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Abstract

The starting point of this master thesis was a Rh(l)-catalysed direct alkylation re-
action of benzylic amines at the benzylic carbon atom directed by 3-substituted
pyridin-2-yls employing either alkyloromides or alkenes. Preliminary mechanistic
investigations have previously shown that during the reaction using alkylbromides
B-H elimination is fast and the corresponding alkenes are formed intermediately.
Since the reaction conditions are also almost identical, both reactions are likely to
proceed via similar reaction mechanisms. The goal of this project was to investig-
ate further into the reaction mechanisms of these reactions, especially focussing
on the transformation using alkenes.

First of all, the reaction using alkenes, formally a C(sp®)-H activation, was re-
vealed to proceed via imine intermediates and hence via a C(sp?)-H activation
pathway. The reaction shows a primary KIE of 4.3 at the benzylic C—H position to-
gether with a reversible H-D exchange at the same position which indicates that
there are at least 2 distinct steps in which the corresponding C—H bonds are
broken. The imine intermediates, which are detected throughout the whole re-
action period, are shown to be converted to the final product under the reaction
conditions and a time course analysis of the alkylated imine intermediate shows
that it is formed before the final amine product in the course of the reaction.

Second of all, K,COg, which is effectively insoluble in the reaction mixture under
the reaction conditions, was shown to be needed only in the beginning of the re-
action using alkenes. During this induction period K,CO4 dissolves to a very small
extent and the Rh-catalyst irreversibly reacts with it to form the catalytically active
species. The duration of this induction period is dependent on the concentration,
the specific surface and the water content of K,CO4 and on the agitation of the
reaction mixture and all these dependences can be rationalised on the basis of a
detailed kinetic model.

Third of all, the reaction using alkylbromides was revealed to yield several un-
expected sideproducts. The alkylated product is accommodated by an alkylated
sideproduct with a one carbon atom shorter alkyl chain. In addition, one of the
sideproducts is an amide of the benzylic amine bearing a carbon chain elongated
by one carbon atom with respect to the employed alkyloromide. Intensive screen-
ings were carried out to increase selectivity in the reaction employing alkylbromides
and it could be shown that the addition of secondary alcohols proves to be effective
in that matter in the beginning while slowing the reaction down significantly as well.
However, this selectivity is lost when the reaction approaches full conversion.



Deutsche Kurzfassung

Der Ausgangspunkt dieser Masterarbeit war eine Rh(l)-katalysierte direkte Alky-
lierungsreaktion von benzylischen Aminen am benzylischen Kohlenstoffatom mit
Unterstltzung einer 3-substituierten Pyridin-2-yl dirigierenden Gruppe unter Ver-
wendung von Alkylbromiden oder Alkenen. Erste mechanistische Studien konnten
zeigen, dass B-H Eliminierung wahrend der Reaktion mit Alkyloromiden schnell ist
und daher zwischenzeitlich die entsprechenden Alkene gebildet werden. Ziel die-
ses Projekts war es die Mechanismen dieser Reaktionen weiter zu untersuchen,
wobei der Fokus auf der Reaktion mit Alkenen lag.

Als Erstes konnte gezeigt werden, dass die Reaktion mit Alkenen Uber Imin-
Intermediate ablduft und daher Uber einen C(sp?)-H Aktivierungsmechanismus.
Die Reaktion zeigt einen primaren kinetischen Isotopeneffekt von 4.3 an der benzy-
lischen C—H Position zusammen mit einem reversiblen H-D Austausch an dersel-
ben Position. Diese Beobachtungen zeigen, dass es zumindest 2 unterschiedliche
Reaktionsschritte geben muss, in denen die benzylischen C—H Bindungen gespal-
ten werden. Die Iminintermediate werden unter den Reaktionsbedingungen zu den
Endprodukten der Reaktion umgesetzt. Eine Analyse des Zeitprofils des alkylier-
ten Iminintermediates offenbart, dass es zeitlich vor dem finalen alkylierten Amin
gebildet wird.

Weiters wurde herausgefunden, dass K,COs, das unter den Reaktionsbedin-
gungen quasi unléslich ist, nur am Beginn der Reaktion mit Alkenen bendtigt wird.
Wahrend dieser Induktionsperiode 16st sich K,CO5 zu einem sehr geringen Anteil
im Reaktionsgemisch auf und der Rh-Katalysator reagiert irreversibel mit geléstem
K>,CO4 zur katalytisch aktiven Spezies. Die Dauer dieser Induktionsperiode ist
abhangig von der Konzentration, von der spezifischen Oberflache und vom Was-
sergehalt von K,CO5; und von der Agitation des Reaktionsgemisches.

Zuletzt wurde aufgedeckt, dass die Reaktion mit Alkylbromiden einige unerwar-
tete Nebenprodukte bildet. Das alkylierte Hauptprodukt der Reaktion ist von einem
Nebenprodukt begleitet, das eine Kohlenstoffkette mit einem Kohlenstoffatom we-
niger aufweist. Zusatzlich wird auch ein Amid des benzylischen Amins beobachtet,
das eine um ein Kohlenstoffatom langere Kette als das eingesetzte Alkylbromid
aufweist. Intensive Screenings wurden durchgefiihrt um die Selektivitat in der Re-
aktion mit Alkylbromiden zu erhdhen und es konnte gezeigt werden, dass der Zu-
satz von sekundaren Alkoholen darin effektiv ist, jedoch nur in einer anfanglichen
Reaktionsperiode. Die anfanglich deutlich erhdhte Selektivitat bleibt nicht aufrecht,
wenn die Reaktion sich vollstandigem Umsatz annahert.

Vi
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2. Introduction

In recent years the development of catalytic C—H activation methods to selectively
functionalise organic molecules at unsubstituted carbon atoms has emerged tre-
mendously. =3 Especially, C—H activation of sp?-hybridised C—H bonds is quite
common and well established in the field by now.'42% On the other hand, C—H
activation of sp3-hybridised C—H bonds still remains difficult and is therefore of
special interest.2'~2% In order to gain a better understanding of these reactions and
overcome the difficulties detailed mechanistic investigations are important. They
provide insight into the intrinsic problems and indicate in which step of the catalytic
cycle optimisation is necessary. A very useful and general method to achieve cata-
lytic C—H activation is cyclometalation which employs the aid of a nearby coordinat-
ing group to direct the catalyst selectively to one specific C—H bond to be activated
and functionalised.?6-32 In recent years, several useful methods for the C—H activ-
ation of benzylic C(sp®)—H bonds directed by 3-substituted pyridin-2-yls including
Ru(0)-catalysed arylation employing arylboronates33 and Ru(ll)-catalysed aryla-
tion of benzylic amines with aryl halides34, among others, have been developed.
The Rh(l)-catalysed direct alkylation of benzylic amines using either alkylbromides
or alkenes had also been investigated before but several unresolved questions and
open ends remained.3°

2.1. C—H Activation

At present, the term C—H activation is ambiguous in literature. From a general
perspective it can simply be defined as the weakening or energetic excitation of
a C—H bond.3¢ Alternatively, a more restrictive definition is that C—H activation
refers to the formation of metal-carbon bonds from unreactive C—H bonds and
transition metal complexes (cf. Equation 2.1).37
R,C—H + ML, SH2vaton g ¢ ML, ] (2.1)

The second definition reflects the field of C—H activation better since most of the
research that had been carried out focusses on the aid of transition metal catalysis.
However, in recent years so called metal-free C—H activation reactions 383, which
usually are radical coupling reactions or are organocatalytic, have emerged and so,
since it is still a young and developing research field, its boundaries are fluxional
and a more general definition like the first one is becoming more appropriate.
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In this thesis the focus lies on C—H activations in metal-catalysed reactions so
the term C—H activation can be defined according to the second definition. Figure
2.1 shows the most important reaction mechanisms for C—H activations under
metal catalysis.4°

Oxidative addition
t

.-H
L,MI_

-~

- LnM:

H
LM + | === LM —

Sigma-bond metathesis
I

/C H ’ ~ !
LM+ 1 — |Ly)M _H|— | M_ +(|:
C C’ C H

Electrophilic substitution
t

@lX H /X (+),,X\ ® X
LnM +c|: LnM\%/H_> LnM\(-I-(:)/,H _>LnM\C+ |

1,2-addition

1
’,X H /,X N X,
LnM + LnM: zH > LnM H
C ol N

Figure 2.1.: Most important reaction mechanisms for C—H activations under metal
catalysis.*?

From these 4 mechanisms for C—H activations oxidative addition is the most
common and therefore also the most important one. In general, it is accepted that
in the C—H activation by oxidative addition the metal first coordinates to the C—H
bond itself to form an agostic complex and then breaks the bond to form both a new
C—M and a new M—H bond. This mechanism is especially typical for low-valent,
electron-rich late transition metals like Ru(0) or Rh(1).%° It should be noted that in
C—H activation reactions the true C—H activation is only one step in the reaction
mechanism of a transformation and additional steps are required to reach the ul-
timate reaction product. Therefore, in order to develop effective transformations
all the other steps are equally important and also need to be investigated in great
detail.

The great appeal of C—H activation reactions is the fact that almost any organic
molecule contains at least one C—H bond which might be intended to be function-
alised in order to create new organic molecules with structural diversity. Since most
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organic compounds not only contain one but naturally many C—H bonds intrinsic
selectivity issues arise. In order to selectively address and functionalise one spe-
cific C—H bond in a certain reaction in the presence of many others there must
be a discriminating element making specifically this C—H bond more reactive, i.e.
making the free enthalpy of activation in the reaction pathway to functionalise it
sufficiently lower compared to the others. This is the reason why the C—H activ-
ation of sp?-hybridised C—H bonds is more established by now since selectivity,
especially in aromatic heterocycles, is achieved more easily and on many occa-
sions arises from the intrinsic electronic properties of the starting material. A very
general concept to achieve selectivity in C—H activation reactions of systems not
possessing a high enough intrinsic difference in reactivity is cyclometalation, which
is explained in more detail in the next section.

In addition, C—H activation reactions are potentially very attractive from an atom
economic point of view. In traditional metal-catalysed cross coupling reactions usu-
ally two prefunctionalised carbon atoms are bonded together generating consider-
able waste molecules from the functional groups of the starting materials. In an
ideal C—H activation reaction, a so-called oxidative coupling reaction or cross-
dehydrogenative coupling?, the carbon atoms of two C—H bonds are bonded to-
gether formally generating only H, as waste material >2141=43 (cf. Equation 2.2).
This type of reaction potentially is the most atom economic transformation besides
addition reactions® and it obviates the need for prefunctionalisation further increas-
ing efficiency and reducing waste generation.
R3C—H I H—CR3/ Oxidative Coupling R3C—CR3/ +H, 2.2)

However, there are several aspects of C—H activation reactions that are not ideal
by now and need further significant research efforts. On many occasions, espe-
cially in the C—H activation of sp3-hybridised C—H bonds, harsh reaction condi-
tions are required significantly limiting the synthetic potential and the efficiency of
the transformations. In addition, high catalyst and co-catalyst loadings are often
required for acceptable conversions decreasing the atom efficiency of the trans-
formations.

2.2. Cyclometalation

In general, cyclometalation can be defined as the formation of a metallacycle, i.e.
a ring containing at least one metal atom, from an organic molecule by forming at
least one new metal-carbon bond.?% In a specific reaction it refers to the formation

aThe two terms are sometimes used synonymous in literature and strictly distinguished on other
occasions.
bldeal addition reactions have an atom economy of 100 %.
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of a metallacycle from the starting material to be functionalised in the transform-
ation. Usually, the aid of a coordinating group in proximity to the carbon atom to
be bonded to the metal in the organic molecule is employed.?® Selectivity arises
from the fact that the formation of one specific metallacycle is thermodynamically,
kinetically or both thernodynamically and kinetically preferred compared to oth-
ers. Some molecules might carry an intrinsic so-called directing group which is the
second coordination centre to the metal in the metallacycle. However, many mo-
lecules do not carry such a group and hence the introduction of a directing group is
required in order to apply this method for C—H activation reactions (cf. Figure 2.2).

AV
" R ' R C-H activation DG R

[|\/| Ln] + H’C\R = I\/ILmH,C\R cyclometalation Lki\/l"C:

R

metallacycle

Figure 2.2.: General scheme of cyclometalation in C—H activation reactions.3°

The chelation effect is responsible for both an entropic and a kinetic advantage
with respect to selectivity. Initial coordination to the directing group keeps the metal
centre in close proximity to the C—H bond to be broken and functionalised. Se-
lectivity potentially arises from both the thermodynamic and the kinetic preference
of one specific ring size of the metallacycle.

There are several drawbacks of this approach. Substrates not intrinsically carry-
ing a suitable directing group need to be transformed in additional synthetic steps
to a suitable starting material for a C—H activation reaction. However, substrates
intrinsically carrying a suitable directing group may effectively allow one C—H ac-
tivation reaction but subsequent functionalisations by C—H activation at different
sites of the molecule may not be effective and hence may require the derivatisation
of the intrinsic directing group to prevent misdirection. Therefore, while the ap-
proach of cyclometalation is very useful to make specific C—H activation reactions
more feasible and eases detailed mechanistic studies of these reactions as well, it
also diminishes the atom economy of the process and potentially leads to the pro-
duction of more waste materials. Overall, some of the benefits of C—H activation
reactions are therefore lost by employing cyclometalation.

2.3. Direct C—H Alkylation

Direct C—H alkylation reactions are C—H activation reactions formally substituting
a C—H group for an alkyl group. Therefore, a substrate is required which donates
the alkyl group to be introduced. The most commonly employed alkylating agents in
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such transformations are alkyl (pseudo)halides and alkenes. The general reaction
outline of classical direct C—H alkylation reactions is depicted in Figure 2.3.

R
R o R
R R /\/X R R
R C-H activation )< R' )< N
MLm + /k —— LM R LM R reductive elimination R
H R " alkyl source K R' /\)<R

~

R'

Figure 2.3.: General scheme of classical direct C—H alkylation reactions.

Classically, after both the substrate and the alkylating agent are bound to the
metal centre, the alkyl group is transferred to the carbon atom by reductive elimin-
ation to form a new C—C bond and therefore the alkylated product. Depending on
the alkylating agent used the alkyl complex is formed by different mechanisms. In
the case of alkyl (peudo)halides the most common mechanistic pathway is through
oxidative addition of the metal centre into the C—X bond of the (pseudo)halide. Al-
kenes usually form a n-complex and then the alkene is inserted into a M—H bond
to form the corresponding metal alkyl complex.

Recently, a Pd-catalysed direct C—H alkylation reaction was published in which
a C(sp®)—H group is alkylated and a new C(sp3)—C(sp®) bond is generated (cf.
Figure 2.4).44

B N

|
N~ Pd(OAC), N~
(Bno)2P02H

+ R/\I S R
H HN o) Ag,CO3 110°C, Ar

HN (e
| toluene/t-AmylOH
H-C A Y H—,c\)\
H

| AN AN

>‘/O\ N~ C-H
(@)

Pd\ actlvatlon
H N

H;/(IZJ\ o Pd(ily H- C
o

Figure 2.4.: Pd-catalysed direct C—H alkylation reaction of a y-C(sp®)—H group of
alkyl picolinamides using alkyl iodides.**

In this direct C—H alkylation reaction a picolinamide directing group is used to se-
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lectively alkylate the C—H in y-position relative to the picolinamide. Therefore, the
concept of cyclometalation is applied to make this reaction feasible. Interestingly,
the directing group itself can chelate to Pd(ll) having potentially two coordinating
groups and this type of directing group is therefore called a bidentate directing
group?. Therefore, the cyclometalation forms a second ring and hence is actually
an annulation. It should be noted that no detailed mechanistic investigations have
been carried out but it is proposed that after the cyclometalative C—H activation
the alkyl iodide, which is used as alkylating agent, is bonded to Pd by oxidative
addition. The resulting intermediate would undergo reductive elimination to form
the direct C—H alkylation product.** This literature example nicely illustrates both
the concept of cyclometalation and direct C—H alkylation reactions on a very rare
example of a C(sp®)—C(sp®) coupling by a C(sp®)—H activation pathway.

2.4. C—H Activation Reactions of Benzylic Amines

In this thesis the Rh(l)-catalysed direct C—H alkylation of benzylic amines direc-
ted by 3-substituted pyridin-2-yls, a removable directing group33, is investigated in
detail from both a mechanistic and a kinetic point of view. Before the previous re-
search on the specific system under investigation is summarised, a short overview
on other transformations using this type of substrate is given.

In 2013 a Ru-catalysed arylation of 3-substituted pyridin-2-yls using boronic acid
esters was reported.33 The substituent in the 3-position of the directing group was
shown to be crucial for high conversions and this was rationalised on the basis of
a computational study which showed that only with a substituent in the 3-position
of the directing group the molecule would prefer a conformation in which the pyrid-
ine nitrogen atom and the benzylic methylene group are in spatial proximity and
aligned favourably for the C—H activation. The general mechanistic outline of this
transformation is shown in Figure 2.5.

The reaction is proposed to proceed by cyclometalative C—H activation, trans-
metalation of the aryl boronic acid ester and reductive elimination to form the final
product. Tertiary benzylic amines and also homobenzylic amines are arylated un-
der these conditions as well but with lower efficiency and slower reactions.33

In 2013 again, Ru-catalysed arylations of 3-substituted pyridin-2-yls using either
aryl chlorides or aryl bromides were reported.3* In these protocols the formation
of the corresponding imines of both the starting material and the product were ob-
served under the reaction conditions. Therefore, it was considered that the reaction
might proceed over the corresponding imines but there was not enough evidence
supporting this hypothesis so the reaction was proposed to proceed over the amine
intermediates, which is the straightforward mechanistic proposal. The proposed
general mechanistic outline is therefore very similar to the mechanism proposed
for the previous reaction. The only difference is that C—H activation is proposed
to occur via the concerted metalation deprotonation mechanism (cf. Figure 2.6),
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Figure 2.5.: Ru-catalysed direct C—H arylation reaction of benzylic amines using
aryl boronic acid esters directed by 3-substituted pyridin-2-yls.33

which could formally be viewed as a special form of the electrophilic substitution
mechanism for C—H activation (cf. Figure 2.1). The only evidence which really
supported the imine mechanism was the fact that tertiary benzylic amines were
not arylated under these reaction conditions. However, proposing that the reaction
proceeds over the corresponding imines needs more evidence than only this single
hint.

= %

R? R!
AN | AN Rl
¢ - (X
Eu” )N\H Eull i _')\I\H concerted metallation deprotonation ’}l/ NH
o o Ph o H Ph O Ru" o

Figure 2.6.: C—H activation by concerted metalation deprotonation in the Ru(ll)-
catalysed direct C—H arylation reaction of benzylic amines using aryl
halides directed by 3-substituted pyridin-2-yls.34

Already in 1998, the Ru-catalysed direct C—H alkylation of benzylic amine 1
using alkenes was reported.*® This very short paper demonstrates the substrate
scope with respect to alkenes and one mechanistic experiment indicating that
electron-donating groups on the phenyl group of the benzylic amine react prefer-
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entially to form the corresponding alkylation product. The general reaction outline
is proposed to occur via the most straightforward route, i.e. cyclometalative C—H
activation followed by insertion of the alkene into the Ru—H bond and reductive
elimination to form the reaction product (cf. Figure 2.7), and hence via amine inter-
mediates. 4

| AN
N" NH |
)\ ~
H” " Ph N” "NH
,Ru”—kph
H
2R
Ru®
1
~
» g
N” NH Ru'l
S~ Ph
R™~"Ph R

Figure 2.7.: Ru-catalysed direct C—H alkylation reaction of benzylic amine 1 using
alkenes directed by 3-substituted pyridin-2-yls.4°

2.5. Starting Point in Direct Alkylation Reactions of
Benzylic Amines

This section briefly summarises the previous research on Rh(l)-catalysed direct
C—H alkylation reactions of benzylic amines that has been carried out and forms
the basis of this thesis.3°

2.5.1. Direct Alkylation of Benzylic Amines with Alkylbromides

The initial goal of this project was to achieve direct alkylation of benzylic amines
employing alkylbromides as alkylating agents using a removable directing group
like 3-substituted pyridin-2-yls.33 Intensive screenings revealed the reaction condi-
tions depicted in Figure 2.8, which give low to moderate yields of the corresponding
alkylation product depending on the alkylbromide used.

After the development of these reaction conditions the substrate scope with re-
spect to alkylbromides was investigated. The focus was to use not only primary

10
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b Cr
| _ Br [RhCl(cod)], (0.05 eq.) =z

N~ “NH + R N™ 'NH
K>CO3 (3 eq.)
H (3eq) toluene, under Ar R
160°C, 24 h
1 20 - 50 %

Figure 2.8.: Conditions for direct alkylation of benzylic amines with alkylbromides.

but also secondary alkylbromides. Direct alkylation of 1 with 2-bromobutane resul-
ted in alkylation in the terminal instead of the secondary position and therefore the
same product was formed as with 1-bromobutane (cf. Figure 2.9).

Figure 2.9.: Both primary and secondary alkylbromides yield the same alkylation
product.

Since B-H eliminations are common in transition metal alkyl complexes*6—49 the
hypothesis is that the initially formed metal alkyl complex is able to undergo B-H
elimination potentially followed by insertion to isomerise to the more stable primary
alkyl ligand (cf. Figure 2.10).

Br Br H Br

|
-
H

alkene intermediate

Figure 2.10.: The secondary alkyl complex is proposed to isomerise to the primary
alkyl complex by B-H elimination followed by insertion.

Therefore, the corresponding alkene is an intermediate in this reaction and it was

envisioned that direct alkylation using alkenes should therefore be possible under
the same reaction conditions. Initial experiments using either hex-1-ene or styrene

11
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resulted in the formation of the corresponding alkylation products. In addition, in
experiments using either 1-bromododecane or 1-bromo-2-phenylethane the cor-
responding alkenes could be detected in low amounts by means of GC/MS in the
reaction mixture. In the absence of [RhCl(cod)], no alkene formation was observed
confirming a crucial role of the catalyst and excluding simple thermal elimination.

A kinetic profile comparison for the alkylation using either 1-bromohexane or hex-
1-ene under the same reaction conditions showed that the reaction using alkenes
is significantly faster indicating that in the alkylbromide reaction one of the addi-
tional steps that have to occur is turnover-limiting and that in the alkene reaction a
different step is turnover-limiting.

2.5.2. Direct Alkylation of Benzylic Amines with Alkenes

The alkylation of 1 using alkenes catalysed by Ru(0) was already reported in lit-
erature.*® However, there have not yet been any published reports using Rh(l)
catalysis or contributions dedicated to detailed mechanistic investigations of such a
transformation. Since the reactions using alkylbromides and alkenes proceed most
likely through the same reaction mechanism the reaction using alkenes, which is
the simpler reaction, was investigated in more detail in order to learn more about
the reaction using alkylbromides as well.

Initial investigations revealed the significant formation of two sideproducts which
are presumably formed by C-C activations®9-52 (cf. Figure 2.11). Investigations
into the formation of the alkylation product 2 and these two sideproducts could
show that the formation of both 2 and 4 is in principle reversible under the reac-
tion conditions. Experiments showing whether the formation of 3 is reversible as
well had not been performed. In addition, the method of initial rates was applied

X X @ L
| —~ /\ [RhCl(cod)], (0.05 eq.)

N NH + n-but

3 K2CO3 (3eq)
H @eq) degassed toluene n-but n- but/\)\/\n but
1 150 °C, under Ar

Figure 2.11.: Direct alkylation of 1 using hex-1-ene resulted in formation of side-
products 3 and 4.

to determine the partial reaction orders with respect to all starting materials. The
partial reaction order with respect to 1 was shown to be 1 over the whole concen-
tration region investigated and the partial reaction order with respect to hex-1-ene
was shown to be 0 over the whole concentration region investigated. For both
Ko,CO3 and [RhCl(cod)], more complex dependences were observed and in both
cases there were concentration ranges identified showing first order dependence,
respectively. However, the kinetic picture had not been fully revealed in that regard.

12
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2.5.3. Motivation for Additional Investigations

On the basis of these previous results3® the goals for this thesis were to further
investigate the reaction mechanism of the direct alkylation reaction using alkenes
because the initial rate experiments performed previously left some open ques-
tions and otherwise nothing was known about the mechanism, to further optimise
the reaction conditions of the direct alkylation using alkylbromides because the
yields were not satisfactory and the conditions were quite harsh and to perform
further mechanistic studies on the alkylbromide reaction as well to gain further un-
derstanding of the reaction.

13
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On the basis of the previously performed research3® summarised before (vide
supra) different aspects of the direct alkylation of benzylic amines using either al-
kenes or alkylbromides were investigated. The following chapter is split into two
parts focussing in the first part on the reaction using alkenes and in the second
part on the reaction using alkylbromides, respectively.

3.1. Direct Alkylations using Alkenes

3.1.1. Investigations into the Mechanistic Outline

The first aspect of the direct alkylation using alkenes that was investigated intens-
ively was the mechanistic outline of this reaction i.e. the general mechanistic
course that is followed. The goal was not to identify all elementary steps in the
reaction mechanism since that is, by now, impossible without performing computa-
tional studies into the reaction mechanism. The goal was to identify schematically
the most important steps in the reaction mechanism and therefore also the most
important intermediates.

3.1.1.1. Substrate Scope - Alkenes

The optimised reaction conditions established in previous research efforts° were
applied to perform the direct alkylation with different alkenes in order to investigate
the substrate scope of this reaction. However, only a limited number of alkenes
was investigated (cf. Table 3.1).

It should be noted that when styrene was used as alkene the main product (i.e.
compound 5) could not be separated from the sideproducts 4 and 6, respectively,
by means of flash chromatography (cf. Table 3.1, Entry 2). This is not surprising as
these compounds are expected to have both a very similar polarity and show very
similar interactions with both the stationary and the mobile phase. All alkenes used
with additional functional groups did not show any considerable conversion to the
corresponding alkylated products. One possible reason could be that the functional
groups coordinate to the catalyst and maybe even form stable complexes, i.e. at
least too stable for catalysis, by chelating through their functional groups and the
double bond. It could be possible that alkenes with functional groups being further

14
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Table 3.1.: Results of the substrate scope investigation with respect to alkenes.

Entry R! Alkeneeq. Time[h] A? Yieldof A B2 Yieldof B Yieldof 4

1 n-but 3 3 2 61 % 3 8 % 6 %

2 Ph 3 12 5 58%° 6 n.i. n.i.

3 -¢ 12 24 7 39%° 8 3% 7%

4 CO,Me 3 3 <1 % conversion®

5 CN 3 3 No product observed®

6 OEt 3 3 No product observed®

7 OAc 3 3 No product observed®

8 OH 3 3 No product observed®

4Corresponding compound number.
bGC purity 88 %.

¢Second scheme.

d32 9% of 1 were recovered.

¢Based on GC and GC/MS analysis of the crude reaction mixture.

15
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away from the double bond would be able to react in this alkylation reaction. How-
ever, this remains to be investigated in further experiments. Cyclohexene gives
both the alkylation product 7 and the by-product 8 but reacts significantly slower
being an alkene substituted on both sides of the double bond. In general, terminal
alkenes bearing no additional functional group are expected to be converted to the
corresponding alkylation product in this reaction.

3.1.1.2. Sideproduct Studies

It was already mentioned before that the formation of the sideproducts observed
in the direct alkylation using alkenes had been investigated previously.3® It could
be shown that in the reaction using hex-1-ene the formation of both 2 and 4 is
in principle reversible under the reaction conditions. In the course of this thesis
it was investigated whether the formation of 3 is reversible as well. For the fol-
lowing discussion the results of all experiments investigating the formation of the
sideproducts are given again (cf. Table 3.2).3°

Entries 1 and 2 show that the initial product 2 can be converted to the two side-
products 3 and 4 by subjecting it to the reaction conditions. Without any alkene
present (Table 3.2, Entry 3) compound 2 is even converted back to 1 showing that
its formation is reversible under the reaction conditions. Entries 4 and 5 indicate
that compound 4 can be converted to 2 under the reaction conditions showing
that its formation is also reversible. Finally, mixing 3 and 4 in the absence of alkene
leads to formation of 2 (Table 3.2, Entry 6). Overall, these experiments demonstrate
that the formation of 3 and 4 starting from 2, and also the formation of 2 from 1 is in
principle reversible and that C—C bond cleavages by C-C activation reactions 052
are occurring in the reaction mixture to a significant extent. Figure 3.1 illustrates
the formation and interconversion of products 2, 3, and 4 from 1 in a very simplified
way. As indicated in Figure 3.2 it is still unclear how H and Ph are exchanged
in these interconversions (cf. Figure 3.1, unspecified residue X). However, it is
proposed that the unspecified species X is most likely a Rh-complex which aids
the exchange of H and Ph and vice versa.

Interestingly, no side-product deriving from bisalkylation of the benzylic position
was detected in any experiment. One possible explanation is that formation of a
quaternary carbon is simply disfavoured due to steric hindrance. Alternatively, if
the alkylation does not occur on the amine substrate 1 but proceeds via an imine
intermediate thereof, formation of a quaternary carbon is impossible. This can be
considered as a first finding pointing towards an imine mechanism. In addition, in
a similar system using imines with the same directing group and also employing
Rh(l)-catalysis similar C—C activation reactions are already known. %3

16
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[RhCI(cod)], (0.05 eq.)

2+ nbutT™ 2 + 3 + 4 (Entries1-2)

K,CO3 (3 eq.)
degassed toluene
150 °C, under Ar, 24 h

[RhCI(cod)]» (0.05 eq.) .
Ent
2 KoCO3 (3 eq) 1 * 2 * 3 * 4 ( niry )

degassed toluene
150 °C, under Ar, 24 h

[RhCl(cod)], (0.05 eq.)

4 + nbut”TX KOs (3 eq) 2 + 4  (Entry4-5)

degassed toluene
150 °C, under Ar, 24 h

[RhCI(cod)] (0.05 eq.)

2 + 3 + 4 (Enye)

Ko,CO3 (3 eq.)
degassed toluene
150 °C, under Ar, 24 h

Table 3.2.: Results of the sideproduct studies of the direct alkylation using alkenes.

Entry  Starting Compound(s)  Hex-1-ene Compound Amounts?
1 2 3 4
1 2(1eq) 3 eq. <01% 62% 11% 5%
2 2(1eq) 6 eq. <01% 72% 12% 4%
3 2(1eq.) 0 eq. 2% 76 % 3% 2%
4 4 (1eq.) 3 eq. <01% 4% <01% 68%
5 4(1eq.) 6 eq. <01% 6% <01% 58%
6 3(0.5eq.) +4 (0.5eq.) 0 eq. <01% 1% 46% 42%

aDetermined at the end of the reaction, calibrated GC-Yields.
®Sum of amounts of 3 and 4 was considered as 1 eq.
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NH
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| S | Ph-X
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H- X
H*P“ \&v
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Ph-X

= n-butyl RWR

X= unspecified residue

Figure 3.1.: Formation and interconversion of 1 and reaction products 2, 3, and 4 in
the direct C—H alkylation using alkenes (C—H = C—H activation, C—C
= C—C activation).
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3.1.1.3. KIE Studies

In order to gain more information about the turnover-limiting step of the reaction
KIE studies were conducted. In C—H activation reactions one major question is
always whether the oxidative addition of the metal catalyst into the C—H bond is
turnover-limiting. Therefore, in a first study the KIE of the benzylic C—H bonds
was determined by measuring the initial rate of the reaction with the deuterated
compound 1a and comparing it to the initial rate determined for 1 under the same

reaction conditions (cf. Figure 3.2).
@\/
+ N/ NH

® X
-~ RhCl(cod)], (0.05 eq. -~
NH bt [RhCl(cod)]> ( q.) NZ > NH
b (3eq. K2CO3 (3 eq)) /\/)\/\
= degassed toluene | b N n-but n-but

N
150 °C, under Ar D/H D/H

la KIE = 4.3 + 0.6 (uncorrected) 2 3

15% adsorbed water in K ,CO3

KIE = 4.7 £ 0.6 (uncorrected)
2% adsorbed water in K ,CO3

Figure 3.2.: Determination of the KIE of the benzylic C—H bonds in the direct C—H
alkylation of 1 using hex-1-ene.

The large observed value indicates a primary KIE and suggests that the benzylic
C—H bond is broken in the turnover-limiting step i.e. oxidative addition into the
C—H bond is turnover-limiting. There are several things to be noticed. First, the
KIE is independent of the adsorbed water content or the specific surface area of
K>CO3.2 This is very important so that the result can be compared to the KIE study
of the N—H bond (vide infra). Second there is significant H—D exchange observed
in unreacted 1a during the reaction. Actually, the H—D exchange is higher than
the total amount of products formed (The corresponding values are found in the
Appendices). This seems contradictory to the primary KIE observed because this
would suggest a (compared to the overall reaction rate) fast and reversible C—H
activation. However, it makes perfect sense if the reaction proceeds over the cor-
responding imine via a fast reversible amine to imine interconversion which would
account for the H—D exchange observed. The consecutive oxidative addition into
the sp?-hybridised C—H bond would then be turnover-limiting accounting for the
large primary KIE observed.

In a second study the KIE of the N—H bond was determined (cf. Figure 3.3) in
order to find out whether this hypothesis could be supported. The KIE was de-
termined by comparing the initial reaction rate of deuterated compound 1b and the

8The dependence of the initial reaction rate on both the adsorbed water content and the specific
surface area of K,CO5 is demonstrated later.
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initial rate obtained for the undeuterated compound 1 under the same reaction con-
ditions. It should be noted that this is not an easy experiment to perform since the
N—D readily exchanges with any H,O that is introduced into the reaction mixture.
The concomitant extent of H—D exchange has to be minimized in order to obtain a
meaningful result.

\
| (\/( (\/(
.D [RhCI(cod)], (0.05 eq.)
i + n-but” X 2

N N +

(3eq.) K2CO3 (3 eq.) W
H e oA mbut”™ ™ n-but n-but
1b

KIE = 1.3 + 0.1 (corrected)
2% adsorbed water in K ,CO3

Figure 3.3.: Determination of the KIE of the N—H bond in the direct C—H alkylation
of 1 using hex-1-ene.

Before the value is discussed it is important to mention that due to the adsorbed
water introduced with K,CO5; the H—D exchange in this experiment series was
high.b Using K,CO5 with 2% of adsorbed water resulted in an H—D exchange
low enough (even though still 56 %) to determine the KIE reliably by correcting the
observed initial rate (Details are discussed in Chapter 5). The small KIE value ob-
served for the N—H bond indicates that the N—H bond is not broken in the turnover-
limiting step excluding a mechanism where one of the benzylic C—H bonds and the
N—H bond are broken simultaneously. In general, the absence of a (significant) KIE
is not evidence that the corresponding bond is not broken in the turnover-limiting
step. Since in this case a primary KIE was already observed for the benzylic C—H
bonds, however, it could be concluded that the N—H bond is not broken in the
turnover-limiting step. The observed value rather suggests a secondary KIE which
would support the previously established hypothesis of a fast reversible imine form-
ation prior to turnover-limiting oxidative addition into the C—H bond.

3.1.1.4. Substrate Scope - Tertiary Amines

The simplest experiment series to support or exclude an imine mechanism is to
test whether tertiary benzylic amines are converted to the corresponding alkylated
products under the reaction conditions (cf. Figure 3.4). If the formation of the
corresponding products was observed at a similar rate as compared to secondary
benzylic amines this would be evidence against an imine mechanism since the
formation of the corresponding iminium ion is not expected to be occurring at a
similar rate if possible at all. Of course, this experiment would not completely

bThe H—D exchange in the deuterated amine was determined by means of transmission IR spec-
troscopy. Details are given in Chapter 5.
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exclude an imine mechanism even if the corresponding alkylation products were
formed at a similar rate because the reaction could theoretically occur then via a
different mechanism. In neither experiment any alkylated products were observed
even after 24 h of reaction time, again supporting the hypothesis of the reaction
proceeding over the corresponding imines.

X

/

RhCl(cod 0.05 eq. Z
P b S JRICHCod: (005 eq) -~

N N
(3eq) K2CO3 (3 eq.)
H degassed toluene  n-pyt
150 °C, under Ar
12a

product not observed

» (X
= t/\ [RhCl(cod)], (0.05 eq.) N/ N

N~ N + n-bu
(3eq.) K,CO3 (3 eq.)
H degassed toluene  n-pyt
150 °C, under Ar

product not observed

Figure 3.4.: Attempted alkylation of tertiary benzylic amines 12a and 12b.

3.1.1.5. Imine Studies

Based on the previous results the hypothesis is that amine 1 is converted to imine
10, gets alkylated and the alkylated imine 11 is then converted back to alkylated
amine 2 (cf. Figure 3.5). Of course, these interconversions would occur on a
Rh-complex. It should be noted that a similar amine to imine oxidation prior to
alkylation has been proposed previously in literature.®* However, in that example
the final reaction product is a ketone which is formed after hydrolysis of the imine
so the amine to imine interconversion was not reversed.

It was hypothesised that if imines 10 and 11 were intermediates in the reaction
they would be converted to the products of the reaction under the reaction condi-
tions. Surprisingly, by using 1 eqg. of 10 instead of 1 the reaction was significantly
inhibited and only small amounts of the alkylated products 2 (about 1%) and 11
(below 1 %) were observed after 2 h of reaction (cf. Figure 3.6). In addition, a small
fraction of 10 was converted to the amine 1. This result is rationalised by the imine
10 being a very strong ligand effectively coordinating multiple times to the catalyt-
ically active rhodium species thereby inhibiting the reaction. Therefore, crossover
experiments were performed using 0.05 eq. of imines 10 and 11, respectively,
together with 1 eq. of amine 1d as starting materials (cf. Figures 3.7 and 3.8).

In the first crossover experiment amine 1d was alkylated in the presence of imine
10 which was completely converted to the alkylated amine 2. In the second the
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Figure 3.5.: Hypothetical general reaction course of the direct C—H alkylation of
benzylic amine 1.

RhCl(cod)], (0.05 eq. < =
N/ N . n-but/\ [ (cod)]z ( q.) N/

NH + N °N + N° NH
(3eq.) K2COs3 (3 eq.)
H degassed toluene H n-but n-but
150 °C, 2 h, under Ar
10 1 11 2

Product Amounts - Experiment 1
10 1 11 2

25%3 3% 19%a  0.29%P°

8Based on GC analysis with dodecane as internal standard assuming a conversion factor of 1.
bGC yield.

Figure 3.6.: Subjecting imine 10 to the reaction conditions instead of amine 1 only
leads to low conversion.
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[RhCl(cod)], (0.05 eq.)
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N NH
10 2
H n-but
(0.05eq.)

Product Amounts - Experiment 2
10 1d 2d 2 3

<0.1%2 3% 95%2 5%P 6%°

4Based on GC analysis with dodecane as internal standard assuming a conversion factor of 1.
bGC yield.

Figure 3.7.: Crossover experiment investigating whether imine 10 is converted to
the corresponding products of the direct C—H alkylation using hex-1-
ene together with benzylic amine 1d.
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4Based on GC analysis with dodecane as internal standard assuming a conversion factor of 1.
bGC yield.

Figure 3.8.: Crossover experiment investigating whether imine 11 is converted to
the corresponding products of the direct C—H alkylation using hex-1-
ene together with benzylic amine 1d.
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same amine 1d was reacted in presence of alkylated imine 11. Full consumption
of 11 was observed and it was converted to products 2 (2%), 4 (1 %) and 3 (1 %)
with a total recovery of 80 % (4 % found from 5 % used). These results show that
both imine 10 and alkylated imine 11 are transformed to the corresponding amine
products under the reaction conditions.

3.1.1.6. Imine Intermediate Kinetics

All previous experiments are in agreement with a reaction mechanism proceeding
via the imines 10 and 11. Still, a reaction mechanism where the alkylation takes
place at the amine and the imines are formed in off-cycle reactions cannot be
excluded yet. All three mechanistic scenarios depicted in Figure 3.9 are possible.
Either imines 10 and 11 are formed as off-cycle products from 1 and 2, respectively
(Figure 3.9, Scenario 1) or the reaction mechanism is proceeding through imines
10 and 11 as intermediates with the alkylation taking place at the imine (Figure 3.9,
Scenario 2). Scenario 3 is a combination of those two cases where both pathways
occur at a similar rate.

Scenario 1 Scenario 2 Scenario 3
® ., . C ® Cr
N/1 NE— N/2 N N/1 N N/2 N N/l NI N/2 N
H/I\Ph R/\ﬂ)\Ph H)\Ph R/\WL)\Ph H)\Ph R/\ﬂ Ph
AN AN AN AN AN AN
Nlo)Nk NN Nlo)Nk — NN Nlo)NL — NN
H” “Ph R/\)J\Ph H” Ph R/\)kPh H” “Ph R/\)J\Ph

Figure 3.9.: Possible mechanistic scenarios for the direct C—H alkylation of ben-
zylic amine 1 using alkenes. Schemes are not fully stoichiometrically
balanced for simplicity.

To distinguish between scenarios 1 and 2 a method was developed based on
simplified kinetic models. Since compounds 11 and 2 are interconvertible, the
change of the ratio of these two compounds over time can deliver the desired in-
formation. If the ratio of the concentrations of 11 and 2 was decreasing over time in
an initial reaction period it would mean that 11 is formed before 2 in the course of
the reaction, supporting the imine mechanism. If the same ratio was increasing the
opposite would be true. Similar methods to investigate reaction mechanisms are
readily employed in the determination of biochemical reaction mechanisms.%® The
complete mathematical background of this method is given in Chapter 5 in order
to keep the chemical discussion here concise. However, it is also shown there that
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experimentally the third mechanistic scenario is very hard if not impossible to ex-
clude by this method. The ratio of imine 11 to amine 2 over time was derived from
the kinetic profile data using K,COg in stoichiometric amounts (cf. Figure 3.10).
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Figure 3.10.: Time course of the ratio of the GC areas under the peaks of imine 11
and amine 2.

The decreasing ratio of imine 11 to amine 2 over time is in accordance to mech-
anistic scenario 2 (cf. Figure 3.9) where the alkylation occurs at the imine and not at
the amine and excludes scenario 1. However, as already mentioned, mechanistic
scenario 3, where both pathways occur at a similar rate at the same time, cannot
be excluded. Since mechanistic scenario 2 is the significantly simpler explanation
for all observations it is preferred over scenario 3. Either way the reaction would
proceed (at least to a significant extent) over the corresponding imines 10 and 11
in the catalytic cycle.

3.1.1.7. Mechanistic Proposal

On the basis of the experimental results presented above the following general
mechanistic outline for the direct C—H alkylation using alkenes is proposed (cf.
Figure 3.11).

The catalytic cycle starts with coordination of 1 to a Rh-species (I in Figure 3.11)
to form species Il. Then, this amine-complex Il is reversibly interconverted to the
corresponding imine-complex Il which is supported by the H—D exchange ob-
served in unreacted 1 in the KIE studies of the benzylic C—H bond. It should be
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Figure 3.11.: Mechanistic proposal for the direct C—H alkylation of benzylic amines
using alkenes. The turnover-limiting step is indicated by a significantly
shorter forward reaction arrow. "H,” emphasizes that it is not known
how the two hydrogen atoms are bonded to the catalyst.
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noted that this interconversion is simplified here and it is not expected to be a single
step elementary reaction. Imine 10 can then be released from this complex (it can
be detected in the reaction mixture) or it reacts in the turnover-limiting oxidative
addition into the sp?-hybridised C—H bond to form a cyclometalated intermediate
IV which is supported by the large KIE of about 4-5 observed for the benzylic C—H
bond. Then, coordination of alkene to the Rh-centre is depicted in the proposed
mechanistic outline (cf. Figure 3.11, Intermediate V). However, it should be noted
that the alkene coordination may already take place at an earlier stage. This is only
the latest stage when it has to occur. The insertion of the alkene into the Rh—H
bond follows to form VI and reductive elimination yields a Rh-complex VII of the
alkylated imine 11. This imine can now be reversibly released (it can be detected
in the reaction mixture) or it is converted to the alkylated amine coordinated to Rh
(cf. Figure 3.11, Intermediate VIIl), and the alkylated amine is released as the main
product of the reaction. Again, the imine to amine interconversion is depicted only
very simplified as before. Since the whole reaction is shown to be in principle re-
versible under the reaction conditions all mechanistic steps are also depicted to be
reversible.

It should be noted that additional ligands coordinated to Rh were omitted since
nothing is known about them on the basis of the performed experiments. In addi-
tion, it is not known how the two hydrogen atoms are bonded to the catalyst. If they
were bonded directly to Rh the oxidative addition into the C(sp?)—H bond of the
imine would result in a Rh(V) species which is not very common in literature but
was reported on previous occasions, although on different complex systems. 5663
Alternatively, the interconversion of amine and imine could also proceed by trans-
fer hydrogenations with a ligand on Rh. Transfer hydrogenations employing Rh-
catalysis are quite common in literature.54-68

Altogether, there are several important issues that remain open in this mech-
anistic investigation. First, almost nothing is known about the intermediate Rh-
species involved in the catalytic cycle. Second the mechanism of the amine to
imine interconversion is not known either. The last major unresolved issue is how
the exchange between H and Ph in the interconversions of 2 and by-products 3 and
4 actually occurs. These points certainly need to be addressed in further studies
in order to get more insight into the reaction mechanism.

3.1.2. Investigations into the Kinetic Modelling

The second aspect of the direct alkylation using alkenes that was investigated in-
tensively were the kinetic characteristics of this reaction in order to make a detailed
kinetic model of the reaction and to find out how the reaction rate is affected by tem-
perature and electronic properties and in that way gain further mechanistic insight
into the reaction.
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3.1.2.1. Initial Rate Experiments

As mentioned before, the method of initial rates had been applied to determine
the partial reaction orders with respect to all starting materials in the direct alkyla-
tion using alkenes already in a previous work.®> However, for both K,CO5; and
[RhCl(cod)], the dependences showed changes in the partial reaction orders and
the kinetic picture had not been fully revealed. Therefore, the old results are also
included in this thesis together with new results in order to provide a complete pic-
ture with respect to the partial reaction orders of all the starting materials and all
the data points can be found in the Appendices. The corresponding results are
presented in Figure 3.12.
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Figure 3.12.: Determination of the partial reaction orders for the direct C—H alkyla-
tion of 1 using hex-1-ene applying the method of initial rates.

From the results in Figure 3.12 the partial reaction orders with respect to both
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1 and hex-1-ene over the whole concentration region investigated can easily be
identified as 1 and 0, respectively. However, for K,CO5 and [RhCl(cod)], there
are changes in the partial reaction orders observed. The concentrations of both
the Rh-catalyst and K,CO5 which were used for the determination of the kinetic
profile are exactly at the transition between two partial reaction orders. At lower
concentrations partial reaction orders of 1 are observed in both cases. Increasing
the concentration of K,CO5 leads to no increase in the initial rate. Actually, a
slight decrease is observed for higher K,CO5 concentrations. However, since the
variability is rather high in that region the corresponding partial reaction order could
not be determined reliably. Therefore, the partial reaction order with respect to
K>CO3 at higher concentrations is assumed to be 0 (or at least near 0). In the case
of [RhCl(cod)], at high concentrations no decrease in the initial rate is observed
and the partial reaction order is 0. It should be noted that from the dependence of
the initial rate on the K,COj3 concentration it could be hypothesised that the phase
transfer of K,COj is rate-limiting. However, since increasing the concentration of 1
up to a factor of 2 results in about a doubled initial rate even though the amount of
K,COj is already in its 0" order region this can be excluded.

Since the common data point of all 4 experimental series is for both K,CO4
and [RhCl(cod)], exactly at the transition between two partial reaction orders the
empirical rate law cannot be directly deduced. There is either a change from an
overall reaction order of 3 to 1 (Case 2, vide infra) or a change between two distinct
rate laws having an overall reaction order of 2 (Case 1, vide infra). These two cases
can be distinguished with a single experiment. Increasing the concentrations of
both K,CO5 and [RhCl(cod)], above those used in the standard experiment (i.e.
0.38 molI-! K,CO5 and 0.0063 mol I=! [RhCl(cod)],) should lead to no increase in
initial rate if a change in the overall reaction order from 3 to 1 occurs since the
corresponding rate law would change from Equation 3.3 to Equation 3.4 in this
case. If an increase in initial rate was observed, this would support a change
between two rate laws having an overall reaction order of 2 (cf. Equations 3.1 and
3.2). However, it could not be unequivocally deduced which of the two equations
(3.1 or 3.2) would be the rate limiting under the conditions of this experiment. Since
in the corresponding experiment no increase in initial reaction rate was observed
case 1 can be unequivocally excluded.

Case 1:
ro = kz/expg Co(l) Co(KzCOg,) (31)
10 = koexpp co(1) co([RRCI(cod)]2) (3.2)

Case 2:
ro = k3,exp C()(l) CQ([RhCl(COd)]Z) CQ(K2C03) (33)

ro = kl,exp co(1)

ro ... Initial reaction rate [mol ! s~]
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knexp x ... Empirical rate constant for an overall n'" reaction order® [mol'" "~ s~]
co(X) ... Initial concentration of compound X [mol I-']

It was still unclear whether the observed plateaus in the initial rate dependences
with respect to both K,CO3 and [RhCl(cod)], were independent from one another
or not since neither of the two concentrations appear in the rate law in equation
3.4. In order to answer this question starting from a data point (cf. Figure 3.12, top
left graph, the numerical value can be found in the Appendices) with a lower initial
K,COj4 loading of 0.23 mol I-! compared to 0.38 mol I-" used in the standard exper-
iment the concentration of [RhCl(cod)], was increased significantly (0.0094 mol |-
as compared to 0.0063 molI~" in the standard experiment). If the observed initial
rate significantly increased in this experiment (compared to the experiment with
an initial K,COj5 loading of 0.23mol I~ and an initial [RhCl(cod)], concentration
of 0.0063 moll-'), the borderline concentration of [RhCl(cod)], would depend on
the initial K;CO4 loading. If the observed initial rate did not change in this experi-
ment, this would show that the borderline concentration of [RhCl(cod)], would be
independent from the initial K,CO3 loading and hence the respective borderline
concentrations of both K,CO3 and [RhCl(cod)], would not be mutually dependent.
It was found that the initial reaction rate did not change in this additional experi-
ment which is in accordance to the observed borderline concentrations not being
mutually dependent.

The empirical rate law depending on the corresponding initial concentrations of
K>CO3; and [RhCl(cod)], the reaction is performed can then be formulated as fol-
lows.

a) ¢(K,CO3) < 0.38mol =" and c¢([RhCl(cod)],) < 0.0063 mol I

10 = k3exp c0(1) co([RhCl(cod)]2) co(K2CO3) (3.5)
b) ¢(K,CO3) > 0.38 molI-! and ¢([RhCl(cod)],) < 0.0063 mol I-1:

ro = k2,expa Co(l) Co([RhCl(COd)]z) (36)
c) ¢(K,CO3) < 0.38molI=! and c([RhCl(cod)],) > 0.0063 mol I-:

o = kZ,epr 00(1) CO(KZCOS) (3.7)
d) c(K,CO3) > 0.38 molI-! and ¢([RhCl(cod)],) > 0.0063 mol I-*:

ro = kl,exp Co(l) (38)

CIn case of two or more different empirical rate constants of same overall reaction order x is used
to distinguish between them.
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A change in the overall reaction order could in general be explained by a change
in the turnover-limiting step. However, a turnover-limiting step not involving any Rh-
species is not very likely in this Rh-catalysed reaction. It should be emphasized that
in this section the rate law was determined and interpreted solely from an empirical
point of view and on the basis of the results presented so far the kinetic picture with
respect to both K,CO5 and [RhCl(cod)], is still not clear.

3.1.2.2. K,CO3 Studies

In addition to the empirical rate law a very pronounced dependence of the ini-
tial rate on the adsorbed water content of K,CO4 was found, which is depicted in
Figure 3.13 (dry toluene was used as solvent in these experiments). The higher
the content of adsorbed water in the base, the higher was the initial reaction rate
observed. This suggests that, in general, the presence of water speeds up the
reaction. However, in experiments where toluene saturated with water at room
temperature? was used together with K,COj batches with 0, 2 or 15 m% adsorbed
water, respectively, the initial reaction rate significantly dropped in each case. Ac-
tually, the observed initial reaction rates for all these three experiments were even
lower compared to the experiment with completely dry K,CO5 and dry toluene,
which showed the slowest reaction up to that point. It should be noted that the total
amount of water dissolved in toluene saturated with water at 25 °C is about one or-
der of magnitude lower than the amount of water introduced by the K,COg3 batches
used. These observations clearly show that it is crucial that the water originates
from K,CO3. The difference between using adsorbed water and water already dis-
solved in toluene is that in the latter case the water is already present in solution
from the beginning but in the former case a certain degree of heating is neces-
sary to release it. Therefore, it is hypothesised, that the water present in solution
from the very beginning may irreversibly react with the Rh-species in solution and
deactivate the catalyst.

The presence of water being beneficial for C—H activation reactions (not includ-
ing reactions employing water as solvent) is already known in some cases in liter-
ature.”%-"3 However, there has previously been no report on using a base effect-
ively insoluble in the reaction solvent with superficially adsorbed water to increase
the reaction rate. It was hypothesised that the water introduced into the reaction
is partially dissolved into toluene when the reaction mixture is heated and as a
consequence increases the solubility of K,CO3 in the reaction mixture which then
results in an increased reaction rate. However, it could also influence other steps
of the reaction.

In a further experiment it was investigated whether the water introduced by
K>CO3; needs to be superficially adsorbed to increase the initial reaction rate or

dThe water content in toluene saturated with H,O at room temperature was determined to be about
500 ppm using Karl Fischer titration, which is in accordance to literature values at 30 °C.%°
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Figure 3.13.: Dependence of the initial reaction rate on the adsorbed water content
of K,COj for the direct C—H alkylation of 1 using hex-1-ene.

K,CO4 with crystal water could also be used. Therefore, the reaction was carried
out using K,CO3 - 1.5H,0 and a significantly lower initial rate compared to K,CO4
with a similar adsorbed water content. However, it was suspected that the reason
for this result could also be the bigger particle size and the concomitant lower spe-
cific surface area of the sesquihydrate used. Therefore, the same experiment was
repeated with comminuted K,CO5 - 1.5H,0 and a significant increase in the initial
rate compared to the previous experiment was observed. However, the initial rate
was still lower compared to the K,CO5; batches with superficially adsorbed water.
So, it was decided to determine both the particle size distributions and the specific
surface areas of all the K,CO3 batches used and observed a significant depend-
ence of the initial rate of the reaction on the specific surface area of the base used.
In the following two diagrams (Figure 3.14) the initial rates of the two experiments
using K,CO5 - 1.5 H,0 together with the initial rate using a base with a similar total
water content of about 15m% are shown as a function of the respective particle
sizes and the respective specific surface areas. More details about the obtained
particle size distributions and the adsorption isotherms are found in Chapter 5.
It should be noted that since all the K,CO45 batches had a very low specific sur-
face area the precision of the BET adsorption measurements was not very high.
However, repetitive measurements with the lowest specific surface area batches
showed that the relative error over several measurements did not exceed 10 %.
Several things should be noted at this point. The particle size of the batch with
an adsorbed water content of about 15 m% is only slightly smaller compared to the
comminuted K;COj - 1.5H,0 and the corresponding particle size distributions and
distribution densities are also very similar (Details are given in Chapter 5). How-
ever, the initial reaction rates are significantly different. The big difference is better
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Figure 3.14.: Dependences of the initial reaction rate on the particle size and the
BET specific surface area of K,COgj for the direct C—H alkylation of 1
using hex-1-ene. Particle sizes given in this diagram are the medians
determined from the respective particle size distribution densities.

understood on the basis of the BET specific surface areas. The K,CO3 batch with
an adsorbed water content of about 15 m% has a significantly higher specific sur-
face area compared to all the other batches although the particle size of the batch
with an adsorbed water content of about 15 m% is significantly bigger compared to
the batch with 2m%. In addition, neither the particle size nor the specific surface
area of the batch with 2m% of adsorbed water did change when it was dried so
the significantly lower initial rate with the dried base was not due to changes of
the surface area during the drying process. On the basis of this data it cannot be
unequivocally concluded whether it makes a difference if the water introduced with
the base is adsorbed or crystal water. However, the significant difference in the
specific surface areas between the batch with 15 m% of adsorbed water and the
K>CO5 - 1.5 H,0 batches used could solely explain the big difference in the initial
reaction rates that is observed. Therefore, it is hypothesised that K,CO5 - 1.5H,0
with the same specific surface area would show, more or less, the same initial
reaction rate as compared to the batch with 15m% adsorbed water and hence it
is expected that it does not matter whether the water introduced is superficially
adsorbed or water of crystallisation.

Since K,COgj is nearly insoluble in toluene® and the reaction is therefore hetero-
geneous it will interact with other (dissolved) reactants or the solvent at its surface.
This dependence can either be explained by the dissolution and phase transfer of
K,COj to the reaction solvent or the transfer of the other reagents to the surface of
K>,CO4 having an influence on the overall reaction rate. In either case, the higher

®There has not yet been any report about the actual solubility of K,COg in toluene. In general, it
is considered to be insoluble.
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the specific surface of the K,CO4 batch used the faster the reaction is expected
to occur. This explains the observed dependence of the initial reaction rate on the
specific surface area of the base used.

It was also tested whether stirring has an influence on the initial reaction rate.
Comparing the initial rates of experiments without stirring to the experiments with
stirring showed that agitation increased the initial rate. From the results of the
initial rate experiments without stirring so called stirring factors (abbreviated as SF,
cf. Equations 3.9 and 3.10) were determined as ratios of the initial rates with stirring
and without. The corresponding content of adsorbed water and the specific surface
area of the K,COg batch used is given in brackets.

SF(2m% H,0,04m?*¢™ 1) = 642 (3.9)
SF(15m% H,0,0.8 m?>¢~1) = 1.7+ 0.2 (3.10)

Interestingly, using K,CO5; with about 2 m% of adsorbed water and a lower spe-
cific surface area (i.e. 0.4m?g~") resulted in a much higher dependence on stir-
ring (about 6 times faster with stirring) as was observed in experiments using
K>,CO4 with about 15m% of adsorbed water and a higher specific surface area
(i.e. 0.8m2g~', about 2 times faster with stirring). This experiment indicates that
the reaction could be diffusion-controlled or diffusion-influenced.’# It is not uncom-
mon for a heterogeneous reaction that agitation significantly influences the reac-
tion rate since transport problems are playing a major role as compared to ho-
mogeneous reactions.”® However, even if this experiment shows an influence of
stirring on the reaction rate the diffusion of reactants does not need to be rate-
determining or turnover-limiting. In fact, it could be excluded that the diffusion
of K,CO3 was turnover-limiting since experiments with double the amount of 1
showed also doubled initial rate without stirring.

Since the reaction is heterogeneous it is hypothesised that either the phase
transfer of K,COgj to the liquid phase or the phase transfer of a Rh-species in solu-
tion to the surface of K,CO3 has a major influence on the reaction rate which is
also supported by the dependence on the particle size and surface area of K,COs;.
The reaction of K,CO5; and the Rh-catalyst could control the concentration of a
Rh-carbonate species in solution which then catalyses the reaction and therefore
has an influence on the overall reaction rate.

3.1.2.3. Induction Time Studies

On the basis of the previous results the role of K,CO4 is not clear. It was hypo-
thesised that K,CO3; could serve as a heterogeneous catalyst for the reaction with
the reaction taking place on the surface of K,COj3. Alternatively, K,CO5 is dis-
solved to a very low extent and the dissolved K,COj; then reacts with [RhCl(cod)],
to form the catalytically active species. In order answer this question the following
experiments were designed (cf. Table 3.3, Entry 1). In the first experiment all the
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starting materials of the direct alkylation were reacted for 10 min in the presence
of dodecane as internal standard. The reaction was stopped and filtrated. The
solid residue was reacted with 1 and hex-1-ene again, the filirate was reacted as
obtained after the filtration. In the filtrate the reaction continued at an even faster
rate than before, the solid residue did not show any considerable catalytic activity.
On the basis of this result additional experiments were performed where not all
starting materials except [RhCl(cod)], and K,CO5 were heated together in the first
10 min. The results are summarised in Table 3.3.

1. substrates A

degassed toluene
internal standard
150 °C, under Ar

[RhCl(cod)], + K,COgz _omn_

(0.05eq) 3ed) 7 figation )\/\
3. substrates B n-but n- but/\ n-but
150 °C, under Ar

Table 3.3.: Results of the induction time studies of the direct alkylation using

alkenes.
Entry Substrates A Substrates B Rate? Compound Amounts®
[10~5mol I s7] 1 2 3 4

1 1(1eq.) - 20.3+1.5 24% 37% 19% 11%
hex-1-ene (3 eq.)

2 - 1(1eq.) 185+ 1.1 15% 67% 46% 1.7%

hex-1-ene (3 eq.)
3 1(1eq.) hex-1-ene (3 eq.) 182+ 0.5 17% 43% 3.6% 0.7%
4 hex-1-ene (3 eq.) 1(1eq.) 19.0+£0.8 7.0% 68% 35% 22%

aAfter filtration of the reaction mixture in a time period of 6.61 min. Errors are determined over 3
GC measurements.
bCalibrated GC-Yields determined after 2.05 h of reaction after filtration of the reaction mixture.

This experiment series is strong evidence against the hypothesis that K,CO4
could be a heterogeneous catalyst in this reaction because the reaction contin-
ued at an even faster rate than the reaction shows under the optimised reaction
conditions in the initial reaction period [(19.0 £ 1.9) 10-°moll-'s~! compared to
(8.2 £ 0.3) 10°mol I-" s7'] after excess K,CO5 was removed by filtration and con-
siderable catalytic activity was observed in all experiments. The experiments from
entries 1 and 3 in Table 3.3, respectively, did not show comparable conversion
to the reaction products than observed with stoichiometric amounts of K,CO4 after
about 2 h of reaction time (cf. Kinetic Profile with K,CO3 in Stoichiometric Amounts)
but since only single experiments were performed, it is not clear whether these res-
ults are significant. The experiments from entries 2 and 4 in Table 3.3, respectively,
did show comparable conversion, although not full conversion. In addition, the
amount of sideproducts 3 and 4 formed after filtration is lower compared to experi-
ments under the optimised reaction conditions without filtration.
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Besides the strong evidence against K,CO3 being a heterogeneous catalyst in
this reaction these results implicate that K,CO5 is only needed in the beginning of
the reaction. This suggests that there is an induction period. During this induction
period K,CO3 reacts with [RhCl(cod)], irreversibly to form the catalytically active
species which then catalyses the direct alkylation reaction. This induction period
should be observed when K,CO4 is used in lower amounts.

The significantly higher rate observed after the filtration suggests that excessive
amounts of K,CO4 result in significant inhibition of the reaction rate. Coordination
of additional carbonate ligands could result in catalytically less active or inactive
species which could possibly explain this result. However, this needs to be in-
vestigated further in additional experiments in order to find more evidence for this
hypothesis.

3.1.2.4. Kinetic Profiles

Kinetic Profile with K,CO; in Stoichiometric Amounts The kinetic profile of
the direct C—H alkylation using hex-1-ene had previously been determined.3® How-
ever, in those experiments the conditions were not the same as compared to the
initial rate experiments. Therefore, in order to justify the applicability of the method
of initial rates the determination of the kinetic profile was repeated under the same
reaction conditions that were used for the initial rate experiments (cf. Figure 3.15).
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Figure 3.15.: Determination of the kinetic time course of the direct C—H alkylation
of benzylic amine 1 using hex-1-ene.
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There are some features to be noted. Firstly, the reaction is finished after 2h and
the amounts of 2, 3 and 4 remain more or less constant thereafter. This can either
be rationalized by inhibition or decomposition of the active catalyst under these
conditions or by a reversible reaction between 2, 3 and 4. Secondly, both 2 and
3 are formed more or less from the beginning and, even though it was previously
shown (vide supra) that there is in fact an induction period, it was not observable
under these conditions, except for the time the reaction mixture needs to reach
a constant temperature.! This is very important as it allows to easily determine
kinetic parameters by using the method of initial rates. It should be noted that for
the formation of 4 there is an induction period observed.

Kinetic Profile with K,CO3 in Catalytic Amounts On the basis of previous res-
ults it should be possible to use K,CO5 in catalytic amounts in the reaction because
it is not used up during the reaction. This was confirmed in first experiments using
only 0.1 eq. K,COj in the reaction (cf. Figure 3.16). After 3h only 1% of 1 was
formed. However, after 24 h the reaction was finished (cf. Figure 3.16).

(\ | X
¢ -
- + but/\ [RhCl(cod)], (0.05 eq.)

N” 'NH

3e K,COj3 (0.1 eq.)
150 °C, under Ar, 24 h
1

full consumption 76% 6% 8%

Figure 3.16.: Direct alkylation of 1 with hex-1-ene using K,COj; in catalytic
amounts.

These results are already indicative that under these reaction conditions a con-
siderable induction period is observed as was suggested by previous results since
after 3h only 1% of 1 is observed and then the reaction continues to proceed to
full conversion after only 24 h i.e. after only the 8-fold reaction time the 90-fold
total amount of reaction products is observed. Therefore, the kinetic profile of the
reaction under these conditions was determined. However, this time only one ex-
periment was performed with an internal standard being present in the reaction
mixture from the beginning and stopping the reaction for every sample. After the
sample was taken the reaction was continued again. The results are shown in
Figure 3.17.

There are several points to be noted from this result. First, as predicted on the
basis of previous experiments, a considerable induction period of at least 2 h is
observed. After the induction period the reaction rate significantly increases until

fAll consecutive reactions like multiple step catalytic processes have in fact an induction period for
the formation of the final product. However, in many cases it is too short to be observed.
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Figure 3.17.: Determination of the kinetic time course of the direct C—H alkylation
of benzylic amine 1 with hex-1-ene using K,COs in catalytic amounts.
Data points for the amount of alkylated imine 11 are obtained assum-
ing a conversion factor of 1 and are not calibrated GC-yields.

73 % of 2 are formed while 17 % of 1 remain. So the yield of 2 is higher compared to
experiments using K,CO4 in stoichiometric amounts besides the conversion being
not full. Since this data is derived from one experiment only it is not clear how
significant it is that the reaction does not reach full conversion after about 24 h like
in the experiment before which was not stopped several times but only stopped and
analysed after 24 h. In addition, significantly less of both 3 and 4 are formed under
these conditions. Overall, the mass balance is also significantly better (over 90 %
compared to about 80 % with stoichiometric K,CO3). Figure 3.18 shows the kinetic
time course again focussing on the beginning of the reaction.

There are two very interesting features to be noticed from Figures 3.17 and 3.18.
First, the mass balance is decreasing to 87 % in the beginning of the reaction
and then it increases again quite sharply to about 93 % and stays more or less
constant thereafter. This suggests that more of the material is converted into a
chemical species which is not detectable by the means of GC analysis applied
since no other significant peak is observed in the corresponding chromatograms.
This chemical species is most likely a Rh-complex to which a considerable amount
of the material is bound. After some time, however, the amount of bound material
decreases again which indicates that the concentrations of Rh-complexes bonded
to a benzylic amine decreases again and some of the material is released into
the reaction mixture again. Second, the time course of 11 is strongly increasing
at the beginning, shows a maximum and then decreases again. After reaching
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Figure 3.18.: Kinetic time course of the direct C—H alkylation of benzylic amine 1
with hex-1-ene using K,COgj in catalytic amounts at the beginning of
the reaction. Data points for the amount of 11 are obtained assuming
a conversion factor of 1 and are not calibrated GC-yields.

a minimum the amount of 11 is increasing again. This was not observed in the
kinetic profile using stoichiometric K,CO5. This suggests that under the conditions
present at the very beginning the interconversion of 11 to 2 is slower and then
significantly speeds up. From Figure 3.18 it can also be seen that at the very
beginning more of the alkylated imine 11 than the alkylated amine 2 is present.
This is in complete agreement to the previously established general mechanistic
outline of this reaction that the reaction proceeds over the imine. In addition, the
ratio of 11 to 2 shows the same general time course that is also observed in the
kinetic profile using stoichiometric K,CO4 (cf. Figure 5.5).

3.1.2.5. Electronic Influence on Benzylic Amines

Another aspect of interest was the electronic influence of benzylic amines on the
reaction. Therefore, a Hammett plot’® was constructed from the initial rates of
several benzylic amines 1c-h (cf. Figure 3.19). The obtained initial rates were
compared to the initial rate of the unsubstituted starting material 1. Since the initial
rates were determined by 'H-NMR analysis in these experiments the formation of
by-product 3 could not be detected and quantified and was therefore not taken into
account.

The reaction constant of —1.6 + 0.2 indicates that the reaction is accelerated by
electron-donating groups on the benzylic amine. This is in accordance to oxidative
addition into the C—H bond being turnover-limiting as is also suggested by the KIE
studies discussed earlier (vide supra). However, since the value of p is influenced
by all steps prior to the turnover-limiting step the benzylic amine is involved in the
reaction as well, the reaction constant p can only be interpreted on the basis of
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Determination of the electronic influence of substituents in the ben-
zyl group of benzylic amines on the reaction rate in the direct C—H
alkylation using hex-1-ene.
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a kinetic model of the reaction. A more detailed discussion and interpretation is
given later (vide infra).

3.1.2.6. Temperature Dependence of the Initial Rate

It was also of interest to determine the temperature dependence of the reaction rate
and hence the activation parameters of the reaction. In order to determine them the
initial reaction rate at different temperatures was measured and the corresponding
rate constants were derived. The activation parameters were then calculated on
the basis of the Eyring equation.”” The enthalpy of activation AH* was found to
be (148.8 +0.7)kdmol~! or (35.6 + 0.2) kcalmol~! and the entropy of activation
ASt was determined as (81.4 +1.4)Jmol~' K-! or (19.5 + 0.3) eu based on the
second order rate law. It should be noted that the high AH? is the reason for the
high temperature dependence of the reaction rate. In addition, the relatively large
positive entropy of activation indicates that a significant degree of disorder has to
be created prior to or in the turnover-limiting step. However, since this is a multi-
step reaction and the turnover-limiting step is certainly not the first one an accurate
interpretation is very difficult and can only be made on the basis of a kinetic model.
Therefore, this is discussed together with the kinetic model later (vide infra).

3.1.2.7. Kinetic Modelling and Mechanistic Consequences

On the basis of all the experimental results for the direct alkylation using alkenes
the following kinetic model is proposed (cf. Figure 3.20).

In general, this kinetic model is very vague with respect to the ligands on Rh be-
cause almost nothing is known on the basis of the experiments performed. There
are two parts of this kinetic model, the reaction of K,CO3; and a Rh-species in
solution, denoted as [Rh], to form the catalytically active species, denoted formally
as [RhCOg], and the catalytic cycle for the direct alkylation of 1 using hex-1-ene
to form the corresponding alkylated product 2. In the reaction of K,CO5; and a
Rh-species K,CO4(s) is proposed to be dissolved into the reaction mixture to a
very small extent since K,COj5 is almost insoluble in toluene.? The very small dis-
solved portion K,COg3(sol) immediately reacts irreversibly with [Rh], an unspecified
Rh-species present in solution which is (formally) derived from the [RhCl(cod),]
complex used as catalyst precursor in this reaction, to form the catalytically active
[RhCOs]. This reaction is also the reason for the induction period. As long as the
reaction between [Rh] and K,COs(sol) is not finished, the concentration of cata-
lytically active [RhCOg] is increasing over time and therefore an increasing overall
reaction rate is observed. In the simplified catalytic cycle [RhCO3] is assumed
to be in equilibrium with both [Rh-1-CO3] and [Rh—1-COg3]. However, [RhCOs] is
proposed to be the resting state and the concentrations of both [Rh-1-CO5] and

9There is no literature report about the actual solubility of K,COj in toluene.
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Figure 3.20.: Proposed simplified kinetic model for the direct C—H alkylation of
benzylic amines using alkenes. Equations are neither stoichiomet-
rically balanced nor balanced with respect to total charge for clarity.
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[Rh—1-COg] are considered to be very small compared to the concentration of
[RhCO5] during the reaction. The turnover-limiting step is proposed to be the oxid-
ative addition into the C(sp?)—H bond. On the basis of this proposed kinetic model
the dependence of [RhCOg] on time during the induction period can be described
with the following equation.”

¢([RHCO3]) () = 2 1(\54 S ¢y co(KaCOs) t (3.11)

t ... Time during the induction period [s]

D ... Diffusion coefficient of K,COj5 dissolved in toluene [m? s~]

0 ... Thin static solvent layer (Solvent adheres tightly to the surface) [m]
cs ... Saturation concentration of K,COjy in solution [mol I=1]

M ... Molar mass of K,CO5 [gmol~]

S ... Specific surface of K,CO5 [m?g~']

co(K2CO3) ... Initial molar loading of K,COyj in the reaction [mol -]

The concentration of the catalytically active species increases linearly over the
induction period until all of the initial catalyst precursor [RhCl(cod),] is converted
to catalytically active [RhCOg]. It should be noted that due to simplifications in the
derivation this equation is only valid when K,COj is used in excess and the total
amount of K,COj that is dissolved and bound is negligible to the total amount of
K>CO3 used in the beginning. After the induction period, the reaction follows the
following rate law (at least in an initial reaction period).

r = k4 K3 Kz C([RhCOg]) C0(1) =2 k4 K3 K2 Co([RhCl(COd)]z) C0(1) (31 2)

Now it must be determined whether the obtained kinetic model is in agreement
to the experimental results. To begin with, the first order dependence on both
[RhCl(cod),] and 1 is in principle correctly predicted. The rate would be first or-
der with respect to 1 over a wide concentration region which is in accordance to
the experimental results and also the first order dependence on [RhCl(cod),] when
the initial concentration is decreased is correctly described. Now, when only the
concentration of [RhCl(cod),] is increased the zeroth order dependence can be
explained without further assumptions in the kinetic model since then it is pro-
posed that the induction time is not over and not all of the [RhCl(cod),] is conver-
ted to the catalytically active species. The constant initial rate with increasing initial
[RhCl(cod),] concentration results because the reaction has not reached a period
of constant rate under these conditions and is still in the induction period. The same
explanation applies for the apparently observed first order dependence on K,CO4
which is strictly speaking not a first order dependence but rather a prolonged in-
duction period combined with formally the wrong method under these conditions

hThe detailed mathematical derivation is found in Chapter 5.
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to determine the initial rate. The mathematic reasoning why such a dependence
is observed is found in Chapter 5. In addition, the zeroth order dependence which
is observed when the initial K,CO4 loading is increased is also easily explained by
this kinetic model because under these conditions the induction period is already
over and no additional [RhCl(cod),] is left anymore which could be converted to
[RhCOs]. Therefore, under these conditions a zeroth order dependence of the
initial rate on K,COgy is evident.

However, there is one experiment which cannot be explained by this kinetic
model without further ado. When both [RhCl(cod),] and K,CO; are increased
the proposed kinetic model would predict an increased initial rate, which is not
observed. In this experiment the inital rate remains unchanged. This could be
explained if [RhCO3] exceeded its solubility limit under these conditions.

The strength of this kinetic model lies in the fact that it can easily qualitatively
explain the additional dependences of the initial rate that were observed. First, it
can qualitatively explain why adsorbed H,O on K,CO3; would show a significant
increase in the reaction rate. The introduced water will be partially dissolved into
the reaction mixture resulting in a higher solubility of K,COj in the reaction mixture
and therefore in an increased saturation concentration ¢; of K;CO3. According to
equation 3.11 an increased c; also means an increased rate in the induction period
and therefore a decreased induction time which directly results in an increased
reaction rate by the method used to determine it. Second, the dependence on
the specific surface of K,COgj is directly evident from equation 3.11. Third, the
dependence of the initial reaction rate on stirring can also be easily explained since
no stirring would result in an increase of the thickness of the static solvent layer ¢
resulting in an increased induction time.

It should be noted that such a kinetic behaviour of heterogeneous solids, which
are widely used in the field of metal-catalysed coupling reactions, has not been
reported on many occasions for similar transformations and is therefore not well
studied by now. A similar kinetic description of solubilisation of one reactant has
been reported in solid-liquid phase transfer catalysis.”® The experimental results
presented in this thesis are therefore of great interest. In addition, studies on the in-
fluence of particle size or specific surface area and water content of the heterogen-
eous base in C—H activation reactions have not been performed so far. Thus, these
results will be of significant interest for future research in this field since in many
cases of metal-catalysed direct functionalisations heterogeneous bases or other
heterogeneous components are used. It would be surprising if this transformation
would be unique in showing such a significant dependence on the above men-
tioned parameters. These results obtained raise for example the question whether
differences in screening results with different bases (e.g. K,COj3 versus Cs,COs)
really stem from the different counter ions or are rather an effect of particle size
and surface area. Therefore, these parameters have to be considered in future
studies when such reactions are optimised and should also be taken into account
as possible explanation for observed induction periods.
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Now, the observed KIE can be interpreted on the basis of the proposed kinetic
model. The large KIE of about 4-5 with respect to the benzylic C—H bond is
mainly explained by the oxidative addition into the C—H bond of the imine being the
turnover-limiting step. However, there may also be an EIE influencing K3 since the
interconversion of amine to imine also involves breaking the benzylic C—H bond.
This EIE, however, is not expected to be dominant. The observed small KIE of 1.3
with respect to the N—H bond of the amine is also suggested to be originated from
an EIE influencing K3 since the corresponding N—H bond is broken in this step.

In addition, the observed electronic influence on the reaction rate can also be
interpreted on the basis of the proposed kinetic model. The reaction constant of
-1.6 obtained from the Hammett plot with respect to functional groups on the amine
phenyl group mainly comes from the oxidative addition into the C—H bond which is
expected to be accelerated by electron-donating groups on the amine. Even though
the reaction constant for complex reactions is the sum of all reaction constants prior
to and in the rate-determining or the turnover-limiting step, all reaction constants of
earlier steps are not expected to have significant influence on the overall reaction
constant or are expected to cancel each other out in this reaction.

An interpretation of the activation parameters is not very simple because not
much is known about the exact nature of the Rh-complexes in the catalytic cycle
by now. The large enthalpy of activation suggests that high energy transition states
are involved in the course of the catalytic cycle. The entropy of activation suggests
that a significant degree of disorder is created in the course of the catalytic cycle
until the turnover-limiting step or in it but since not much is known as of the exact
nature of the intermediates and all the elementary steps in the catalytic cycle an
interpretation is almost impossible and therefore omitted here.

3.2. Direct Alkylations using Alkylbromides

On the basis of previous experiments not much was known about the direct alkyla-
tion of benzylic amines using alkylbromides. It was known that several sideproducts
are formed in significant amounts in this reaction making this reaction not very ef-
ficient but these sideproducts had not been identified before. Therefore, the goal
was first to identify all the major sideproducts of the reaction and then find reaction
conditions which are both more selective for the direct alkylation product and which
also form it more quickly since the reaction conditions used so far are quite harsh
with respect to temperature and catalyst loading and the reaction still proceeds
only quite slowly.

45



3. Results and Discussion

3.2.1. Kinetic Profile Comparison

It was already previously mentioned that it was observed that alkenes react signific-
antly faster than alkylbromides with 1 to give the corresponding alkylated products.
This was already investigated in previous experiments by comparing the kinetic
time course of both reactions under comparable reaction conditions.3® However,
this comparison was not performed under the optimised reaction conditions us-
ing degassed toluene. Therefore, the kinetic profile determination was repeated in
order to determine the influence of using degassed solvent also for the direct al-
kylation reaction using alkylbromides. The kinetic time course of the reaction was
followed for 6 h (cf. Figure 3.21).

® ®
P> Br [RhCl(cod)], (0.05 eq.) =~
N~ NH + n-but” N - N™ "NH
(3eq) K,CO3 (3 eq)
H degassed toluene n-but
150 °C, under Ar
1 2
100
75 1
— ¥

50

—+— n-hex-Br
—_—— 1

—_—2

25

Reaction time [h]

Figure 3.21.: Determination of the kinetic time course of the direct C—H alkylation
of benzylic amine 1 using 1-bromohexane. 100 % equals 3 eq. for
1-bromohexane.

While the reaction using alkenes was finished after 2 h (vide supra), the reac-
tion with alkylboromides was not even near completion and still in the initial reaction
period (i.e. the product showed still linear increase over time). Details about the
calculated linear regression for the formation of 2 are given in Chapter 5. Since
the reaction is significantly slower with alkylboromides than with alkenes, one of the
steps in which the alkylbromide is involved in the reaction is most likely turnover-
limiting, as was already established in previous investigations.3® It is therefore hy-
pothesised that oxidative addition of Rh into the C—Br bond is turnover-limiting.
However, this remains to be proven in this transformation by further experiments.
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It should be noted that the formation of both 3 and 4 was observed but in sig-
nificantly lower amounts (i.e. amounts significantly below 1 %) compared to the
amounts observed in the direct alkylation using alkenes. In addition, the formation
of three additional sideproducts was observed in significant amounts (i.e. amounts
bigger than 1 %). These sideproducts had to be identified first in order to investig-
ate their formation.

3.2.2. Investigations into all Major Sideproducts

The first step of a mechanistic investigation always is the identification of all the
products of a reaction. It was already mentioned that in the experiments to determ-
ine the kinetic profile of the direct alkylation of 1 using 1-bromohexane besides 3
and 4, which were only detected in low amounts (i.e. amounts significantly below
1 %), 3 additional sideproducts were observed in amounts bigger than 1 %. The
first step towards the identification of these sideproducts was the detailed invest-
igation of the mass spectra of these compounds obtained from GC/MS analysis.
The process of identification and experiments investigating the formation of the
corresponding sideproduct are outlined below separately for each compound.

3.2.2.1. Sideproduct | (14)

The first sideproduct observed had a molecular ion with an m/z of 288. On the
basis of the fragmentation pattern observed in the MS the following structure was
proposed for sideproduct Il (cf. Figure 3.22).

Figure 3.22.: Structure of sideproduct | in the direct alkylation with alkylbromides.

This compound was already known in literature and it was synthesised according
to a literature procedure.33 Sideproduct | could indeed be identified to be this com-
pound. By looking at this sideproduct the question arises where the benzyl group
that has been added to 1 originates from. The first and most obvious hypothesis
was that it could come from the solvent toluene. An alternative hypothesis was
that the phenyl group originates from a different molecule of 1 and the additional
carbon atom would probably come from the alkylbromide used. In order to test
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these hypotheses two experiments were performed. In the first experiment 1d was
subjected to the reaction conditions instead of 1 (cf. Figure 3.23).

AN
E Y [RhCl(cod)] 5 (0.05 eq.) | P
= Br A92CO; (0.05eq.)
N 1d NH + nobut” oo
2CO3 (3.5€eq.)
AN (3.0eq.) degassed toluene
H | 150 °C, 24 h, under Ar 14d

g g

Figure 3.23.: First experiment to investigate the formation of 14 in the direct alkyla-
tion of 1 using alkylbromides by subjecting benzylic amine 1d to the
reaction conditions.

If the corresponding sideproduct was benzylated only (Sideproduct with m/z 302)
this would support the hypothesis that the sideproduct is formed in a reaction with
toluene. A sideproduct with an additional methyl group on the new benzylic group
(Sideproduct with m/z 316) would support the second hypothesis. The reaction
mixture was analysed with GC/MS. The corresponding sideproduct formed under
these conditions had an m/z of 302 supporting the hypothesis that the additional
benzyl group originates from toluene. In a second experiment the reaction was
carried out with 1 as starting material but in dg—toluene (cf. Figure 3.24).

Cr
| X [RhCl(cod)] , (0.05 eq.) N/

NH
= Br Ag,CO3 (0.05 eq.)
N” “NH * nebut” DD
1 K,CO3 (3.5 eq.) Ph

(3.0eq.) degassed dg-toluene

H )\© 150 °C, 24 h, under Ar D D

D D

D
d;,-14

Figure 3.24.: Second experiment to investigate the formation of 14 in the direct
alkylation of 1 using alkylbromides.

Again, the reaction mixture was analysed by means of GC/MS. The sideproduct

formed had more or less the same retention time but had a molecular ion with an
m/z of 295 instead of 288. The most significant observation in that regard was the
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absence of significant m/z 288 signal at the retention time of 14. This is strong
evidence that the benzyl group originates from toluene. It should be noted that the
formation of this sideproduct is of great interest since the corresponding reaction
is an oxidative coupling 15-21:41-43 petween two C(sp®)—H centres (cf. Figure 3.25),
a coupling which is not very common in literature by now and of great interest
because of its high synthetic potential.

N
® " »
& Oxidative coupling N~ NH

1
0 S

Figure 3.25.: The formation of 14 is an oxidative coupling between 1 and toluene.

The high appeal of such a transformation is the potentially very high atom eco-
nomy which can be exceeded only by an addition reaction. Oxidative couplings
employing toluene as benzylation agent are known in literature ”® but are not very
common yet and therefore of great interest. Hence, steering the reaction condi-
tions towards the predominant formation of 14 starting from 1 and toluene could be
a potentially highly attractive follow up project to develop a synthetically very useful
reaction.

3.2.2.2. Sideproduct Il (15)

The second sideproduct observed had a molecular ion with an m/z of 310. On the
basis of both the molecular ion and the fragmentation pattern it was suggested that
this sideproduct could contain two additional methylene groups compared to the
main product of the reaction (m/z of 2 is 282) which would account for the difference
of 28 mass units. Alternatively, the additional mass units could be explained by a
carbonyl group CO. It was decided to isolate sideproduct Il from the reaction. In
order to do that, several reaction mixtures obtained from the screening experiments
carried out were pooled and worked up together in order to have a substantial
amount of this by-product. Sideproduct 2 was isolated by flash chromatography,
fully characterised and identified to be compound 15 (cf. Figure 3.26).

The first thing that strikes out about this sideproduct being observed under the
reaction conditions is that except H,O introduced with K,CO5 and residual H,O
introduced together with other starting materials and of course K,COj itself no
oxygen is introduced into the reaction mixture. Residual O, is not expected to be
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Figure 3.26.: Structure of sideproduct Il in the direct alkylation with alkylbromides.

enough to account for the significant amounts (usually several percent) of com-
pound 15 observed. Both the incorporation of oxygen from H,O and from K,CO4
are potentially very interesting reactions. In addition, the carbon chain is elong-
ated by one carbon atom compared to the alkylbromide used in the reaction. In
order to gain some information about the formation of this sideproduct the origin of
the additional carbon atom, which is bonded to oxygen, was investigated. It was
hypothesised that this carbon atom could either originate from K,CO4 or it could
originate from the alkylbromide used. Therefore, one experiment was performed
using labelled K, 13COj5 in order to investigate whether the '3C would be incorpor-
ated into the sideproduct (cf. Figure 3.27).

| [RhCI(cod)] » (0.05 eq.)

LS
Ag,CO3 (0.05 eq.) = J\/\/\/
N"NH + neput > js - NN
1 K,13C03 (3.5 eq.) 15
H (3.0eq) degassed toluene
150 °C, under Ar, 24 h

Figure 3.27.: Experiment to investigate the origin of the additional carbon atom in
the formation of 15 in the direct alkylation of 1 using alkylbromides.

The resulting reaction mixture was analysed by means of GC/MS analysis. Ac-
cording to the obtained mass spectrum of compound 15 there was no significant
incorporation of '3C observed. This is evidence against the hypothesis that the
additional carbon atom originates from K,CO5. The origin of the oxygen atom was
not investigated in the course of this thesis but would be a very interesting follow-up
experiment to perform.

3.2.2.3. Sideproduct Il (16)

The third sideproduct observed had a molecular ion with an m/z of 268. On the
basis of the fragmentation pattern observed, which was in principle the same as in
other linearly alkylated benzylic amines like 2, the following structure was proposed
for sideproduct Il (cf. Figure 3.28).
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Figure 3.28.: Structure of sideproduct Ill in the direct alkylation with alkyloromides.

In order to identify this sideproduct it was synthesised by performing the direct
alkylation of 1 with 1-bromopentane and the main product present in the resulting
crude reaction mixture was used as reference for both GC and GC/MS analysis (cf.
Figure 3.29). In addition, the corresponding sideproduct formed in this experiment
was compared to 9 which was previously synthesised and fully characterised using
the direct alkylation of 1 with 1-bromobutane.

( Y [RhCl(cod)] » (0.05 eq.) | oS ( Y
— Ag,CO3 (0.05 eq.) Pz 7

B N~ "NH

N NH -
1 * n-prop K,COs (3.5 eq.) 16 9
(3.0eq.) degassed toluene - BN
H)\© 160 °C, under Ar  "PTOP |
=

Figure 3.29.: Experiment to confirm the structure of sideproduct Il in the direct
alkylation of 1 using alkylbromides.

+
P4
=z
I

Both comparisons showed that the third sideproduct indeed is the alkylated ben-
zylic amine with an alkyl group which is shorter by one carbon atom. Therefore,
the proposed structure for sideproduct Il (cf. Figure 3.28) is correct. The forma-
tion of 16 is mechanistically potentially very interesting because the formation of a
similar sideproduct has not been reported in literature by now. However, its form-
ation is unfavourable from a practical point of view since the main product of the
reaction 2 is completely inseparable from 16 by means of flash chromatography.
Alternative purification methods are also potentially very difficult considering the
very similar properties expected from both 2 and 16 and may also not be generally
applied for the purification of different alkylation products. As would be expected, it
was also recognised that alkylation products obtained from previous direct alkyla-
tion experiments using alkylbromides which were purified by flash chromatography
were indeed a mixture of the main product of the alkylation together with the corres-
ponding sideproduct having a carbon chain shorter by one carbon atom. Therefore,
in order to make the direct alkylation of 1 using alkylbromides a practically useful
transformation the formation of significant amounts of this sideproduct need to be
avoided. However, from a mechanistic point of view the formation of 16 is of high

51
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interest since, as already mentioned before, a sideproduct like that has never been
observed.

Now having identified the 3 additional sideproducts observed in the direct alkyla-
tion of 1 using alkylbromides the data from the kinetic profile of the reaction using
1-bromohexane was reviewed in order to obtain the kinetic time course of the form-
ation of 14, 15 and 16, respectively. In addition, the selectivity of the main product
2 with respect to the formation of all other sideproducts was also determined and
plotted over time (cf. Figure 3.30).
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Figure 3.30.: Determination of the kinetic time course of the sideproducts 14, 15
and 16 in the direct C—H alkylation of 1 using 1-bromohexane.

It should be noted that the formation of sideproducts 15 and 16 shows basically
the same kinetic profile. This is confirmed by a high correlation observed between
the corresponding data points (cf. Chapter 5 for details). Additionally, in the ma-
jority of the screening experiments it is observed that sideprodudcts 15 and 16
are formed in almost equal amounts. This indicates that the formation of both 15
and 16 could also be chemically correlated. From a chemical point of view this
seems plausible since sideproduct 16 has one carbon atom less in the newly at-
tached alkyl chain and sideproduct 15 has one additional carbon atom in the newly
attached group. Therefore, it is suggested that this additional carbon atom origin-
ates from 1-bromohexane which is converted to a pentyl group, which then reacts
in the alkylation of 1 to form sideproduct 16. However, too little is known about
the formation of these sideproducts and therefore mechanistic proposals for their
formation are omitted in this thesis. Further investigations in that regard have to be
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performed.

In addition, from the kinetic time course of the sideproducts it can be seen that in
the beginning the formation of 14, 15 and 16, respectively, is slower and the corres-
ponding rates are increasing with time which is evident from the positive curvature
in the corresponding curves. Therefore, as can also be seen from Figure 3.30, the
initial selectivity for 2 is higher and then decreases as the reaction progresses. It
should be noted that under these reaction conditions the selectivity for 2 is not very
high i.e. from an initial value of about 4 it shows decreasing monotony meaning
that at least 20 % of the converted material is found in one of the sideproducts
formed and not in the main product of the reaction.

3.2.2.4. Sideproduct IV (17)

During the optimisation of the reaction conditions of the direct alkylation of 1 using
alkyloromides it was observed that the addition of Et3N significantly speeds up the
reaction and also slightly improves the selectivity (vide infra). However, at the same
time the addition of Et3N resulted in the formation of an additional sideproduct,
which had a molecular ion with an m/z of 226. On the basis of this result and the
observed fragmentation of this sideproduct the following structure was proposed
for it (cf. Figure 3.31).

Figure 3.31.: Structure of sideproduct IV in the direct alkylation with alkylbromides
when Et3;N is added.

In order to identify this sideproduct it was synthesised the same way as was 16
by performing the direct alkylation of 1 with 1-bromoethane and the main product
present in the resulting crude reaction mixture was used as reference for both GC
and GC/MS analysis (cf. Figure 3.32).

The comparison showed that the additional sideproduct indeed is the alkylated
benzylic amine with an ethyl group. Therefore, the proposed structure for side-
product IV (cf. Figure 3.31) is correct. It is proposed that the ethyl group originates
from Et3N since only when it was added was this sideproduct observed. Interest-
ingly, when BusN was used instead of EtsN, neither the formation of 17 nor the
formation of 9, i.e. the butylated product, was observed. It was expected that at
least some formation of 9 was observed. The reason could be the increased steric
hindrance at the nitrogen atom when the ethyl groups are replaced by butyl groups
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Figure 3.32.: Experiment to confirm the structure of sideproduct IV in the direct
alkylation of 1 using alkylbromides when Et;N is added.

but this needs to be investigated further. However, the reaction was accelerated
to the same extent compared to experiments using EtsN. This is a hint that the
formation of an alkylation product from the alkyl chain on the amine and the ob-
served acceleration of the reaction are independent from one another. In order to
study the formation of 17 further, several experiments were performed to test under
which conditions the formation of 17 is observed (cf. Figure 3.33).

| N [RhCl(cod)] , (0.05 eq.) @(
N/ TN Ag,CO3 (0.05 eq.) N/ NH
H degassed toluene N AN
140 °C, 16 h, under Ar |
=
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( ﬁ\/ \ [RhCI(cod)] , (0.05 eq.) (ﬁ\/
= Ag,CO3 (0.05 eq.) ~
AN N/\ 2C0O3 N NH
1 ® K,CO3 (35 eq.) 17
H Br- K degassed toluene
140 °C, 16 h, under Ar
(©-2eq) 14 % (conversion)
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N NH
17

1 ® K»CO3 (3.5 eq.)
H Cl- I\ degassed toluene
140 °C, 16 h, under Ar
(0.2 eq.)
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Figure 3.33.: Experiments to investigate the formation of 17 in the direct alkyla-
tion of 1 using alkyloromides when Et;N is added. The conversion
is determined relative to dodecane as internal standard assuming a
conversion factor of 1.

From the first scheme in Figure 3.33 it can be seen that the formation of 17 is not
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observed in the absence of 1-bromohexane. Therefore, it was hypothesised that
EtsN undergoes nucleophilic attack at the alkylbromide to form the corresponding
quaternary ammonium salt which then reacts with 1 under the reaction conditions
to form 17. On the basis of this result, it was tested whether the formation of 17 was
observed again when tetraethylammonium salts were used instead of Et3N in the
absence of 1-bromohexane (cf. Figure 3.33, second and third schemes). Under
these conditions 17 was observed again supporting the established hypothesis.
It should be noted that the presence of bromide is not required since the use of
tetraethylammonium chloride resulted in the formation of the same amount of 17
compared to the experiment when tetraethylammonium bromide was used. There-
fore, the formation of sideproduct 17 is rationalised on the basis of the following
reaction course (cf. Figure 3.34).

X
L, oS S
o N L »
SN BI’/\/ /\N/\/R H > Ph N17NH + N NH
®
N e than s

Figure 3.34.: General reaction course rationalising the formation of sideproduct 17
in the direct alkylation of 1 using alkyloromides in the presence of
EtsN.

Under the reaction conditions EtzN reacts with the alkylbromide to form the cor-
responding quaternary ammonium salt which alkylates 1 to form sideproduct 17.
On the basis of the performed experiments, however, it is not fully clear whether
the formation of quaternary ammonium salts and their role as alkylating agents is
responsible for the significant increase in the reaction rate observed. This needs
to be studied in further experiments. In addition, the alkylation of 1 using quatern-
ary ammonium salts is potentially interesting both mechanistically and synthetic-
ally because the use of tetraalkylammonium salts as alkylation reagents in metal-
catalysed transformations has not been reported yet and therefore needs further
investigation.

3.2.2.5. Sideproduct Overview

To summarise, in the direct alkylation of 1 using 1-bromohexane to form 2 the
formation of several sideproducts in significant amounts is observed (cf. Figure
3.35). Therefore, the reaction conditions need to be optimised in order to achieve
higher selectivity for the formation of 2 especially with respect to the formation of
sideproducts 16 and 17 because they are potentially hard to separate from 2 by
means of flash chromatography.
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Figure 3.35.: Sideproducts observed in the direct C—H alkylation of 1 using 1-
bromohexane.

3.2.3. Optimisation of Reaction Conditions

There were two goals for the optimisation of the reaction conditions of direct C—H
alkylation of 1 using 1-bromohexane (cf. Figure 3.36). The first goal was to ac-
celerate the reaction in order to carry it out at lower temperatures. The second,
and even more important, goal was to increase the selectivity for the formation of
the main product 2 with respect to the sideproducts formed under the reaction con-
ditions (vide supra) in order to develop a synthetically useful transformation. The
primary goal in this regard was to increase selectivity with respect to the formation
of 16. All the screening results are given in the Appendix.

AN X
| n-but/\/ Br | Z
NH N NH

1 [RhCl(cod)], (0.05 eq.) 2 + sideproducts
H cocatalyst, base n-but

additives

under Ar

Figure 3.36.: Scheme of the screening experiments carried out to optimise the dir-
ect alkylation of 1 using 1-bromohexane.
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The first major improvement in the reaction rate was observed by the addition of
0.05 eq. Ag,CO4 to the reaction. Then the reaction was already finished after 16 h
at 160 °C (61 % of 2, overall selectivity' of 2.6) compared to finished after 24 h only
without the addition of Ag,CO3; (57 % of 2, overall selectivity of 4.1). However, the
selectivity decreased upon the addition of Ag,CO3. Unfortunately, when the tem-
perature was reduced to 150 °C selectivity especially with respect to 16 decreased
further (48 % of 2, overall selectivity of 1.5 after 24 h). However, using completely
dry K,CO3 improved the situation slightly (55 % of 2, overall selectivity of 2.2 after
24 h) again.

The second major improvement was the addition of Et;N to the reaction. Using
0.1 eq. of Et3N resulted in the reaction being already finished after 16 h at 150 °C
(57 % of 2, overall selectivity of 3.1) and also the selectivity was improved even
though the formation of 17 was now observed as well. It was decided to reduce the
reaction temperature to 140 °C and 0.2 eq. of Et3N turned out to be ideal (49 % of
2 with remaining 14 % of 1, overall selectivity of 2.6 after 16 h).

In further screenings at 140 °C different solvents and solvent mixtures were used.
The use of a mixture of toluene/dioxane 4:1 showed a slightly faster reaction (53 %
of 2 with remaining 4 % of 1, overall selectivity of 2.7 after 16 h). It was also tried to
add ligands to increase both the selectivity and the rate. The addition of 0.2 eq. cod
still using toluene as solvent showed significantly improved selectivity and slightly
higher reaction rate (56 % of 2 with remaining 7 % of 1, overall selectivity of 5.0
after 16 h).

Finally, the addition of secondary alcohols like cyclohexanol, cyclopentanol and
2-propanol gave very promising results with respect to the selectivity while lower-
ing the reaction rate significantly. The best and most promising result was obtained
with toluene/dioxane 4:1 as solvent and with the addition of 0.2 eq. cod and 1 eq.
of 2-propanol (32 % of 2 with remaining 41 % of 1, overall selectivity of 10.2 after
16 h). The selectivity was by far the best observed up to that point. In addition,
the selectivity with respect to the formation of 16 was over 100. Therefore, it was
thought that these conditions could easily be adapted slightly to reach full conver-
sion while still keeping a high selectivity. However, when the reaction was heated
for 24 h under the same conditions the selectivity significantly deteriorated (39 %
of 2 with remaining 26 % of 1, overall selectivity of 5.9). Running the reaction
for 72 h did not give full conversion but selectivity was even lower compared to
the best conditions without using 2-propanol (45 % of 2 with remaining 13 % of
1, overall selectivity of 3.6). Therefore, it was tried to increase the temperature to
150 °C (29 % of 2 with remaining 38 % of 1, overall selectivity of 11.2 after 16 h)
and 160 °C (31 % of 2 with remaining 36 % of 1, overall selectivity of 10.1 after
16 h). Interestingly, the reaction showed a very unusual dependence on the tem-
perature because the conversion was the same, the reaction rate was completely
unaffected. In addition, when it was tried to perform the reaction at 130 °C conver-

'Selectivity is defined as ratio of 2 and all other sideproducts formed.
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sion was actually increased but the selectivity was completely lost (35 % of 2 with
remaining 28 % of 1, overall selectivity of 1.7 after 16 h).

Unfortunately, in the course of this thesis the goal to achieve selective forma-
tion of 2 in the direct C—H alkylation of 1 using 1-bromohexane was therefore not
achieved. Further investigations are necessary to understand the role of secondary
alcohols in the reaction. The problems are that it is not understood why secondary
alochols improve the selectivity, why the reaction is selective up to a certain point
only and why the reaction shows a very uncommon temperature dependence in
the presence of 2-propanol.

3.3. Conclusions

To conclude, the direct C—H alkylation reactions of benzylic amines using either
alkenes or alkylbromides were investigated in detail. In the mechanistic and kinetic
studies performed it was focussed on the investigation and understanding of the
direct alkylation using alkenes.

First of all, in the direct C—H alkylation using alkenes a primary KIE was ob-
served at the benzylic C—H together with a reversible H—D exchange which was
higher than the total amount of products formed in the same experiments indicat-
ing that there are at least two distinct steps in which the corresponding C—H bonds
are broken. Crossover experiments revealed that the imines 10 and 11 are conver-
ted to the corresponding products of the reaction, respectively. On the basis of a
newly developed method the analysis of the kinetic time course of the ratio of al-
kylated imine 11 to product 2, which showed a decreasing monotony, revealed that
11 is formed before 2 indicating that the reaction proceeds over the corresponding
imines. The direct alkylation of a C(sp®)—H bond proceeds mechanistically via a
C(sp?)—H activation pathway.

Second of all, initial rate experiments of the direct C—H alkylation using alkenes
yielded the partial reaction orders with respect to all the starting materials. A formal
partial reaction order of 1 was observed with respect to K,CO4 at lower molar
loadings. Additional experiments revealed a significant initial rate increase when
K>,CO4 with adsorbed H,O was used and a dependence of the initial reaction rate
on the specific surface of the K,COj3 batch used. Furthermore, when K,CO5 was
removed from the reaction mixture after an initial reaction period by filtration the
reaction was shown to continue at an even higher rate showing that K,CO; is
only needed in the beginning of the reaction and using K,CO5 in catalytic amounts
resulted in the formation of less sideproducts but a significantly slower reaction and
a considerable induction period of the reaction was observed. A detailed kinetic
model was established explaining both the induction period with respect to K,CO4
and the partial reaction orders observed. It could be shown that K,CO5 is first
partially dissolved into the reaction mixture and then reacts irreversibly with the
catalyst precursor to form the catalytically active species. The apparent partial
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reaction order with respect to K,CO3; actually results from the induction period
observed when lower molar K,COg loadings are used.

Third of all, in the direct C—H alkylation using alkyloromides 3 additional side-
products were observed compared to the reaction using alkenes. Compound 14
was shown to be formed from the oxidative coupling reaction of 1 with toluene
which is formally a C(sp®)—H C(sp®)—H coupling, a reaction which is not very
common in literature by now. The formation of compounds 15 and 16 was shown
to be most probably correlated. The generation of a sideproduct like 16 has not
been reported by now in direct alkylations using alkylbromides and this reaction is
therefore of great mechanistic interest. Also the formation of 15 is, at least from
a mechanistic point of view, very interesting and needs further investigation. In
addition, when Et3N was added, the formation of 17 as additional sideproduct was
observed which was shown to originate from alkylation of 1 via the corresponding
quaternary ammonium salt formed in the reaction of Et;N and the alkylbromide.
The use of quaternary ammonium salts as alkylation agents in metal-catalysed
transformations is not known in literature either. In the screening experiments to
optimise the reaction conditions the reaction could be significantly accelerated by
the addition of both Ag,CO3 and Et;N. Selectivity was shown to be only signific-
antly increased at low conversion upon the addition of secondary alcohols, the best
result being obtained using 2-propanol. Selectivity was lost completely when the
reaction was carried out for longer times and, interestingly, increasing the temper-
ature did not increase conversion at all.

Overall, the general mechanistic outline for the direct alkylation using alkenes
was established and a detailed kinetic model explaining both the observed induc-
tion period with respect to K,CO5 and the kinetics of the catalytic cycle was de-
veloped. Several interesting sideproducts were identified in the direct alkylation
using alkylbromides opening the door for several potentially attractive follow-up
studies.
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4.1. General Methods

In general, unless noted otherwise, chemicals were purchased from commercial
suppliers and used without further purification. Compounds 133, 1a33, 1¢-h33,
12a33 and 12b33 were synthesised according to literature procedures. Cyc-
looctadiene rhodium chloride dimer [RhCl(cod)], was generally handled in a glove
box under argon. 1-Bromohexane was distilled under reduced pressure before
use. Dry and degassed toluene was purchased from commercial suppliers and
stored over molecular sieves in a glove box under argon. Other dry solvents were
obtained by passing pre-dried material through a cartridge containing activated
alumina (solvent dispensing system) and stored under nitrogen atmosphere until
usage. Degassing of liquids was performed by 3 successive freeze-pump-thaw
cycles.

Water contents of K,CO3 batches were determined by measuring the loss on
heating of the corresponding solids by heating a sample to about 200 °C under
medium vacuum (0.1 mbar) overnight assuming that only water was lost in the
process. The same procedure was followed to obtain dry K,CO5;. Amounts of
K>CO3 used in reactions were calculated assuming the solid to be completely dry,
unless noted otherwise.

Particle size distributions of K,CO5; batches were determined by laser diffraction
on a Malvern Mastersizer 2000 together with a Scirocco 2000 dry powder disper-
sion unit. Measurements were performed in 4-fold repetition and the reported result
is the average over all those 4 repetitions.

Nitrogen adsorption and desorption experiments of K,CO5 batches were per-
formed at 77 K on a Micromeritics ASAP 2020. Sample size was chosen to provide
at least 1 m? of total surface for the measurement. Degassing was performed at
room temperature for 5h directly before the adsorption and desorption measure-
ments. Specific surface areas were determined from the obtained adsorption iso-
therms by the standard BET method.

'H-NMR and '3C-NMR spectra were recorded on either a Bruker AC200 or a
Bruker Avance 400, chemical shifts are reported in ppm, using Me,Si as internal
standard. NMR Signals were assigned according to Figure 4.1 with different aro-
matic ring systems marked as a, b and c, respectively, and numbers without labels
assigned to the aliphatic molecule part.
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Figure 4.1.: NMR signal assignment scheme.

GC-MS was either performed on a Thermo Focus GC/ MS DSQ Il (quadrupole,
El+) with a BGB5 capillary column (30 m x 0.32mm, 1.0 um film, achiral) or on a
Thermo Trace 1300 GC/ MS ISQ LT (quadrupole, El+) with a TR-5 capillary column
(7m x 0.32mm, 0.25 um film, achiral).

GC measurements were either carried out on a Thermo Focus GC using a
BGB-5 capillary column (30m x 0.32mm, 1.0um film, achiral) with the follow-
ing oven temperature program: 100 °C (2min), 18°Cmin~', 280°C (5min) or on
a Thermo Trace 1310 GC using a TR-5 MS capillary column (15m x 0.25mm,
1.0 um film, achiral) with the following oven temperature program: 65 °C (0.85 min),
125°Cmin~! to 70°C, 100°Cmin~' to 115°C, 80 °C min~' to 175°C, 50 °C min~"
to 195°C, 20°C min~! to 205 °C, 50 °C min~" to 300 °C. GC yields were calculated
by using the conversion factor of the corresponding compound relative to dodecane
as internal standard, which was determined by calibration.

For TLC aluminium backed silica gel 60 with fluorescence indicator F254 was
used. Column chromatography was performed on Silica 60 from Merck (40 um-—
63 um) unless noted otherwise. Flash chromatography, unless noted otherwise,
was carried out on a Biichi Sepacore™ MPLC system.

Melting points were determined on an automated melting point system (BUCHI
Melting Point B-545) and are uncorrected.

IR measurements for quantification were carried out on a PerkinElmer Spec-
trum 400 in transmission mode using a ZnSe cuvette. ATR-IR measurements for
characterisation were carried out on a PerkinElmer Spectrum 65. IR spectra were
recorded as average over 16 spectra, the resolution of the recorded spectra was
4cm1,

High-resolution mass spectrometry (HRMS) for literature-unknown compounds
was performed by liquid chromatography in combination with hybrid ion trap and
high-resolution time-of-flight mass spectrometry (LC-IT-TOF-MS) in only positive-
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ion detection mode with the recording of standard (MS) and tandem (MS/MS) spec-
tra.

Karl Fischer titrations were carried out on a Mitsubishi CA-21 Moisture Meter
using a stirring speed of 5.

4.2. General Procedures

4.2.1. General procedure | for C—H activation reactions

Solid and non-volatile liquid starting materials were placed in an oven-dried 8 ml
vial with a septum screw cap and a magnetic stirring bar. The vial was evacuated
and flushed with argon three times. Liquid starting materials and solvent were
added via syringe through septum. Finally, the vial was closed with a fully covered
solid Teflon-lined cap. The reaction mixture was heated in a reaction block at the
desired temperature for the desired reaction time.

4.2.2. General procedure Il for C—H activation reactions

Solid and non-volatile liquid starting materials except catalyst were placed in an
oven-dried 8 ml vial with a fully covered solid Teflon-lined cap and a magnetic stir-
ring bar under ambient atmosphere. The vial was transferred into a glove-box
under argon. Catalyst, liquid starting materials and solvent were added inside the
glove-box. Finally, the vial was closed and the reaction mixture was heated in a
reaction block at the desired temperature for the desired reaction time.

4.2.3. General work-up procedure for C—H activation reactions

After cooling the reaction mixture to room temperature the solid material was re-
moved by filtration and washed with CH,Cl,. The combined organic filtrate was
concentrated in vacuo and the resulting crude residue was purified by flash column
chromatography (LP/EtOAc).

4.3. Synthetic Procedures

4.3.1. Substrate Scope - Alkenes

The experiments were performed on a 0.50 mmol scale with an initial concentration
of 0.25mol =" of 1 in the reaction mixture. K,CO5 with an adsorbed water content
of 2m%, a particle size median of 0.34 um and a specific BET surface of 0.4 m? g~
was used.
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4.3.1.1. Hex-1-ene

(L, = L, X, L,

NH

)\© n- but/\)\© n- but/\)\/\n but O O

The reaction was carried out according to general procedure | with 1 (100 mg,
0.50 mmol, 1 eq.), hex-1-ene (127 mg, 1.5mmol, 3 eq.), K,CO5 (209 mg, 1.5 mmol,
3 eq.) and [RhCl(cod)], (12mg, 0.025 mmol, 0.05 eq.) in dry and degassed toluene
(2ml). The reaction mixture was heated for 3h at 150°C. The general work-
up procedure for C—H activation reactions was followed (LP/EtOAc 99:1) and the
products 2 (61 %), 3 (9 %) and 4 (8 %) were isolated.

N-(1-phenylheptyl)-3-methylpyridin-2-amine (2) Colourless oil (87 mg, 61 %).
"H-NMR (CDCl3, 200 MHz): § = 0.85 (t, J = 6.9 Hz, 3 H, C[8]—H,), 1.11-1.50 (m
8 H, C[4 —7]—H,), 1.71-1.99 (m, 2 H, C[3]—H,), 2.10 (s, 3 H, C[7 a]—H3), 4.36 (d,
J=74Hz,1H,N[1]-H),523(q,J=7.2Hz, 1 H, C[2]—H), 6.45 (dd, J = 7.0, 5.1
Hz, 1 H, C[5a]—H), 7.12-7.43 (m, 6 H, C[5a]—H, C[2 —4b]—H), 7.95 (dd, J = 5.0,
1.5 Hz, 1H, C[6 a]—H) ppm. "3C-NMR (CDCl;, 50 MHz): § = 14.1 (g, C[8]), 17.1 (q,
C[7a]), 22.6 (t, C[7]), 26.3 (t, C[6]), 29.3 (t, C[5]), 31.8 (1, C[4]), 37.6 (1, C[3]), 54.7
(d, C[2]), 112.5 (s, C[3a]), 116.2 (s, C[3a]), 126.5 (d, C[2b]), 126.7 (d, C[4b]), 128.4
(d, C[3Db]), 136.8 (d, C[4a]), 144.6 (s, C[1b]), 145.5 (d, C[6a]), 156.1 (s, C[2a]) ppm.
HRMS: calculated for C19H»7N5 [M + H]* 283.2169; found 283.21783.

N-(tridecan-7-yl)-3-methylpyridin-2-amine (3) Colourless oil (12mg, 9%). "H-
NMR (CDCl3, 200 MHz): 8 = 0.86 (t, J = 6.8 Hz, 3 H, C[8]—H3), 1.11-1.70 (m, 20
H, C[3 —7]—H,), 2.05 (s, 3 H, C[7a]—H3), 3.82 (d, J = 8.0 Hz, 1 H, N[1]—H), 4.22
(m, 1 H, C[2]-H), 6.44 (dd, J = 7.0, 5.1 Hz, 1 H, C[5a]—H), 7.17 (dd, J = 7.0 Hz,
1.0 Hz, 1 H, C[4a]—H), 7.98 (dd, J = 5.0, 1.5 Hz, 1H, C[6a]—H) ppm. '3C-NMR
(CDCl3, 50MHz): 6 = 14.1 (q, C[8]), 17.1 (q, C[7a]), 22.6 (t, C[7]), 25.7 (t, C[6]),
29.5 (t, C[5]), 31.9 (t, C[4]), 35.2 (1, C[3]), 50.1 (d, C[2]), 111.7 (d, C[5a]), 115.9 (s,
C[3a]), 136.6 (d, C[4a]), 145.4 (d, C[6a]), 156.9 (s, C[2a]) ppm. HRMS: calculated
for C1gH3s5N, [M + H]* 291.2795; found 291.2786.

N-Benzhydryl-3-methylpyridin-2-amine (4) Colourless oil (8 mg, 6 %). Analyt-
ical data was in accordance to literature reports.3® TH-NMR (CDCl3, 200 MHz): §
=213 (s, 3 H, C[7a]—Hy), 4.65 (d, J = 6.8 Hz, 1 H, N[1]—H), 6.49-6.53 (m, 2 H,
C[2]—H, C[5a]—H), 7.18-7.35 (m, 11 H, C[2 —4b]—H, C[4 a]—H), 7.95 (dd, J = 5.1,
1.4 Hz, 1 H, C[6a]—H) ppm.
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4.3.1.2. Styrene

(X, == O X

NH

T g A e

The reaction was carried out according to general procedure | with 1 (100 mg,
0.50mmol, 1eq.), styrene (157 mg, 1.5mmol, 3eq.), K,CO5 (209 mg, 1.5 mmol,
3 eq.) and [RhCl(cod)], (12mg, 0.025 mmol, 0.05 eq.) in dry and degassed toluene
(2ml). The reaction mixture was heated for 12h at 150 °C. The general work-up
procedure for C—H activation reactions was followed (LP/EtOAc 99:1) and impure
5 (58 %) was obtained because it was inseparable from 4 and 6, respectively.

N-(1,3-diphenylpropyl)-3-methylpyridin-2-amine (5) Colourless oil (89 mg,
58 %). GC purity: 88 %. 'H-NMR (CDCls, 200 MHz): § = 2.00 (s, 3 H, C[7 a]—Hj),
2.23(m,2H,C[3]—H,),2.69 (m,2H, C[4]—H,), 4.35(d,d=7.7 Hz, 1 H, N[1]—H),
5.36 (9, J = 7.2 Hz, 1 H, C[2]—H), 6.45 (dd, J = 5.1 Hz, 7.2 Hz, 1 H, C[5a]—H),
7.11-7.41 (m, 11 H, C[2 —4b]—H & C[2 —4c]—H & C[4 a]—H), 7.95 (dd, J = 5.0 Hz,
J = 1.5 Hz, 1 H, C[6a]—H) ppm. 3C-NMR (CDCl3, 50 MHz): § = 17.0 (g, C[7a)]),
32.8 (1, C[4]), 38.9 (t, C[3]), 54.6 (d, C[2]), 112.7 (d, C[5a]), 116.3 (s, C[3a]), 125.9
(d, Cl4c]), 126.6 (d, C[4b]), 127.0 (d, C[2b]), 128.4 (d, C[2c]), 128.4 (d, C[3b]),
128.6 (d, C[3c]), 136.8 (d, C[4a]), 142.1 (s, C[1c]), 144.1 (s, C[1b]), 145.6 (d,
C[6a]), 156.1 (s, C[2a]) ppm.

4.3.1.3. Cyclohexene
® @ ® B ®
1 /
oT Jo do oo

The reaction was carried out according to general procedure | with 1 (100 mg,
0.50mmol, 1eq.), cyclohexene (496 mg, 6.0mmol, 12eq.), K,CO5; (209 mg,
1.5mmol, 3eq.) and [RhCl(cod)], (12mg, 0.025mmol, 0.05eq.) in dry and de-
gassed toluene (2ml). The reaction mixture was heated for 24 h at 150°C. The
general work-up procedure for C—H activation reactions was followed (LP/EtOAc
99:1) and the products 7 (39%), 8 (3%) and 4 (7 %) together with unreacted 1
(32 %) were isolated.
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N-(cyclohexyl(phenyl)methyl)-3-methylpyridin-2-amine (7) Colourless solid
(55 mg, 39 %). mp = 107 °C—109°C "H-NMR (CDCl3, 200 MHz): § = 0.94-1.34 (m,
5 H, C[4 —8]—Hgg), 1.45-1.98 (m, 6 H, C[3 —8]—H,,), 2.12 (s, 3 H, C[7a]—Hj),
450 (d,J=8.2Hz,1 H,N[1]-H),5.18 (m, 1 H, C[2]—H), 6.42 (dd, J = 7.0, 5.1 Hz,
1 H, C[5a]—H), 7.11-7.35 (m, 6 H, C[4a]—H, C[2 —4b]—H), 7.92 (dd, J = 5.0, 1.5
Hz, 1H, C[6a]—H) ppm. '3C-NMR (CDCl;, 50 MHz): & = 17.1 (g, C[7a]), 26.3 (t,
Cl[6]), 26.4 (t, C[7]), 26.5 (t, C[5]), 29.5 (t, C[8]), 30.4 (1, C[4]), 44.1 (d, C[3]), 59.2
(d, C[2]), 112.4 (d, C[5a]), 116.0 (s, C[3a]), 126.5 (d, C[4b]), 127.1 (d, C[2b]), 128.1
(d, C[3b]), 136.7 (d, C[4a]), 143.4 (s, C[1b]), 145.6 (d, C[6a]), 156.4 (s, C[2a]) ppm.
HRMS: calculated for C4gHo5N, [M + H]* 281.2012; found 281.20186.

N-(dicyclohexylmethyl)-3-methylpyridin-2-amine (8) Colourless oil (4 mg,
3%). "H-NMR (CDCls, 200 MHz): & = 0.93-1.30 (m, 10 H, C[4 —8]—Hggq), 1.50-
1.78 (m, 12 H, C[3 —8]—H,,), 2.09 (s, 3 H, C[7a]—H3), 3.85 (d, J = 9.9 Hz, 1
H, N[1]—H), 4.13 (dt, J = 9.9, 6.4 Hz 1 H, C[2]—H), 6.41 (dd, J = 6.9, 5.1 Hz, 1
H, C[5a]—H), 7.17 (d, J = 6.9 Hz, 1 H, C[4a]—H), 7.94 (m, 1 H, C[6a]—H) ppm.
13C-NMR (CDCls, 50MHz): & = 17.2 (q, C[7a]), 26.5 (t, C[5], C[7]), 26.6 (t, C[6]),
28.1 (t, C[8]), 30.7 (t, C[4]), 39.9 (d, C[3]), 57.9 (d, C[2]), 111.3 (d, C[5a]), 115.1 (s,
C[3a]), 136.6 (d, C[4a]), 145.3 (d, C[6a]), 158.0 (s, C[2a]) ppm. HRMS: calculated
for C1gH31 Ny [M + H]* 287.2482; found 287.2486.

N-Benzhydryl-3-methylpyridin-2-amine (4) Colourless oil (9.6 mg, 7%). Ana-
lytical data was in accordance to literature reports33 and to previously reported
data (vide supra).

4.3.2. Synthesis of Imines
4.3.2.1. N-(3-methylpyridin-2-yl)-1-phenylmethanimine (10)

A procedure from literature® was followed to synthesise 10. The reaction
was carried out according to general procedure Il with benzaldehyde (1.0 ml,
9.81 mmol, 1.1 eq.), 2-amino-3-methylpyridine (973 mg, 9.00 mmol, 1 eq.) and mo-
lecular sieves 4 A (608 mg, 15 %[m/v]) in dry THF (4 ml). The reaction mixture was
heated overnight at 70 °C. After cooling the reaction mixture to room temperature it
was filtrated, washed with dry THF and concentrated in vacuo. The crude residue
was purified by Kugelrohr distillation (120 °C, 0.23 mbar). Yellowish oil (592 mg,
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33 %). Analytical data was in accordance to literature reports.8® 'H-NMR (CDClj,
200 MHz): 6 = 2.47 (s, 3 H, C[7a]—H3), 7.09 (dd, J = 7.4, 4.7 Hz, 1 H, C[5a]—H),
7.44-7.59 (m, 4 H, C[4 a]—H, C[3 —4b]—H), 7.98-8.06 (m, 2 H, C[2b]—H), 8.32 (m,
1 H, C[6a]—H), 9.09 (s, 1 H, C[2]—H) ppm.

4.3.2.2. 3-methyl-N-(1-phenylheptylidene)-2-pyridinamine (11)
S N
| N N Zn-but Q(N
10 | - 11 |
H)\© n-but” >

A procedure from literature8' was modified to synthesise 11. The reaction was
carried out according to general procedure Il with 10 (74 mg, 0.38 mmol, 1eq.),
hex-1-ene (158 mg, 1.9mmol, 5eq.), dry K,CO5 (155mg, 1.1 mmol, 3eq.) and
[RhCI(PPh3)5] (35mg, 0.038 mmol, 0.1eq.) in dry and degassed toluene (3 ml).
The reaction mixture was heated for 3h at 150 °C. The general work-up proced-
ure for C—H activation reactions was followed (LP/CH,Cl,/Et;N 97:2:1). Yellowish
oil (43mg, 41%). 'H-NMR (CD,Cl,, 200 MHz): § = 0.79 (t, J = 7.1 Hz, 3 H,
C[8]—Hs), 1.02-1.32 (m, 6 H, C[5 —7]—H,), 1.39-1.62 (m, 2 H, C[4]—H,), 2.13 (s,
3 H, C[7a]—H3), 2.63 (m, 2 H, C[3]—H,), 6.96 (dd, J =7.1,5.0 Hz, 1 H, C[5a]—H),
7.37-7.58 (m, 4 H, C[4 a]—H, C[3 —4b]—H), 7.92-8.08 (m, 2 H, C[2b]—H), 8.25 (d,
J = 4.2 Hz, 1 H, C[6a]—H) ppm. "3C-NMR (CD,Cl,, 100MHz): § = 14.3 (q, C[8]),
17.7 (q, C[7a)]), 22.9 (t, C[7]), 28.0 (1, C[6]), 29.8 (t, C[5]), 31.6 (t, C[4]), 31.7 (1,
C[3]), 119.5 (d, C[5a]), 124.1 (s, C[3a]), 128.3 (d, C[3b]), 128.9 (d, C[2b]), 131.1 (d,
C[4b]), 138.5 (d, C[4a]), 138.9 (s, C[1b]), 146.5 (d, C[6a]), 162.6 (s, C[2a]), 171.41
(s, C[2]) ppm. HRMS: calculated for C1gHo5N, [M + H]* 281.2012; found 281.2002.
IR (ATR): v_y = 1635cm™".

4.3.3. Substrate Scope - Alkylbromides

K>,CO4 with an adsorbed water content of 2 m%, a particle size median of 0.34 ym
and a specific BET surface of 0.4m?g~! was used.

4.3.3.1. N-(1-phenylheptyl)-3-methylpyridin-2-amine (2)

» (X
= Br\/\n-but =

N NH - N”_"NH

1 2
H | = n-but
=
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The reaction was carried out according to general procedure Il with 1 (24.8 mg,
0.125mmol, 1eq.), 1-bromohexane (61.9mg, 0.375mmol, 3eq.), K,CO5 (78 mg,
0.56 mmol, 4.5eq.) and [RhCl(cod)], (3mg, 0.00625mmol, 0.05eq.) in dry and
degassed toluene (1 ml). The reaction mixture was heated for 22 h at 160 °C. The
general work-up procedure for C—H activation reactions was followed (LP/EtOAc
99:1). Sideproduct 16 could not be separated from 2. Colourless oil (18 mg, 50 %).
GC purity: 89%. Analytical data was otherwise in accordance to what was men-
tioned earlier for 2.

4.3.3.2. 3-methyl-N-(1-phenylpentyl)pyridin-2-amine (9)

The reaction was carried out according to general procedure | with 1 (100 mg,
0.50mmol, 1eq.), 1-bromobutane (206 mg, 1.50 mmol, 3eq.), K,CO5 (208 mg,
1.50 mmol, 3eq.) and [RhCl(cod)], (12mg, 0.025mmol, 0.05eq.) in dry toluene
(2ml). The reaction mixture was heated for 24 h at 160 °C. The general work-up
procedure for C—H activation reactions was followed (LP/EtOAc 99:1). The side-
product with an n-propyl instead of an n-butyl group could not be separated from
9. Colourless oil (64 mg, 50%). GC purity: 76 %. 'H-NMR (CDCl;, 200 MHz): &
=0.87 (t, J = 6.7 Hz, 3 H, C[6]—Hj3), 1.16-1.49 (m, 4 H, C[4 —5]—H,), 1.71-1.99
(m, 2 H, C[3]—H,), 2.10 (s, 3 H, C[7a]—H3), 4.37 (d, J = 7.5 Hz, 1 H, N[1]—H),
5.23(9,J=7.4Hz,1H, C[2]-H), 6.45(dd, J=7.1,5.1 Hz, 1 H, C[5a]—H), 7.15-
7.39 (m, 6 H, C[4a]—H, C[2 —4b]—H), 7.95 (dd, J = 5.1, 1.4 Hz, 1H, C[6a]—H)
ppm. '3C-NMR (CDCl;, 50 MHz): & = 14.0 (q, C[6]), 17.1 (g, C[7a]), 22.7 (t, C[5]),
28.5 (t, C[4]), 37.3 (t, C[3]), 54.6 (d, C[2]), 112.5 (d, C[5a]), 116.1 (s, C[3a]), 126.5
(d, C[2b]), 126.7 (d, C[4b]), 128.4 (d, C[3b]), 136.7 (d, C[4a]), 144.6 (s, C[1Db]),
145.6 (d, C[6a]), 156.2 (s, C[2a]) ppm. HRMS: calculated for C17Ho3N, [M + H]*
255.1856; found 255.1853.

4.3.4. Synthesis of Sideproduct 1
4.3.4.1. N-(1,2-diphenylethyl)-3-methylpyridin-2-amine (14)

> ) C
B B:N
ph™ © N” “NH
— 14

NH

N
13
Ph
HJ\/ Ph Ph
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A procedure from literature3® was modified to synthesise 14. The reaction
was carried out according to general procedure | with 13 (74.9 mg, 0.353 mmol,
1eq.), 2-phenyl-1,3,2-dioxaborinane (85.3 mg, 0.527 mmol, 1.5eq.) and Ru3;CO;,
(11.3mg, 0.0173mmol, 0.05eq.) in dry pinacolone (0.35ml). The reaction
mixture was heated overnight at 150°C. Then, additional Ru;CO4, (13.0mg,
0.0199 mmol, 0.058 eq.) was added and the reaction mixture was heated for 3
days at 140 °C. The general work-up procedure for C—H activation reactions was
followed (LP/EtOAc 99:1 to 98:2). Brownish oil (32 mg, 31 %). Analytical data was
in accordance to literature reports.®® "H-NMR (CDCl,, 200 MHz): § = 2.03 (s, 3 H,
C[7a]—H3), 3.19 (d, J = 6.7 Hz, 2 H, C[3]—H,), 4.45 (d, J =6.7 Hz, 1 H, N[1]—H),
5.52 (d, J = 6.7 Hz, 1 H, C[2]—H), 7.03-7.09 (m, 2 H, C[2¢c]—H), 7.13-7.33 (m,
9 H, C[3 —4c]—H, C[2 —4b]—H, C[5a]—H), 7.94 (m, 1 H, C[6 a]) ppm.

4.4. Screening Experiments

4.4.1. General Procedure

AN X

Br
CL e~ X
N NH id duct

1 [RhCI(cod)] (0.05 eq.) 2 + sideproducts
H cocatalyst, base n_but/\

additives

under Ar

All experiments were carried out according to general procedure Il for C—H
activations. In all experiments, the concentration of 1 was 0.125moll-! and of
[RhCl(cod)], was 0.006 25 mol |- at the beginning. The reaction mixtures were
stirred with 900 rpm on a Heidolph MR Hei-Standard magnetic stirrer. Quantific-
ations were performed by means of GC analysis of the crude reaction mixtures
using dodecane as internal standard which was added after stopping the reaction.
All results are found in the Appendices.

4.4.2. Isolation of Sideproduct 2
4.4.2.1. N-benzyl-N-(3-methylpyridin-2-yl)heptanamide (15)

(X S
N N 15
O
In order to isolate compound 15 several reaction mixtures from the screening
experiments were pooled and worked up together. The general work-up procedure
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for C—H activation reactions was followed (LP/EtOAc 99:1 to 89:11 until 15 eluted).
Yellow oil. The numbering of the aliphatic chain in 15 for the assignment of NMR-
signals was inverted compared to Figure 4.1. "TH-NMR (CDCl;, 400 MHz): § = 0.88
(t, J = 6.9 Hz, 3H, C[9]—Hj3), 1.17-1.38 (m, 6H, C[8]—H,, C[7]—H,, C[6]—H,),
1.66 (m, 2H, C[5]—H,), 1.88-2.11 (m, 5H, C[4]—H,, C[7 a]-H3), 4.70 (d, J = 14 Hz,
1H, C[1]—H,), 5.21 (d, J = 14 Hz, 1H, C[1]—H,), 7.22-7.34 (m, 6H, C[5a]—H,
C[2 —4b]—H), 7.59 (d, J = 7.3 Hz, 1H, C[4 a]—H), 8.47 (d, J = 3.8 Hz, 1H, C[6 a]—H)
ppm. '8C-NMR (CDCl;, 100 MHz): & = 14.02 (q, C[9]), 17.06 (q, C[7a]), 22.43 (t,
C[8]), 25.06 (t, C[7]), 28.97 (t, C[6]), 31.50 (t, C[5]), 34.34 (1, C[4]), 51.24 (d, C[1]),
123.37 (d, C[5a]), 127.35 (d, C[4b]), 128.26 (d, C[2b]), 129.25 (d, C[3b]), 131.70
(s, C[3a]), 137.13 (s, C[1Db]), 140.04 (d, C[4a]), 147.62 (d, C[6a]), 153.97 (s, C[2a]),
172.71 (s, C[3]) ppm. HRMS: calculated for C5oHy7N,O [M + H]* 311.2118; found
311.2103.

4.5. Kinetic Experiments

All data points are found in the Appendices.

4.5.1. General Procedure

All experiments were performed in oven-dried 8 ml vials with a fully covered solid
Teflon-lined cap and a magnetic stirring bar, unless noted otherwise. Unless stated
otherwise, the reaction mixtures were heated in a pre-heated aluminium reaction
block (150 °C) and the highest possible stirring rate (1400 rpm) on a Heidolph MR
Hei-Standard was used. Time measurement was started immediately after placing
the vials in the aluminium block. Unless noted otherwise, quantifications were per-
formed by means of GC analysis of the crude reaction mixtures using dodecane
as internal standard and based on calibration curves for compounds 1, 2, 3 and 4,
respectively, to determine their concentrations. Each kinetic experiment was per-
formed in triplicate unless noted otherwise. GC measurements for quantifications
were also performed in triplicate and the result for one sample was calculated as
average over those 3 measurements and the corresponding error was calculated
as standard deviation over those experiments. Given values are therefore aver-
ages over three experiments and the corresponding error is the standard deviation
over those experiments.

General procedure Il for C—H activations was followed. Unless noted otherwise,
K,CO4 with an adsorbed water content of 15 m%, a particle size median of 0.95 ym
and a specific BET surface of 0.8 m? g~! was used. For every individual experiment
K>,CO4 was placed in the vial. The vial was then transferred into a glove-box under
argon. Cyclooctadiene rhodium chloride dimer (0.0313 mol I~ solution), benzylic
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amine derivative (0.625moll~' solution), hex-1-ene (1.88 moll-! solution) and 1-
bromohexane (1.88 mol I~ solution) were added in solutions inside the glove-box
and toluene as pure solvent was also added inside the glove-box. Reactions were
stopped by immediately cooling them down to room temperature in a water bath.

Concentrations given for K,CO4 are not really concentrations since it is not com-
pletely dissolved in the reaction mixture. They can be viewed as molar loading with
respect to the total reaction volume. In order to estimate the total reaction volume
the volumes of all solutions and the pure solvent were assumed to be additive.

4.5.2. Kinetic Profiles

4.5.2.1. Kinetic Profile Comparison

X X (I X
[RhCl(cod)], (0.05 eq.)
i +nebut” S

N NH

3 K,CO3 (3 eq.)
FKK@ G gegassedtoluene  nput n- but/\/k/\n but
150 °C, under Ar
1
B ®
— Br [RhCl(cod)], (0.05 eq.) =~
N NH + n-but/\/ + N NH
3eq. K,CO3 (3 eq.
H @ ea) degassed toluene  n-put””
1 150 °C, under Ar 2

All experiments were performed according to the general procedure for kinetic
experiments.

4.5.2.2. Kinetic Profile using Alkenes with K,CO; in Catalytic Amounts

X X, Cf L
g t/\ [RhCl(cod)], (0.05 eq.)

N NH + n-bu
(3eq. K»CO3 (0.1 eq.) )\/\
H internal standard n-but n- but/\ n-but
degassed toluene
1 150 °C, under Ar

This experiment was performed according to the general procedure for kinetic
experiments. K,CO3 with an adsorbed water content of 2m%, a particle size me-
dian of 0.34 um and a specific BET surface of 0.4 m? g~! was used. Dodecane was
added as internal standard during the reaction. In order to take samples the vial
was opened inside a glove-box after stopping the reaction. The vial was closed
again and the reaction was continued after taking each sample until the reaction
did not proceed further.
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4.5.3. Kinetic Model - Alkene Alkylation

) 4 §
| P [RhCI(cod)], = NG

N~ NH ot Y —————— N” "NH +
n-but KaCOs /l\/\
H AN degassed toluene  _pyt n-but/\ n-but
| 150 °C, under Ar
1 2

All experiments were performed according to the general procedure for kinetic
experiments. All data points are found in the Appendices.

4.5.4. KIE Studies

All experiments were performed according to the general procedure for kinetic ex-
periments.

4.5.4.1. KIE of Benzylic C—H

“ ~
P +n but/\ [RhCl(cod)], (0.05 eq.) N N

N NH - NH + NH
(3eq.) K2,CO3 (3 eq.) /\/}\/\
D degZassgd toluene n.but/\ n-but n-but
D 150 °C, under Ar D/H D/H
la 2 3

The experiments were performed both with K,CO5 having an adsorbed water
content of 15m%, a particle size median of 0.95 um and a specific BET surface of
0.8m?g~! and with K,COj having an adsorbed water content of 2m%, a particle
size median of 0.34 um and a specific BET surface of 0.4m?g~'. The deuterium
content in the remaining unreacted starting material was determined by "H-NMR
analysis of the crude residue after filtration of the reaction mixture and evaporation
of the solvent.

4.5.4.2. KIE of N—H

[ C( q
d_ b ] . [RnCi(cod)l 0.05 eq)
(3eq.) KoCO3 (3 eq.) W
H)\© degassed toluene .t~ n-but n-but
, under Ar
1b

Compound 1b was obtained by dissolving 1 in MeOD (c = 0.21 moll-') under
an inert atmosphere of argon and letting the resulting solution stand for 1 h. The
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solvent was removed in vacuo and the deuterated compound 1b was obtained with
a typical deuterium content of 95%. IR (Transmission): v= 2559 cm™".

K>CO3; with 2m% adsorbed water, a particle size median of 0.34 pm and a spe-
cific BET surface of 0.4 m?g~" was used. The deuterium content in the unreacted
starting material was determined by IR analysis of the reaction mixture based on
calibration curves for the N-H (3453 cm~1) and the N-D (2559 cm~") bands of 1 and
1b, respectively.

4.5.5. Electronic Influence on Benzylic Amines

X X
| pz PN [RhCl(cod)], (0.05 eq.) =

N~ “NH + n-but N° NH

(3eq) K2CO3 (3 eq.)
H degassed toluene n-but
150 °C, under Ar
1c-h % 2c-h Y

Compound Y

1c OMe
1d Me
1e F

1f Cl
19 CO,Me
1h CF4

All experiments were performed according to the general procedure for kinetic
experiments. However, quantification of the reaction products was performed by
"H-NMR analysis (400 MHz) of the crude residue in CDCl5 after filtration of the
reaction mixture and evaporation of the solvent with respect to DMSO as internal
standard. In addition, for derivates 1g and 1h (Y = CO,Me and CFj, respectively)
the solubility in toluene was not high enough to prepare stock solutions with the
same concentration as used for all other derivates so these compounds were dir-
ectly weighed as solids.

4.5.6. Temperature Dependence of the Initial Rate

) cr o x,
| ~ t/\ [RhCl(cod)], (0.05 eq.)

N NH + n-bu

3 eq. K,CO3 (3 eq.)
H)\© e degassed toluene  p. but/\)\© n- but/\)\/\n but

under Ar

72



4. Experimental

All experiments were performed according to the general procedure for kinetic
experiments. However, reaction mixtures were placed in a pre-heated oil bath at
the desired temperature in order to control the temperature of the reaction mix-
ture more precisely. In addition, reaction mixtures were only stirred moderately
(375 rpm, Heidolph MR Hei-Standard) in order to provide for proper stirring inside
the oil bath as well.

4.5.7. Induction Time Studies

Experiments were performed according to the general procedure for kinetic exper-
iments. K,CO5; with an adsorbed water content of 2m%, a particle size median
of 0.34um and a specific BET surface of 0.4m?g~! was used. Dodecane was
added as internal standard during the reaction. In order to take samples the vial
was opened inside a glove-box after stopping the reaction. The vial was closed
again and the reaction was continued after taking each sample. Filtrations were
performed using syringe filters with a pore size of 0.2 um.

1.1(1eq)
hex-1-ene (3 eq.)

degassed toluene
internal standard
150 °C, under Ar

[RhCl(cod)], + K,COs3 _1omn_

(0.05eq.) (3ea) 2. f||trat|0n
3. 150 °C, under Ar  n-but n- but/\)\/\n but

In the first experiment [RhCl(cod)],, K,CO3, hex-1-ene and 1 with dodecane as
internal standard were reacted for 10 min at 150 °C. After stopping the reaction
the vial was transferred into a glove-box and the reaction mixture was filtrated into
another vial charged with a stirring bar. The solid residue in the first vial was
washed two times with 0.5ml toluene and 1 (1 eq.) and hex-1-ene (3 eq.) with
dodecane as internal standard were added. Both vials were heated again to 150 °C
to restart the reaction. Additional samples of both reaction mixtures were taken.

1. degassed toluene
internal standard
150 °C, under Ar

[RhCl(cod)], + KoCOg3 _tomin
(0.05eq.) (3eq) 2 fiwation
3.1(leq) n-but n- but/\)\/\n but
hex-1-ene (3 eq.)
150 °C, under Ar

In the second experiment [RhCl(cod)], and K,CO3 were reacted for 10 min at
150°C. After stopping the reaction the vial was transferred into a glove-box. 1
(1 eq.), hex-1-ene (3 eq.) and dodecane as internal standard were added to the
reaction mixture before filtration. The reaction mixture was filtrated into another
vial charged with a stirring bar. The vial containing the filtrate was heated again
to 150 °C to restart the reaction. Additional samples of the reaction mixture were
taken.

73



4. Experimental

1.1(1eq)

degassed toluene

internal standard

150 °C, under A
[RhCl(cod)], + K,COs under Ar

_ 10min
(0.05eq) @Bed) 3 figaion )\/\
3. hex-l-ene (3eq)  Nh-but n- but/\ n-but
150 °C, under Ar

In the third experiment [RhCl(cod)],, K,CO5 and 1 with dodecane as internal
standard were reacted for 10 min at 150 °C. After stopping the reaction the vial was
transferred into a glove-box. Hex-1-ene (3 eq.) was added to the reaction mixture
before filtration. The reaction mixture was filtrated into another vial charged with a
stirring bar. The vial containing the filtrate was heated again to 150 °C to restart
the reaction. Additional samples of the reaction mixture were taken.

1. hex-1-ene (3 eq.)

degassed toluene

internal standard

150 °C, under Ar
[RhC|(COd)]2 + K2CO3

10 min

(0.05 eq.) (3ea) 2 filtration
3.1(1eq) n-but n- but/\)\/\n but
150 °C, under Ar

In the fourth experiment [RhCl(cod)],, K,CO5 and hex-1-ene were reacted for
10min at 150 °C. After stopping the reaction the vial was transferred into a glove-
box. 1 (1 eq.) and dodecane as internal standard were added to the reaction
mixture before filtration. The reaction mixture was filtrated into another vial charged
with a stirring bar. The vial containing the filtrate was heated again to 150°C to
restart the reaction. Additional samples of the reaction mixture were taken.

4.6. Mechanistic Experiments

4.6.1. General Procedure

Unless noted otherwise, general procedure Il for C—H activations was followed.
Quantifications were performed by means of GC analysis of the crude reaction
mixtures using dodecane as internal standard which was added after stopping the
reaction. In all experiments 1 eq. was equal to a concentration of 0.125mol =" in
the reaction mixture, unless noted otherwise.

4.6.2. Sideproduct Experiment - Alkene

The experiment was performed on a 0.0625 mmol scale. K,CO5 with an adsorbed
water content of 15m%, a particle size median of 0.95um and a specific BET
surface of 0.8 m?g~! was used.
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4. Experimental

(j\/ | = [RhCl(cod)], (0.05 eq.) | —
H

4 + NN N\/(NH
N NH K,CO3 (3 eq.)
degassed toluene N
3 n-but ] A 4 150 °C, under Ar, 24h  "BUt /2K©
=
(0.5€eq.) (0.5 eq.)

Product Amounts
1 2 3 4

<01% 1% 46% 42%

n-but

4.6.3. Substrate Scope - Tertiary Amines

RN ~

N N . but/\ [RhCl(cod)], (0.05 eq.) = -

N N
(3eq.) K>CO3 (3 eq.)
H degassed toluene  n-put
150 °C, under Ar
12a

product not observed

| ~ | ~
= [RhCl(cod)], (0.05 eq.) i~
N~ 'N + nobut” X 2 N~ °N
(3eq.) K,CO3 (3 eq.)
H degassed toluene n-but

150 °C, under Ar

product not observed

The experiments were performed on a 0.125mmol scale. K,CO5 with an ad-
sorbed water content of 2m%, a particle size median of 0.34 um and a specific
BET surface of 0.4m?g~" was used. In both experiments no conversion to any
new product was observed neither after 3 nor after 24 h based on GC, GC/MS and
TLC analysis.

4.6.4. Imine Experiments

The experiments were performed on a 0.0625 mmol scale. K,CO5 with an ad-
sorbed water content of 2m%, a particle size median of 0.34 um and a specific
BET surface of 0.4 m?g~! was used.
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| = [RhCl(cod)], (0.05 eq.) | g ~ Z

N" N + nbut” N” NH . NN . N "NH
(3eq.) K>CO3 (3 eq.)
H degassed toluene H n-but n-but
150 °C, 2 h, under Ar
10 1 11 2

Product Amounts - Experiment 1
10 1 11 2

25%23 39%P 19%a  0.29%P°

4Based on GC analysis with dodecane as internal standard assuming a conversion factor of 1.
bGC yield.

AN
| X X
Z | |
N NH Pz =
1d N~ "NH N N~ “NH
H 2d /\y\/\
(1 eq) n-but n-but n-but
[RhCl(cod)], (0.05 eq.)
n-but”
RN (3eq.) K2CO3 (3 eq.) AN
| degassed toluene |
7 150 °C, 3 h, under Ar —
N N

N NH
10 2
H n-but
(0.05eq.)

Product Amounts - Experiment 2
10 1d 2d 2 3

<0.1%2 3% 95%2 5%P 6%°

4Based on GC analysis with dodecane as internal standard assuming a conversion factor of 1.
bGC yield.
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4. Experimental

(L (L (L

N NH N NH

1d 2d + N 3 NH
H)\©\ n-but/\/K©\ n—but/\)\/\n—but
(1eq)

[RhCl(cod)], (0.05 eq.)
n-but” X
= Beq) K2COs (3 eq.) X \
degassed toluene
150 °C, 3 h, under Ar

N 1 N N NH . N 4 NH
n—bUt/\)‘\© n-but/\)\(j
(0.05 eq.) 2

Product Amounts - Experiment 3
11 1d 2d 2 3 4

<0.1%2 4%2 99%2 2%P 6%P 19%P

4Based on GC analysis with dodecane as internal standard assuming a conversion factor of 1.
bGC yield.

4.6.5. K,CO; in Catalytic Amounts
) cxoocx, X
| P sy [RICIcod)lz (005 eq)
H)\© (@ea) dzégsosge(dotélﬁgr?e n- but/\/K© “ n- but/\)\/\n but
1 150 °C, under Ar, 24 h

full consumption 76% 6% 8%

The experiment was performed on a 0.125 mmol scale. K,CO4 with an adsorbed
water content of 2 m%, a particle size median of 0.34 um and a specific BET surface

of 0.4m?g~" was used.

4.6.6. Sideproduct Experiments - Alkylbromide

All experiments were carried out according to general procedure Il for C—H activ-
ations. Experiments were performed on a 0.0625 mmol scale. In all experiments,
the concentration of 1 was 0.125molI~! and of [RhCl(cod)], was 0.006 25 mol I
at the beginning. Quantifications were performed by means of GC analysis of the
crude reaction mixtures using dodecane as internal standard which was added
after stopping the reaction. Mass spectra of the reaction products were obtained

by GC/MS analysis of the crude reaction mixtures.
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4. Experimental

4.6.6.1. Sideproduct| (14)

( Y [RhCl(cod)] » (0.05 eq.) | _
NP NH . ~_Br _A92C0s (0.05 eq.) N~ "NH
1d n-but K,COj3 (3.5 eq.)
(3.0eq.) degassed toluene
H 150 °C, 24 h, under Ar Il4d O
| X
| = [RhCl(cod)] 7 (0.05 eq.) N NH
N/ NH . /\/Br Ag,CO3 (0.05 eq.) D
1 n-but KoCOs (3.5 €q) D Ph
(3.0eq.) degassed dg-toluene
H 150 °C, 24 h,gunder Ar D D
D D
D
d;-14
4.6.6.2. Sideproduct Il (15)
| o~ [RhCi(cod)] > (005 ea) ] A O

g7 Ag,CO3 (0.05 eq.) - M
N TNH + paput” S B NN
2"°CO3 (3.5 €q.) 15
H (3.0eq) degassed toluene
150 °C, under Ar, 24 h

4.6.6.3. Sideproduct Il (16)

| = [RhCI(cod)] 5 (0.05 eq.) | S | =

Ag,CO3 (0.05 eq.) = —
N NH 4 poprop B —— N g NH + N7 NH

1 K,CO3 (35 eq)
(3.0eq.) degassed toluene _ ST
H 160 °C, under ar " "PTOP

4.6.6.4. Sideproduct IV (17)

| [RhCI(cod)] » (0.05 eq.) | N
N NH ~_ Br Ag,COg3 (0.05 eq.) =
+

N NH
1 K,CO3 (3.5 €eq.) 17
H (3.0eq.) degassed toluene
160 °C, under Ar

78



4. Experimental

NN
<

(0.2 eq.)

NI
Br- K
(0.2 eq.)

RPNEN

cr® .

(0.2 eq.)

[RhCl(cod)] , (0.05 eq.) | A
Ag,CO3 (0.05 eq. =
g2CO0;3 ( eq.) N NH
K,CO3 (3.5 eq.) 7

degassed toluene
140 °C, 16 h, under Ar

J

not observed

[RhCl(cod)] , (0.05 eq.) |
Ag,CO3 (0.05 eq.)

K,CO3 (3.5 eq.) 17
degassed toluene
140 °C, 16 h, under Ar

;Z\/
2
I

14 % (conversion)

[RhCl(cod)] , (0.05 eq.) |
Ag,CO3 (0.05 eq.)

K,CO3 (3.5 eq.) 17
degassed toluene
140 °C, 16 h, under Ar

;Z\/
2
I

14 % (conversion)
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5. Data Evaluation and Mathematical
Derivations

The following Chapter contains the evaluations of the experimental results and
mathematical derivations for new methods that were applied in the course of this
thesis and for the proposed kinetic model. The document structure is the same
as in Chapter 3 in order to make it simpler to find the corresponding evaluations
and calculations. However, in order to keep this Chapter concise the respective
schemes of all the experiments are not given again.

5.1. General Remarks

Errors given for regression parameters are standard errors and not standard de-
viations. Numbers are rounded to the last given digit. Errors given for derived
parameters are determined using error propagation.

5.2. Direct Alkylations using Alkenes

5.2.1. Investigations into the Mechanistic Outline
5.2.1.1. KIE Studies

Correction for H-D exchange during the reaction In this section the method
used to correct the KIE determined by the initial rates of a reaction with both unla-
belled and isotopically labelled starting materials is derived. First all the parameters
used in the derivation are defined.

ry ... Initial rate of the reaction with unlabelled (H) starting material [moll s~

rp ... Initial rate of the reaction with isotopically labelled (D) starting material
[moll ~1s~1]

rops - Observed initial rate with mixture of isotopically labelled and unlabelled
starting materials [moll ~1s~!]

xy ... Mole fraction of unlabelled starting material in the reaction mixture

Xy --- Mole fraction of unlabelled starting material at the effective reaction start
time
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xye --- Mole fraction of unlabelled starting material at the effective reaction end
time

xp ... Mole fraction of isotopically labelled starting material in the reaction mixture

t ... Reaction time [s]

t, ... Effective start time of the reaction [s]

t. ... Effective end time of the reaction [s]

cops -~ Observed concentration of reaction product in the experiment [moll ~!]

The general simplified approach is that the change of product concentration over
time is a linear combination of product formed from unlabelled starting material
and product formed from isotopically labelled starting material. If the correspond-
ing rates for both unlabelled starting material and labelled starting material are
assumed to be time-independent the reaction is assumed to be in a period of con-
stant reaction rate i.e. the initial reaction period. In a general approach, however,
the rates have to be assumed to be functions of time.

dcops = T’HXH(t)dt + I”DXD(t)dt (5.1)

The following equation is assumed in order to eliminate one of the two mole frac-
tions.

xp(t) =1—xp(t) (5.2)
Equation 5.2 is substituted into Equation 5.1.

dcops = (VH — T’D)XH(i’)dt + rpdt (5.3)

Integration of Equation 5.3 yields Equations 5.4 and 5.5 assuming the reaction is
in the initial reaction period and the reaction rates are independent from time in
that reaction period (i.e. the reaction is in the initial reaction period showing linear
decrease and increase of starting materials and products, respectively).

te

Cobs = /(VH —rp)xu(t)dt +rp(te — tq) (5.4)
fa
o
Fope = 05— THTTD / xp ()t (5.5)
te - ta te - ta

ta

This general formula allows determination of the true initial rate of the reaction
with isotopically labelled starting material from the observed initial rate if the time
dependence of the mole fraction of unlabelled starting material over the course of
the reaction is known.

In an optimal case this time dependence can be measured directly with an in-situ
method. Integration can then be performed with the usually applied approximative
integration methods. However, when for any reason an in-situ method cannot be
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5. Data Evaluation and Mathematical Derivations

used either a lot of additional experiments have to be performed to determine the
time dependence of this mole fraction accurately or this time dependence needs to
be simplified in order to reduce the number of necessary experiments. The simplest
case would be to determine this mole fraction at the effective start of the reaction
and at the end of the reaction and assuming linear time dependence in between.
Besides being very simple this method also has the advantage that it is more likely
to overestimate the true initial rate of the reaction with isotopically labelled starting
material rather than underestimate it because the time dependence of the mole
fraction is more likely to have a negative curvature. So, corrected KIE values are
therefore estimated to be slightly lower by this method compared to KIE values
corrected with the true time dependence of the mole fraction. Keeping this in mind
is important to correctly interpret the obtained corrected KIE values.

In order to integrate Equation 5.5 a linear dependence of xy on time is assumed.
For this linear dependence x5 and xpe at the time points t; and te, respectively, are
known and therefore its analytical form can easily be derived by solving a system
of two linear equations. The corresponding solution is given in equation 5.6.

XHe — X XHate — Xpet
xH(t) _ I;Ie — tHat+ Hate — tHe a (56)
e a e a

From Equations 5.5 and 5.6 the integral can easily be determined and the equation
can be solved for the initial rate of only the isotopically labelled starting material (cf.
Equations 5.7-5.12).

YH — YD | XHe — XHa ;2 2 xHate - xHetu
= t, —t _—(t, — t 7
Tobs rp + t, — t, |:2(te_ta)( e a)+ te — t, (8 a)} (5 )
T — 1 1
Tobs = TD + iI__I _ tD [E(xHete - xHate + xHeta - xHata) + xHate - xHeta} (58)
e a
'H —TD
Tops = VD + m(xHete + XHate — XHela — xHﬂa) (59)
e a
'H —¥D
Tobs = 1D + z(t—_t)(xHe + Xpa) (te — ta) (5.10)
e a
Fops = rpte T tHa er ey (1 — Me T THa ;L XH“) (5.11)
XHe+XHqg
Tobs —TH— 5
= (5.12)
2

Equation 5.12 allows for an easy correction of the observed initial rate in an experi-
ment to determine the initial rate with isotopically labelled starting material in order
to determine a KIE when there is also a high degree of H-D exchange going on
during the reaction at a similar or even slightly higher rate.
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KIE of benzylic C—H From the data points at hand the KIE value of the ben-
zylic C—H bond using K,CO5; with an adsorbed water content of about 15 % was
determined to be 4.3 + 0.6 indicating a significantly slower reaction using the cor-
responding deuterated compound. Correcting this KIE for the H—D exchange dur-
ing the reaction assuming full deuteration before the start of the reaction a value
of 4.9+ 0.8 is obtained. Using K,CO5 with an adsorbed water content of only
about 2 % the KIE was 4.7 4 0.6, so basically the same showing that the KIE of the
benzylic C—H bond is independent of the adsorbed water content of K;CO5. The
corrected KIE would be 5.2 + 0.8, so even more alike.

KIE of N—H Since the H-content of 1 was determined by IR analysis from the
corresponding N—H and N—D stretching vibration bands the value could show a
deviation due to a different H-content in the product of the reaction because the
corresponding bands overlap. However, since in these experiments only about 5 %
of products were formed, the expected deviations in the H-content of 1 in a worst
case scenario assuming only N—H being present in the product is only slightly
outside the error margin (difference of 1.6 times the standard deviation to the de-
termined value). In addition, the H-content in the product formed is expected to be
similar to the H-content of the remaining starting material making this error effect-
ively negligible.

5.2.1.2. Imine Intermediate Kinetics

In order to determine whether the reaction mechanism proceeds over the corres-
ponding imine or not it was necessary to distinguish between the three general
scenarios which are outlined in Figure 3.9. For the following mathematical deriva-
tion several variables are used.

a ... Relative concentration of A (starting material)
i ... Relative concentration of | (intermediate)
p ... Relative concentration of P (product)
t... Time

kq ... First-order rate constant for the reaction of A to |

k- ... First-order rate constant for the forward reaction of | to P
k_» ... First-order rate constant for the backward reaction of P to |

It should be noted that all the rate constants are positive and for all the other vari-
ables values are bigger than or equal to 0, in general. Based on these mechanistic
scenarios a method was developed to distinguish between them from kinetic data.
First the following simplified kinetic model is assumed.

k
Al 2ep (5.13)
k>
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Based on this simplified kinetic model the following system of differential equations
can be formulated.

da
di .
E = k1a+k_2p—k21 (5.15)
dp .
E = —kfzp + kzl (51 6)

In addition, it is assumed that the sum of the concentrations of A, I and P equals 1.
a+i+p=1 (5.17)

The solution of this system of differential equations is straightforward and will not
be discussed in detail. The initial conditions were that at time 0 the relative con-
centration of A is 1 and those of | and P are 0, respectively.

a(0) = 1 (5.18)
i(0) =0 (5.19)
p(0) =0 (5.20)

The following solutions for the time-dependent relative concentrations of A, | and P
are obtained in case that k; does not equal the sum of k_, and k5.

a(t) = ekt (5.21)
: _ kfz —(k_p+ky)t k1 — k72 —kqt —(k_a+kp)t
l(t) = k_z i kz (1 e ) + m(e e ) (522)
k_ ki —k_
=1 et - 022 plkatko)ty - M T2 okt (katho)t
pt) = 1—ehl 2 (1 ety - LI (ot et

(5.23)
As the difference of the sum of k_, and k, and k; appears in the denominator in
the functions for the relative concentrations of | and P this term is assumed to be
unequal to 0 (which of course has to be assumed already during the derivation). In
the case this equals 0 different solutions for the time course of the relative concen-
trations of | and P are obtained.

k>

i(t) = PR (1 — e~ k2tk)ty o (k) — k_p)te (katka)t (5.24)
p(t) =1—e¢ kit - ﬁu — e katk)ty _ () — ke~ (k2FR)t (5 25

To have a first idea of how these functions look like two plots were created. The
values assigned to the rate constants to obtain the corresponding plots are also
given (cf. Figure 5.1).
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ki =055 ky =551k p=15s5"1 k1 =055 1ky =155tk , =551
1.00 1.00 .

J— —i
—p —Pp
0.75

0.50

0.25

0.75

Relative concentration
Relative concentration

1 _ )<\

./
—<

0.00 ! . . i — 0.00 ! ! ! ; —
0 2 4 6 8 10 0 2 4 6 8 10

Time [s] Time [s]

Figure 5.1.: Diagrams showing the time profiles of A, | and P in the simplified kinetic
model with two distinct sets of rate constants. In the left diagram P is
the major product, in the right diagram | is the major product.

It can be seen that, depending on the values of k, and k_,, either | or P is
the major product in this model. The method to distinguish between the three
mechanistic scenarios is now based on the following feature. In an initial reaction
period the intermediate | appears before the final product P does. This itself may
already help to distinguish between the possible scenarios. However, in order to
have a more general and reliable method instead of looking at the time profiles of |
and P themselves the ratio of those should be calculated and plotted. This is done
for the example plots (cf. Figure 5.2).

It can clearly be seen that the general trend of those two function is the same in
both cases. Trying several values for the rate constants did not result in a change to
the general trend. The function representing the ratio of | to P seems to be strictly
decreasing for positive time and the function representing the inverse therefore is
strictly increasing. The mathematical proof for the monotonicity of these functions
is outlined below. The monotonicity only needs to be proven for one of the two since
the monotonicity of its inverse directly follows from the initial function. In order to
simplify these functions slightly for the following calculations a derived parameter
is defined as follows.

k/2 =k o+ky (5.26)

The functions for the relative concentrations of | and P change slightly to the

following.
_ k_ / ki —k_ /
i(t) = S (L= e B 4 G R =) 527)
2 2 M
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ki =055 ky =551k p=15s5"1 k1 =055 1ky =155tk , =551

8 —
4 =
/i ] pli

I\

w
o

IS

N

-

Ratio of relative concentrations
N
Ratio of relative concentrations

I

0 2 4 6 8 10 0 2 4 6 8 10

Time [s] Time [s]

Figure 5.2.: Diagrams showing the time course of both the ratio of | to P and P to |
for the two special cases with the specified values for the rate constants

given above.
p(f) =1— et — ’%(1 ety kkl,_—_kk—lz(eklf - (5.28)
2 2
Now the function r(t) is defined as the ratio of P to I.
_p(t) _1—eM—i(t)

This function can now be slightly rearranged.
- —klt_'t 1— —kqt
r(t)zl e z(): e
i(t) i(t)
Keeping in mind that the numerator equals the sum of | and P this can be re-
arranged further.

1 (5.30)

—kat .
(=120t 2P (5.31)
i(t) i(t)

From this equation it can now clearly be seen that r will be strictly increasing if this
fraction is strictly increasing. The numerator is strictly increasing which can directly
be seen when its first derivative with respect to the time is determined. Now there
are two possibilities. If i(t) is decreasing it can trivially be seen that r(t) is increasing.
If i(t) is increasing r(t) is only increasing if the numerator is increasing to a higher
degree than the denominator. This is the case if p(t) is strictly increasing. Now p(t)
is strictly increasing if its first derivative is always positive. This needs to be shown.

Therefore, the first derivative of p(t) is determined.

,k’zt . k1 - k_2

- (—kpe krt 4 ket (5.32)
2 — M

p (1) = ke Mt — ke
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P/( ) _ k1k’2 — k% Skt k_zk/2 — k_zkle_k/zt k‘% — klk_ze—klf B klk/Z — k—Zk/Ze—k’zt
K — ke Kb~k s K — ke
(5.33)
/ — !
p(t) = ko Th2) (ke i) (5.34)
Kb — Ky

The numerator of this term is always positive. Therefore two possibilities remain.
The denominator can be positive or negative.

/
kit o pkit _ kit S

(5.35)
This clearly shows that if the denominator is positive the whole term is positive for
positive time and p(t) is strictly increasing. If the denominator is negative then also
the difference of the two exponential functions is negative which can be seen by
simply reversing all the inequations above and therefore p(t) is also strictly increas-
ing. Now there is only the case remaining that the denominator equals 0 where the
other equation for p(t) has to be taken (5.25). In this case the following is valid.

Ky —ki >0 kb > ki & —kyt < —kit < 78 < o™

ky+k_p =k (5.36)

The first derivative is calculated as follows starting with a simplification of the func-
tion p(t) which results from combining equations 5.25 and 5.36.

ple) =1 — ek = E2(1 oty — (1 —k )t (5.37)
1

p'(t) = kie Mt —k_pe Mt — (kg —k_p)e ™ ! + ky(ky — k_p)te Rt (5.38)
p'(t) = ky(ky — k_p)te 1! (5.39)

For positive time this term is always positive since k; is bigger than k_,. Altogether
it is shown that the function r(t) representing the ratio of P to | is strictly increasing
for positive time. Assuming that the function r(t) does not vanish which is true
for positive time it directly follows that the inverse function is strictly decreasing.
Overall, this provides a method to distinguish between the first two mechanistic
scenarios. It should be noted that so far the third mechanistic scenario where the
first two pathways occur at a similar rate was not accounted for. This will be done
mathematically considering an extended kinetic model. Therefore, one additional
rate constant is needed and for convenience the variables are named differently.

a ... Relative concentration of A (starting material)
b ... Relative concentration of B (product 1)

¢ ... Relative concentration of C (product 2)

t.. Time

kq ... First-order rate constant for the reaction of A to B
k| ... First-order rate constant for the reaction of Ato C

87



5. Data Evaluation and Mathematical Derivations

k- ... First-order rate constant for the forward reaction of Bto C
k_» ... First-order rate constant for the backward reaction of C to B

Now the following extended kinetic model is considered.

B
A )

“*C (5.40)

Based on this kinetic model the following system of differential equations can be

formulated.
da

i —(ky + k})a (5.41)
% =kia+k_oc—kyb (5.42)

dp .

L. (5.43)

In addition, it is also assumed that the sum of the concentrations of A, B and C
equals 1.
a+b+c=1 (5.44)

The solution of this system of differential equations is straightforward as was the
first one and will not be discussed in detail. The initial conditions were that at time
0 the relative concentration of A is 1 and those of B and C are 0.

a(0) =1 (5.45)
b(0) =0 (5.46)
c(0) =0 (5.47)

The following solutions for the time-dependent relative concentrations of A, B and
C are obtained for the case that the sum of k; and k| does not equal the sum of
k_» and kj.

a(t) = e~ itk (5.48)
_ ko k= k2 (ki) kao—k ko k)
b(t)_kfz—kkz k72+k2—k1—k/1€ 1 +<k72+k2—k1—k'1 k,2+k2)e
(5.49)
/
c(t) = k2 4 ki — ko . (ki +kt k2~ - k-2 o (katko)t
k_»+ ko k_2+k2—k1—k1 k_z—l—kz—kl—kl k_o+ ko
(5.50)

As the difference of the sum of k_, and k, and the sum of k; and k) appears in the
denominator in the functions for the relative concentrations of B and C this term
is assumed to be unequal to 0 (which of course has to be assumed during the
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derivation). In the case this equals 0 different solutions for the time course of the
relative concentrations of B and C are obtained.

ko

b(t) = (1= M) o (ky — ke g)te” (Eatialt (5.51)
-2 2

e(t) = kkﬁﬂ — e (Fathlly — (fy — k_p)te™(k-athal! (5.52)
-2 2

To have an idea of how these functions look like two plots were created. The
values assigned to the rate constants in order to obtain the corresponding plots are
also given. Since considering a mechanistic scenario like this makes only sense if
both reactions occur at a similar rate, similar values for k; and k’1 are taken in the
examples (cf. Figure 5.3).

ki1 =025s"1kj =03s"! ki1 =025s"1k} =03s71
kp =551k p=20s""! kp =30s"1k_,=35s""1

1.00 1.00

—b ] —b
C —cC

0.75 0.75
0.50 \ 0.50 \ —_—
0.25 0.25 (

><\ | ~_

0 2 4 6 8 10 0 2 4 6 8 10

Relative concentration
Relative concentration

Time [s] Time [s]

Figure 5.3.: Diagrams showing the time profiles of A, B and C in the extended kin-
etic model with two distinct sets of rate constants. In the left diagram
there is one major product in the right diagram two products are formed
in similar amounts.

It is again also looked at the ratios of B and C and the inverse (cf. Figure 5.4).

From these two examples it can already be seen that the general trend of the
two ratios will be comparable to the general trend of the ratios | to P or P to | for
the simplified kinetic model first discussed. A full curve discussion for the extended
kinetic model will not be made but in general the ratios can show a very similar
time course compared to the simplified kinetic model. The main differences are at
the beginning. Assuming that both pathways occur the slopes of the concentration
curves of products B and C are both finite at time 0 whereas the concentration
curve of product P in the other kinetic model has a slope of 0. This has also a
consequence to the ratio curves. For the extended kinetic model both curves have
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Figure 5.4.: Diagrams showing the time profiles of A, B and C in the extended kin-
etic model with two distinct sets of rate constants. In the left diagram
there is one major product in the right diagram two products are formed
in similar amounts.

a finite value at time 0 whereas in the kinetic model allowing only one pathway the
ratio of intermediate to product is converging infinity when time converges 0 and
the ratio of product to intermediate is converging 0 when time converges 0.

The problem with these differences in curve forms is that they are observed at
time 0 which is experimentally not accessible. Even if it can be approximated to an
infinitely small difference limits of detection and quantification of the corresponding
products will limit the determination of their concentrations. Extrapolation from
sufficiently near time points will not be reliable since the corresponding ratio curves
have very high slopes in that time period. That are the reasons it is in principle
impossible to distinguish those two mechanistic scenarios experimentally by this
method.

This already shows the limits of the newly developed method. By looking at the
time course of the product ratios it allows to easily distinguish between the first
two mechanistic scenarios. However, an overlap of both mechanistic scenarios
(i.e. mechanistic scenario 3) cannot be excluded by this method. Similar methods
to investigate reaction mechanisms are readily employed in the determination of
biochemical reaction mechanisms.%®

Now with the mathematical foundations of this method at hand this is the means
to exclude one of the three mechanistic scenarios for the direct alkylation of 1 using
alkenes (Figure 3.9) by looking at the time course of the ratio of the alkylated imine
11 to the main reaction product 2. This was already previously shown for the kinetic
profile using K,COj5 in stoichiometric amounts (cf. Figure 3.10). The corresponding
diagrams determined from the kinetic profile using K,CO5 in catalytic amounts and
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the experiments to investigate the temperature dependence of the initial reaction
rate are given in Figures 5.5-5.10.
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Figure 5.5.: Ratio of GC areas of 11 to 2 at 150 °C obtained from the kinetic time
course using K,CO5 in catalytic amounts.
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Figure 5.6.: Ratio of GC areas of 11 to 2 at 130 °C obtained from the temperature-
dependence experiments.

In all diagrams the ratio of alkylated imine 11 to the main reaction product 2 is
decreasing over time.
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Figure 5.7.: Ratio of GC areas of 11 to 2 at 135 °C obtained from the temperature-
dependence experiments.
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Figure 5.8.: Ratio of GC areas of 11 to 2 at 140 °C obtained from the temperature-
dependence experiments.

92



5. Data Evaluation and Mathematical Derivations

0.16

o
=
N
[ o]

-

0.08

Ratio of GC areas 11/2

0.04

0.00 . . . . . . —
5.0 55 60 65 70 75 80 85

Reaction time [min]

Figure 5.9.: Ratio of GC areas of 11 to 2 at 145 °C obtained from the temperature-
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dependence experiments.
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5.2.2. Investigations into the Kinetic Modelling
5.2.2.1. Initial Rate Experiments

General Remarks First, the initial reaction period must be defined. Assuming
the kinetic time profile for the formation of 2 would exactly follow the mathematical
function determined by regression (vide infra), the relative error of the initial rate
approximated by the method of initial rates at a product yield of 12 % is only 10 %,
at a product yield of 18 % the relative error is already 15 % and at a product yield
of 24 % the relative error reaches a value of 20 %. Therefore, in experiments using
the method of initial rates the product yield should not reach values higher than
20 % in order to keep the relative error in a reasonable range. So the method of
initial rates is applied to a time period where the yield of the product is at least
below 20 %.

Initial rate dependence on K,CO; The dependence of the initial rate on the
K>CO3; concentration shows basically two regimes. From low concentrations until
about 0.4 molI-! the initial rate shows more or less linear dependence on the con-
centration which is confirmed by a partial reaction order of 0.96 + 0.10 obtained by
a non-linear fit to a power function and also the good agreement to a linear regres-
sion (Figure 5.11). Further increasing the concentration does not result in higher
initial rates. In fact the initial rate seems to slightly decrease. However, since the
dependence in this region remains rather unclear no mathematical function was
fitted to these data points. Qualitatively, it can be said that in the lower concentra-
tion region the reaction shows a partial reaction order of 1 with respect to K,COs.
In the higher concentration region the partial reaction order actually seems to be
even slightly negative but still close to 0. The somewhat negative partial reaction
order could be explained by incipient off-cycle binding of carbonate to Rh forming a
catalytically non-active species. However, this needs to be confirmed by additional
experiments.

Initial rate dependence on 1 The dependence of the initial rate on the concen-
tration of 1 shows over the whole investigated concentration range a linear course
which is confirmed by a partial reaction order of 0.91 + 0.07 obtained by a non-
linear fit to a power function and also the good agreement to a linear regression
(Figure 5.12). Qualitatively, it can be said that the reaction shows a partial reaction
order of 1 with respect to 1 over the whole concentration region investigated.

Initial rate dependence on [RhCl(cod)], The dependence of the initial rate on
the concentration of [RhCl(cod)], shows also two regimes. From low concentra-
tions until about 0.006 mol I~ the initial rate shows linear dependence on the con-
centration which is confirmed by a partial reaction order of 0.96 4+ 0.07 obtained
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Figure 5.11.: Dependence of the initial rate on the K,CO4 concentration (left) and
residual plot of the power regression in the lower concentration range

(right). The used regression equations and the regression results are
shown in the lower section.
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by a non-linear fit to a power function and also the good agreement to a linear re-
gression (Figure 5.13). Further increasing the concentration results in a region of
more or less constant initial rate. This is confirmed by a partial reaction order of
0.03 4+ 0.13 obtained by a non-linear fit to a power function. Qualitatively, it can be
said that in the lower concentration region the reaction shows a partial reaction or-
der of 1 with respect to [RhCl(cod)],. In the higher concentration region the partial
reaction order is 0.

Initial rate dependence on hex-1-ene Over the investigated concentration
range the initial rate shows no dependence on the concentration of hex-1-ene
which is confirmed by a partial reaction order of 0.02 + 0.04 obtained by a non-
linear fit to a power function (Figure 5.14). Qualitatively, it can be said that the
reaction shows a partial reaction order of 0 with respect to hex-1-ene.

5.2.2.2. K,CO;3; Studies

Figures 5.15-5.20 show the particle size distributions and the particle size distri-
bution densities, respectively, for all the K,CO4 batches used (2m% water, 15 m%
water, dried from 2 m% water, hydrate original, hydrate comminuted). It should be
noted that the K,CO4 batch with 15 m% adsorbed water was dried before it was
subjected to the analysis.

Table 5.1 gives the particle size modes, medians and means of all the K,CO4
batches as determined from the particle size distribution densities.

Table 5.1.: Particle size modes, medians and means for all the K,CO3 batches

used.
Base batch Mode [um] Median [um] Mean [um]
2m% H,O0 0.30 0.34 0.44
15m% H,O 0.78 0.95 1.14
Dried from 2m% H,O 0.30 0.33 0.43
Hydrate original 1.038 1.17 1.59
Hydrate comminuted 0.78 1.03 1.27

It should be noted that the K,CO5 batch with 2m% adsorbed water and the
one which was dried from the same batch show more or less the same particle
size distributions and particle size distribution densities. This shows that under
the chosen drying conditions the particle size does not change significantly. This
is especially important for the particle size distribution determined for the batch
with an adsorbed water content of 15 m% since this batch could not be subjected
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Figure 5.13.: Dependence of the initial rate on the [RhCl(cod)], concentration (left)
and residual plot of the power regression in the lower concentration
range (right). The used regression equations and the regression res-
ults are shown in the lower section.
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directly to laser diffraction analysis and had to be dried prior to the measurements
in order to ensure a uniform sample transport into the analyser.

Figures 5.21-5.25 show the nitrogen adsorption and desorption isotherms for
all the K,CO4 batches together with the residual plots of the linear regressions
performed in order to determine the BET surface area of the K,CO45 batches.
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Figure 5.21.: Adsorption (blue) and desorption (white) isotherms (left) and residual
plot of the linear regression to determine the BET surface area (right)
for the K,COj3 batch with 2 m% adsorbed water.
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Figure 5.22.: Adsorption (blue) and desorption (white) isotherms (left) and residual
plot of the linear regression to determine the BET surface area (right)
for the K,CO5 batch with 15 m% adsorbed water.

Tables 5.2 and 5.3 summarises both the statistical parameters and the results of
the BET surface area determinations.
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for the comminuted K,COg - 1.5 H,0 batch.

Table 5.2.: Statistical parameters and results of the BET surface area determina-
tions of all K,CO45; batches investigated.

Base batch Slope k [gcm™3]  Interceptd [gcm=3]  Points R2 F
2m% H,0 10.60 £0.03 0.071 £0.004 8 0.99994 93356
15m% H,O 5.102 £0.009 0.075 £ 0.001 7 0.99998 331001
Dried from 2m% H,O 11.99 + 0.06 0.257 +£0.008 8 0.9999 40760
Hydrate original 67.1£0.2 1.00 £0.03 7 0.99994 77634
Hydrate comminuted 31.62 + 0.09 0.37 £ 0.01 7 0.99996 129104

Table 5.3.: Specific surface areas and BET constants of all K,CO3 batches invest-
igated. Specific surface areas are reported with a relative uncertainty of

10 %.
Base batch Specific surface area [m2g~'] BET constant C
2m% H,0 0.41 £0.04 149+ 9
15m% H,O 0.84 £0.08 69 + 1
Dried from 2m% H,O 0.36 +0.04 48 +1
Hydrate original 0.064 + 0.006 68 +2
Hydrate comminuted 0.14 +0.01 87+3
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The specific surface area data points reveal that the K,CO5; batch with the
highest adsorbed water content also has the highest specific surface area. |t
should be noted that this batch had to be dried in order to analyse it using nitrogen
adsorption in order to ensure a proper degassing process. However, drying did not
show a significant influence on the specific surface area of the K,CO5 batch with
an adsorbed water content of 2m%. The specific surface area results explain the
significant difference between the initial rates of the comminuted K,CO; - 1.5H,0
batch and the K,CO3; batch with an adsorbed water content of 15m%. The latter
batch even has a higher specific surface area than the K,CO5; batch with an
adsorbed water content of 2m%, which had a significantly lower particle size.

5.2.2.3. Kinetic Profile with K,CO3 in Stoichiometric Amounts

Since complete kinetic profiles were obtained for 1 and the products 2, 3 and 4
mathematical functions were fitted to the data points. The function forms used
for the regressions were derived from the exact solutions of simple kinetic models
which are also shortly outlined below. Regression parameters were determined
by non-linear regression. In order to get more reliable regression parameters the
time values were corrected for the time needed for the reaction mixture to reach a
constant temperature which is given at the end of this section. This is necessary
since kinetic profiles show the biggest changes in the beginning and without the
correction the obtained regression parameters are significantly different.

The kinetic profile for the consumption of 1 was fitted to a simple exponential de-
composition which is valid for unimolecular irreversible decomposition (cf. Figure
5.26). The residual plot shows bigger residuals at the beginning and very small re-
siduals at later reaction times. However, this is the case because the concentration
of 1 approaches and also reaches 0. At the constant value of 0 the error naturally
cannot be high. The graph showing the data points together with the fitted func-
tion shows that the used mathematical function is only able to describe the kinetic
profile of 1 roughly and not very accurately. However, a better plausible mathem-
atical function with a reasonable number of parameters could not be found. It was
decided to make a reasonable compromise between number of parameters and
accuracy of the resulting fit.

The kinetic profile for the formation of 2 was fitted to an equation which is valid
for the formation of the product in an unimolecular reversible reaction (Figure 5.27).
The residual plot reveals that the residuals are basically homoscedastic. Hence,
the chosen mathematical function describes the kinetic behaviour of 2 in this reac-
tion under these conditions quite accurately.

The kinetic profile for the formation of 3 was fitted to the same equation as used
for the formation of 2 (Figure 5.28). The residual plot reveals that the used function
may not be suitable to describe the kinetic behaviour at the beginning. However,
the deviation is not too big. The deviation comes from the presence of a short
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Figure 5.26.: Regression result (left) and residual plot (right) for the consumption of
1. The used regression equation and the regression result are shown
in the lower section.

induction period for the formation of 3 since it is formed in a consecutive reaction
from the initial product 2.

The kinetic profile for the formation of 4 was tried to be fitted to an equation which
describes the formation of C in the following kinetic scheme (cf. Figure 5.29).

k
AL B2 (5.53)
k>

The corresponding mathematical function has the following form.2

_ —ax ¢ —bx a—Cr _ax

y=1-—e —E[l—e ]—E[e -

However, since the resulting parameters yielded an insignificant result the math-

ematical form was slightly changed. The problem was that the resulting values for

a, b and c were very similar, resulting in a difference very similar to zero with a

significantly higher standard error. However, omitting the last term was sufficient

to yield significantly better values. The residual plot shows slightly bigger resid-

uals at later reaction times but the differences are not significant and the standard
deviations of those data points are also bigger.

e~ (5.54)

8The parameters a, b and ¢ are derived from the rate constants in the above kinetic model.
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Figure 5.27.: Regression result (left) and residual plot (right) for the formation of 2.
The used regression equation and the regression result are shown in
the lower section.
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Figure 5.28.: Regression result (left) and residual plot (right) for the formation of 3.
The used regression equation and the regression result are shown in
the lower section.
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Figure 5.29.: Regression result (left) and residual plot (right) for the formation of 4.
The used regression equation and the regression result are shown in
the lower section.

From the kinetic profile of the alkene reaction it was also needed to extrapolate
the data to determine the point at which the reaction starts formally. Therefore, it
was assumed, that under these conditions the formation of product is a linear func-
tion of time in the initial reaction period (This assumption is reasonable since based
on the data of the kinetic profiles and especially the experiments to determine the
temperature dependence of the reaction rate no considerable induction period was
observed). The reason this needs to be done is because the reaction mixture
needs some time to reach a constant temperature. Experiments were conducted
to determine how long it takes the reaction mixture to reach a constant temperat-
ure, and for reactions at 150 °C (i.e. the temperature of the aluminium block) after
4 min the temperature remains more or less constant. However, even after 3 min
the reaction temperature does not change significantly thereafter. Therefore, it is
reasonable that a line through the two data points at 4 min and at 5.75 min would
result in a good estimate of the formal reaction starting point since between those
data points the assumption of a linear increase in the product concentration is sat-
isfied best. It should be noted that this in fact only influences the absolute initial rate
values obtained and therefore rate constants derived from initial rate experiments.
However, partial reaction orders and other relative magnitudes are not affected at
all. The effective reaction start in initial rate experiments was determined to be
3.4 min. This value is used as the second data point for all initial rate experiments
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having product amounts of 0 % in order to determine initial rates.

5.2.2.4. Electronic Influence on Benzylic Amines

The reaction constant p was determined from the experimental results by linear
regression. First, the intercept was not assumed to be 0 but since the regression
result showed a value for the intercept near zero with a standard error significantly
higher than the value itself a linear regression with the intercept assumed to be 0
was performed. The results are depicted in Figure 5.30.
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Figure 5.30.: Hammett plot from the electronic influence of substituents on benzylic
amines (left) and residual plot of the linear regression (right). The
used regression equation and the regression results are shown in the
lower section.

The correlation is not very high but still reasonable with an F value of just above
50. The residual plot shows slightly higher residuals for the electron-withdrawing
groups but the number of data points is too low in order to be able to say the
residuals are not homoscedastic.

5.2.2.5. Temperature Dependence of the Initial Rate

In order to determine the temperature dependence of the reaction rate and ob-
tain the activation parameters of the reaction an Eyring plot’’ was constructed by
determining the initial reaction rates at 5 different temperatures. In order to accur-
ately determine the initial reaction rates 5 data points at different reaction times at
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a certain temperature were determined. The initial rates at each temperature were
determined by linear regression from the 5 data points determined. The slope of
the linear regression is the initial reaction rate. Figures 5.31-5.35 show the regres-
sion results at all 5 temperatures.
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Reaction time [s] Reaction time [s]

y=ax+b

a b Statistics
Value Error Value Error R2 F

5.98-106 0.02-10® -0.00178 0.00002 0.99995 65333.38

Figure 5.31.: Determination of the initial rate at 130 °C (left) and residual plot of
the linear regression (right). The used regression equation and the
regression results are shown in the lower section.

Basically, a high degree of linearity is observed at all 5 temperatures. The F
values are in all 5 cases good to excellent being at least higher than 1000 and the
residual plots show no significant outlier and are in general homoscedastic. The
regression results for all 5 temperatures are summarised in Table 5.4. This Table
contains together with the determined initial rates also the derived rate constants
assuming a second order rate law (ko) as determined from the previous experi-
ments. So in order to determine ko the initial reaction rates were divided by the
concentrations of 1 and [RhCl(cod)], at the beginning.

From these data points the activation parameters were determined based on the
Eyring equation.”” They were determined both using non-linear regression and
linear regression with transformed coordinates (i.e. after linearisation). The corres-
ponding regression results are given in Figures 5.36 and 5.37.

The regression parameters of the non-linear regression are the values for the ac-
tivation parameters. For the linear regression the activation parameters need to be
derived from the slope and the intercept, respectively. Table 5.5 gives the activation
parameters from both methods. The differences are not big, but evident, especially
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Figure 5.32.:

Determination of the initial rate at 135°C (left) and residual plot of

the linear regression (right). The used regression equation and the
regression results are shown in the lower section.
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Figure 5.33.: Determination of the initial rate at 140 °C (left) and residual plot of
the linear regression (right). The used regression equation and the
regression results are shown in the lower section.
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Figure 5.34.: Determination of the initial rate at 145°C (left) and residual plot of
the linear regression (right). The used regression equation and the
regression results are shown in the lower section.
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Figure 5.35.: Determination of the initial rate at 150 °C (left) and residual plot of
the linear regression (right). The used regression equation and the
regression results are shown in the lower section.
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Table 5.4.: Rate constants at different temperatures determined by linear regres-
sion over the corresponding data points.

T[K] Errorof T2 Kk [1072s~'] Error of ky [102571]
403.15 0.3 0.765 0.003
408.15 0.3 1.35 0.04
413.15 0.3 2.35 0.04
418.15 0.3 3.99 0.07
423.15 0.3 6.7 0.2
dEstimated as worst case scenario.
0.07 0.00015
# -
0.06 0.00010
— 0.05 i“‘ 0.00005 hd
g 0.04 12 % 0.00000
g 0.03 % -0.00005
] e s . .
¢ 0.02 T é -0.00010
001 il “ 00015 .
405 410 415 420 400 405 410 415 420 455
Temperature [K] Temperature [K]
kT ast amt
— ——¢ R ¢ Rx
ASH AH? Statistics
Value Error Value Error R? F
81 1 148.8-10% 0.7-10% 0.99997 208961.57

Figure 5.36.: Determination
sion (left) and

of the activation parameters using non-linear regres-
the corresponding residual plot (right). The used re-

gression equation and the regression results are shown in the lower

section.
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Figure 5.37.: Determination of the activation parameters using linear regression
of transformed coordinates (left) and the corresponding residual plot
(right). In the logarithmic term of the ordinate the number is formally
multiplied by the inverse of its unit. The used regression equation and
the regression results are shown in the lower section.
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for the entropy of activation. In general, the results from the non-linear regression
are more significant since the data points are weighed equally and errors in the
data points are accounted for correctly. However, since the linear regression of
the transformed coordinates is still commonly used in literature82-86 to determine
the activation parameters from the temperature-dependence of the rate constants,
the respective values should be taken for comparison to other values, which were
determined by the same method.

Table 5.5.: Activation parameters obtained from both non-linear regression and lin-
ear regression of transformed coordinates assuming a first order rate

law.
Regression AH¥ [kdJmol-'] ASf[Jmol-'K-'] AH?* [kcalmol=']  AS?# [eu]
Non-linear ~ 148.8 £0.7 81.4+1.4 35.6 +0.2 19.5+0.3
Linear 150.1+ 0.6 84.4+1.4 35.9+0.1 20.240.3

In addition, the Arrhenius parameters have also been determined from the same
data and are given in Table 5.6.

Table 5.6.: Arrhenius parameters obtained from both non-linear and linear regres-
sion of transformed coordinates assuming a second order rate law (pre-
exponential factor Ay).

Regression Ea [kdmol~'] A, [10" Imol-'s™1]
Non-linear 152.3+0.7 424+0.7
Linear 153.5+ 0.6 6+ 1

Both the non-linear regression and the linear regression using transformed co-
ordinates show a very high F value and therefore give very good results with re-
spect to the fithess of the chosen regression functions. However, the quite small
errors for both the enthalpy and the entropy of activation should be viewed with
caution since errors associated with the rate constants for each temperature are
higher than the corresponding residuals of the regression.

The enthalpy of activation shows a quite high value explaining the big temperat-
ure dependence of the reaction rate and the entropy of activation shows a signific-
ant positive value showing that a significant degree of disorder is generated prior
to or in the turnover-limiting step.

Comparing the initial rate at 150°C obtained from this experiment series
[(5.240.1)-10°moll-'s~'] and the initial rate obtained from the initial rate

116



5. Data Evaluation and Mathematical Derivations

experiments [(8.2 = 0.3) - 10~° mol -1 s~'] the two values show a significant differ-
ence. This discrepancy comes most probably from the fact that the experiments
in order to determine the temperature dependence were conducted both in a
different experimental setting (heating in oil bath, significantly different stirring rate)
and the initial rate was determined differently (linear regression over 5 data points
as compared to assumed start time and only one data point at a fixed time which
was determined in triplicate). However, this discrepancy cannot be interpreted
quantitatively by now and should be investigated further.

5.2.2.6. Kinetic Modelling

In the following section all aspects of the proposed kinetic model for the direct al-
kylation using alkenes (cf. Figure 3.20) are derived and investigated from a math-
ematical point of view. There are two parts of this kinetic model, the reaction of
K>,CO4 and a Rh-species in solution, denoted as [Rh], to form the catalytically act-
ive species, denoted formally as [RhCOs], and the catalytic cycle for the direct
alkylation of 1 using hex-1-ene to form the corresponding alkylated product 2.

First the reaction of K,CO5 and [Rh] to form the catalytically active species
[RhCO3] will be discussed (cf. Equation 5.55).

K,CO,(s) 4 K,COs(sol) [iﬂ [RhCO;] (5.55)
1

K>COg3 is almost insoluble in the reaction mixture but a very small portion of it is
still able to be dissolved. This very small portion of dissolved K,CO3; reacts with
[Rh], a Rh-species which is derived from the [RhCl(cod),] complex used as catalyst
precursor in this reaction. Mathematically, the dissolution of a big crystal of a solid
having a planar surface in a solvent which is vigorously stirred can be described by
the following Equation (cf. Equation 5.56).7°

dc DA
= ve &9 (5:59)
... Concentration of the solid in solution [mol =]

c
t... Time [s]

D ... Diffusion coefficient of the solid dissolved in the solvent [m?s~']
A ... Surface of the solid [m?]

V ... Volume of the solution [m3]

¢ ... Thin static solvent layer (Solvent adheres tightly to the surface) [m]
s ... Saturation concentration of the solid in solution [mol =]

a

Equation 5.56 can be slightly rearranged by using the specific surface S of the
solid, the molar mass M of the solid and the amount n of the solid (cf. Equations
5.57 and 5.58).
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A=nMS (5.57)

n ... Amount of the solid [mol]
M ... Molar mass of the solid [g mol~]
S ... Specific surface of the solid [m?g~"]

LU (5.58)

This is now simplified further by defining the fraction {; as the molar loading of

undissolved solid c[(s)]. It is not termed a concentration because it is not dissolved.
This yields the following.

% _ —DMfSC[(S)] (cs—c) (5.59)

This description of the dissolution of a solid is applied in the proposed kinetic

model for the dissolution of K,COs(s). Therefore, the following differential equation

for the concentration of K,COg(sol), denoted simply as c in the following discussion,
can be formulated.

dc . DMS C[KzCO3(S)]

dt 6
Now it is assumed that the dissolved amount of K,COj is significantly lower com-
pared to the remaining undissolved solid. Therefore, it can be assumed that the
specific surface S does not change significantly in the dissolution process. In ad-
dition, on the basis of this assumption c[K,COs3(s)] can also be assumed constant
and equal to the initial molar loading cy(K>COs). It should be noted here that this
assumption is only valid when K,COs is used in excess in the reaction. If K;CO5 is
used in catalytic amounts the analytic expressions for the concentration profiles of
all the species involved in the induction period will be different. In order to simplify
the mathematical derivations further k; is introduced (cf. Equations 5.61 and 5.62).

(¢cs — ¢) — kic([Rh])c (5.60)

ky = DTMS (5.61)

dc
E = kd Co (K2C03) (Cs — C) — k1 C([Rh]) c (562)
The differential equation for the consumption of [Rh] to form [RhCO4] is formu-

lated as follows.

dc([Rh])
dt
As mentioned before, the solubility of K,COj in toluene is very low. Therefore,
the concentration of K,COj in solution, i.e. ¢, is always very low and the steady
state approximation can be applied (cf. Equation 5.64).

= k1 c([RH]) c (5.63)
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Z_‘; — kg co(KaCO3) (cs — ¢) — Ky c([RH]) ¢ = 0 (5.64)
Rearranging equation 5.64 for ¢ then yields equation 5.65.
kd Co(KzCOg) Cs
c = 5.65
k1o (KaCO3) + k1 c([RH]) (569)
Equation 5.65 is now substituted in equation 5.63.
dC([Rh]) . kd Co(KQCO3) Cs
i kR C0s) + ks c(RI]) (5:66)

Now, this differential equation is solved by separating the variables and integra-
tion (cf. Equations 5.67-5.70).

__dc([Rh]) dc([Rh])
e c([Rh]) " kg cs co(K2CO3) (5.67)
. / 2t — C(?h]) de((RH]) C([/Rh” de([RH) 58
0 (o 1 CURRD iy oo c0KaCOs) |
1 c([Rh]) 1
= kl Cs ZnCO([RhD i kd Cs CO(K2CO3) (C([Rh]) o CO([Rh])) (5-69)
1 Co([Rh]) 1

- kq cs In C([Rh]) kd Cs Co(KzCOg) (CO([Rh]) C([Rh])) (570)

This equation now needs to be investigated. In the initial rate experiments a first
order dependence on the initial molar loading of K,CO3 is observed. This depend-
ence can only be explained on the basis of equation 5.70 if the first term can be
neglected compared to the second because the first term does not show any de-
pendence on the initial molar loading of K,CO5. The first term can be neglected
only if the rate constant k; is big and therefore only, if the reaction of [Rh] with dis-
solved K,CO3 to form [RhCOg] is very fast compared to the rate of the dissolution
of K;,CO3. This is not unreasonable since ligand substitution reaction are known
to be potentially very fast.3” Therefore, equation 5.70 is simplified to yield equation
5.71.

t

1
N kd Cs Co(KzCOg)

Rearranging equation 5.71 for ¢([Rh]) yields equation 5.72.

t (co([RR]) — c([Rh])) (5.71)

c([RR])(t) = co([Rh]) — kg cs co(K2COs) t (5.72)
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Since [RhCO,] is formed from the reaction of [Rh] with dissolved K,CO5 the
concentration of [RhCO3] as a function of time can be determined according to
equation 5.73.

C([RhCOg,])(t) = kd Cs Co(KzCOg,) t (573)

This equation means that as long as [Rh] is present in solution, i.e. during the in-
duction period, it will react with dissolved K,CO5 and there will be a linear increase
of the concentration of [RhCO3]. For the purpose of discussions equation 5.61 is
resubstituted into equation 5.73 for k; to yield equation 5.74.

¢([RRCO3]) () = 2 Jf S ¢y co(KaCOs) ¢ (5.74)

Before this result is discussed the kinetic model for the catalytic cycle of the
direct alkylation of 1 using hex-1-ene to form the corresponding alkylated product
2 is derived. On the basis of the experimental results presented previously it is
proposed that [RhCQO;] is the predominant form of Rh in solution under the reaction
conditions and therefore is also the resting state of the reaction. In addition, for
the formation of both intermediates [Rh-1-COg3] and [Rh—1-CO4] the equilibrium
approximation is assumed. Therefore, the following equations can be derived (cf.
Equations 5.75-5.78).

~ ¢([Rh—1-CO3))
K= o([Rh -1 -co;]) (5.79)
¢([Rh—1-CO3)) = Kz c([Rh -1 - CO3)) (5.76)
_ ¢([Rh-1-CO3))
K2 = C(IRKCOA]) co(1) &77)
C([Rh -1 COg]) = Kz C([RhCO3]) 60(1) (578)

Substituting equation 5.78 into equation 5.76 yields the following expression for
the concentration of [Rh—1-CQO,].

C([Rh -1 CO3]) = K3 Kz C([RhCO3]) C0(1) (579)

Now, the mass balance of Rh must be taken into account (cf. Equation 5.80).
It should be noted that in the proposed kinetic model all Rh-species are assumed
to be monomeric. However, on the basis of the experimental results at hand this
cannot be determined and the catalytic cycle may as well proceed over dimeric
Rh-species as is the catalyst precursor [RhCl(cod)],. This does not change the
significance of the proposed kinetic model since most of the explanations and ob-
servations do not rely on whether the catalytically active Rh-species are mono-
meric, dimeric or oligomeric in general.
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2 ¢co([RhClI(cod)]z) = ¢([RhCO3]) + c([Rh-1-CO3)]) + c([Rh —1-CO3]) (5.80)

Substituting the equations for the concentrations of [Rh-1-CO5] and [Rh—1-CO4]
into equation 5.80 results in the following.

2 Co([RhCl(COd)]z) = C([RhCO3]) [1 + K> 60(1) + K3 K» C0(1 )] (5.81)

2 co([RhCI(cod)]2)
RhCOs)) = 5.82
The overall rate is determined by the rate of the turnover-limiting step (cf. Equa-
tion 5.83).

r = k4 C([Rh -1 COg]) = k4 K3 K2 C([RhCOg]) C0(1) (583)

Substituting equation 5.82 into equation 5.83 gives the rate law of the reaction.

;= 2 k4 K3 Kz Co([RhCl(COd)]z) C0(1)
1+ co(1) Ky (1+K3)

Since in the initial rate experiments a first order dependence on the concentra-
tion of 1 was observed over a wide concentration region this rate law can be further
simplified. Obviously, the second term in the denominator of equation 5.84 is neg-
ligible compared to the first. From a chemical point of view this means that almost
all of the Rh is present in the form of [RhCO3] which seems reasonable since it
is also proposed to be the resting state. The derived rate law is given in equation
5.85.

(5.84)

r = 2ky K3 Ky co([RhCI(cod)]2) co(1) = kops co([RRCL(cod)]2) co(1) (5.85)

Now the result from the kinetic modelling of the induction period (i.e. Equations
5.73 and 5.74) is discussed. On the basis of the proposed kinetic model the reac-
tion rate does not possess first order dependence (in a kinetic sense) on the initial
molar loading of K;COs. In order to explain this the results from both parts of the
kinetic model need to be combined. Under the optimised reaction conditions no
significant induction period is observed in the kinetic profile and at higher molar
loadings of K,CO4 no increase is observed which is in accordance to the proposed
kinetic model. However, when the loading of K,CO4 is reduced, the extent of the
induction period increases. The time course of the final reaction product during
the induction period can be mathematically described as follows introducing p as
the concentration of the reaction product and introducing a and b to simplify the
constant factors in the equations, respectively.
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- ‘2—’;’ — k4 K3 Kp o([RHCO3]) co(1) = a c([RKCO3]) co(1)  (5.86)
c([RRCOS])(£) = P M c0(KaCOs) £ = beo(KaCOR) £ (5.87)
i—lz =ab CO(K2C03) C0(1) t (588)
14 t
/ / a b co(KaCO3) co(1) ¢ dt (5.89)
0
p(t) = az—bCo(K2C03) co(1) £ (5.90)

In the experiments the initial rate is determined as the slope of a line between
the start point (i.e. formally the point t = 0, p = 0) of the reaction and the product
amount after a certain time which was the same in all experiments, which is de-
noted as ¢; in the following equations. The initial rate r is therefore approximated by
the following expression denoted r; which actually is determined in the initial rate
experiments, not the true initial rate r.

2

rer = w = az—bCo(chosa) co(1) i—l = az—bCo(K2CO3) co(1)t;  (5.91)

1 1

From equation 5.91 it can now be seen that if ¢; is held constant over all the ex-
periments, as was the case in the initial rate experiments performed, the apparent
initial rate r;, which is determined in these experiments, shows a linear dependence
on the initial molar K,CO4 loading. This explains why a first order dependence on
the initial molar K,CO3 loading is observed, even though kinetically there is no
first order dependence. It is a result of both the intrinsic kinetic behaviour of the
system during the induction period and the experimental methods that were used
to deduce the kinetic dependence. Technically, in the experiments with the lower
K>CO3 loading the initial rates would have needed to be determined after the in-
duction period which should then show no first order dependence on the basis of
the proposed kinetic model.

5.3. Direct Alkylations using Alkylbromides

5.3.1. Kinetic Profile Comparison

Since the reaction using 1-bromohexane was still in the initial reaction period it was
not tried to fit mathematical functions to the data points of 1-bromohexane and 1.
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However, the increase of product amount showed a linear time profile and the initial
rate of the formation of 2 was determined by linear regression through all the data
points (cf. Figure 5.38). From the slope of the resulting line the initial rate was
determined.
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Figure 5.38.: Regression result (left) and residual plot (right) for the formation of 2.
The used regression equation and the regression result are shown in
the lower section.

The initial rate of formation of 2 was determined to be (7.5 +0.2) 10~"mol - s~
which is about 2 orders of magnitude slower compared to the initial rate observed
for the formation of 2 in the direct alkylation of 1 using hex-1-ene.

5.3.2. Investigations into all Major Sideproducts

In order to investigate whether the formation of sideproducts 15 and 16 is poten-
tially correlated their corresponding GC conversion data points were plotted against
each other and the corresponding linear regression was determined. The results
are given in Figure 5.39. The corresponding data points are found in the Appendix.

The conversions of the two sideproducts show basically the same kinetic profile
which is confirmed by the high correlation between the corresponding data points.
This indicates that the formation of both 15 and 16 could also be chemically correl-
ated.
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5. Data Evaluation and Mathematical Derivations

0.2 4

0.1

0.0

-0.1

GC conversion 16 [%]
N
Residual of GC conversion of 16 [%]

*

0 1 ' 2 ' 3 ' 4 ' 0 ' 1 ' 2 ' 3 ' 4 ' 5
GC conversion 15 [%] GC conversion 15 [%]
y=ax
a Statistics
Value Error R? F

1.00 0.03 0.99683 944.53

Figure 5.39.: Regression result (left) and residual plot (right) for the correlation of
the GC conversions of 15 and 16. The used regression equation and
the regression result are shown in the lower section.
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A. Appendices

A.1. Direct Alkylations using Alkenes

A.1.1. Investigations into the Mechanistic Outline
A.1.1.1. KIE Studies
The data points for the KIE studies are given in Tables A.1-A.2.

Table A.1.: Data points for the determination of the KIE of the benzylic C—H bond.

11a Hex-1-ene [RhCl(cod)],
0.125moll='  0.375mol ="  0.006 25 mol |-

11a H,02% [m/m %] co(K,CO3) [moll-'] Rate [10-°moll~'s~'] Exchange® 2+ 3¢

1 0.152 0.378 8.2£0.3 - 9.5%
1a 0.152 0.378 1.9+0.2 7% 1.9 %
1 0.018 0.378 7.0+04 - 8.2 %
1a 0.018 0.379 1.5+0.2 5 % 1.5 %

aAdsorbed H,0 on K,COj.

bH_D exchange was determined by "H-NMR analysis of the crude reaction mixture after filtration
and removal of the solvent under reduced pressure.

¢GC-yield.

A.1.1.2. Imine Intermediate Kinetics

The data points for the investigation of the imine intermediate kinetics are given in
Tables A.3-A.9.

A.1.2. Investigations into the Kinetic Modelling
A.1.2.1. Initial Rate Experiments

The data points for the initial rate experiments are given in Tables A.10-A.14.
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Table A.2.: Data points for the determination of the KIE of the N—H bond.

1/1b Hex-1-ene [RhCl(cod)],
0.125mol = 0.375molI~!  0.006 25 mol I~

1/1b  H,02 [m/m %] ¢o(K5COg) [moll-'] Rate [10-°moll-'s~'] Exchange®

1 0.018 0.378 7.0+0.4 -
1b 0.018 0.378 6.3£0.8 (56 £ 1) %

aAdsorbed H,0 on K,COj.
bH_D exchange was determined by transmission IR analysis of the reaction mixture after filtration.

Table A.3.: Data points for the GC area ratios of alkylated imine 11 and amine 2
at 150 °C obtained from the experiment series to determine the kinetic
time course of the reaction with stoichiometric amounts of K,COs.

Time [min] GC Area Ratio 4

4 0.043 £ 0.004
7 0.016 £0.004
10 0.013 £0.004
15 0.009 £ 0.002
25 0.005 £ 0.002
40 0.0047 £+ 0.0009
60 0.0054 + 0.0006
120 0.006 + 0.001

180 0.0052 + 0.0009
240 0.0063 £ 0.0008
362 0.0056 + 0.0008
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Table A.4.: Data points for the GC area ratios of alkylated imine 11 and amine 2
at 150 °C obtained from the experiment series to determine the kinetic
time course of the reaction with catalytic amounts of K,COs.

Time [h] GC Area Ratio &

0.943 1.29+0.17
1.887 0.45+0.04
3.830 0.0037 + 0.0004
5.774 0.0016 + 0.0002
20.967 0.00283 £0.00014
25.911 0.0032 + 0.0002
48.938 0.0033 + 0.0002

Table A.5.: Data points for the GC area ratios of alkylated imine 11 and amine 2 at
130 °C obtained from the temperature-dependence experiments.

Time [min] GC Area Ratio 1

5.57 0.348 £ 0.007
10.13 0.256 + 0.006
13.05 0.176 £0.007
17.03 0.169 £ 0.003
20.03 0.136 £0.002

Table A.6.: Data points for the GC area ratios of alkylated imine 11 and amine 2 at
135 °C obtained from the temperature-dependence experiments.

Time [min] GC Area Ratio 4

7.03 0.233 £ 0.004
9.05 0.177 £0.006
11.05 0.140 £ 0.005
13.03 0.156 £ 0.002
15.05 0.125+0.002
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Table A.7.: Data points for the GC area ratios of alkylated imine 11 and amine 2 at
140 °C obtained from the temperature-dependence experiments.

Time [min] GC Area Ratio 1

5.62 0.179 £ 0.002

7.1 0.154 £0.010
8.05 0.125+0.006
9.05 0.092 £+ 0.004
10.07 0.099 £ 0.007

Table A.8.: Data points for the GC area ratios of alkylated imine 11 and amine 2 at
145 °C obtained from the temperature-dependence experiments.

Time [min] GC Area Ratio 1

5.55 0.171 £0.004
6.08 0.141 £0.008
6.58 0.115+0.007
7.63 0.107 £ 0.003
8.07 0.082 £ 0.005

Table A.9.: Data points for the GC area ratios of alkylated imine 11 and amine 2 at
150 °C obtained from the temperature-dependence experiments.

Time [min] GC Area Ratio 1

5.08 0.175+0.008
5.32 0.097 £ 0.005
5.83 0.078 £0.002
6.57 0.064 £ 0.008
7.08 0.057 £0.001

133



A. Appendices

Table A.10.: Data points for the dependence of the initial rate on the K,COg4
concentration.

1 Hex-1-ene [RhCl(cod)],
0.125mol I~ 0.375molI~!  0.006 25 mol I~

co(K,CO3) [mol -] Rate [10=°moll-'s=']  Error [10-°mol - s7]

0.048 0.8 0.2
0.096 1.9 0.9
0.142 4.0 0.3
0.188 3.4 0.2
0.236 4.6 0.7
0.284 6.8 0.1
0.326 6.6 0.6
0.378 8.2 0.3
0.424 8.5 0.5
0.471 6.9 0.5
0.567 6.9 0.8
0.614 5.7 0.2
0.662 7.7 0.8
0.756 5.5 0.3

Table A.11.: Data points for the dependence of the initial rate on the concentration
of 1.

Hex-1-ene [RhCl(cod)],
0.375molI-!  0.006 25 mol I-*

co(1) [molI=']  ¢o(K,CO3) [moll']  Rate [10-5moll-'s~']  Error [10~° mol - s71]

0.061 0.379 3.7 0.5
0.109 0.377 6.2 1.3
0.125 0.378 8.2 0.3
0.154 0.377 10 1

0.202 0.377 12.2 0.4
0.250 0.379 14.2 2.6
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Table A.12.: Data points for the dependence of the initial rate on the concentration

of [RhCl(cod)],.
1 Hex-1-ene
0.125molI-!  0.375mol I
co([RhCl(cod)],) [mol -] Co(K5COg) [mol -] Rate Error
[10°moll's™'] [10°moll~'s™]
0.0031 0.38 4.2 0.4
0.0039 0.378 5.2 1.3
0.0047 0.379 6.4 1.0
0.0054 0.377 7.7 1.3
0.0063 0.378 8.2 0.3
0.0069 0.378 7.9 0.3
0.0073 0.378 8.6 0.6
0.0077 0.374 8.6 0.8
0.0093 0.378 8.9 0.3
0.0101 0.378 8.0 1.1
0.0110 0.378 8.5 1.2

Table A.13.: Data points for the dependence of the initial rate on the concentration
of hex-1-ene.

1 [RhCl(cod)],
0.125molI-!  0.006 25 mol I-!

co(hex-1-ene) [mol =] ¢(K,CO3) [moll-']  Rate [10-moll-'s~"] Error [10-°mol I~ s7]

0.184 0.378 7.8 1.3
0.326 0.375 8.4 1.0
0.375 0.378 8.2 0.3
0.463 0.377 8.6 0.5
0.607 0.375 7.7 1.6
0.750 0.378 8.3 0.8
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Table A.14.: Initial rate with increased concentrations of both K,CO; and
[RhCl(cod)], and initial rate with increased concentration of
[RhCl(cod)], and decreased concentration of K,CO5;. These data
points were determined only from single experiments. The error is
the error over three GC measurements, respectively.

1 Hex-1-ene

0.125mol =" 0.375mol I~

Co(K,COg) [mol I7']  co([RhCI(cod)],) [mol -] Rate [10° molI~"s~']  Error [10-° mol I-! s7]
0.568 0.0094 8.7 0.1
0.234 0.0094 4.8 0.1

A.1.2.2. K,CO; Studies
The data points for the K,COj studies are given in Tables A.15-A.17.

Table A.15.: Data points for the dependence of the initial rate on the adsorbed water
content in K,COs.

1 Hex-1-ene [RhCl(cod)],
0.125mol I~ 0.375moll~'  0.006 25 mol I~

Net cg(K,CO3) [moll-']  H,02 [m/m %] Rate [10-°mol -1 s~"]
0.371 0.000 0.77 +0.06
0.371 0.018 7.0+0.4
0.360 0.152 8.5+ 0.5

aAdsorbed H,0 on K,COj.

A.1.2.3. Kinetic Profiles

The data points for the kinetic profiles are given in Tables A.18-A.19.

A.1.2.4. Electronic Influence on Benzylic Amines

The data points for the determination of the electronic influence of benzylic amines
on the initial reaction rate are given in Table A.20.
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Table A.16.: Data points for the influence of the specific surface area of K,CO; -
1.5H,0 on the initial reaction rate.

1 Hex-1-ene [RhCl(cod)],
0.125moll='  0.375mol ="  0.006 25 mol I

co(K,CO3) [molI-1]  Specific surface area [m?g~'] Rate [10-° mol -1 s~']

0.377 0.064 +0.006 2.34+£0.08
0.378 0.14 £ 0.01 51£0.38

Table A.17.: Initial reaction rate without stirring and dependence of the influence of
agitation on the content of adsorbed water in K,COs.

Hex-1-ene [RhCl(cod)],
0.375molI='  0.006 25 mol I

co(K5CO3) [mol 1711 ¢o(1) [mol '] H,02% [m/m %] Rate [10->mol ' s7]

0.378 0.125 0.018 1.2+0.5
0.379 0.125 0.152 49+0.5
0.377 0.250 0.152 10 £1

aAdsorbed H,0 on K,CO;.
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Data points for the kinetic time course of direct C—H alkylation of 1
using hex-1-ene and stoichiometric amounts of K,COj3. Percentages
are calibrated GC-yields.

1 Hex-1-ene K,CO4 [RhCl(cod)],
0.125mol ="  0.375moll~!  0.377moll~'  0.006 25 mol I’

Time [h] 1 Error 1 3 Error 3 2 Error 2 4 Error 4
0067 100% 2% 000% 000% 23% 04% 0.00% 0.00%
0.096 93 % 2% 032% 0.09% 90% 04% 0.06% 0.03%
0117 74 % 4% 08% 03% 11.0% 1.0% 0.06% 0.02%
0.167  69% 3% 09% 03% 120% 1.0% 0.07% 0.04%
0.250 58 % 6 % 1.8% 05% 19 % 2% 0.20% 0.08 %
0417  45% 5% 37% 03% 29% 4% 042% 0.03%
0.667  30% 2% 50% 01% 371% 04% 074% 0.07%

1.00 16 % 3% 59% 03% 47% 3% 1.10% 0.10%

200 0.00% 000% 72% 05% 65% 6% 29% 05%

3.00 000% 000% 7.7% 03% 63 % 3% 35% 01%

4.00 000% 0.00% 78% 0.7% 62 % 3% 30% 0.6%

6.03 0.00% 000% 79% 07% 63% 1% 32% 06%
Table A.19.: Data points for the kinetic time course of direct C—H alkylation of 1 us-

ing hex-1-ene and catalytic amounts of K,CO3. Percentages are cal-
ibrated GC-yields except for 11. For 11 percentages are conversions
determined with respect to dodecane as internal standard assuming a
conversion factor of 1.

1 Hex-1-ene K>;CO4 [RhCl(cod)],
0.125mol I~ 0.375moll-'  0.012molI"!  0.006 25 mol I~

Time [h]

1[%] 3 [%] 2 [%] 11 [%] 4[%] Balance

0.000 99+3 0.00+0.00 0.00£0.00 0.000+0.000 0.00+£0.00 99+4%
0.943 92+2 0.03£0.02 0.18+0.01 0.33£0.04 0.00+£0.00 93+2%
1.887 88+2 0.04+£0.02 1.19+0.05 0.75£0.05 0.00+£0.00 90+2%
3.830 645+03 0.85+0.05 21.2+02 0.111+0.010 0.212+0.006 87+1%
5774 492+10 1.13+0.12 419+08 0.093+0.009 048+0.03 93+2%
2097 195+£09 188+0.11 69.7+1.0 0276+0.017 1.22+0.07 93+2%
25.91 184+11 198+0.02 71.3+17 0319+0.014 131£0.10 93+3%
4894 17.3+08 2.05+£0.10 73.1£0.2 0.33+0.02 1.324+£0.013 94+1%
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Table A.20.: Data points for the determination of the electronic influence of benzylic
amines on the reaction rate.

1/1c-h Hex-1-ene K>;CO4 [RhCl(cod)],
0.125mol -  0.375moll~!  0.377moll~'  0.006 25 mol I’

Compound va 0,’®  Rate [10°molI~'s7"] Inix

1 H 0.000 79+0.2 0.00 £0.04
1h CF, 0.54 2.59 + 0.01 -1.12+0.03
1f Cl 0.227 5.6+0.8 -0.3+01
1e F 0.062 6.7+1.6 -0.2+0.2
1c OMe -0.268 11.0£0.6 0.33+0.06
1d Me -0.17 10.8+1.5 0.3+0.1
19 CO,Me 0.45 54+0.2 -0.40£0.05

4Substituent on the para position on the benzylic amine.

A.1.2.5. Temperature Dependence of the Initial Rate

The data points for the determination of the temperature dependence of the initial
rates are given in Tables A.21-A.26.

Table A.21.: Concentrations of all the starting materials used in the experiments to
investigate the temperature dependence of the initial rate.

1 Hex-1-ene K>;CO4 [RhCl(cod)],
0.125mol I~ 0.375moll-'  0.377mol "'  0.006 25 mol I~

Table A.22.: Data points for the determination of the temperature dependence of
the reaction rate at 130 °C.

Time[s] ¢(2+3)[103moll~'] Error of ¢ [10-3 mol -]
334 0.231 0.003
608 1.84 0.01
783 2.89 0.03
1022 4.35 0.05
1202 5.41 0.05
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Table A.23.: Data points for the determination of the temperature dependence of
the reaction rate at 135 °C.

Time[s] ¢(2+3)[103moll-'] Error of c [10-3 mol -]
422 0.95 0.01
543 2.43 0.04
663 3.47 0.01
782 4.76 0.03
903 6.13 0.01

Table A.24.: Data points for the determination of the temperature dependence of
the reaction rate at 140 °C.

Time[s] ¢(2+3)[103moll~'] Error of ¢ [10-3 mol -]
337 1.05 0.07
426 2.66 0.04
483 3.73 0.02
543 4.94 0.04
604 5.89 0.05

Table A.25.: Data points for the determination of the temperature dependence of
the reaction rate at 145 °C.

Time[s] ¢(2+3)[103moll~'] Error of ¢ [1073 mol -]
333 1.22 0.01
365 2.32 0.04
395 3.17 0.04
458 5.09 0.05
484 6.01 0.13
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Table A.26.: Data points for the determination of the temperature dependence of
the reaction rate at 150 °C.

Time[s] ¢(2+3)[103moll-'] Error of ¢ [10-3 molI-']
305 3.08 0.03
319 3.59 0.05
350 5.32 0.07
394 7.48 0.08
425 9.32 0.03

A.2. Direct Alkylations using Alkylbromides

A.2.1. Kinetic Profile Comparison
The data points for the kinetic profile of direct alkylation of 1 using 1-bromohexane
are given in Table A.27.

Table A.27.: Data points for the kinetic time course of direct C—H alkylation of 1
using 1-bromohexane. Percentages are calibrated GC-yields.

1 1-Bromohexane K>;COgq [RhCl(cod)],
0.125mol ' 0.375mollI~!  0.377moll~"  0.006 25 mol I
Time [h] 1 Error1  n—hex—Br Error n—hex—Br 2 Error 2
1 102% 3% 97 % 2% 30% 0.6%
2 91 % 3% 91 % 1% 50% 05%
4 78 % 6 % 83 % 1% 92% 02%
6 68 % 6 % 76 % 3 % 14 % 2%

A.2.2. Investigations into all Major Sideproducts

The data points for the kinetic profile of the sideproducts 14, 15 and 16 in the direct
alkylation of 1 using 1-bromohexane are given in Table A.28.

A.2.3. Optimisation of Reaction Conditions

The data points for the optimisation of reaction conditions of direct alkylation of 1
using 1-bromohexane (denoted as R-Br in the Tables) are given in Tables A.29-
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Table A.28.: Data points for the kinetic time course of the sideproducts in the dir-
ect C—H alkylation of 1 using 1-bromohexane. Percentages are GC-
conversions relative to dodecane as internal standard assuming a con-

version factor of 1.

A. Appendices

Time [h] 14 Error 14 15 Error 15 16 Error 16  Sel.
1.00 038% 0.13% 025% 0.10% 040% 0.15% 4.1
2.00 050% 011% 070% 0.14% 08% 0.3 % 3.6
4.00 083% 011% 21% 0.3 % 2.0% 0.3% 2.7
6.00 1.35% 0.08% 42% 1.6 % 4.3 % 1.5% 2.0

A.31. In the data given the GC yields for sideproducts 3 and 4 are omitted since in
almost all experiments amounts below 1 % of these compounds were formed and
those sideproducts were therefore not the focus of the optimisation performed.
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Table A.29.: Data points of the optimisation of conditions for direct alkylation of 1 using 1-bromohexane. Part 1

Entry T[°C] Solvent Base R—Br Time Additive(s) R-Br 1 17 16 2 14 15 Sel.¢
1 160 toluene K,CO32 7.5eq. 3.0eq. 24h - 525% 00% 00% 97% 499% 46% 99% 27
2 160 toluene K,COs? 4.0eq. 3.0eq. 24h - 671% 00% 00% 123% 518% 38% 128% 24
3 160 toluene K,COs? 35eq. 3.0eq. 24h - 635% 27% 00% 70% 567% 30% 62% 4.1
4 160 toluene K,COs? 3.5eq. 3.0eq. 20h - 1005% 50% 00% 143% 452% 33% 156% 1.7
5 160 toluene K,CO32 3.5eq. 3.0eq. 16h - 1626% 283% 00% 87% 378% 33% 99% 21
6 160 toluene Ag,CO; 35eq. 3.0eq. 24h - 1972% 509% 00% 02% 04% 02% 00% 15
7 160 toluene Ag,CO3; 35eq. 3.0eq. 16h - 2059% 513% 00% 16% 04% 15% 00% 0.1
8 160 toluene K,CO3z2 3.5eq. 3.0eq. 24h Ag,CO4 (0.2 eq.) 67.3% 00% 00% 16.0% 475% 42% 167% 1.6
9 160 toluene K,COs? 3.5eq. 3.0eq. 24h AgNO; (0.2 eq.) 1774% 449% 00% 59% 163% 19% 41% 1.8
10 160 toluene K,COs? 35eq. 3.0eq. 16h Ag,CO3 (0.1 eq.) 156.1% 129% 00% 90% 524% 28% 96% 27
11 160 toluene K,COs? 35eq. 3.0eq. 16h Ag,CO3 (0.2 eq.) 1591% 265% 00% 82% 296% 32% 85% 1.8
12 160 toluene K,COs2 3.5eq. 3.0eq. 16h Ag,CO; (0.4 eq.) 1482% 329% 00% 93% 199% 43% 106% 1.0
13 160 toluene K,CO3? 35eq. 3.0eq. 16h Ag,COj3 (0.05 eq.) 777% 00% 00% 11.4% 608% 24% 115% 26
14 150 toluene K,COs? 35eq. 3.0eq. 16h Ag,COj3 (0.05 eq.) 158.0% 158% 0.0% 13.4% 428% 27% 153% 1.8
15 150 toluene K,COs? 35eq. 3.0eq. 20h Ag,COj3 (0.05 eq.) 1111% 6.0% 00% 169% 466% 3.0% 187% 1.6
16 150 toluene K,COs2 3.5eq. 3.0eq. 24h Ag,CO3 (0.05 eq.) 678% 28% 00% 178% 495% 29% 20.0% 1.5
17 160 toluene K,COs? 3.5eq. 2.0eq. 16h Ag,CO;3 (0.05 eq.) 471% 124% 00% 136% 588% 34% 13.0% 24
18 160 toluene K,COs? 35eq. 15eq. 16h Ag,COj3 (0.05 eq.) 257% 154% 00% 79% 392% 29% 71% 25

19 160 toluene K,COs2 2.0eq. 15eq. 16h Ag,CO;3 (0.05 eq.) 19.0% 212% 00% 101% 363% 29% 94% 20
20 160 toluene K,COs2 2.0eq. 1.5eq. 24h Ag,CO3 (0.05 eq.) 36.0% 162% 00% 68% 387% 26% 67% 29
21 160 toluene K,CO32 25eq. 2.0eq. 16h Ag,COj3 (0.05 eq.) 56.7% 40% 00% 84% 518% 21% 79% 33
22 160 toluene K,COs2 25eq. 2.0eq. 20h Ag,COj3 (0.05 eq.) 437% 71% 00% 108% 449% 26% 100% 23
23 150 toluene K,COs? 3.5eq. 3.0eq. 16h Ag,CO; (0.025 eq.) 157.7% 15.0% 00% 135% 357% 26% 145% 1.6
24 150 toluene K,COs2 3.5eq. 3.0eq. 20h Ag,CO3 (0.025 eq.) 1028% 7.7% 00% 188% 394% 38% 212% 1.2
25 150 toluene K,COs® 3.5eq. 3.0eq. 16h Ag,CO3 (0.05 eq.) 156.2% 9.7% 00% 103% 491% 20% 115% 26
26 150 toluene K,COs® 3.5eq. 3.0eq. 20h Ag,CO3 (0.05 eq.) 1450% 65% 00% 106% 501% 20% 115% 26
27 150 toluene K,COs® 3.5eq. 3.0eq. 24h Ag,COj3 (0.05 eq.) 9%55% 00% 00% 125% 546% 21% 138% 22
28 160 toluene K,COs® 3.5eq. 3.0eq. 16h Ag,COj3 (0.05 eq.) 153.7% 50% 00% 68% 581% 15% 62% 43
29 150 toluene K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.1 eq.) 989% 00% 11% 78% 572% 12% 81% 3.1
30 140 toluene K,COs® 3.5eq. 3.0eq. 16h Ag,CO; (0.05 eq.), EtzN (0.1 eq.) 139.2% 155% 15% 88% 448% 14% 100% 24
31 140 toluene K,COs® 35eq. 3.0eq. 16h  Ag,CO; (0.05eq.), Et3N (0.05eq) 197.0% 260% 07% 54% 302% 1.0% 63% 29
32 140 toluene K,COs® 35eq. 3.0eq. 16h  Ag,CO; (0.05eq.), Et;N (0.15eq.) 158.3% 11.7% 1.7% 45% 468% 1.0% 51% 4.2
33 140 toluene K,COs® 3.5eq. 3.0eq. 16h  Ag,CO; (0.05eq.), DIPEA (0.1eq) 221.3% 467% 0.0% 55% 215% 11% 64% 22
34 140 toluene K,COs® 3.5eq. 3.0eq. 16h  Ag,CO;(0.05eq.), Et,NH (0.1eq.) 1653% 242% 05% 69% 306% 1.7% 80% 24
35 140 toluene K,COs® 3.5eq. 3.0eq. 16h Ag,CO;(0.05eq.), TMEDA (0.05eq.) 160.6% 19.8% 0.0% 41% 374% 1.0% 33% 3.6
36 140 toluene K,COs® 3.5eq. 3.0eq. 16h Ag,CO;(0.05eq.), TMEDA (0.1eq) 1401% 284% 0.0% 41% 271% 11% 24% 25
37 140 toluene K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.) 1158% 142% 23% 74% 492% 13% 83% 26

aK,CO;, with an adsorbed water content of 2m%, a particle size median of 0.3 um and a specific BET Surface of 0.4 m? g~' was used.
bK,CO, with an adsorbed water content of 0 m%, a particle size median of 0.3 um and a specific BET Surface of 0.4 m? g~' was used.
CSelectivity is defined as ratio of 2 and all other sideproducts formed.
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Table A.30.: Data points of the optimisation of conditions for direct alkylation of 1 using 1-bromohexane. Part 2

Entry T[°C] Solvent Base R—Br  Time Additive(s) R-Br 1 17 16 2 14 15 Sel.®
38 140 toluene K,COs® 35eq. 3.0eq. 16h Ag,COj3 (0.05 eq.), TBAB (0.1 eq.) 1188% 239% 00% 45% 268% 06% 64% 26
39 140 toluene K,COs® 35eq. 3.0eq. 16h Ag,COj3 (0.05 eq.), TBAB (0.2 eq.) 1525% 43.0% 00% 19% 146% 03% 13% 3.8
40 140 toluene K,CO,® 35eq. 3.0eq. 16h Ag,CO; (0.05 eq.), EtzN (0.3 eq.) 1334% 117% 18% 46% 442% 07% 4.4% 3.3
41 140 toluene K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.4 eq.) 878% 81% 24% 53% 390% 09% 58% 26
42 140  toluene/octane (4:1) K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.) 969% 53% 1.7% 145% 461% 21% 181% 1.6
43 140  toluene/DMSO (4:1) K,COz® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.) 74% 748% 00% 34% 00% 00% 00% 0.0
44 140 toluene K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.), bipy (0.1 eq.) 2176% 810% 00% 00% 13% 04% 00% 1.6
45 140 toluene K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.), terpy (0.1 eq.) 2659% 927% 00% 00% 00% 00% 00% -
46 140  toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.) 783% 40% 18% 73% 535% 08% 86% 27
47 140 toluene K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.), cod (0.1 eq.) 1626% 255% 19% 43% 412% 08% 65% 3.8
48 140 toluene K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.), 2,6-Lut (0.1 eq.) 133.7% 162% 20% 62% 431% 15% 7.0% 25
49 140  toluene/dioxane (3:2) K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.) 528% 22% 19% 94% 483% 07% 112% 26
50 140 toluene/glyme (4:1)  K,COz® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.) 645% 48% 1.7% 88% 422% 11% 9.0% 26
51 140 toluene K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.), coe (0.1 eq.) 142.7% 138% 21% 58% 469% 10% 62% 41
52 140 dioxane K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.) 1371% 313% 00% 74% 206% 00% 72% 1.8
53 140 toluene K,CO,® 35eq. 3.0eq. 16h AgBF,, EtzN (0.2 eq.) 1731% 222% 22% 42% 340% 16% 43% 3.6
54 140 toluene K,CO,® 35eq. 3.0eq. 16h Ag,CO; (0.05 eq.), BugN (0.2 eq.) 126.6% 125% 0.0% 104% 480% 1.2% 112% 2.8
55 140 dioxane K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.) 565% 88% 07% 154% 345% 00% 187% 1.3
56 140 toluene K,COs® 35eq. 3.0eq. 16h AgSbFg, EtzN (0.2 eq.) 1198% 125% 2.0% 83% 496% 11% 88% 3.2
57 140  toluene/dioxane (2:3) K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.) 1166% 161% 07% 11.0% 336% 1.0% 126% 1.7
58 140  toluene/dioxane (1:4) K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.) 219% 40% 18% 131% 454% 08% 163% 1.8
59 140  toluene/dioxane (4:1) K,COz® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.), CyOH (0.5 eq.) 505% 111% 13% 104% 400% 1.6% 11.7% 21
60 140  toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.), CyOH (0.1 eq.) 615% 45% 18% 11.7% 463% 12% 128% 22
61 140  toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), NH,CI (0.2 eq.) 186.9% 318% 0.0% 89% 204% 31% 67% 15
62 140  toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 16h Ag,COj3 (0.05 eq.), DABCO (0.2 eq.) 626% 132% 39% 85% 345% 05% 74% 22
63 140  toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.), CyOH (1 eq.) 427% 154% 15% 89% 423% 20% 100% 24
64 140  toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtsN (0.2 eq.), CyOH (2 eq.) 219% 303% 18% 50% 368% 24% 78% 28
65 140  toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 16h Ag,CO3 (0.05 eq.), chinuclidine(0.2 eq.) 421% 358% 00% 55% 228% 09% 26% 2.6
66 140  toluene/dioxane (4:1) K,COz® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.), CyOH (3 eq.) 363% 342% 14% 25% 319% 22% 41% 4.1
67 140  toluene/dioxane (4:1) K,COz® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtsN (0.2 eq.), CyOH (4 eq.) 1050% 443% 09% 07% 223% 24% 08% 6.2
68 140 toluene K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.), cod (0.05 eq.) 1483% 99% 18% 52% 509% 08% 51% 5.0
69 140 toluene K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.), cod (0.2 eq.) 139.3% 71% 15% 65% 559% 05% 58% 5.0
70 140  toluene/dioxane (4:1) K,COz® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.), CyOH (3.5 eq.) 780% 381% 1.0% 11% 305% 18% 11% 80
71 140  toluene/dioxane (4:1) K,COz® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.), CyOH (4.5 eq.) 1151% 463% 12% 06% 23.0% 16% 04% 83
72 140 toluene K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.), cod (0.3 eq.) 947% 65% 13% 89% 490% 07% 81% 33
73 140 toluene K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtzN (0.2 eq.), cod (0.4 eq.) 1071% 59% 13% 90% 529% 05% 9.0% 35
74 140  toluene/dioxane (4:1) K,COz® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.), CyOH (6.5 eq.) 640% 444% 12% 1.0% 29.0% 22% 14% 64
75 140  toluene/dioxane (4:1) K,COz® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtsN (0.2 eq.), CyOH (4.5 eq.) 320% 389% 15% 18% 310% 23% 33% 45
76 140  toluene/dioxane (4:1) K,COz® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.), CyOH (6 eq.) 901% 476% 11% 07% 250% 20% 07% 7.1
77 140  toluene/dioxane (4:1) KZCOSb 35eq. 3.0eq. 16h Ag,COj3 (0.05eq.), Et3N (0.2 eq.), Cyclopentanol (6eq.) 86.3% 57.1% 31% 00% 193% 23% 0.0% 5.0
78 140  toluene/dioxane (4:1) K,COz® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtsN (0.2 eq.), iPrOH (6 eq.) 1342% 619% 17% 00% 139% 25% 0.0% 4.7

aK,CO, with an adsorbed water content of 2m%, a particle size median of 0.3 um and a specific BET Surface of 0.4m? g~ was used.
I"KZCO3 with an adsorbed water content of 0 m%, a particle size median of 0.3 um and a specific BET Surface of 0.4 m? g~! was used.
CSelectivity is defined as ratio of 2 and all other sideproducts formed.
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Table A.31

.. Data points of the optimisation of reaction for direct alkylation of 1 using 1-bromohexane. Part 3

Entry TI[°C] Solvent Base R—Br Time Additive(s) R-Br 1 17 16 2 14 15 Sel.¢
79 140  toluene/dioxane (4:1) K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), EtsN (0.2 eq.), iPrOH (5 eq.) 130.0% 53.0% 17% 03% 163% 29% 00% 47
80 140 toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 16h Ag,COs (0.05 eq.), EtzN (0.2 eq.), iPrOH (4 eq.) 1241% 455% 12% 05% 21.8% 22% 00% 75
81 140  toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.), iPrOH (3 eq.) 1461 % 527% 17% 05% 163% 19% 00% 52
82 140  toluene/dioxane (4:1) K2003b 35eq. 3.0eq. 16h Ag,CO3 (0.05 eq.), N-Methylpyrrolidine (0.2 eq.) 441% 312% 00% 72% 269% 09% 3.0% 2.7
83 140  toluene/dioxane (4:1) K,COs® 35eq. 3.0eq. 16h Ag,>CO; (0.05 eq.), MesN - Hel (0.2 eq.) 780% 166% 08% 6.0% 382% 08% 64% 34
84 140  toluene/dioxane (4:1) K,COs® 35eq. 3.0eq. 16h Ag,CO3 (0.05 eq.), EtsN (0.2 eq.), iPrOH (2 eq.) 1447% 456% 16% 06% 208% 18% 00% 6.9
85 140 toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 16h Ag,COs (0.05 eq.), EtzN (0.2 eq.), iPrOH (1 eq.) 149.0% 437% 07% 07% 245% 12% 03% 111
86 140  toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.), iPrOH (0.5 eq.) 573% 157% 15% 106% 398% 1.7% 128% 20
87 140  toluene/dioxane (4:1) K,COs® 35eq. 3.0eq. 16h Ag,CO; (0.05 eq.), Et3N (0.2 eq.), EtOH (1 eq.) 2121% 621% 00% 00% 34% 04% 17% 23
88 140  toluene/dioxane (4:1) K,COs® 35eq. 3.0eq. 16h Ag,CO;3 (0.05 eq.), Et3N (0.2 eq.), tBuOH (1 eq.) 769% 21% 20% 90% 559% 09% 109% 3.0
89 140  toluene/dioxane (4:1) K,COs® 35eq. 3.0eq. 16h  Ag,COs (0.05 eq.), EtsN (0.2 eq.), cod (0.2 eq.), iPrOH (1 eq.) 1205% 41.0% 07% 1.0% 320% 12% 11% 102
90 150 toluene K,COs® 35eq. 3.0eq. 24h Ag,CO; (0.05 eq.), TEMPO (0.1 eq.) 1537% 36% 00% 78% 533% 05% 78% 45
91 150 toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 16h  Ag,COj (0.05 eq.), EtzN (0.2 eq.), cod (0.2 eq.), iPrOH (1 eq.) 1329% 375% 07% 09% 287% 12% 05% 112
92 160  toluene/dioxane (4:1) K,COs® 35eq. 3.0eq. 16h  Ag,CO; (0.05 eq.), EtsN (0.2 eq.), cod (0.2 eq.), iPrOH (1 eq.) 1263% 364% 08% 13% 311% 14% 07% 10.1
93 140  toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 24h  Ag,COj; (0.05 eq.), EtsN (0.2 eq.), cod (0.2 eq.), iPrOH (1 eq.) 793% 264% 08% 28% 389% 15% 36% 59
94 130  toluene/dioxane (4:1) K,COs® 35eq. 3.0eq. 16h  Ag,COs (0.05 eq.), EtsN (0.2 eq.), cod (0.2 eq.), iPrOH (1 eq.) 65.7% 276% 14% 106% 346% 17% 13.0% 1.7
95 140 toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 72h  Ag,COj; (0.05eq.), Et;N (0.2 eq.), cod (0.2 eq.), iPrOH (1 eq.) 239% 132% 183% 6.0% 454% 25% 72% 3.6
96 140  toluene/dioxane (4:1) K,COs® 3.5eq. 3.0eq. 72h Ag,COj (0.05eq.), Et;N (0.2 eq.), cod (0.2 eq.), iPrOH (1.5eq.) 621% 347% 07% 12% 260% 18% 16% 6.3

aK,CO, with an adsorbed water content of 2m%, a particle size median of 0.3 um and a specific BET Surface of 0.4m? g~ was used.
bK,CO;, with an adsorbed water content of 0 m%, a particle size median of 0.3 um and a specific BET Surface of 0.4 m? g~' was used.
CSelectivity is defined as ratio of 2 and all other sideproducts formed.
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