TS-4.1a and TS-3.1a, respectively. Note that these reported
values are not based on Gibbs free energies but on single-point electronic energies. Basis set: 6-311+G(d,p),
[EFPCM: € = 2,3741 (toluene). A full comparison of the single-point energies computed with the validation
functionals is given in Table A1 (Appendix).

AETts-4.1a (k] /mol) AEts-3.1a (k] /mol)
B3LYP-D3 +36.8 (-8.6) +50,4 (+4.3)
M06-2X +37,1 (-9.8) +65,5 (+27.3)
»B97-XD +42,7 (-0.5) +59,8 (+16.9)

The (intrinsic) single-point energy barrier for TS-4.1a does not change when computed with
MO06-2X while for wB97-XD a slight increase is obtained (Table 2). On the other hand, B3LYP-
D3 underestimates the (intrinsic) single-point energy barrier for TS-3.1a with respect to
MO06-2X and wB97-XD. Therefore, all intermediates on Profile 3 were optimized with the
other functionals in order to assess Gibbs free energies and optimized geometries on different
levels of theory. The results are visualized in Profile 4. M06-2X yields a higher intrinsic Gibbs
free energy barrier for TS-3.1a (+62.9 k] /mol) and a lower intrinsic Gibbs free energy barrier
for TS-4.1a (+47.1 k] /mol) with respect to B3LYP-D3 and wB97-XD for which similar results
are obtained (+52.7 k] /mol and +54.9 kJ/mol for TS-4.1a and +58.7 k] /mol and +58.9 k] /mol
for TS-3.1a, respectively). Also, with respect to the other functionals, B3LYP-D3
underestimates the intermediates appearing on the Staudinger Path and overestimates the
stability of the final products 11a and 9a. But overall, no exceptional deviations from the
trends are observed.
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Next, possible stabilizing interactions involving zwitterionic intermediate 53a will be
investigated. It can be hypothesized that this precursor of (-lactam 9a participates in the
formation of a stable complex, hence complicating [3-lactam formation via conrotatory
cyclization. Possible participants are: the ammonium salt formed via dehydrohalogenation of
acid chloride 8 by triethylamine, solvent molecules, the zwitterion itself or other compounds
present in the mixture. One of the possibilities is hence a dimeric non-covalent interaction of
zwitterion 53a which is shown in Figure 12. Thermochemical values associated with the
formation of this complex are given in Table 3. Energetic stabilization (AH = -79.19 k] /mol)
makes up for the reduced degree of freedom (T*AS =-69.24 k] /mol) resulting in a AG-value of
-9.95 kJ/mol in favor of the dimer. Two types of non-covalent interactions stabilizing the
dimeric complex of zwitterion 53a can be identified. First, there is a t-stacking interaction of
the aromatic p-methoxyphenyl side chains. In addition, there is an electrostatic interaction
between the negatively charged enolate oxygen and the positively charged imine carbon at
the core of the complex. These cooperating forces hold the zwitterions in a conformation so

that the chlorine groups and (5)-2,2-dimethyl-1,3-dioxolan side chains are pointing outwards
respectively in opposite directions.

Table 3: Thermochemical values associated with the formation of zwitterion 53a dimer. Level of theory: B3LYP-
D3/6-311+G(d,p), IEFPCM: € = 2,3741 (toluene).

AH (k] /mol)

-79.19

AS*298.15 K (k] /mol) AG (k] /mol)

-9.95

-69.24
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Figure 12: 3-D representation of zwitterion 53a dimer. Optimized at the B3LYP-D3/6-311+G(d,p) level of
theory. IEFPCM: € = 2,3741 (toluene).

Of course, a Gibbs free energy difference of -9.95 k] /mol is not extraordinarily high and there
is no reference given to compare this value with. It's definitely not unlikely that zwitterions
carrying other substituent combinations also interact in such a manner, without loss of -
lactam formation. However, many other types of complexes including the zwitterionic
intermediate could exist, and in their turn complicate (-lactam synthesis. However, due to the
time limitation of this thesis, we did not investigate this in more depth.

So far, the calculations in this study did not provide strong evidence to prove that $-lactam is
not formed at all during synthesis. Based on this obervation, the analytic data obtained in the
experimental phase were examined a second time. LC-MS analysis was not conclusive due to
the complexity of the crude reaction mixtures and identical m/z values for N-
(chloromethyl)amide 11a and B-lactam 9. In this respect, NMR analysis is more suitable for
structure clarification. The presence of (-lactam in the crude reaction mixture could not be
confirmed based on the available NMR spectra. However, in one of the attempts to purify the
crude reaction mixture via column chromatography a fraction was found containing three
products: 2,2-dichloroacetamide 60 (vide infra), N-(chloromethyl)amide 11a and an
unknown compound. [16] Based on the chemical shifts and integration of these signals in the
1H-NMR spectra (CDCls), the unknown compound could presumably be the envisioned -
lactam 9a. Even if these signals are originating from (-lactam 9a, only traces are present as
these signals were not visible on the spectra of the crude reaction mixture and are blended in
with the noise. However, additional NMR experiments are required to elucidate (-lactam 9a
formation.
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3.3.2.2 Influence of different Imine Substituents on Staudinger and Chloro-
amide Paths

In this section the influence of different imine substituents on the Staudinger and Chloro-
amide Paths will be discussed. Two commonly used aromatic groups are chosen to replace p-
methoxyphenyl (R3) and (S)-2,2-dimethyl-1,3-dioxolan (R%) in imine 7a. The combinations
under investigation are shown in Table 4.

Table 4: Combinations of varying imine substituents R3 and R*.

R3 R4
a  p-methoxyphenyl (S)-DMDO*
b  phenyl (S)-DMDO*
c  p-nitrophenyl (S)-DMDO*
d p-methoxyphenyl phenyl
e p-methoxyphenyl p-nitrophenyl

(*): (S)-DMDO = i{ﬁ(

No aliphatic side chains were chosen to include in this comparison because the reaction of 2,2-
dichloroacetyl chloride 8 with imines carrying aliphatic side chains at R3 and (5)-DMDO at R*
under Staudinger conditions yields complex reaction mixtures which are difficult to analyse.
[16], [17] An electron-withdrawing group p-nitrophenyl (PNP) was chosen for comparison
with the electron-donating nature of p-methoxyphenyl (PMP). Phenyl (Ph) was included as a
reference for PNP and PMP, since it cannot be classified as an electron-donating, nor electron-
withdrawing group, while having a similar steric effect.

First, PMP (R3) was replaced by Ph and PNP (case b and ¢, respectively) and the corresponding
structures included in the reaction paths in Profile 3 were reoptimized. The results are
visualized in Profile 5 with case b, blue (R3 = Ph, R* = (§)-DMDO), case ¢, red (R3 = PNP, R* =
(S)-DMDO) and case a, black (R3=PMP, R*=(S5)-DMDO). The middle part of the profile remains
unchanged as it refers to the generation of ketene 46 and thus not depends on imine
substituents. The electron-withdrawing effect of PNP has an observable effect on the Gibbs
free energy profile. With respect to the seperate reactants, intermediates from the red profile
(R3 = PNP) are the least stable. There is a clear correlation between the electronic character
of R3 and the Gibbs free energies with respect to the corresponding separate reactants. This
effect is very pronounced for the zwitterionic intermediates 53a-c. The PMP side chain in 53a
donates electron density to the positive moiety of the zwitterion and thereby stabilizes the
precursor of B-lactam 9a. On the other hand, the PNP side chain in 53¢ withdraws electron
density from the positive moiety of the zwitterion (Figure 13), hence disfavoring it’s
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formation. This destabilizing effect of PNP also applies to TS-3.1c. Therefore, there is no
remarkable change observed for the intrinsic barriers associated with TS-3.1a,c.
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Profile 5: Gibbs free energy profile (k]/mol) associated with the Chloro-amide Path (formation of 11a-c) and the
Staudinger Path (formation of 9a-c) for imine substituent combinations a-c.

(black) a: R3 = PMP, R* = (§)-DMDO

(blue) b:R3=Ph,R*=(S)-DMDO

(red) c:R3=PNP,R*=(S5)-DMDO

Level of theory: B3LYP-D3/6-311+G(d,p), [IEFPCM: € = 2,3741 (toluene).

Furthermore, the Gibbs free energy with respect to the seperate reactants for TS-4.1c is 25.8
k]J/mol higher than for TS-4.1a (left side Profile 5). This R3 side chain dependence can be
attributed to the increased/decreased electron density at the nitrogen atom in TS-4.1a,c
which facilitates/complicates addition of imine 7a,c onto the carbonyl of 2,2-dichloroacetyl
chloride 8. However, the Gibbs free energies with respect to the corresponding seperate
reactants for pre-TS-4.1a,c remain similar (which was not the case for the zwitterionic pre-
reactive complexes of TS-3.1a,c). Consequently, the intrinsic barrier associated with direct
acylation and subsequent formation of 11a is 20.0 kJ/mol lower than the intrinsic barrier for
formation of 11c.
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Figure 13: Destabilizing effect of p-nitrophenyl (PNP) side chain at R3 position in zwitterionic intermediate 53c,
due to the withdrawal of electron density from the positively charged moiety of the molecule.
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Next, the effect of the R* substituent is examined by leaving p-methoxyphenyl at the R3
position and replacing the (S)-DMDO-group at R* by phenyl (Ph) and p-nitrophenyl (PNP) (d
and e, respectively). In an analogous way Profile 6 was constructed by plotting the results of
case d, blue (R3 = PMP, R* = Ph) and e, red (R3 = PMP, R* = PNP) with respect to the profile for
case a, black (Rs = PMP, R4 = (§)-DMDO). Interestingly, replacing the (S)-DMDO group by an
aromatic side chain results in a considerable increase of the Gibbs free energy barriers
associated with TS-4.1d-e (with respect to separate reactants and to pre-reactive complexes).
In addition, the electron-withdrawing nature of PNP at the R* position facilitates the formation
of B-lactam 9e via TS-3.1e by means of a lowered intrinsic barrier height (+39.1 k] /mol and
+58.7 k] /mol for TS-3.1e and TS-3.1a, respectively).
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Profile 6: Gibbs free energy profile (kJ/mol) associated with the Chloro-amide Path (formation of 11a,d-e) and
the Staudinger Path (formation of 9a,d-e) for imine-substituent combinations a, d and e.

(black) a: R3 = PMP, R* = (S)-DMDO

(blue) d:R3=PMP,R*=Ph

(red) e:R3=PMP,R*=PNP

Level of theory: B3LYP-D3/6-311+G(d,p), [IEFPCM: € = 2,3741 (toluene).

To conclude, based on intrinsic Gibbs free energy barriers, the specific combination of R3 =
PMP and R* = (5)-DMDO (case a) shows the most preference for the formation of N-
(chloromethyl)amide 11a compared to other imine substituent combinations b-e. In terms of
relative Gibbs free energies with respect to the separate reactants, imine combination a yields
the most stable intermediates for the entire profile. This is definitely the case for N-
(chloromethyl)amide 11a, where the (S)-DMDO side chain exhibits the most pronounced
stabilizing effect on this final product (left side Profile 6, 11ais -47.6 k] /mol more stable than
the separate reactants, while 11d,e are respectively -13.9 k]/mol and -12.8 k]J/mol more
stable with respect to the separate reactants). Also, case a yields the most stable zwitterionic
precursor of B-lactam for all combinations a-e.
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3.3.2.3 Influence of different Acid Chloride Substituents on Staudinger and
Chloro-amide Paths

In order to gain more insight into the effect of the acid chloride substituents on the preference
for different reaction paths, 2-methoxyacetyl chloride 12 was applied to model the Staudinger
Path (Scheme 22, right) and the Chloro-amide Path (Scheme 22, left). This choice was based
on earlier in-house experiments where 2-methoxyacetyl chloride 12 was used for a
Staudinger (-lactam synthesis in dichloromethane. In this case, imine 7a was successfully
incorporated in the [-lactam structure, yielding product 13. Even though N-
(chloromethyl)amide 58 was not formed in this reaction, since it was not identified with the
spectra obtained for the crude reaction mixture, the path leading to this product was included
in the model for comparison.
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Scheme 22: The Chloro-amide Path (left) and Staudinger Path (right) for the formation of N-
(chloromethyl)amide 58 and -lactam 13, respectively, starting from 2-methoxyacetyl chloride 12 and (S)-1-
(2,2-dimethyl-1,3-dioxolan-4-yl)-N-(4-methoxyphenyl)methanimine 7a. Only formation of (S)-B-lactam 13 was
modelled, due to steric effect of chiral auxiliary R* (vide supra). [30]

The Gibbs free energies associated with these paths are visualized in Profile 7. This figure
also includes the profile for the reaction of 2,2-dichloroacetyl chloride 8 with imine 7a in
toluene (Profile 7, red) discussed in section 3.3.2.1 (Scheme 20). This way the comparison
can be made between a successful and an unsuccessful attempt to incorporate imine 7a in a
B-lactam structure. The experimental details corresponding to the blue and red profile are
summarized in Table 5.
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Table 5: Experimental details [16], [17] corresponding to the computational data plotted in Profile 7

Profile Imine Acid chloride Solvent Base N- B-lactam
(chloromethyl)amide  observed?
observed?
2-methoxyacetyl
(blue) 7a chloride 12 CH2Clz EtsN No Yes
(red) 7a 2,2-dichloroacetyl toluene EtsN Yes No*

chloride 8

(*): Presumably, trace amounts of $-lactam 9a were detected. (vide supra)
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Profile 7: Gibbs free energy profile (k]/mol) associated with the Chloro-amide Path (left) and the Staudinger Path
(right) for the reaction of imine 7a with:

(blue) 2-methoxyacetyl chloride 12 in dichloromethane

(red) 2,2-dichloroacetyl chloride 8 in toluene

The label-indices between round brackets are referring to the red profile. Level of theory: B3LYP-D3/6-311+G(d,p),
IEFPCM: € = 8,93 (dichloromethane) for blue profile and € = 2,3741 (toluene) for red profile.

Apart from the relative stability of N-(chloromethyl)amides 58 and 11a with respect to the
separate reactants (-26.8 k]J/mol and -47.6 k]J/mol, respectively), there is no remarkable
difference observed for the Chloro-amide Path (left side Profile 7). The Staudinger Path (right
side Profile 7) on the other hand is affected by the different acid chloride substituents. The
rate-determining step for the formation of B-lactam 13 is no longer associated with the ring-
closure mechanism TS-3.2 (AGrts-3.2forward = +15.0 k] /mol), but now generation of ketene 55
via TS-1.2 (AGrs-1.2,forward = +41.2 K] /mol) is the rate-limiting step of the Staudinger synthesis
of B-lactam 13. The acid chloride substituents have a major impact on the Gibbs free energy
barrier for ring-closure (+15.0 k] /mol and +58.7 k] /mol for TS-3.2 and TS-3.1a, respectively).
The thermochemical values associated with this barrier are given in Table 6.
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Table 6: Thermochemical values corresponding to the barrier for TS-3.2 (blue profile) and TS-3.1a (red
profile), with respect to the pre-reactive complexes.

AH (k] /mol) AS*298.15K (k] /mol) AG (kJ/mol)
TS-3.2 (blue) +8.5 6.5 +15.0
TS-3.1a (red) +50.5 -8.2 +58.7

Based on Table 6, the difference between TS-3.2 and TS-3.1a is mainly attributed to energetic
effects while steric effects are similar. The electron-donating nature of the methoxy side chain
significantly facilitates the ring-closure via TS-3.2 due to the increased electron density of the
ketene moiety in zwitterionic intermediate 56 (Scheme 22) and thereby assists the attack of
the enolate on the electron-deficient moiety in TS-3.2. Also, the methoxy side chain is directed
outwards in TS-3.2 (Figure 14, left) while for TS-3.1a (Figure 14, right) one of the chlorine
side chains is directed inwards, causing a repulsive interaction between the outer shell
electron clouds of chlorine and the o-bond being formed between C2 and C3.

TS-3.2 TS-3.1a

Figure 14: 3-D representation of TS-3.2 (left) and TS-3.1a (right). Optimized at the B3LYP-D3/6-311+G(d,p)
level of theory. IEFPCM: € = 8,93 (dichloromethane) for TS-3.2 and € = 2,3741 (toluene) for TS-3.1a.

To conclude, Staudinger synthesis of imine 7a with 2-methoxyacetyl chloride 12 favors the
formation of 3-lactam 13, in accordance with experiment. This can be generalized for acid
chlorides carrying -OR substituents. [16]
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3.3.2.4 Influence of Solvent on Staudinger and Chloro-amide Paths

In the previous section a comparison was made for different acid chlorides as starting
components. One should be attentive however that different solvents were applied in the
model. This was done in order to be in accordance with experiments. Whether or not a more
polar solvent like dichloromethane would affect the reaction of 2,2-dichloroacetyl chloride 8
with imine 7ais looked into in this section. The results are visualized in Profile 8. The reaction
of 2-methoxyacetyl chloride 12 with imine 7a was also modelled for toluene, but will not be
discussed here. (Table A2, Appendix)
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Profile 8: Gibbs free energy profile (k]/mol) associated with the Chloro-amide Path (left) and the Staudinger
Path (right) for the reaction of 2,2-dichloroacetyl chloride 8 with imine 7a in toluene (red) and in
dichloromethane (blue). Level of theory: B3LYP-D3/6-311+G(d,p), IEFPCM: € = 2,3741 (toluene) for red profile
and € = 8,93 (dichloromethane) for blue profile.

One can observe a significant stabilizing effect of dichloromethane on the intermediates
appearing in the Staudinger Path (right side Profile 8). This is obviously not a surprise given
the polar and ionic nature of some of the intermediates, such as ketene 46 and zwitterion 53a.
On the other hand, this effect is less pronounced for the Chloro-amide Path leading to product
11a. In terms of intrinsic barrier heights there is no considerable change observed. Therefore,
these results imply that application of dichloromethane as a solvent for the reaction of 2,2-
dichloroacetyl chloride 8 with imine 7a would not drastically alter the outcome of the
reaction, which is in accordance with experiments. [17]
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3.3.2.5 Hydrolysis of N-(chloromethyl)amide

N-(chloromethyl)acetamide 11a proved to be rather unstable, since structure clarification of
the reaction mixtures revealed 1/1-ratios of 11a and 2,2-dichloroacetamide 60 (Scheme 23).
[17] The latter side product was always observed both in toluene and dichloromethane, with
or without addition of base. 2,2-Dichloroacetamide 60 can be formed due to the attack of free
primary amine 59 onto 2,2-dichloroacetyl chloride 8. These free amines are applied in
previous steps to produce imine 7a via condensation with (R)-2,2-dimethyl-1,3-dioxolane-4-
carboxaldehyde 58. However, it was shown that free amines were no longer present and
hence could not be the cause for formation of 2,2-dichloroacetamides 60. It was hypothesized
that hydrolysis of 11a due to the presence of trace amounts of water during work-up is
causing this side reaction. This was modelled via the mechanisms shown in Scheme 24.
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Scheme 23: Condensation of aldehyde 58 with amine 59 to form imine 7a and consequent formation of N-
(chloromethyl)amide 11a and 2,2-dichloroacetamide 60.

Method A: 2 equiv 2,2-dichloroacetyl chloride 8, 3 equiv EtsN, toluene, rt, 4 h

Method B: 1 equiv 2,2-dichloroacetyl chloride 8, dichloromethane, rt, 16 h
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Scheme 24: Hydrolysis pathway, presented the way it was modelled, starting from N-(chloromethyl)amide 11a
yielding  (R)-2,2-dimethyl-1,3-dioxolane-4-carboxaldehyde 58 and 2,2-dichloroacetamide 60.
(*): more realistic mechanisms exist, (vide infra) but were not modelled due to the time limitation of this thesis.
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Profile 9: Gibbs free energy profile (kJ/mol) for to the hydrolysis of N-(chloromethyl)amide 11a via the
mechanisms shown in Scheme 24. Level of theory: B3LYP-D3/6-311+G(d,p), IEFPCM: € = 2,3741 (toluene).

The initial addition of water onto the substrate was modelled via TS-h1 (Figure 15, left)
where chloride stabilizes the oxonium cation under formation and has an intrisic barrier of
+31.0 k] /mol. Due to the presence of chloride in the modelled system, an oxonium cation was
not obtained as the post-reactive complex after IRC calculation. Instead, alcohol 61 (Scheme
24) and hydrogen chloride were obtained. The newly generated hydrogen chloride is
removed from the post-reactive complex (post-TS-h1, Profile 9) with the formation of
triethylammonium hydrochloride. In a more realistic way to model TS-h1, chloride is replaced
by triethylamine, which abstracts a proton from the oxonium cation. Subsequently,
triethylammonium hydrochloride is formed after combination of chloride with
triethylammonium.

TS-h1 TS-h2 TS-h3

Figure 15: 3-D representation of TS-h1,2,3. Level of theory: B3LYP-D3/6-311+G(d,p), IEFPCM: € = 2,3741
(toluene).
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Cleavage of alcohol 61 yielding iminol 62 and aldehyde 58 was modelled as a six-membered
ring transition state via TS-h2 (Figure 15, middle) with an intrinsic barrier of +93.3 k] /mol.
This large barrier is due to the unrealistic way the cleavage was modelled. In solution,
intervention of additional water molecules can catalyze this step. [77] The same applies for
tautomerization of iminol 62 via TS-h3 (Figure 15, right) which was modelled with the
intervention of one additional watermolecule, facilitating the protontransfer. An iminol 62
dimeric transition state could also be a more efficient way for tautomerization of iminol 62.

Apart from the large barrier associated with the transition from 11a to 54a, there is nothing
unusual to be noticed about this hydrolysis pathway. Barriers obtained for TS-h1,2,3 can be
decreased even further by means of more realistic transition state structures, which are lower
in Gibbs free energy, for example by intervention of additional water molecules. [77] However,
the requirement for the formation of iminium salt 54a in this model raises a red flag. Even
though some authors state that there exists an equilibrium between 11a and 54a [76], this
might not be the case for the specific substrate under investigation given the high stability
obtained for N-(chloromethyl)amide 11a. Again it should be mentioned that additional
calculations may shed new light on the latter, both statically by including solvent molecules
explicitly, or via dynamic simulations (vide infra). Furthermore, we were unable to identify a
transition state for the addition of water onto 11a directly and based on the steric hindrance
caused by the (S)-DMDO group at the site of water addition, one can assume that the
corresponding barrier would also amount to a relatively large value. These findings indicate
that hydrolysis of 11a might not be the main pathway responsible for the formation of 60.
Alternatively, 2,2-dichloroacetamide 60 could be the result of hydrolysis of zwitterion 53a.
Nonetheless, acetamide 60 is also formed in the absence of base [17], and thus in the absence
of zwitterion 53a. In this case free amines might still be responsible for acetamide 60
formation. Additional research is required to further elaborate on these findings.
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Chapter 4

Summary, Conclusion and Outlook

This thesis was a computational continuation on the experimental findings of D. Deturck and
L. Cools. [16], [17] An attempt to produce (-lactam 9a from imine 7a and 2,2-dichloroacetyl
chloride 8 applying Staudinger conditions did not yield the envisioned (-lactam structure but
instead a mixture of N-(chloromethyl)amide 11a and 2,2-dichloroacetamide 60 was obtained.
(Scheme 25) This was rather unexpected, given that imine 7a has been applied before to
succesfully yield B-lactams 13 and 2,2-dichloroacetyl chloride also proved to yield 3-lactams
in combination with a variety of imines. This reactivity was investigated by means of a DFT
study on the B3LYP-D3/6-311+G(d,p) level of theory using an implicit solvent model.
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Scheme 25: Experimental findings of D. Deturck and L. Cools. [16], [17]
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4.1 Summary

Throughout this thesis a systematic approach was followed to investigate the issue presented
in Scheme 25. In the preliminary study a simplified imine system was used to examine two
pathways for the formation of the corresponding [-lactam and N-(chloromethyl)amide. Next,
the Gibbs free energy profile for the formation of 3-lactam 9a and N-(chloromethyl)amide 11a
was discussed. It was expected that the obtained profile would reveal a clear preference for
formation of N-(chloromethyl)amide 11a. However, this was not the case and based on the
results one can assume that there should be competition between formation of 3-lactam 9a
and N-(chloromethyl)amide 11a given the similar intrinsic Gibbs free energy barriers for the
rate-determining steps corresponding to the formation of these products (+58.7 kJ/mol and
+52.7 KkJ/mol, respectively). This trend obtained at the B3LYP-D3/6-311+G(d,p) level of
theory was validated by means of single-point energy calculation with the M06-2X and wB97-
XD functionals. In addition, the Gibbs free energy profile was also constructed with the other
levels of theory, but no noticeable difference was observed which confirmes the trend
obtained with B3LYP-D3/6-311+G(d,p). Additional calculations were performed in order to
examine this discrepancy between the computational model and experiments. A possible
stabilizing interaction of the zwitterionic precursor of -lactam 9a was examined by means of
a dimeric complex of this zwitterionic intermediate. This was not investigated in further detail
due to the time limitation of this thesis.

In a next stage the influence of the imine substituents was assessed. The p-methoxyphenyl
(PMP) and (S5)-2,2-dimethyl-1,3-dioxolan ((S)-DMDO) side chains were in turn replaced by p-
nitrophenyl and phenyl and the corresponding Gibbs free energy profiles were constructed.
From this comparison the infuence of the electron-donating nature of PMP on the Gibbs free
energy profile was deduced. This influence was mainly expressed by stabilization of the
zwitterionic intermediate and by facilitating direct acylation of the imine. However, the effect
of (S)-DMDO was more pronounced. Upon replacing this side chain by an aromatic group, a
considerable increase of the intrinsic barrier for N-(chloromethyl)amide 11a formation was
obtained (from +52.7 kJ/mol for R* = (§)-DMDO to +70.7 kJ/mol and +81.3 k]/mol for R* =
phenyl and p-nitrophenyl, respectively). Next, the effect of a different acid chloride, that is
known to succesfully yield $-lactams in combination with imine 7a, was examined. The profile
corresponding to the reaction between imine 7a and 2-methoxyacetyl chloride 12 (Scheme
25, R = Me) was compared with the profile for reaction between imine 7a and 2,2-
dichloroacetyl chloride 8. The results showed that for the former reaction, ring-closure of the
zwitterionic intermediate was no longer the rate-determining step (AG = +15.0 kJ/mol) but
instead, generation of the corresponding ketene determined the rate of (-lactam formation
(AG = +41.2 k] /mol). From the comparison of the barriers for ring-closure of the zwitterionic
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intermediates, it was deduced that the chlorine substituents complicate ring-closure by means
of energetic destabilization of the corresponding transition state.

Since the latter comparison was done for different solvents in order to be in accordance with
experiments (Scheme 25), the reaction of imine 7a with 2,2-dichloroacetyl chloride 8 was
also modelled for dichloromethane. It was found that the path leading to N-
(chloromethyl)amide 11a was not affected by the more polar solvent, while the intermediates
appearing on the path leading to -lactam 9a were stabilized by dichloromethane. However,
there was no considerable difference in the intrinsic barriers for both solvents.

In the final stage of this thesis, a pathway for the hydrolysis of N-(chloromethyl)amide 11a
yielding 2,2-dichloroacetamide 60 was modelled. This pathway starts with the elimination of
chloride from N-(chloromethyl)amide 11a, resulting in the corresponding iminium chloride
salt on which initial addition of water occurs. After two additional steps, 2,2-
dichloroacetamide 60 is obtained and the separate products formed via this pathway have a
combined Gibbs free energy of -89.3 k] /mol with respect to N-(chloromethyl)amide 11a.

4.2 Conclusion

Examination of the Gibbs free energy profiles for starting reactants with different substituents
revealed that the specific combination of 2,2-dichloroacetyl chloride 8 with imine 7a (Scheme
25) exhibits a slight preference for the formation of N-(chloromethyl)amide 11a, with respect
to the other substituent combinations that were investigated. The imine side chains (R3 = p-
methoxyphenyl and R* = (§)-DMDO) had a stabilizing effect on the zwitterionic precursor of
B-lactam 9a, while facilitating direct acylation of the imine 7a by 2,2-dichloroacetyl chloride
8. The most determining factor was the nature of the acid chloride substituents. The two
chlorine groups complicate (-lactam formation via conrotatory cyclization, while similar
barriers were obtained for direct acylation of the imine by the two acid chlorides that were
applied in this study. However, purely based on the profile obtained for the reaction of 2,2-
dichloroacetyl chloride 8 with imine 7a one can assume that there should be competition
between the formation of 3-lactam 9a and N-(chloromethyl)amide 11a. The analytic spectra
were reanalyzed, which lead to the observation of an unknown compound in one of the
fractions obtained after purification via columnchromatography. These signals could
presumable originate from the envisioned (-lactam 9a, but only trace amounts of this
compound were detected. Based on the calculations discussed in this study, it remains rather
peculiar that only trace amounts can be detected, following the assumption that $-lactam 9a
is formed after all. However, based on the available analytic data, the latter assumption can’t
be confirmed, nor denied.
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4.3 Outlook

During this computational study, a pathway was modelled for the hydrolysis of N-
(chloromethyl)amide 11a yielding the observed 2,2-dichloroacetamide 60. The model
assumes that elimination of chloride from the substrate, resulting in the corresponding
iminium chloride salt, occurs prior to addition of water. However, the calculations indicate
that the covalent adduct is considerably more stable than the salt (AG = -102.4 kJ/mol). This
is in contradiction with authors claiming that the latter species can exist in equilibrium,
depending on reaction conditions. These findings could be refined via simulation techniques,
both static and dynamic, that take into account a more realistic solvent environment. One or
more solvent molecules could be included explicitly in static calculations. Molecular dynamic
simulations are computationally more expensive but are a better representation of a realistic
solution. In order to analyze the presence of the iminium chloride salt versus the presence of
the corresponding covalent adduct, one can analyze the distance Ar between the carbon atom,
on which chloride adds, and the plane formed by the adjacent atoms (Figure 16). Since the
iminium ion has a planar configuration (Ar ~ 0 A) and it’s corresponding covalent adduct,
shown in Figure 16, a tetraedic configuration (Ar = 0.3 A), analysis of this coordinate during
molecular dynamic simulations could reveal additional insights into this matter. In order to
obtain equilibrium constants, more advanced methods such as metadynamica can be applied.

Figure 16: 3-D representation of N-(chloromethyl)amide 11a, optimized at B3LYP-D3/6-311+G(d,p) level of
theory, IEFPCM: € = 2,3741 (toluene). Red arrow indicates distance between carbon atom, bound to the chlorine
group, and the plane formed by the adjacent atoms.
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On the other hand, it can be hypothesized that 2,2-dichloroacetamide 60 is formed via
hydrolysis of the zwitterionic intermediate. Proving this statement would also explain the
failed attempts to obtain (-lactam 9a, due to the loss of it’s precursor. In addition, further
investigation could also focus on the formation of stable complexes of the zwitterionic
intermediate, hence complicating (-lactam 9a formation. Finally, if additional NMR
experiments would prove that formation of (-lactam 9a during synthesis definitely occurs,
then further investigation could focus on pathways resulting in ring-opening of the obtained
B-lactam 9a. This was observed for a similar B-lactam (R3 = OAc) in alkaline aqueous
conditions. [78]
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Chapter 5

Samenvatting, Besluit en Vooruitzichten

Deze thesis was een computationele verderzetting op de experimentele resultaten van D.
Deturck en L. Cools. Een poging om 3-lactam 9a te produceren door reactie van imine 7a met
2,2-dichloroacetyl chloride 8 in Staudinger condities leverde niet de verwachte [-lactam
structuur op. In de plaats werd een mix van N-(chloromethyl)amide 11a en 2,2-
dichloroacetamide 60 bekomen. (Schema 26) Dit was eerder onverwacht, aangezien imine
7a reeds succesvol werd gebruikt om f-lactamen 13 te produceren. Ook werd er al
aangetoond dat 2,2-dichloroacetyl chloride 8 kan worden gebruikt om (3-lactamen te vormen
door reactie met verschillende imines. Deze reactiviteit werd onderzocht aan de hand van een
DFT studie met het B3LYP-D3/6-311+G(d,p) theoretisch niveau, gebruik makend van een
impliciet solvent model.
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Schema 26: Experimentele bevindingen van D. Deturck en L. Cools. [16], [17]
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5.1 Samenvatting

Tijdens deze thesis werd een systematische aanpak gevolgd om de kwestie, voorgesteld in
Schema 26, te onderzoeken. In de voorafgaande studie werd een vereenvoudigd imine
systeem toegepast om twee reactiepaden te bestuderen, die leiden tot de vorming van het
overeenkomstig B-lactam en N-(chloromethyl)amide. Daarna werd het Gibbs vrije energie
profiel voor de vorming van (-lactam 9a en N-(chloromethyl)amide 11a besproken. Er werd
verwacht dat dit profiel een duidelijke voorkeur voor de vorming van N-(chloromethyl)amide
11a zou aantonen. Dit was echter niet het geval en gebaseerd op het profiel kan worden
verondersteld dat vorming van beide producten in competitie is, aangezien de barrieres voor
de snelheidsbepalende stappen voor de vorming van (3-lactam 9a en N-(chloromethyl)amide
11a gelijkaardig zijn (+58,7 k] /mol en +52,7 k] /mol, respectievelijk). Deze trend, bekomen op
het B3LYP-D3/6-311+G(d,p) theoretisch niveau, werd gevalideerd aan de hand van single-
point energieberekeningen met de M06-2X en wB87-XD functionalen. Daarnaast werd het
Gibbs vrije energie profiel ook geconstrueerd op deze twee andere theoretische niveaus, maar
er werd geen opmerkelijk verschil waargenomen, wat de trend verkregen met B3LYP/6-
311+G(d,p) bevestigt. Aanvullende berekeningen werden uitgevoerd om deze discrepantie
tussen de experimenten en het theoretisch model te onderzoeken. Een mogelijke
stabiliserende interactie van de zwitterionische precursor van 3-lactam 9a werd onderzocht
door middel van een dimerisch complex van dit zwitterionisch intermediair. Dit was vanwege
de tijdslimiet van deze thesis niet nader onderzocht.

In een volgende fase werd de invloed van de imine substituenten beoordeeld. De p-
methoxyfenyl (PMP) en (S5)-2,2-dimethyl-1,3-dioxolaan (($)-DMDO) zijketens werden op hun
beurt vervangen door p-nitrofenyl en fenyl en vervolgens werden de overeenkomstige Gibbs-
vrije energie profielen opgesteld. Door deze vergelijking te maken werd de invloed van het
elektrongevend karakter van PMP op het Gibbs vrije energie profiel afgeleid. Deze invloed
kwam voornamelijk tot uiting door stabilisatie van het zwitterionisch intermediair en door
facilitatie van de directe acylering van het imine. Het effect van (5)-DMDO was echter meer
uitgesproken. Vervanging van deze zijketen door een aromatische groep leverde een
aanzienlijke toename op van de intrinsieke barriére voor de vorming van N-(chloromethyl)
amide 11a (van +52,7 kJ/mol voor R* = (§)-DMDO tot +70,7 k] /mol en + 81,3 k]/mol voor R*
= fenyl en p-nitrofenyl, respectievelijk). Vervolgens werd het effect onderzocht van een ander
zuurchloride, namelijk 2-methoxyacetyl chloride 12, waarvoor is aangetoond dat het
succesvol B-lactam 13 oplevert in combinatie met imine 7a. Het profiel voor deze reactie
(Schema 25, R = Me) werd vergeleken met het profiel voor de reactie tussen imine 7a en 2,2-
dichlooracetyl chloride 8. De resultaten toonden aan dat voor de reactie tussen 2-
methoxyacetyl chloride 8 en imine 7a ringsluiting van het zwitterionische intermediair niet
langer de snelheidsbepalende stap was (AG = +15,0 k] /mol). In plaats daarvan bepaalde de
vorming van het overeenkomstig keteen de snelheid in dit reactiepad (AG = +41,2 k] /mol). Uit
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de vergelijking van de barriéres voor ringsluiting van de zwitterionische intermediairen werd
afgeleid dat de chloorsubstituenten de ringsluiting bemoeilijken door middel van
energetische destabilisatie van de overeenkomstige transitietoestand.

Aangezien de vorige vergelijking van profielen werd uitgevoerd voor verschillende solventen,
om in overeenstemming te zijn met experimentele condities (Schema 26), werd de reactie
tussen imine 7a met 2,2-dichloroacetyl chloride 8 ook gemodelleerd voor dichloromethaan.
Hieruit konden we opmaken dat het pad, dat naar N-(chloromethyl)amide 11a leidt, niet werd
beinvloed door het meer polaire solvent, terwijl de intermediairen, die voorkomen op het pad
dat leidt naar B-lactam 9a, wel werden gestabiliseerd door dichloromethaan. Er was echter
geen noemenswaardige verandering voor de intrinsieke Gibbs vrije energie barrieres in
vergelijking met tolueen.

In de laatste fase van deze thesis werd een reactiepad gemodelleerd voor de hydrolyse van N-
(chloromethyl)amide 11a met de vorming van 2,2-dichlooracetamide 60. Dit pad begint met
de eliminatie van chloride uit N-(chloromethyl)amide 11a, wat resulteert in het
overeenkomstige iminiumchloride zout, waar vervolgens de initiele aanval van water op
plaatsvindt. Na twee extra stappen wordt 2,2-dichloroacetamide 60 verkregen en de
afzonderlijke producten die via hydrolyse worden verkregen, hebben een gecombineerde
Gibbs vrije energie van -89,3 k] /mol ten opzichte van N-(chloromethyl)amide 11a.

5.2 Besluit

Onderzoek van de Gibbs vrije energie profielen voor beginproducten met verschillende
substituenten toonde aan dat de specifieke combinatie van 2,2-dichloroacetyl chloride 8 en
imine 7a het meest voorkeur vertoonde voor de vorming van N-(chloromethyl)amide 11a, ten
opzichte van de andere onderzochte substituentcombinaties. De imine zijketens (R3 = p-
methoxyfenyl en R* = (§)-DMDO) hebben een stabiliserend effect op de precursor van -
lactam 9a, terwijl ze de directe acylering van imine 7a door 2,2-dichloroacetyl chloride 8
faciliteren. De meest bepalende factor was de aard van de zuurchloride substituenten. De twee
chloorgroepen vermoeilijken de vorming van (-lactam via conrotationele cyclisatie, terwijl
min of meer gelijke barriéres werden verkregen voor directe acylering van imine 7a door de
twee zuurchloriden die in dit onderzoek werden toegepast. Puur op basis van het verkregen
profiel voor de reactie tussen 2,2-dichloroacetyl chloride 8 en imine 7a kan men echter
veronderstellen dat er competitie moet zijn tussen de vorming van f3-lactam 9a en N-
(chloromethyl)amide 11a. De analytische spectra werden opnieuw geanalyseerd, wat leidde
tot de waarneming van een onbekende verbinding in een van de fracties die werd verkregen
na opzuivering via kolomchromatografie. Deze signalen kunnen vermoedelijk afkomstig zijn
van het beoogde (-lactam 9a, maar slechts sporen van deze verbinding werden gedetecteerd.
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Op basis van de berekeningen die in deze studie zijn besproken, blijft het echter eigenaardig
dat alleen sporen kunnen worden gedetecteerd, uitgaande van de veronderstelling dat (3-
lactam 9a wel degelijk wordt gevormd. Op basis van de beschikbare analytische data kan deze
laatste veronderstelling echter niet worden bevestigd noch ontkend.

5.3 Vooruitzichten

Tijdens deze computationele studie werd een route gemodelleerd voor de hydrolyse van N-
(chloromethyl)amide 11a, resulterend in 2,2-dichloroacetamide 60. In het model werd ervan
uit gegaan dat eliminatie van chloride uit het substraat, met de vorming van het
overeenkomstige iminium chloride zout, plaatsvindt voor de initiele aanval van water. De
berekeningen geven echter aan dat het covalente adduct aanzienlijk stabieler is dan het zout
(AG = -102,4 kJ/mol). Dit is in tegenspraak met auteurs die beweren dat deze twee
componenten in evenwicht kunnen voorkomen, afthankelijk van de reactieomstandigheden.
Deze bevindingen kunnen worden verfijnd met simulatietechnieken, zowel statische als
dynamische, die een meer realistische solventomgeving in rekening kunnen brengen. Een of
meerdere solventmoleculen kunnen expliciet worden toegevoegd aan statische berekeningen.
Moleculaire dynamische simulaties zijn computationeel veeleisender, maar zijn een betere
weergave van een reéle oplossing. Om de aanwezigheid van het iminium chloride zout versus
de aanwezigheid van het overeenkomstig covalent adduct te onderzoeken, kan men de afstand
Ar analyseren tussen het koolstofatoom, waarop chloride addeert, en het vlak gevormd door
de aangrenzende atomen (Figuur 17). Aangezien het iminiumion een vlakke structuur heeft
(Ar = 0 A) en het overeenkomstig covalent adduct, weergegeven in Figuur 17, een
tetraedische configuratie (Ar = 0,3 A), zou analyse van deze codrdinaat tijdens moleculaire
dynamische simulaties aanvullende inzichten in deze materie kunnen onthullen. Om
evenwichtsconstanten te verkrijgen kunnen meer geavanceerde methoden zoals
metadynamica worden toegepast.

Figuur 17: 3-D weergave van N-(chloromethyl)amide 11a, geoptimaliseerd op B3LYP-D3/6-311+G(d,p)
theoretisch niveau, IEFPCM: € = 2,3741 (tolueen). De rode pijl duidt de afstand aan tussen het koolstofatoom,
waarop chloor is gebonden, en het vlak gevormd door de aangrenzende atomen.
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Aan de andere kant kan worden verondersteld dat 2,2-dichloroacetamide 60 wordt gevormd
via hydrolyse van het zwitterionische intermediair. Deze stelling bewijzen zou ook de
mislukte pogingen om [-lactam 9a te produceren verklaren, aangezien de precursor via
hydrolyse verloren gaat. Bovendien zou verder onderzoek zich ook kunnen richten op de
vorming van stabiele complexen van het zwitterionische intermediair, wat de vorming van f3-
lactam 9a gecompliceert. Tot slot, als aanvullende NMR experimenten zouden bewijzen dat
de vorming van B-lactam 9a tijdens synthese zonder twijfel plaatsvindt, dan zou verder
onderzoek zich kunnen concentreren op reacties die resulteren in ringopening van het
verkregen [3-lactam 9a. Dit werd ook al waargenomen voor een vergelijkbaar (3-lactam (R3 =
OAc) in alkalische waterige omstandigheden. [78]
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