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Science only starts to get interesting at the point where it stops.

Wetenschap wordt eigenlijk pas interessant op het punt waar ze ophoudt.
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Preface: Setting the stage

A major component of practical chemical research deals with the synthesis of or-
ganic molecules. In this field, carbon-carbon or carbon-heteroatom bond formation
is of fundamental importance. Some of these bond formations are potentially very
powerful, but often require a little “help” to be generated efficently at the lowest
cost possible. That is where catalysis enter the story. Every chemical reaction has
a rate determinant, characteristic activation energy. Sometimes this energy barrier
is too high to successfully perform the reaction under normal reaction conditions.
A catalyst can lower this activation energy, by providing an alternative reaction
pathway. In this way, the reaction rate of slow reaction steps can be substantially
enhanced and previously inaccessible reactions can become feasible. Moreover,
a well-designed catalyst accelerates only the desired reaction while potential un-
wanted side reactions remain slow.

Catalysts based on the transition metal ruthenium have been applied in a multitude
of reactions, such as atom transfer radical polymerization,! Kharasch addition,?
transfer hydrogenation,® hydroamination,® enol ester synthesis® and a wide variety
of metathesis reactions.® This non-exhaustive list briefly overviews the wide chem-
istry panel addressed by ruthenium catalysts. The reactivity and selectivity of a
catalyst towards a particular reaction are often determined by the metal coordina-
tion sphere of organic and/or inorganic ligands. During their research on metathe-
sis reactions, the group of Grubbs has found that complexation of the ruthenium
centre with N,O-bidentate Schiff base ligands results in complexes with improved
stability towards air and moisture. The temperature and solvent tolerance was
likewise substantially improved.” Also the research group of my promotor, Prof. F.
Verpoort, has contributed to the development of ruthenium Schiff base catalysts.®
Several new Schiff base complexes were synthesized and applied in enol ester syn-
thesis, Kharasch addition and metathesis reactions.

At the onset of this work, the primary objective had been formulated as follows:
“To further explore the catalytic applicability of ruthenium Schiff base catalysts
in a variety of reactions...” Although it is inevitable that the focus of a doctoral
research shifts during its course toward the instantaneous needs and the results ob-
tained, this statement still reasonably reflects large part of the PhD work actually
achieved. Two specific reactions were selected for the screening of new ruthenium
Schiff base catalysts:

e the synthesis of quinolines by a modified Friedlander reaction involving a
hydrogen transfer reaction as the key step, and

e the synthesis of enol esters by the nucleophilic addition of carboxylic acids to
terminal alkynes, where the activation of the alkyne triple bond plays

xi
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a central role.

The first reaction was chosen as a consequence of an interesting publication by Cho
et al.? They reported a modified Friedlander reaction for the synthesis of quino-
lines, in which a ruthenium catalyzed hydrogen transfer reaction was claimed to
play a key role. The best catalyst for this reaction was the so-called first gener-
ation Grubbs catalyst. This was quite surprising, as this catalyst is specifically
known for its excellent activity in metathesis reactions, but - at that time - not for
its capability for hydrogen transfer reactions. Over the past years, the group of
Verpoort has specialized in metathesis reactions, amongst others with Grubbs-type
catalysts. Hence, the intriguing results of Cho prompted us to get more insight in
this modified Friedlander reaction. With the additional knowledge that ruthenium
Schiff base complexes are excellent catalysts for transfer hydrogenation reactions, *°
the motivations for addressing this subject are twofold: a) exploring new ruthenium
Schiff base catalysts for the synthesis of quinolines, and b) investigating modifica-
tions to Grubbs-type catalysts and their effect on the catalytic activity.

The choice for the second reaction is more straightforward. In the research group
of Verpoort, Melis has already extensively investigated the synthesis of enol esters
with commercial ruthenium catalysts and newly synthesized complexes bearing a
triazol ligand.!'' De Clercq has briefly explored some ruthenium Schiff base cat-
alysts,'? but the field for this kind of complexes was still wide open. The main
goal for this subject is to prepare some new, stable and easily accessible ruthenium
catalysts with Schiff base ligands and to define their scope and limitations for the
coupling reaction between carboxylic acids and alkynes. The stereochemistry of
the produced enol esters, as well as the influence of the chosen alkyne and/or acid,
is of particular interest.



Outline

This work consists of two major parts. Chapters 1, 2 and 3 report on the synthesis
of quinolines, while chapters 4 and 5 deal with the preparation of enol esters.

Chapter 1 provides a general introduction to quinolines. The applications of
quinolines are described, along with several methods of synthesis. In partic-
ular, the transition metal-catalyzed modification of the Friedlander method,
that was used in this work, is highlighted.

Chapter 2 explores the synthesis of quinolines with ruthenium complexes. The
influence of several experimental parameters, such as the type of catalyst,
base and hydrogen acceptor, are investigated. A critical look at the reaction
mechanism provides some new insights. A new method is developed for the
problematic synthesis of 3-substituted quinolines.

Chapter 3 reveals that quinolines can also be synthesized in a base-mediated
process without the need for an expensive transition metal catalyst. A reac-
tion mechanism similar to that of the Meerwein-Ponndorf-Verley reduction
or Oppenauer oxidation is proposed.

Chapter 4 gives an introduction to enol esters. The applications of these com-
pounds are described and a literature overview of synthetic approaches to-
wards enol esters is presented.

Chapter 5 surveys the ruthenium-catalyzed synthesis of enol esters. The focus
of this chapter is on the application of ruthenium Schiff base complexes for
the coupling of carboxylic acids with alkynes. The addition of N-heterocyclic
carbene ligands and bases is discussed.

Chapter 6 summarizes the most important conclusions of this manuscript and
evaluates the obtained results.

Chapter 7 details the experimental procedures used in this work.

Chapter 8 provides a Dutch summary of this work.

xiii
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Introduction to quinoline synthesis

1.1 What is quinoline?

Quinoline (sometimes referred to as 1-Benzazine or 2,3-Benzopyridine) is a hetero-
cyclic aromatic compound with the formula CoH7N in which a benzene ring and a
pyridine ring are fused through a carbon double bond (Figure 1.1). It occurs natu-

Figure 1.1: The general structure of quinoline.

rally and was originally isolated from coal tar in 1834 by F. Runge. 3% The world
production of quinoline is over 2000 tons annually, indicating its importance.'® It
is an intermediate in metallurgical processes and in dye, polymer and agrochem-
ical production. In organic synthesis it is sometimes used as a high boiling basic
solvent.

The quinoline scaffold is present in many medicinal plant alkaloids. The antipyretic
activity of Cinchona bark was already known to the Incas and in the early 17th
century the Jesuit missionaries uncovered its antimalarial properties.'® With the
advance of organic chemistry, the alkaloid quinine (Figure 1.2) was isolated and
identified as the active compound. This prompted the development of a range of
synthetic antimalarials. Difficulty of supply of the natural quinine during the two
World Wars intensified those efforts. Loss of efficacy of synthetic drugs due to
resistance also meant continuing research into antimalarials. Chloroquine and Pa-
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MeO

Figure 1.2: Quinine

maquine (Figure 1.3) are two examples of synthetic antimalarial drugs, but many
more exist. 1”21 Further applications of quinolines in medicinal chemistry include

( MeO \

HN J\/\/ N ~ N/

0 T
Cl N/ k

Figure 1.3: Chloroquine (left) and Pamaquine (right).

24,25 antibacterial, 2629 antihy-

36

the use as anti-inflammatory,?223 anti-asthmatic,
pertensive, 3931 anticancer3?3® and tyrosine kinase inhibitory agents.
Quinoline-based polymers are currently under investigation for applications as ther-
mally stable transparent materials in the fields of electronics, optoelectronics and
non-linear optics.3” 43 One notable application is the use of polyquinolines in blue
LEDs. 4446

1.2 Traditional methods of synthesis

At the end of the 19th century several methods for the synthesis of quinolines
were developed, named after their inventors. Some of these historically important
syntheses will be shortly discussed here.

1.2.1 Skraup/Doebner-von Miller reaction

One of the earliest reports of quinoline synthesis was published in 1880 by Skraup.
He discovered that heating aniline with glycerol, sulfuric acid and an oxidizing
reagent results in quinolines.4” 49 The details of the reaction sequence are not yet
fully understood, but most likely glycerol is dehydrated to acrolein by sulfuric acid
and then reacts with aniline by conjugate addition. This intermediate is then cy-
clized, oxidized and dehydrated to give the quinoline (Figure 1.4). Doebner and
von Miller generalized Skraup’s method for the synthesis of substituted quinolines
by using 1,2-glycols or o, B-unsaturated aldehydes or ketones instead of glycerol. 5%
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HO CI) OH
H,S0, IO PhNH, N
HO —_— —_— —_— —_—
H* Z
| N N N
e H H

Figure 1.4: Skraup/Doebner-von Miller quinoline synthesis.

This reaction has, however, some major drawbacks. As it can be violently exother-
mic, a moderator such as iron(II)sulfate is usually added. To improve yields, a
variety of oxidizing reagents and additives have been added including iron(III) and
tin(IV) salts, nitrobenzenes, iodine and various acids such as boronic and arsenic
acid. Recently, solvent-free Skraup/Doebner-von Miller reactions have been devel-
oped under microwave irradiation. ®+>2

1.2.2 Combes quinoline synthesis

In the Combes synthesis,®® aniline is reacted with a 1,3-diketone, ketoaldehyde or
dialdehyde providing an enamine. Subsequent cyclodehydration gives the quinoline
(Figure 1.5).

W R!
R2 R R2 R2
AT AT, acid A
+ le R3 —_— | —_—
- H,0 3 -H0 3
NH, o o N7 R N TR
R, R?, R3=H, alkyl or aryl

Figure 1.5: Combes quinoline synthesis.

1.2.3 Friedlander quinoline synthesis

Both the Skraup and Combes method suffer from the disadvantage that if the
aniline bears a meta-substituent, there are two different ortho positions available
for cyclization. This often leads to an isomeric mixture of quinolines. This prob-
lem can be avoided by starting with an ortho-substituted aniline. In the Fried-
lander method, 2-aminobenzaldehyde or 2-aminoketone is combined with an a-
methyleneketone (or aldehyde) to furnish a substituted quinoline (Figure 1.6).54%%
The reaction can be promoted by acid, base or heat. Two possible mechanistic
pathways have been suggested for the Friedlander reaction. The first involves ini-
tial imine formation, followed by intramolecular Claisen condensation, while the
second reverses the order of the steps.®® Evidence for both proposals exists 357759
and the mechanism may change for the same two partners based upon reaction
conditions.

Although the Friedlander method is quite versatile, the primary limitation is the
preparation and stability of the 2-aminobenzaldehyde starting products since these
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R? R?
2 2
e L — OO0
+
Z
NH, 0 RS N R3
Figure 1.6: Friedlander quinoline synthesis.

compounds are prone to self-condensation. Both electron rich and electron poor 2-
aminobenzocarbonyl compounds undergo the Friedlander reaction.®%! When the
ketone partner has only one reactive methyl or methylene or is symmetrical, only
one product is obtained.

In the Niementowski variation, an ortho-aminobenzoic acid is used, resulting in a
quinolinol (Figure 1.7).%2 The Pfitzinger extension®? of the Friedlander protocol

OH OH
R? R?
o) X
—_—
s
NH, o) RS N R®

Figure 1.7: Niementowski quinoline synthesis.

relies on the use of isatin which is much more stable than 2-aminobenzaldehydes. %4
Initially quinoline-4-carboxylic acids are formed but subsequent decarboxylation
can afford the corresponding quinolines (Figure 1.8). Recent investigations of the

Os__OH R? HO_ O
? L
2 2
o 07 R XN Xy R S
o —> EEEE—— | —
~ o
N NH, F NP g3 N~ TR®

isatin
Figure 1.8: Pfitzinger quinoline synthesis.

Friedlander method focus on the replacement of a traditional heating source by
microwave irradiation,%% the use of water®”%® or ionic liquids®® 7' as solvents
for environmentally benign processes, solvent free reaction conditions 73 and im-
proved acids or bases, e.g. the use of solid acid catalysts. " 76

1.2.4 Other named reactions

This is by no means a conclusive list of available methods. Other named reactions
for the synthesis of quinolines have been developed by Camps,””"® Knorr, 80
Conrad-Limpach 882 and others but their description falls outside the scope of
this work. For more information, the reader can find some excellent reviews and
books on this subject. 783
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1.2.5 Classic organic synthesis

Undoubtedly, hetero Diels-Alder reactions are one of the most powerful tools in
organic chemistry to prepare heterocycles. It should therefore be no surprise that
it has been widely employed in the synthesis of the quinoline ring system. The
aza Diels-Alder or imino Diels-Alder reaction as it is mostly called, is a [4+2]
cycloaddition reaction between N-arylimines (the conjugated diene) and alkenes
(the dienophile). Generally, tetrahydroquinolines are obtained. Sometimes, the
multi-component Povarov approach® is used in which the imine is in situ generated
in a condensation reaction between an aromatic amine and an aromatic aldehyde.
A representative example of both methods is shown in Figure 1.9. Lewis acids like

H
RL . R b
InCl3 H
@ > B —
N \©\ CHACN N ©\
2
R R3 R3

XN N N DyOThs  quf
(b) Rl— + | —R2 + \ —_— |

CH3CN = N X
H | ——r2
=

Figure 1.9: (a) Quinolines via [44-2] cycloaddition reaction. 33

(b) Quinolines via the Povarov reaction. ¢

InCl3, 358794 Ybh(OTf)3,%5 97, Dy(OTf)3,86:%8 and BF3.Et,0%99 are often added
as catalyst (10 - 20 mol%) to increase the reaction rate and selectivities. Ishitani
used Yb(OTf)3 in combination with the chiral ligand (R)-(4)-BINOL to further
increase the enantioselectivity. 19

Other catalysts that have also been used are CF3COOH, 9897101 S, (THF),, 102
BICL37 103 SbCld, 104, VClg, 105 and Ce(NH4)2(N03)6 106

1.3 Transition metal-catalyzed approaches

The synthesis of nitrogen-containing heterocycles, such as quinoline, is the subject
of extensive research in organic chemistry, because the quinoline scaffold is present
in many biologically active compounds. However, many traditional methods that
have been addressed in the previous paragraphs suffer from harsh reaction con-
ditions, low stereoselectivity or consist of multiple steps, resulting in low overall
yields, limiting their applicability.
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1.3.1 The modified Friedlander quinoline synthesis

The Friedlander method is generally considered to be the most versatile method of
synthesis although its full potential is inhibited due to the use of unstable aminoben-
zaldehydes. This problem of self condensation of the 2-aminobenzaldehydes can be
circumvented by starting from the cheaper and more stable 2-aminobenzylalcohol.
This method was first proposed by Cho and Shim.? They reacted 2-aminobenzyl-
alcohol with a series of ketones in the presence of a ruthenium catalyst and a base
in dioxane for 1 h at 80 °C. A 2-aminobenzylalcohol/ketone/base ratio of 1:2:1
gave the best results. The general reaction scheme is presented in Figure 1.10.

RZ
o [Ru] A
OH
O™ e, = (X
NH, N R
Figure 1.10: General reaction scheme for the modified Friedlander method.

The suggested reaction mechanism is shown in Figure 1.11. In the first step, 2-

OH Q
Y
2

X,
[Ru] + [RuH,] l base
(:j \\O (0]
R
NH, \e)I\R'
1 cross aldol |
Q [RUHz] 0
¥ R R
NH NH,
[Ru] l

e R -Hz N R
e S |
e~ L/
N R’ Z N R’

Figure 1.11: Suggested mechanism of the modified Friedlander method.

aminobenzaldehyde is generated in situ by a catalytic oxidation of 2-aminobenzyl-
alcohol. In the presence of a base, a cross-aldol reaction occurs between the alde-
hyde and a ketone to form an «, 8-unsaturated ketone which is subsequently hydro-
genated by the dihydridoruthenium complex [RuHs| generated by the initial oxida-
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tion reaction. This way, the catalyst is regenerated and a new oxidation/reduction
cycle can start. The combination of both catalytic steps is in fact a hydrogen
transfer reaction. The final step is a condensation reaction between the amine and
the ketone followed by a Hs-elimination to form the quinoline.

Among the few ruthenium catalysts that were tested by Cho, the first generation
Grubbs’ catalyst RuCly(=CHPh)(PCys)2 (1, Figure 1.12) gives the highest quino-
line yield (>99% after 1 h). Also RuCly(PPhs)s and RuHy(PPhs), showed good
results (yields >90%) but other catalysts such as Ruz(CO);2 and cyclopentadienyl
complexes were less efficient.

PCy3
Cl<

Ru=
Cl7 =

PCy3

Figure 1.12: Grubbs’ first generation catalyst (1).

More recently, this research group has published results using the copper(II) cat-
alyst CuCly along with KOH under Os-atmosphere.!?” Although this catalytic
system is cheaper than ruthenium complexes, higher temperatures (100°C), longer
reaction times (5 h) and higher amounts of base (3 equivalents) are required to
achieve only moderate yields, ranging from 40 to 80%, depending on the nature of
the ketone.

The same researchers also reported the use of Pd/C as a catalyst for this reac-
tion, %% but again, after 20 hours at 100°C only moderate conversions were ob-
tained. To compensate for these drawbacks, a heterogeneous approach was applied
by adding poly(ethyleneglycol) (PEG) to the reaction mixture.'®? This allowed
easy separation of the catalyst by solidifying it along with PEG by cooling down
the reaction mixture, followed by filtration. Good yields were obtained (generally
70-90%) and the recovered catalyst could be reused five times without any loss of
catalytic activity. The best results were achieved with Pd(OAc)s as a Pd-source,
rather than PdCly or Pd/C.

In another heterogeneous approach, Kaneda et al. prepared a ruthenium-grafted
hydrotalcite. 119 Quinolines were obtained through aerobic oxidation (Og, 1 atm)
by the Ru species, followed by an aldol reaction on the base sites of the hydro-
talcite. This method has the added advantage that an inorganic base is no longer
required. High quinoline yields were obtained after 20 h at 100°C in toluene.
Two iridium catalysts, [IrCl(cod)]s and IrCls in combination with phosphine lig-
ands, were described by Ishii under solvent-free conditions to give quinolines in
good yields. ! Based upon their results, they suggested an inversed pathway, i.e.
first imine formation, followed by an intramolecular aldol condensation.

In an alternate approach!''? 2-aminobenzylalcohol was reacted with alcohols in-
stead of ketones (Figure 1.13). In this setup, also the alcohol has to be oxidized
to a ketone, effectively doubling the required number of transfer hydrogenation
reactions. To facilitate the reaction, 1-dodecene was added as hydrogen acceptor.
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OH OH [Ru], base A
_—
* )\ R dodecene =
NH N R

2

Figure 1.13: Modified Friedlander reaction from alcohol substrates.

Naturally, this reaction proceeded much slower and also resulted in somewhat lower
quinoline yields. Here, RuCly(PPhj); proved to be the catalyst of choice.

The use of RuCly(DMSO), for the modified Friedlander reaction was recently re-
ported by Martinez and Yus.!!311% They achieved excellent quinoline yields with
this system after a reaction time of 24 to 72 hours. In a slightly modified adaptation,
2-aminoketones were reacted with alcohols to afford quinolines (Figure 1.14).116

R? R?

RUCI,(DMSO), .
SN o OH KOtBu, Ph,CO O L

| = * 3 J\/ R* | f | = Z
/: NH, R solvent-free /. N R3

Rt 100 °C, 48 h R?

Figure 1.14: Friedlander reaction from 2-aminoketones and alcohols.

Another method, developed by Li and Mulvihill, involves the use of nitrobenzalde-
hydes (Figure 1.15). 2-Nitrobenzaldehyde is converted into 2-aminobenzaldehyde
via reduction of the nitro group to an amino group by iron under acidic conditions.
In a second step, the addition of ketones and KOH affords the quinoline in excellent
yields.

[¢]
2 2
SOE-——l GaE e O
_— _—
2 4
NO, EtOH, reflux NH, KOH, reflux N Rl
Figure 1.15: Modified Friedlander reaction using nitrobenzaldehydes.

1.3.2 Other transition metal catalyzed methods
Ruthenium

One of the earliest reports on ruthenium catalyzed quinoline synthesis was pub-
lished by Watanabe, Tsuji and Ohsugi.!!” They found that the reaction of aniline
with 2,3-unsaturated alcohols such as allyl alcohol and crotyl alcohol in the presence
of RuCly(PPhs); gave 2,3-alkylquinolines in good yields (Figure 1.16). Tsuji and
Watanabe were also the first to report a ruthenium catalyzed Skraup reaction. '8
Aminoarenes were reacted with 1,3-propanediol under non-acidic conditions with
RuCl5.nH50, two equivalents of P(nBu)s ligand and a nitroarene as hydrogen ac-
ceptor (Figure 1.17 (a)). Further investigations!!® revealed that diglyme was a
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RUCK(PPhy)3 XX R
+ R~ _OH el
©\NH NN (/ =

2 N R

Figure 1.16: RuCl(PPhs)s-catalyzed reaction of aniline with allyl alcohol.

superior solvent and that the hydrogen acceptor could be omitted (Figure 1.17

(b))

(a) RuCl3.nH,0,
P(nBu)3, nitroarene
| = 1,4-dioxane, 180 °C, 5 h | A
+ HO_~_-OH
=
/ NH, (b) RUCI3.nH,0 / P(NBU)3 N
diglyme, reflux, 5 h

Figure 1.17: Ruthenium-catalyzed Skraup reaction.

The research group of Cho and Shim extensively explored the ruthenium catalyzed
reaction of anilines with a variety of amines (Figure 1.18). The reaction of ani-

RLIC|3.I"IH20 / PPh3
SnCIz.ZHZO

| =X 1,4-dioxane, 180 °C, 20 h @\/T/
~Z
/7 Nk, TN

R (@  N(CH,CH=CHy)s R

R'\(’:?/\/
R ’e\/\
cl

(b)

(c) Pr3N, 1-hexene

Figure 1.18: Ru-catalyzed reaction of aniline with (a) allylamines, (b) allylammonium
chlorides and (c) trialkylamines.

line with triallylamines was catalyzed by RuCl3.nHsO together with PPhs and
SnCly.2H0 in dioxane at 180 °C for 20 hours to give quinolines in good yields. 2%
Also tris(3-hydroxypropyl)amine, 12! allylammonium chlorides, 1?2 and even trialky-
lamines in the presence of a hydrogen acceptor 23 react with anilines to give quino-
lines.

This reaction is not restricted to aniline. When nitroarenes are used, the nitro-
group functions as hydrogen scavenger and it is consequently reduced to an amine
which can then undergo a similar reaction as described above (Figure 1.19). In this
case, RuCly(PPhs)s is the best catalyst, and both trialkylamines 124 and tetraalkyl-
ammonium bromides!?® were shown to produce quinolines in good yields.

A distinctively different approach was used by Arisawa, Theeraladanon, et al. 1267129
Figure 1.20 shows how substituted quinolines were synthesized by ring-closing
metathesis (RCM) of a, w-dienes derived from 2-isopropenylaniline by the Grubbs’
first and second generation catalysts (complexes 1 and 2 respectively).
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RUCI,(PPha)s
SNCly.2H,0 R
| = 1,4-dioxane, 180 °C, 20 h m
— R'
/o, N
R (@)  (R'CH,CH,)sN R

(b)  (R'CH,CH,),NBr

Figure 1.19: Ru-catalyzed reaction of nitroarenes with (a) trialkylamines and (b)
tetraalkylammonium bromides.

(\ 1) TsCl, pyridine X
—_—
F 2) allylbromide, a4
NF2  Tiaco, \ I\
Ts Mes~ N~ N~Mes
2-isopropenylaniline T
CI\R
[Ru] l RCM a” |“=\Ph
PCy3
1) H XY ’
| R - ( (Mes = 2,4,6-trimethylphenyl)
= N/ 2) air oxidation F N
1
Ts

Figure 1.20: Synthesis of quinolines using ring-closing metathesis.

The total synthesis of the natural product (+)-(S)-angustureine was achieved using
the ring-closing metathesis reaction as one of the key steps (Figure 1.21).130

Palladium

Also palladium complexes have been explored for the synthesis of nitrogen hetero-
cycles. 131132 Larock and Kuo described the palladium catalyzed coupling of o-
iodoanilines with allylic alcohols to yield quinolines (Figure 1.22).133 The same
strategy was applied by Mahanty et al.'3* They used PdCly(PPhs), to react N-
acylated o-iodoanilines with terminal acetylenic carbinols in a Sonogashira cou-
pling. In a subsequent cyclization step NaOEt facilitated the formation of quino-
lines (Figure 1.23 (a)). To avoid the use of costly trifluoroacetic anhydride for the
generation of o-iodotrifluoroacetanilide, a PA(OAc)s catalyzed cyclization has been
proposed (Figure 1.23 (b)). Similarly, Cho applied PdCls(PPhg)s with Cul in a one
pot reaction of o-iodoanilines with propargylic alcohols. 3> When 1,2-disubstituted
olefins, such as dimethyl maleate, are used in combination with o-iodoanilines,
quinolones are obtained (Figure 1.24).136

An ene-type cyclization of 1,7-enynes catalyzed by a cationic (S)-BINAP-Pd(II)
complex, leading to quinoline derivatives bearing a quaternary carbon center, was
described by Hatano and Mikami (Figure 1.25).137 The reaction was highly enantio-
selective (>99 %ee).
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XY o i A ii A iii XX iv
| — — — | —
Z o, NO, NH, Z NH
Ts
D, )
11NN N NN N7 U
|
Ts 'Il's

VIII R
_> |
Uy NN I VN

1
Me

Figure 1.21: Total synthesis of Angustureine using RCM. Reagents and conditions:
(i) PhsPMeBr, KN(TMS)2, THF, rt, 1 h, 90%; (ii) Zn powder, AcOH,
rt, overnight, 72%; (iii) TsCl, pyridine, CH2Cla, rt, 1 h, 86%; (iv) (S)-
1-Octen-3-ol, diethyl azodicarboxylate, PPhs, THF, rt, 2 h, 78%; (v)
(H2IMes)(PCy3)(Cl)2Ru=CHPh, CH2Cly 0.01 M, 50 °C, 1 h, 92%; (vi)
PtO2, Ha, MeOH, rt, 12 h, 94%; (vii) anthracene sodium, Et.O, -65 °C,
10 min, 99%; (viii) Mel, KoCOgs, THF, reflux, 10 h, 80%.

PdCl, / PPhg

CE /\r _ NaHcos AN
HMPA, 140 °C, 24 h Z

N R

Figure 1.22: Pd-catalyzed coupling of o-iodoaniline with allylic alcohols.

OH
OH

R

< Z
( R | EN Z NaOEt m\
(@)
\H PdCIz(PPhg,)g Ay /P

o)\CF3 i 2\

07 CFRy

OH
OH

= p
R N Z Pd(OAc), S AN
| — | _ (b)
NH, PdC|2(PPh3)3 RI/\/ NH, R'/ Z N R

Figure 1.23: Pd-catalyzed coupling of (a) o-iodotrifluoroacetanilide or (b) o-iodoanilines
with terminal acetylenic carbinols.
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CoOMe
|\ | [COOMe PA(OAD, N
+ —_

AN COOMe R‘//H o

Figure 1.24: Palladium-catalyzed synthesis of quinolones.

R
= (Pd]
(S)-BINAP

_—— -
- HCOOH
NN DMSO0, 100 °C, L h
Ts (¢}

Figure 1.25: Quinolines via [Pd]/(S)-BINAP-catalyzed ene-type cyclization.

Rossi et al. prepared 2-aryl-4-amino-quinolines through a palladium-mediated mul-
ticomponent domino reaction, starting from 2-ethynyl-arylamines, aryl iodides,
carbon monoxide and primary amines (Figure 1.26).'3® The process involves car-
bonylative coupling between 2-ethynyl-arylamines and aryl iodides, followed by
inter- and intramolecular nucleophilic addition to a carbon-carbon triple bond and
carbon-oxygen bond, respectively.

.
P “NH
N7 N Pd(OAC),/P(0-tol)3 EN
| + R+ RNHy + €O —— ———>
s
P s THE (TEA) N \ .
A

Figure 1.26: Pd-mediated multicomponent domino reaction leading to quinolines.

Very recently, Gabriele reported the synthesis of substituted quinolines through
copper or palladium-catalyzed heteroannulation-dehydration of 1-(2-aminoaryl)-2-
yn-1-ols. 139 The first step consists of the Grignard reaction between the appropriate
alkynylmagnesium bromide and 2-aminoaryl ketones. In the second step, CuCly or
PdX; + KX (X = Cl or I) catalyzed the cyclodehydration reaction (Figure 1.27).

RS
o HO RS
2 R2 R2 N
R R3 RYC=CMgBr T [Cu] or [Pd]

_— —_— —
+ R4 4
NH, H NH, NTOR

Rl
RY R!

Figure 1.27: Quinolines through Pd or Cu-catalyzed cyclodehydration.
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Rhodium

A few rhodium-catalyzed reactions are known, but their applications are rather
limited. RhCl3.3H30 combined with PPhs was found to catalyze the reaction
between aniline and ethylene to yield 2-methylquinoline and N-ethylaniline (Figure
1.28 (a)). 19 [Rh(cod)2)BF, with PPhs catalyzes the reaction of aniline with styrene
(Figure 1.28 (b)). 14! A side reaction of the latter example is the anti-Markovnikov
hydroamination of styrene to N-(2-phenylethyl)aniline, and also the formation of
ethylbenzene. An interesting intramolecular hydroaminomethylation reaction of 2-
isopropenylanilines by an ionic diamino rhodium catalyst was presented by Vieira
and Alper (Figure 1.28 (c¢)). This reaction is atom economical and occurs with
high chemo- and regioselectivity. 142

RhCl3.3H,0 B
+  CyHa _— + CyHg (@)
s
NH PPhg N

2
[Rh(cod)z]BF4 A !
_ ®)
PPh3 N

+
\/
N, ,co
[ »i | moconcnr
N' “co
X 7\ X
| | (c)
R/ = NH, tCO/H2 1000 psi (7:3) s
oluene, 120 °C, 48 h R H

Figure 1.28: Rhodium catalyzed quinoline and hydroquinoline synthesis.

Cobalt

Jacob and Jones reported the selective conversion of diallylanilines and arylimines
to quinolines catalyzed by the Cos(CO)g complex (Figure 1.29). 143,144

Other transition metals

In a reaction that bears resemblance with the Pd-assisted coupling reactions involv-
ing a Sonogashira coupling, Korivi and Cheng recently prepared 2,4-substituted
quinolines through a nickel-catalyzed cyclization of arynyl aryl ketones with 2-
iodoanilines (Figure 1.30).145

The iridium complex [Ir(cod)Cl]s catalyzes the three component coupling reaction
between an arylamine and two aldehydes, to yield quinolines in moderate to good
yields (Figure 1.31).146 Although both aldehydes were not added simultaneously,
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\ Coy(CO)s XX @
—_— a,
R/ N CO (1atm) /PP
'\/ R

O O 22
+

R// N NN co (1atm)
-

AN
\@R
=

Figure 1.29: Conversion of (a) diallylanilines and (b) arylimines to quinolines by

Co2(CO)s.

+ PhNHCH,Ph

=%}

1 1
R ! L NBrpe) NN
+ =4 |
s
NH, R2 CH3CN, Zn P4 N R?

80°C,12h

Figure 1.30: Nickel catalyzed quinoline synthesis.

but one after another with some time in between to allow consumption of the first
aldehyde, the resulting products were usually a mixture of different quinolines.

3

X [Ir(cod)Cl]2 AN
| + R2CHO + R3CH,CHO —————————>
IF DMSO, 90 °C, 17 h "/ )
" NH, i, R

Figure 1.31: Iridium catalyzed quinoline synthesis.

A gold-catalyzed Friedlander reaction was applied to the condensation of 2-amino-
arylketones with (-keto-esters, (-diketones, (-keto-amides and (-keto-sulfides to
afford a variety of 2,3,4-trisubstituted quinolines (Figure 1.32).147

Ph

\@ /]/i _ NaAUClL2H:0 Br | N X R
= —
EtOH or iPrOH N R

80°C,0.5h-4d

Figure 1.32: Gold catalyzed Friedlander reaction.
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1.4 The development of the modified Friedlander
method

1.4.1 Introduction

The group of Cho and Shim was the first to report a ruthenium catalyzed proto-
col for the Friedlander method. This protocol was deduced from their remarkable
findings in a ruthenium catalyzed transfer hydrogenation. As shown in the reac-
tion mechanism of the modified Friedlander protocol (Figure 1.11 on page 6), the
ruthenium catalyst is used to oxidize the alcohol of 2-aminobenzylalcohol to an
aldehyde. In this process the original catalyst [Ru] is converted into the hydride
complex [RuHsy|. For this process to be truly catalytic, the [RuHz] complex should
be able to transfer both hydrogens to a hydrogen acceptor. This regenerates the
original [Ru] complex so it can start a new catalytic cycle. Cho and Shim proposed
that the «, G-unsaturated ketone that is formed in the cross aldol condensation
performs as a hydrogen acceptor.''? Although we will show later that this assump-
tion is not entirely correct, it illustrates nicely that the entire process is in fact a
catalytic hydrogen transfer reaction.

1.4.2 Catalytic transfer hydrogenation

Transition metal-mediated hydrogen transfer reactions find their roots in the Op-
penauer oxidation 48 or its reverse reaction, the Meerwein-Ponndorf-Verley (MPV)
reduction. 1497121 In the Oppenauer oxidation, a secondary alcohol is oxidized to
the corresponding ketone by aluminum isopropoxide. The reaction is carried out
with excess acetone to shift the equilibrium to the desired products. The MPV
reduction is exactly the opposite. A ketone is reduced to the corresponding alcohol
using isopropanol as solvent. A six-membered cyclic transition state is proposed
as intermediate (Figure 1.33).152

Oppenauer oxidation

OH o AI[OCH(CHg),]3 o OH
—_— e

Rl J\ R2 * )]\ R1J\ R2 * )\
MPV reduction

transition state

Figure 1.33: Oppenauer oxidation / MPV reduction.
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Although this is a gentle method for converting ketones into alcohols and vice
versa, one disadvantage is that the aluminum salt is often required in stoichio-
metric amounts. This represents a major drawback for upscaling and industrial
applications. '®> When it was found that certain transition metal complexes, and
ruthenium in particular, acted as efficient catalysts for these reactions, research
efforts in this domain increased exponentially. '®4" 17! The reason for the popular-
ity of transfer hydrogenation is found in its operational simplicity. Contrary to
traditional hydrogenation, the use of hazardous Hs gas is avoided and no pres-
sure vessels are needed. Also the use of stoichiometric amounts of metal-hydrides
such as LiAlH, with the accompanying waste products is avoided. In a typical
transfer hydrogenation reaction, isopropanol is applied both as solvent and as hy-
drogen donor. It is oxidized to acetone that can be removed from the reaction
mixture by distillation. To promote the reaction, inorganic bases such as KOH are
added as co-catalyst. 123:155:157:172° A general reaction mechanism for the transition
metal-catalyzed hydrogen transfer is presented in Figure 1.34. It is mechanistically
different from the MPV reaction in the way the hydrogens are transferred. With
transition metals it is believed that the reaction involves the formation of a metal
hydride. For non-transition metals, a cyclic intermediate is proposed. 1%3:173

CHs

0% CH;,
)\ [M]—H
07 CH,
M]-H

(CHg),CHO" H
—_X —
M]—X . 07 “chy ?)\ R
M] [M]-H

Figure 1.34: General mechanism of transfer hydrogenation.

Nowadays, research on Hy-transfer reactions and hydrogenation in general, focuses
almost exclusively on the asymmetric hydrogenation of ketones to chiral alcohols.
This is not surprising as chiral alcohols are omnipresent in nature. The last decades,
tremendous progress has been made in this area and high enantioselectivities are
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obtained with the use of appropriate ligands.?'73 17 Figure 1.35 shows a repre-
sentative example of ruthenium catalysts that have been developed. Some of the
most important are Ru(II) complexes containing monotosylated 1,2-diamines, dis-
covered in 1995 by Hashiguchi, Ikariya, Noyori and co-workers. '8 In 2001 Noyori
and Knowles (together with Sharpless) were awarded the Nobel prize for their
successful efforts in this field. All examples of catalysts given thus far are based
on ruthenium because it is by far the most popular transition metal in hydrogen
transfer reactions. Besides ruthenium, also complexes based on Ir!175181-185 and
Rh'86-192 are frequently used and a few reports describe Ni, 193:194 pq 195,196 4pq
Sm 7 complexes.
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N Cl
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Figure 1.35: Examples of catalysts and ligands for asymmetric transfer hydrogenation.
References: 1,198 11,199,200 [y 201 Ty 202 y7 203 yp 204 P 205 y[1206,

1.4.3 Extension to the Friedlander reaction

In their research on the transfer hydrogenation of ketones by alcohols with ruthe-
nium catalysts, Cho and Shim have found the formation of unusual transfer hy-
drogenation products (Figure 1.36).2°7 Under all circumstances, the test reaction
of acetophenone with 1-butanol gave rise to the unconventional alkylated products
1-phenylhexan-1-ol and 1-phenylhexan-1-one instead of the expected direct trans-
fer hydrogenation product 1-phenylethanol. The best results in terms of total yield



18 Chapter 1. Introduction to quinoline synthesis

expected

o cat. [Ru]
KOH
J\ + r oy ———————
R 1,4-dioxane
80°C,40h

observed
A

Figure 1.36: Unusual transfer hydrogenation reaction.

and selectivity were obtained with RuCly(PPhs); and a ketone/alcohol ratio of
1:3. The reaction could be extended to a wide range of combinations of ketones
and primary alcohols with good to excellent yields of the corresponding coupled
secondary alcohols. Figure 1.37 shows the proposed reaction mechanism.2°” The

R oH

JJ\

[Ru] [RuH,]  Pase

o]
RJ\/\R, R /

A
L [RuH,]

Figure 1.37: Proposed reaction mechanism for the oxidative coupling of alcohols with
ketones.

primary alcohol is oxidized to an aldehyde that undergoes a cross aldol reaction
with a ketone in the presence of a base. The double bond of the a,8-unsaturated
ketone that is formed, is subsequently hydrogenated by the [RuHz] species formed
in the initial oxidation step, to give A. A second hydrogenation gives the final
alcohol B. Although it was not mentioned in their manuscript, the [RuHs] species
responsible for this second hydrogenation is most likely formed from the oxidation
of excess alcohol, or even dioxane which is known to act as a hydrogen donor in Ru
or Rh catalyzed hydrogenation reactions.!%6:298:299 Since no asymmetric or chiral
ligands are used, this reaction is not enantioselective.

The formation of A can be favoured when equimolar amounts of alcohol and ke-
tone are used in combination with 1-dodecene as hydrogen acceptor.?'®© When
compound A contains a nitrogen atom that can react intramolecularly with the
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ketone function, a nitrogen heterocycle can be formed. For instance, when 2-
aminobenzylalcohol is used, as shown in Figure 1.11, quinolines are generated.
This is not a ‘classical’ transfer hydrogenation as described in the previous para-
graph. Generally, in transfer hydrogenation, the reduction of ketones to chiral
alcohols is studied. Isopropanol is used as hydrogen source and it is oxidized to
acetone. For the modified Friedlander method, it is the oxidation reaction of the
alcohol that is of primordial importance.
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Ruthenium catalyzed synthesis of
quinolines

2.1 Introduction

In the modified Friedlander method, 2-aminobenzylalcohol is oxidatively cyclized
with ketones to yield substituted quinolines. A ruthenium catalyst facilitates the in-
volved transfer hydrogenation. Figure 2.1 shows the general reaction scheme of this
method. In literature, the first generation Grubbs catalyst (1) has been reported

1% [Ru] R2
@\OH (0] base m
+ R? ) >
Rl  dioxane = 1
NH, 1h,80°C N R

Figure 2.1: Ruthenium catalyzed quinoline synthesis.

to be the best catalyst for this reaction. However, only a few ruthenium complexes
are described for this method!!® and there has not been an extensive survey of
the systematic modification of different catalytic systems. This is quite surprising,
knowing that the aforementioned catalyst is especially known for its activity to-
wards olefin metathesis reactions®2?!! and, up till now, not for hydrogen transfer
reactions. Given our experience in the synthesis of ruthenium complexes,?!2-219
this prompted us to investigate some potentially interesting complexes for the mod-
ified Friedlander synthesis by systematically modifying the ligand environment of
the ruthenium center. The catalyst, however, is not the only parameter that is
important for this method. As the reaction mechanism suggests (see Figure 1.11
on page 6), also the base plays a key role that requires further investigation. As the

21
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modified Friedlander method involves a hydrogen transfer, an additional hydrogen
acceptor may be useful to increase the reaction rate and/or quinoline yields.

2.2 Ruthenium catalysts

The vast amount of publications on transfer hydrogenation show that an incred-
ible number of ruthenium catalysts have been developed for this reaction. Many
of them are based on [RuCly(nS-arene)]s complexes with asymmetric or chiral lig-
ands. Since chirality is obviously not an issue in the oxidation of an alcohol to a
ketone, there is no need for these rather expensive and often difficult to synthesize
ligands. Complexes of the type [RuCly(nS-arene)], are easily accessible, although
these precursors are not very active themselves. The incorporation of suitable
ligands, such as N,0O-bidentate Schiff bases or phosphines, greatly improves their
activity for hydrogen transfer%:220-225 and other oxidation reactions??6-22% With
these considerations in mind, complexes with readily available N,O-bidentate Schiff
base ligands or phosphine ligands were synthesized from the precursor [RuCly(p-
cymene)]s (3, Figure 2.2).

Figure 2.2: The ruthenium dimer [RuCls(p-cymene)]s.

2.2.1 Synthesis of Ruthenium-arene complexes

The ruthenium dimer 3 was prepared from RuCl3.nHsO and a-terpinene, accord-
ing to literature procedures.??? The synthesis of complexes of the type RuCl(p-
cymene)(Schiff base) has previously been described by De Clercq,?3? but by fol-
lowing this method, the obtained complexes still contained impurities, such as
unreacted 3 and Schiff bases. Therefore, an optimized procedure is presented here.
The synthesis consists of three straightforward steps and is shown in Figure 2.3.
First (a) the Schiff base is prepared by a condensation reaction between an amine
and salicylaldehyde or 5-nitrosalicylaldehyde, in refluxing ethanol or THF for aro-
matic and aliphatic amines respectively. The Schiff bases of the aromatic amines
precipitated upon cooling to 0 °C and were collected as a yellow powder by filtra-
tion. The Schiff bases of aliphatic amines were obtained as a viscous yellow oil by
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R'=H/NO,
SB1/SBN1 R=Me

HzN R SB2/SBN2 R= cyclphexyl
+ H,0 SB3/SBN3 R =2,6-iPrCgH3
EtOH or THF OH SB4/SBN4 R = 4-Br-2,6-MeCgH,

reflux, 4 h SB5/SBN5 R =2,4,6-MeCgH,
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10a R = adamantyl

Figure 2.3: Synthesis of RuCl(p-cymene)(Schiff base) complexes.

evaporating the solvent. In a second step, (b) thallium ethylate is added to a solu-
tion of the Schiff base in THF, and a pale yellow precipitate started to form after
a few minutes. This Tl-salt of the Schiff base was used in the next step without
further purification or characterization. Finally, (c) to a solution of the Tl-salt in
THF is added 0.5 equivalents of [RuCly(p-cymene)]s. A grey precipitate of T1C1
formed almost immediately. After 4 hours, the solvent volume was reduced to 1
mL, and the mixture was purified by column chromatography to afford the pure
desired complexes 4a,b-8a,b. The synthesis of complexes 9a,b and 10a, with a
very steric aliphatic group on the Schiff base nitrogen, was unsuccessful. These
compounds were very unstable and decomposed completely during column chro-
matography.

Comparing our spectroscopic data with those of De Clercq, some inconsistencies
surfaced. The most remarkable difference is the position of the imine proton in
'H-NMR spectroscopy. Where De Clercq reported a resonance at 9.95 ppm for
component 4a, which is actually very close to that of the original Schiff base SB1,
we found 7.68 ppm, a value that is shifted upfield due to complexation with ruthe-
nium. The same is true for other Schiff base complexes, which leads us to believe
that De Clercq did not achieve complexation of the Schiff base with the ruthe-
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nium metal. Further evidence for this hypothesis is found in the chemical shifts
of the p-cymene ligand. In the ruthenium dimer 3, the four aromatic protons of
the p-cymene ligand are pairwise chemically but not magnetically equivalent, and
therefore give rise to the usual AA’XX’ spin system. This is illustrated in Figure
2.4. In the complexes discussed here, they should appear as four separate signals,

Figure 2.4: '"H-NMR spectra for [RuClz(p-cymene)]2 (3) and 7a.

because they are no longer equivalent. This is not only evidenced by our own spec-
tra, which indeed show four separate peaks, but also by other researchers.?3!

The synthesis of 11a,b from the precursor 3 and the appropriate phosphine ligand
(Figure 2.5) has been reported previously. 232:233

o

aw N
cl R

[RuCly(p-cymene)]l, + PRz —>

1la R =phenyl
11b R = cyclohexyl

Figure 2.5: Synthesis of RuCl(p-cymene)(PRs3).

During the last two decades, tremendous progress has been made in many ho-
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mogeneous catalytic reactions using N-heterocyclic carbene ligands.?3%23% They
were originally introduced as phosphine mimics, but have proven to be superior in
many cases. 236 The incorporation of NHC ligands increases the thermal stability
of organometallic complexes and reduces their sensitivity towards oxidation. Two
types of NHC’s that were used in this work are displayed in Figure 2.6.

IMes HzIMes

Figure 2.6: The NHC ligands IMes and HaIMes.

The synthesis of NHC-arene complex 13 with HoIMes as the NHC ligand has proven
to be a real challenge. Thus far, no-one has succeeded in its isolation and/or char-
acterization. A few reports exist with catalytic tests performed with the in situ
generated complex, but no evidence is provided that the actual active catalysts
is truly compound 13.237:238 The unsaturated analogue 12 was readily prepared
using the standard method of Nolan?3? as shown in Figure 2.7 (A). The addition
of the free carbene, generated and isolated by Arduengo’s method,?*? to 3 affords
12. Method (B) is a slight modification. By using potassium hexamethyl disilazane
(KHMDS), the free carbene is generated in situ, and no further workup of the air
and moisture sensitive free carbene is needed. Addition of 0.5 equivalents of 3 gives
12 as a brown solid.

Various attempts to synthesize 13 have failed. Figure 2.7 (C)-(E) shows three
strategies that have been employed. Method (C) is the classical synthesis that
Nolan et al. have applied for 12. Method (D) again uses KHMDS, avoiding the
handling of the sensitive free carbene by generating it in situ. In method (E),
first the COz-adduct of HoIMes is prepared by bubbling CO45 gas through a flask
charged with the free carbene, generated in the reaction of HoIMes with a KHMDS
solution, according to a method by Delaude.?*! This adduct is then reacted with
3. In all cases, the originally orange-red solution of 3 turned from brown to dark
green in a matter of minutes upon addition of the NHC carbene, leading us to be-
lieve that rapid decomposition occurs. None of these methods afforded the desired
compound, instead a complex mixture of unidentifiable compounds was obtained.
Ledoux was able to coordinate a bidentate analogue of HsoIMes via the strat-
egy shown in Figure 2.8.217 The NHC salt (1-mesityl-3-(2-hydroxyphenyl)-4,5-
dihydroimidazolium chloride) was synthesized according to a procedure describe
by Grubbs et al.?*? Treatment of ethylchlorooxoacetate with 2,4,6-trimethylaniline
affords an N-(mesityl)-oxanilic acid ethyl ester. Subsequent reaction with 2-amino-
phenol gives a bis-amide that is reduced with borane to the diamine, which is then
reacted with triethyl orthoformate to give the NHC salt. Treatment of this salt
with 2 equivalents of KHMDS results in the free carbene with the deprotonated
alcohol function. Addition of 0.5 equivalents 3 then affords complex 14. It should
be noted that for reasons yet unknown, the last step of this procedure, i.e. the
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Figure 2.7: Synthesis of RuCls(p-cymene)(NHC) complexes 12 and 13.
Mes = mesityl = 2,4,6-trimethylphenyl.

complexation reaction, is sometimes difficult to reproduce.

2.2.2 Quinoline synthesis with Ru-arene complexes

The results of the catalytic tests with the catalysts described above are summa-
rized in Table 2.1 and compared with the result of 1 which was reported as the
best catalyst to date. The reaction between 2-aminobenzylalcohol (1.0 mmol) and
acetophenone (2.0 mmol) in the presence of 0.01 mmol catalyst in 3 mL 1,4-dioxane
is chosen as the model reaction for these tests (Figure 2.9). The base KOH is added
as a 4 M solution in MeOH (vide infra, 1 mmol, 250 uL). After 1 hour of reaction at
80 °C, a small sample of typically 30 uL of the reaction mixture was purified on a
small column (silica gel, ethyl acetate) to eliminate inorganic salts and the catalyst.
All yields were determined by gas chromatography, based on 2-aminobenzylalcohol.

After one hour, the Grubbs first generation catalyst 1 gives a quinoline yield of 74%.
Interestingly, the control experiment without catalyst shows 9% conversion. None
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Figure 2.8: Synthesis of 14 with a bidentate NHC ligand.
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Figure 2.9: Model reaction for quinoline synthesis.

of the synthesized Schiff base complexes 4a,b-8a,b show significant catalytic ac-
tivity, even though similar ruthenium complexes with Schiff base ligands have been
used in transfer hydrogenation reactions. The implementation of N,O-bidentate
ligands does not improve the quinoline yield, on the contrary, most yields are even
lower than that of the precursor 3. In situ addition of ethanolamine to 3 results
in a slightly increased yield (25% compared to 15% after 1 hour) but the overall
yield remains poor. Because of these low yields it is hard to distinguish between
the different catalysts. A general trend seems to be a lower activity for catalysts
with a nitro group on the Schiff base.

The in situ-addition of 5 equivalents PPhs (versus catalyst 3) also results in a small
increase in yield. Upon the use of a large excess of 100 equivalents of PPhg the
yield diminishes again. This is probably due to a saturation effect of the catalyst:
the vacant site for accepting hydrogen becomes blocked by excess phosphine. With
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Table 2.1: Quinoline synthesis from [RuCls(n°-arene)]> based catalysts!®

Entry  Catalyst Yield (%)
1 1 74
2 no catalyst 9
3 3 15
4 4a 13
5 4b 13
6 5a 14
7 5b 13
8 6a 15
9 6b 10
10 Ta 14
11 b 12
12 8a 13
13 8b 12
14 11a 40
15 11b 53
16 14 26
17 3 + ethanolamine (0.20 mmol) 24
18 3 + PPhs (0.05 mmol) 25
19 3 + PPhs (1.0 mmol) 19

[a] Reaction conditions: 2-aminobenzylalcohol (1.0 mmol), acetophenone (2.0
mmol), catalyst (0.01 mmol) and KOH (1.0 mmol) in dioxane (3 mL) at 80 °C
for 1 h. Yields based on 2-aminobenzylalcohol and determined by GC analysis.

isolated complexes 11a and 11b, moderate conversions of respectively 40% and
53% were achieved. Thus, phosphine ligands clearly have a positive influence on
the conversion. This can also be seen when the phosphine ligand in 11a is replaced
by an NHC ligand in complex 14: the conversion drops to 26%. Compared to the
first generation Grubbs catalyst, ruthenium-arene complexes perform poorly, with
the exception of complexes containing phosphine ligands. These results indicate
that the choice of ligands is crucial for this reaction.

2.2.3 Quinoline synthesis with Ru-carbene complexes

As shown in the previous paragraph, the activity of Ru-arene complexes for trans-
fer hydrogenation was limited, compared to 1. Both type of complexes have some
major differences in their set of ligands: n®-arene ligands and N,O bidentate Schiff
base for the first, and phosphine ligands and a carbene for the latter. To further
investigate the influence of changes in the ligand environment, variations on the
Grubbs first generation catalyst (Figure 2.10) will be examined in the next set of
experiments.

Many catalysts of this type are already known and each one has its own benefits for
specific applications, usually situated in the field of olefin metathesis. Exchange of
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Figure 2.10: Ruthenium catalysts based on the first and second generation Grubbs cat-
alyst.

one phosphine ligand in 1 leads to the so-called Grubbs second generation catalyst
2.243 This catalyst has shown a higher activity and selectivity in several metathesis
reactions. The second phosphine can be replaced by a weakly coordinating hetero-
cyclic ligand such as pyridine to give 15, often referred to as the third generation
Grubbs catalyst.?4* Fiirstner developed complex 21 with an indenylidene ligand
instead of the benzylidene.?4> The Hoveyda catalyst 16 and its second generation
analogue 17 are very robust aryl-ether chelate complexes. 246247 Other variations,
such as modifying the NHC-ligand or the inclusion of Schiff base ligands have been
developed in our research group and by others (complexes 18-20,21% 22-237 and
24-25212). The results of the catalytic tests are summarized in Table 2.2.

The replacement of a phosphine ligand by the NHC ligand HoIMes clearly improved
catalytic activity, resulting in 100% conversion for 2 after 1 hour compared to 74%
for 1. This might be attributed to the higher o-donating ability of the NHC ligand,
making it more suitable to stabilize the [RuHs] species with a presumably higher
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Table 2.2: Quinoline synthesis from Grubbs type catalysts!®

Catalyst  Yield (%)

1 74

2 100
15 53
16 74
17 84
18 52
19 72
20 75
21 33
22 38
23 14
24 53
25 26

[a] Reaction conditions: 2-aminobenzylalcohol (1.0 mmol), acetophenone (2.0
mmol), catalyst (0.01 mmol) and KOH (1.0 mmol) in dioxane (3 mL) at 80 °C
for 1 h. Yields based on 2-aminobenzylalcohol and determined by GC analysis.

oxidation state compared to the original catalyst. Variation of the NHC ligand
through replacement of one mesityl group by aliphatic groups, such as methyl or
cyclohexyl, as in compounds 18, 19 and 20 decreased the quinoline yield. The
bulkiness of the amino side group seems to play a role here, which is evidenced in
the series methyl < cyclohexyl =~ n-octyl < mesityl, where the complex with the
bulkier group shows the highest quinoline yield.

It is remarkable that the NHC ligand in 14 has a detrimental effect, whereas with
the Grubbs catalysts, the activity is increased. Even more remarkable is the rela-
tively low conversion achieved with 15 while it is similar to 2 in structure. We are
currently unable to explain this peculiar behaviour but apparently, the presence
of at least one phosphine ligand is required to achieve good yields. Replacing the
benzylidene ligand of 1 with a bulkier indenylidene ligand in complex 21 decreases
the conversion.

The Hoveyda catalysts show a similar behaviour as the Grubbs catalysts. The
first generation Hoveyda catalyst (16) has an equal activity as 1. Changing the
phosphine ligand by HyIMes increases the yield, albeit not so spectacular as with
the Grubbs catalysts.

When N,O-bidentate Schiff base ligands are introduced on Grubbs type catalysts
(compounds 22, 23, 24 and 25) the conversion drops notably. This confirms the
poor results achieved with the Ru-arene Schiff base complexes described earlier.
The nature of the Schiff base also seems to play some role here. Compound 22
with R = 2,6-iPrCgHs has a significantly higher yield (38%) than 23 with R =
4-Br-2,6-MeCgHs (only 14%). Complementary to previous results, their second
generation analogues 24 and 25 have a slightly improved performance (53% versus
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38% and 26% versus 14% respectively), but in general, the use of Schiff base ligands
is not very attractive for the preparation of quinolines by this method.

When the reaction is monitored over time, it is revealed that the yields after one
hour are not necessarily final yields. The catalysts are still active after one hour
of reaction. Complex 2 reaches full conversion after 60 minutes, 1 after 90 min-
utes and also 11a and 11b eventually reach full conversion after 6 and 5 hours
respectively, as shown in Figure 2.11.

% Yield
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- 11b
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Figure 2.11: Monitoring of the reaction over time. Reaction conditions: 2-amino-
benzylalcohol (1.0 mmol), acetophenone (2.0 mmol), catalyst (0.01 mmol)
and KOH (1.0 mmol) in dioxane (3 mL) at 80 °C.

2.2.4 Quinoline synthesis from other ketones

To assess the scope of the modified Friedlander method, 2-aminobenzylalcohol was
reacted with a variety of ketones in the presence of 1 and 2. The results are
shown in Table 2.3. From these results, it is obvious that the second generation
outperforms the first generation Grubbs catalyst. For all ketone substrates, a higher
quinoline yield was obtained for 2 compared to 1. Entry 1 is the model reaction with
acetophenone. As shown in the tests of the catalysts in the previous paragraph,
after one hour full conversion is achieved with 2 versus 75% with 1. The ketones in
entres 2, 3 and 4 are derivatives of acetophenone with a methyl substituent on the
aromatic ring in the ortho, meta and para position respectively. All quinoline yields
with these sustituted acetophenones are lower, but apparently an ortho substituent



32 Chapter 2. Ruthenium catalyzed synthesis of quinolines

Table 2.3: Ruthenium catalyzed quinoline synthesis from a variety

substrates!®

Yield (%)
Entry Ketone Quinoline 1 2
(e} R
Ao o,
R: R:
1 Ph Ph Q1 75 1000
2 2—M606H4 2—M606H4 Q2 31 66
3 3-MeCgH;  3-MeC¢H;, Q3 63 91
4 4-M6C6H4 4—MGCGH4 Q4 64 86
) 2—MeOC6H4 2-M€OC@H4 Q5 38 87
6  4-MeOCgH; 4-MeOC¢H, Q6 47 74
7 4-NOyCgHy 4-NOyCgHy Q7 0 0
8 Meldl Me Q8 65 100
DT
o] | _
N S & O
N Q10 8 18
o S
10 \/\)I\/ ©\/NIC4H9 Qll 21 51
N Q12 7 15
o X
11 s C(I Q13 72 87
N
12 O COO Q4 72 100
S
13 = m Q15 78 100
b UXn
14 Q16 17 30

of ketone

[a] Reaction conditions: 2-aminobenzylalcohol (1.0 mmol), ketone (2.0 mmol),
catalyst (0.01 mmol) and KOH (1.0 mmol) in dioxane (3 mL) at 80 °C for 1 h.
Yields based on 2-aminobenzylalcohol and determined by GC analysis.

[b] Isolated yield: 65%
[c] Isolated yield: 94%
[d] 5.0 mmol

has the largest influence as the yield of Q2 is much lower than that of Q1 (no
substituent) or Q3 and Q4 with a meta or para methyl group on acetophenone.
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Also a methoxy group on acetophenone results in lower quinoline yields (entries
5 and 6). The difference between the ortho and para position however is not so
pronounced as with the methyl substituents and it is even reversed between 1 and
2. The reaction is inhibited when the strong electron withdrawing substituent NO,
is present on the aromatic ring of acetophenone (entry 7). This result contradicts
preliminary results published by Cho et al. who reported a yield of 40% for Q7.
They have, however, never used this ketone again in later publications.

When acetone is used as ketone, relatively low yields (maximum 38% with 1 and
62% with 2) are obtained. This is most probably a result from the high volatility of
acetone. Therefore, a larger excess of 5.0 mmol is used with this substrate, which
results in good to excellent yields of 65% and 100% respectively, as shown in entry
8.

Entries 9 and 10 illustrate that a mixture of two quinolines is formed when two a-
protons are available in an asymmetric ketone. Figure 2.12 shows an example with
2-heptanone. Two deprotonated forms of 2-heptanone can be formed, one with the
negative charge on the methyl group, and the other with the negative charge on
the pentyl group. The first one is more stable than the second, as in the second,
the inductive effect (+I) of the pentyl group destabilizes the negative charge. This
is also reflected in the distribution of the quinolines: Q9 is more abundant then
Q10, the ratio of Q9/Q10 being 4.2. The same effect applies to 3-heptanone,

(e} (o}
/\/\)k ‘_base /\/\)j\
o most stable

+
0}

/\/\)l\

o

Figure 2.12: Abstraction of an a-proton by the base.

but the difference between the side-chains of the ketone is smaller: an ethyl group
versus a butyl group. Therefore, the ratio between Q11 and Q12 is also a little
lower, with a value of 3.4. For the same reasons, it can be understood that the
yields with 3-heptanone as substrate are a little lower than with 2-heptanone. The
ratio of Q9/Q10 and Q11/Q12 is the same for 1 and 2 as can be expected since
the only action of the catalyst is to facilitate the transfer hydrogenation.

This is evidently not observed with symmetric ketones such as cyclohexanone and
4-methylcyclohexanone (entries 12 and 13). The yields with the ketone substrate 1-
indanone are fairly low and the reaction mixture turns deep purple. It is suspected
that some side-reactions compete with quinoline synthesis, but due to difficulty of
purification, no evidence has been found for this assumption.

2.2.5 Isolation and characterization of the quinolines

All quinolines were isolated and fully characterized by 'H and '*C-NMR. spec-
troscopy. The retention time of the pure quinolines was compared with the original
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chromatogram for verification, and also the sensitivity of the FID (flame ionization
detector) of the GC for each component was determined. The isolation method
proposed by Cho and Shim? was found to be unsatisfactory. They filtered the
reaction mixture through a short silica gel column (ethyl acetate), washed the re-
sulting solution with brine and dried it over NasSO,4. Removal of the solvent left
a crude mixture, which was separated by column chromatography (silica gel, ethyl
acetate-hexane mixture) to give quinolines. However, by using this method, we
were unable to separate the quinoline from unreacted ketone. Therefore, we have
developed a more efficient isolation procedure. First, the catalyst and inorganic
salts are removed from the reaction mixture by column chromatography (short
column, ethyl acetate). The volume of the resulting solution was reduced and by
passing the mixture through a second column with ethyl acetate/hexane as eluent
in a 1:4 ratio, also unreacted 2-aminobenzylalcohol is removed. The solvent volume
was reduced and HCI was added as a 4 N solution in dioxane. For most quinolines,
a precipitation formed, that was filtered and suspended again in an aqueous so-
lution of KOH. The aqueous phase was extracted with dichloromethane and after
evaporation of the solvent, the quinoline was obtained as a pure compound. The
yields of isolated quinolines are typically 5-10% lower than the yields determined by
GC. When the quinoline did not precipitate upon addition of HCI, as was the case
with Q8 - Q12, an aqueous extraction of the ethyl acetate phase was performed.
Then, KOH was added to the combined water phases and they were extracted with
CH,Cly as usual.

The mixture of quinolines Q9 and Q10 could be separated by a tedious column
chromatography (ethyl acetate/hexane, 1:4). The reaction mixture was evapo-
rated, to minimize the volume to be applied to the column and a long column was
used. Every 1.5 mL was collected in a small vial and analyzed by GC. The major
compound Q9 eluated first, closely followed by Q10 with only a minor overlap of
the compounds. Both compounds could thus be isolated and characterized sep-
arately. The same technique was unsuitable for the mixture of Q11 and Q12.
Although Q11 started to eluate slightly before Q12 and could be collected as a
pure compound, it was impossible to obtain pure Q12 as it was always accompa-
nied by the other isomer Q11. Hence, Q11 was characterized as a pure compound,
and by comparison of the NMR-spectra of pure Q11 with the mixture, Q12 was
characterized.

2.3 Influence of the base

The role of the base in the modified Friedlander method is to abstract the a-
proton of the ketone, so it can undergo a cross-aldol reaction with the oxidized
2-aminobenzylalcohol (Figure 2.13). The pK, value of the a-proton is approxi-
mately 16 for acetophenone. Typically, KOH is used by most other researchers
and although KOH is insoluble in dioxane, it is seldomly specified under which
conditions it is added. Therefore, a thorough survey of the influence of the base
was performed. The results are shown in Table 2.4.

When large pellets of KOH are used, the conversion after one hour is only 8% but
this can be increased to 67% with KOH powder. An even higher conversion of 74%
is achieved when KOH is added as a 4 M solution in methanol. This is probably
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Figure 2.13: The role of the base in the modified Friedlander method.

Table 2.4: Influence of the base!®

Entry Base (1 mmol) pKY Yield (%)
1 KOH (pellets) 15.7 8
2 KOH (powder) 15.7 64
3 KOH (4 M in MeOH) 15.7 74
4 NaOH (powder) 15.7 38
5  NaOH (4 M in MeOH) 15.7 48
6 NaOEt (powder) 15.9 74
7 KOtBu (powder) 17.0 98
8  LiHMDS (0.5 M in toluene) ~ 26[] 27
9 Triethylamine 10.6 0
10 DBU 12.8 0
11 0.4 mmol KOH (4 M in MeOH)  15.7 67
12 2.0 mmol KOH (4 M in MeOH) 15.7 73

[a] Reaction conditions: 2-aminobenzylalcohol (1.0 mmol), acetophenone (2.0
mmol), 1 (0.01 mmol) and base (1.0 mmol, except for entries 11 and 12) in
dioxane (3 mL) at 80 °C for 1 h. Yields based on 2-aminobenzylalcohol and
determined by GC analysis.

[b] pK, values of the protonated form of the base.

[c] pKq value in THF

caused by the increased solubility. As an added advantage, this not only results in
a higher yield, it is also much more practical. When KOH was used as a base in this
manuscript, unless otherwise noted, it was added as a 4 M solution in methanol.

The yield is substantially lower when NaOH is used, either as powder (entry 4) or
as a 4 M solution in MeOH (entry 5). This may be explained by the smaller size
of the sodium cation, resulting in a lower solubility. It is, however, surprising that
a cation change from potassium to sodium leads to such a big difference. Sodium
ethoxide (entry 6) has approximately the same base strength as NaOH, yet a higher
yield, comparable to KOH, is achieved. Again, the higher solubility of NaOEt be-
cause of the aliphatic ethyl group can explain these results. An other common
base, KOtBu, has a higher basic strength, which is reflected in the higher quinoline
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yield (entry 7). Not only the basic strength is important, as is evidenced by entry
8. Lithium bis(trimethylsilyl)amide (LiHMDS) has a pK, of approximately 26, but
only 27% quinoline yield is obtained. Both bases have a non-nucleophilic character,
but maybe LIHMDS is too aggressive and deactivates the catalyst.

Grubbs et al. have also shown the exchange of the chloride ligands with the tertiary
butoxy group, which implies that, when KOtBu is used, a different catalytic center
may be formed. 44248 For 1, this is illustrated in Figure 2.14.

PCys ph PCys ph
| excess KOtBu I6)

‘Rug —_— ‘Rug

1 Cl -2 KCl, - PCys “y\ ¢

PCy3 )\
[

Cls,

Figure 2.14: Reaction of 1 with excess KOtBu.

Organic bases such as triethylamine (entry 9) or 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU, entry 10) have the advantage of being readily soluble in dioxane, but their
low basicity prevents them from being effective bases for this reaction. Although
the proton abstraction is base-catalyzed, an equimolar ratio of base and ketone
gives the best results, as can be deduced from entries 3, 11 and 12. A higher con-
centration of base does not further improve the yield. Figure 2.15 illustrates the
effect of the base even better. With KOtBu and 2, full conversion is reached after
only 20 minutes, compared to 60 minutes with KOH.

A similar trend is observed with other ketone substrates, as shown in Table 2.5.
The stronger base KOtBu gives higher quinoline yields than KOH for almost all
ketones. The only two exceptions are acetone (entry 8) and 1-indanone (entry 14)
were KOH is the preferred base in combination with 2. Even with a stronger base,
combining 2-aminobenzylalcohol with 4-nitro-acetophenone, does not lead to any
formation of quinolines.

There is, however, a small but notable difference between KOH and KOtBu. With
2-heptanone, the ratio of Q9/Q10 is 4.2 for KOH and 2.9 for KOtBu, meaning
there is a higher selectivity with KOH. With 3-heptanone the difference is less
pronounced (3 versus 2.6). This is likely caused by the stronger basic strength of
KOtBu, which results in less distinction between the two a-protons.

2.4 Solvent preparation: flushing with argon

All reactions with the corresponding yields that have been described thus far, have
been performed without any manipulation of the used products. All compounds
were used as received from commercial sources, including the solvent, 1,4-dioxane.
Although the solvent was of >99,8% purity and delivered in a container with a
septum and molecular sieves inside to ensure dryness, comparison of our results for
1 and KOH with those of Cho revealed lower yields for our reactions. The model
reaction of 2-aminobenzylalcohol with acetophenone gave 74% quinolines in our
case, compared to 100% reported by Cho.? One possible reason is the presence of
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Figure 2.15: KOH versus KOtBu for 1 and 2. Reaction conditions: 2-amino-
benzylalcohol (1.0 mmol), acetophenone (2.0 mmol), catalyst (0.01 mmol)
and base (1.0 mmol) in dioxane (3 mL) at 80 °C for 1 h.

dissolved gases in dioxane, in particular oxygen, resulting in lower yields. Flushing
the solvent with argon gas, prior to use, to remove these dissolved gases could solve
this problem. To assess this expectation, the same set of experiments with 1 and
KOH was performed again and the solution of 2-aminobenzylalcohol in dioxane was
flushed with argon for 30 minutes, before adding the ketone, catalysts and base.
The first column in Table 2.6 repeats the earlier results for easy comparison. The
second column presents the results when flushed dioxane is used. It is obvious that
flushing the solvent prior to use has a huge influence on the quinoline yield. The
results that are obtained now, are comparable to the results published by Cho. As a
consequence, all further reactions concerning quinoline synthesis that are described
in this work have been performed with flushed dioxane.

2.5 Turn-over number and turn-over frequency

The determination of the turn-over number (TON) for the model reaction of 2-
aminobenzylalcohol with acetophenone in the presence of KOtBu and 2 was carried
out by lowering the catalyst concentration and measuring the maximum yield. A
catalyst loading of 0.1% still results in full conversion within 1 h. With a catalyst
loading of 0.01%, a maximum yield of 85% is observed after 5 h, meaning a TON
as high as 8500 was achieved, showing the potential of this catalytic system. The
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Table 2.5: Ruthenium catalyzed quinoline synthesis from a variety of ketone substrates
with KOtBu as basel®

Yield (%)
Entry Ketone Quinoline 1 2
o S
L 2,
R = R =
1 Ph Ph Q1 98 100
2 2—M606H4 2—M€‘C§H4 Q2 98 100
3 3-MeCgHy 3-MeCgHy Q3 97 100
4 4-M€CGH4 4—MGCGH4 Q4 100 100
5 2-MGOC6H4 2—M6006H4 Q5 100 100
6 4—MGOC6H4 4—MGOC6H4 QG 96 95
7 4-NO2;CgHy 4-NO2CgH, Q7 0 0
8 Mel®! Me Q8 76 68
o S
9 PPN N : :N; “CoHyg Q9 61 65
N Q10 21 22
° S
10 o~ C(N:(cmg Q11 65 62
N Q12 25 23
o S
11 A @Nj\/% Q13 100 100
S
12 O m Q14 97 100
N
|
13 e Cm Q15 100 100
g x
o o
14 7 Q16 21 22

[a] Reaction conditions: 2-aminobenzylalcohol (1.0 mmol), ketone (2.0 mmol),
catalyst (0.01 mmol) and KOtBu (1.0 mmol) in dioxane (3 mL) at 80 °C for 1
h. Yields based on 2-aminobenzylalcohol and determined by GC analysis.

[b] 5.0 mmol

calculation of the turn-over frequency (TOF) at the beginning of the reaction (after
the first 5 minutes), fully quantifies the difference between the catalytical systems.
With KOH, complex 1 has a TOF of 1.7 min~! (measured after 20 min because of
the observed induction period), while that of 2 is twice as large (3.8 min—!). Using
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Table 2.6: Quinoline synthesis in flushed dioxane, using 1 and KOH!

Yield (%)
Entry Ketone Quinoline /  flushed
o N
R)I\ |/ N/ R
R = R =
1 Ph Ph Q1 75 1000
2 2-MeCgH,  2-MeCgH; Q2 31 59
3 3-MeCgHy;  3-MeCgH; Q3 63 88
4 4-MeCgHy  4-MeCgHy Q4 64 98
5 2-M€OC6H4 Q-MGOCGH4 Q5 38 66
6 4-MeOCgH,; 4-MeOCgH, Q6 47 74
7 4-NO,CgH; 4-NO,C¢H, Q7 0 0
8 Mel®! Me Q8 65 100
° e
9 A~~~ : :N/: SCoHu Q9 34 68
g Qo 8 17
° N
10 \/\)j\/ (:\(Nj/\/cmg Q]-]- 21 52
W Q12 7 19
(e} S
11 i ©\/~Iw Q13 72 100
N
0 D
e O LD g n
N
13 e C:N;C Q15 78 100

[a] Reaction conditions: 2-aminobenzylalcohol (1.0 mmol), ketone (2.0 mmol), 1
(0.01 mmol) and KOH (1.0 mmol) in dioxane (3 mL) at 80 °C for 1 h. Yields

based on 2-aminobenzylalcohol and determined by GC analysis.
[b] 5.0 mmol

KOtBu the TOF increases spectacularly to 14.0 and 17.0 min~"! respectively for 1

and 2.

2.6 The influence of a hydrogen acceptor

As part of the hydrogen transfer reaction, the oxidation of 2-aminobenzylalcohol to
2-aminobenzaldehyde is catalyzed by a ruthenium catalyst (Figure 2.16). In this
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Figure 2.16: Oxidation reaction of 2-aminobenzylalcohol to 2-aminobenzaldehyde.

process, the catalyst is converted into a [RuHs] species that can no longer perform
a new oxidation reaction. Therefore, a hydrogen acceptor needs to be present in
the reaction mixture to regenerate the catalyst. The researchers Cho and Shim
proposed that the «, B-unsaturated ketone that is formed in the cross-aldol reac-
tion between 2-aminobenzaldehyde and the ketone, fulfills this role. This proposal
is based on their results from the a-alkylation of ketones with primary alcohols as
shown in Figure 1.37 on page 18. Although we do not dispute that this may also
be the case for the modified Friedlander reaction, our findings suggest that also a
second mechanism may be at work here.

The analysis of the reaction samples by gas chromatography revealed that the chro-
matograms did not only show unreacted starting products 2-aminobenzylalcohol
and ketone in addition to the produced quinoline, but also an unexpected new
peak. In many cases this peak partially or completely overlapped with the ketone
peak. An example of a chromatogram with separated peaks, is shown in Figure
2.17. The new peak was identified as the corresponding alcohol of the ketone which
is the result of hydrogenation of the ketone by the [RuHs] complex, resulting in the
regeneration of the catalyst. We believe that it is exactly for this reason, that two
equivalents of ketone give the best results to perform the reaction. One equivalent
is consumed in the reaction and the other equivalent act as a hydrogen acceptor for
the regeneration of the catalyst. Reports from other researchers did not mention
this peak, nor did they mention the presence of the alcohol. The function of the
ketone as hydrogen acceptor is described by us for the first time. 24"

The use of other hydrogen acceptors was examined by using only one equivalent
of the ketone 2-methylacetophenone versus 2-aminobenzylalcohol, instead of two
equivalents. Table 2.7 presents the quinoline yields. With 1 equivalent of ben-
zophenone, a quinoline yield of 91% is achieved after one hour. Compared to the
reaction with two equivalents of ketone, this yield is somewhat lower. This can
be explained by the fact that the reaction proceeds faster with two equivalents of
the ketone reagent. Also a difference in hydrogen acceptor capability may play a
role, since this hydrogen transfer is an equilibrium reaction. Increasing the amount
of benzophenone to 2 equivalents, is slightly counterproductive. Another common
hydrogen acceptor, 1-dodecene, was less effective, even at two equivalents. The use
of nitrobenzene as hydrogen scavenger has been described by some authors,2°° but
this resulted in unwanted side-products and no quinoline.

When the reaction is carried out without hydrogen acceptor, a maximum yield of
71% is achieved. The ketone peak has completely disappeared on the GC chro-
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Figure 2.17: Chromatogram of a typical reaction mixture.

Table 2.7: Effect of a hydrogen acceptor on quinoline synthesis[®

Entry Additive Quantity  Yield® (%)
1 Benzophenone 1 mmol 91 (100)

2 Benzophenone 2 mmol 83 (100)

3 1-Dodecene 1 mmol 52

4 1-Dodecene 2 mmol 72

5 Nitrobenzene 1 mmol 0l

6 Nitrobenzene 2 mmol ol

7 none 51 (71)

[a] Reaction conditions:  2-aminobenzylalcohol (1.0 mmol), 2-methyl-

acetophenone (1.0 mmol), 1 (0.01 mmol) and KOH (1.0 mmol) in dioxane (3
mL) at 80 °C for 1 h. Yields based on 2-aminobenzylalcohol and determined by
GC.

[b] The value of the maximum yield, achieved after 90 minutes, is indicated in
parentheses.

[c] No quinoline was formed, but the GC chromatogram showed many other
unidentified compounds
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matogram and a new peak of the alcohol has appeared, accounting for approxi-
mately 0.30 mmol. This is, however, in contradiction with the previous statement
of catalyst regeneration by the ketone, as with a 1:1 ratio, 0.50 mmol of the alcohol
and a maximum quinoline yield of only 50% is to be expected. This means that
there must be an alternative pathway that allows for catalyst regeneration. Proba-
bly two mechanisms allow the catalyst to be regenerated: one mechanism involves
the ketone, the other may involve the hydrogenation of the unsaturated ketone as
proposed by Cho.

2.7 Reaction mechanism

2.7.1 General reaction scheme

A plausible reaction mechanism for the modified Friedlander synthesis is pre-
sented in Figure 2.18. First, in step (a), 2-aminobenzylalcohol A is oxidized

OH
CC o
NH [Ru] RZ\)\ RL

2
A

- CI
oxidation (a) (0)

(e}

X RuH 2\)

©\/\O o : ‘\Rl
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Figure 2.18: Proposed reaction mechanism.
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to 2-aminobenzaldehyde B by the ruthenium catalyst that is hydrogenated to a
hydrido-ruthenium complex. Step (j) shows how the catalyst is regenerated by a
hydrogen transfer reaction in which the ketone C is reduced to the corresponding
alcohol C’. This role can also be fulfilled by another hydrogen acceptor, e.g. ben-
zophenone. Under basic conditions, the aldehyde B and the ketone D undergo a
cross aldol reaction. Cho proposed that the o, f-unsaturated ketone G is formed
immediately, 11?2 but this transition actually proceeds through the intermediate E
which undergoes HoO elimination in the formation of G. We believe that this in-
termediate E actually plays a very important role in the reaction mechanism. As
shown in step (h), the aldol product E can cyclize via imine condensation (“imi-
nation”) and a subsequent HyO elimination in step (i) leads to the quinoline. This
represents an alternative pathway in the formation of quinolines.

In the original pathway proposed by Cho, shown in steps (d) - (g), a base catalyzed
H5O elimination of E results in the trans enone G. The cis product is not likely
to be formed due to steric hindrance. Compound G is then hydrogenated by a
[RuH,] species. Imine condensation and subsequent dehydrogenation lead to the
desired quinoline Q. Thus, the reaction most likely consists of two distinctively
different pathways. The first can explain why the ketone is partially reduced to
the corresponding alcohol, and the second explains why not all of the ketone is
reduced.

Proof that the conversion of G to H occurs, is found when benzylalcohol is reacted
with acetophenone in dioxane in the presence of 1 and KOH (Figure 2.19). Instead

(jAOHW ©Ao@j\©ﬂi©

[Ru] [RuHy] l
(o] (0]
3-phenylpropiophenone chalcone

Figure 2.19: Ru-catalyzed coupling between benzylalcohol and acetophenone.

of the expected chalcone, 3-phenylpropiophenone is formed, which means that the
double bond of chalcone is hydrogenated by the [RuHs] complex, regenerating the
catalyst in the process. Similar coupling reactions have been performed by Cho
et al. and it were in fact these findings that led them to the modified Friedlander
method (see paragraph 1.4). Also, the results of these coupling reactions can ex-
plain their proposed reaction mechanism for the Friedlander method and why they
never investigated other possibilities. With our results, we have now proposed
a more complete reaction mechanism describing two possible pathways towards
quinolines.

As a note aside, one could argue that also the oxidation of methanol to formalde-
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hyde could be the reason of the reduction of the ketone. When the reaction is
carried out with KOH powder in the absence of methanol, the alcohol C’ is still
formed, albeit in slightly smaller quantities. This means that methanol oxidation
certainly contributes to the formation of C’, but not exclusively and not to a major
extent.

Theoretically, the order of steps (a) and (f) could be reversed, i.e. first a condensa-
tion reaction between the amine and the ketone to form an imine, followed by the
catalytic oxidation and cross aldol reaction. This is, however, not observed. The
reaction of 2-aminobenzylalcohol with acetophenone in basic media did not lead to
imines. To exclude the possibility of ruthenium-catalyzed imine formation, aniline
was reacted with acetophenone in the presence of 1 under standard reaction con-
ditions used for the experiments, but again, no imines were formed. The interested
reader can find an excellent article by Muchowski and Maddox, dealing with the
mechanism of the Friedlander synthesis. %

2.7.2 Reaction mechanism concerning the catalyst

The examination of the catalytic ruthenium species was extremely difficult, and, at
this point, only suggestions and “educated guesses” can be made. We attempted
an NMR study to elucidate the mechanism concerning the catalyst but due to the
very complex nature of the reaction mixture, only little information could be ob-
tained.

It is observed that, when KOH is added to the reaction mixture of 2-aminobenzyl-
alcohol, ketone and 1 or 2 in dioxane, the color of the solution turns from pink
to brown/black. This color change does not occur in the absence of a catalyst,
so it can be assigned to chemical changes involving the catalyst. The effect of
the base was tested by adding KOH (in MeOH) to a solution of 1 in deuterated
dioxane. The reaction mixture immediately turned from pink to green/yellow and
continued to darken to brown over time. The original signal of 1 in 3'P-NMR at
36.9 ppm disappeared and new peaks showed up at 9.6 (free PCys) and 46.9 ppm
(oxidized PCys), amongst others. In the 'H-NMR spectrum, the carbene proton
at 19.80 ppm slowly disappeared and hydride peaks at -16.4 and -23.1 ppm showed
up. The ¥C-NMR spectrum reveals a new peak at 204 ppm. All these results are
in agreement with a report by Mol who studied the degradation of 1 with primary
alcohols, %1253 and they point in the direction of the formation of a new ruthenium
species 26 shown in Figure 2.20. However, this is certainly not the only complex

PCys HsIMes

| “\\\CI | .\\\\C|

Ru H Ru H
oc” | oc” |

PCy3 PCy3

26 27

Figure 2.20: Ruthenium hydride complexes obtained from 1 and 2.

that is formed, as can be deduced from the presence of several other peaks in the
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3IP-NMR spectrum. The same kind of observations were made for 2 and complex
27.

Via an alternative procedure, both 26 and 27 were synthesized by Mol?°! 253 and
comparison of their spectroscopic data confirmed that these complexes are formed
from 1 and 2 respectively in reaction with primary alcohols in the presence of a
base.

We have also synthesized these complexes and they were isolated as a yellow pow-
der. They were highly sensitive to air and moisture. Even in a sealed vial under
argon atmosphere, they turned from yellow to brown and eventually black in a
matter of hours. When these complexes were used for quinoline synthesis, their
color immediately changed from yellow to dark brown upon addition of dioxane.
The results in Table 2.8 show that nearly identical yields are obtained for 1 and 2
and their corresponding hydride complexes 26 and 27.

Table 2.8: Synthesis of quinolines with hydride complexes!®

Complex  Yield (%)

1 45.5
26 48.9
2 95.4
27 94.4

[a] Reaction conditions: 2-aminobenzylalcohol (1.0 mmol), acetophenone (2.0
mmol), KOH (1.0 mmol) and catalyst (0.01 mmol) in 3 mL dioxane, 80 °C for
30 min. Yields based on 2-aminobenzylalcohol and determined by GC analysis.

Thus, it can be concluded that 1 and 2 are merely the pre-catalysts that are con-
verted to the real active species during the reaction. The nature of the active
catalyst is still unclear, although it is likely that a hydride complex such as 26 or
27 is an intermediate in the hydrogen transfer reaction, as it was shown that they
are both able to catalyze the synthesis of quinolines and nearly identical yields were
obtained in comparison with their parent complexes.

The reactions with KOtBu show a different behaviour. When KOtBu is added
to the reaction mixture containing 1 or 2, the color changes from pink to deep
red. This is in accordance with the formation of tert-butoxy complexes reported
by Grubbs (see Figure 2.14) as these complexes were described to be red.?44.248
Exactly how these complexes mediate the hydrogen transfer is still uncertain.

2.8 Synthesis of 3-substituted quinolines

2.8.1 Introduction

Thus far, only ketones have been reacted with 2-aminobenzylalcohol, affording 2-
substituted or 2,3-disubstituted quinolines. When an aldehyde is used instead of a
ketone, the formation of 3-substituted quinolines can be expected, as shown in Fig-
ure 2.21. It was found however, that under the standard reaction conditions used
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Figure 2.21: Theoretical formation of 3-substituted quinolines.

for ketones, little or no quinolines were formed from the reaction with aldehydes.
The chromatograms (for an example see Figure 2.22) showed many unidentified
peaks and no quinolines could be isolated by the acidic/basic extraction as de-
scribed in paragraph 2.2.5. It is believed that the aldehyde is rapidly consumed
in a self-aldol reaction, before it is able to react with 2-aminobenzylalcohol. This
assumption is supported by the fact that the same peaks appear when only the
aldehyde is reacted in the presence of a base. This would also explain why the
peak of 2-aminobenzylalcohol is still quite large as there is no more free aldehyde
available to react with. Longer reaction times did not affect the size of the observed
peaks in the chromatogram very much.
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Figure 2.22: Chromatogram of the reaction with the aldehyde octanal.
ABA = 2-aminobenzylalcohol.

Almost immediately after our initial attempts, Cho and Shim published a procedure
for the synthesis of 3-substituted quinolines. They also found that a one-pot reac-
tion resulted in very low quinoline yields (= 20%), even after a prolonged reaction
time of 20 hours.?°* However, a step-by-step procedure with an initial treatment
of 2-aminobenzylalcohol in the presence of RuCls(PPhs)s and KOH in dioxane at
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80 °C for 15 hours, followed by the addition of the aldehyde and stirring for 5
hours at 80 °C, resulted in higher yields (= 50-60%). The addition of a hydrogen
acceptor did not affect the yield. In later reports, they have also used a Cu(II)
and a Pd(0) catalyzed protocol for the synthesis of 3-substituted quinolines. 1719
This procedure of Cho was probably based on the work of Kaneda et al. who first
reacted 2-aminobenzylalcohol with a ruthenium-grafted hydrotalcite in toluene in
an oxygen atmosphere (1 atm) at 100 °C for 10 h. Then the aldehyde was added
and allowed to react for 12 h at 100 °C. 110

This method has some disadvantages as long reaction times are required in both
steps and only moderate quinoline yields are obtained. A frequently formed side-
product 2-alkyl-2,4-dihydro-1H-benzo[d][1,3]oxazine (Figure 2.23) complicates the

isolation of the desired quinoline.
s
A

N
H

Figure 2.23: 2-alkyl-2,4-dihydro-1H-benzo[d][1,3]oxazine

2.8.2 Development of a new method for the synthesis of 3-
substituted quinolines

When we attempted to prepare 3-substituted quinolines by the method of Cho,
i.e. reacting 2-aminobenzylalcohol in the presence of a a ruthenium catalyst for 15
hours, followed by addition of the aldehyde, with 1 or 2 in combination with KOH
or KOtBu, again, very complex chromatograms comparable to that of Figure 2.22
were obtained and no pure quinoline could be isolated, neither by acidic/basic ex-
traction, nor by column chromatography. The same self-aldol products were seen
by GC analysis.

To suppress the self-aldol reaction of the aldehyde, it was added slowly - every 15
minutes - in ten small portions of 0.20 mmol to a solution of 2-aminobenzylalcohol,
2 and KOtBu in dioxane. Before each addition, a sample was taken from the reac-
tion mixture and analyzed by GC. After the last addition, the solution was allowed
to react for an additional hour. It is observed that the peak of 2-aminobenzylalcohol
slowly disappears and that a new peak appears which could be assigned to the 3-
substituted quinoline. Isolation of this quinoline by acidic/basic extraction and
characterization by *H and *C-NMR confirmed its structure. Also peaks of self-
aldol reactions are seen, but they are much smaller then in the one-pot reactions. In
addition to the quinoline peak, another peak appeared at a slightly higher retention
time. The compound corresponding to this peak was later identified as the 2-alkyl-
2,4-dihydro-1H-benzo[d][1,3]oxazine (see Figure 2.23) from the reaction between
2-aminobenzylalcohol and the aldehyde. During the additions of the aldehyde, this
peak increases in size. After the last addition it slowly disappears again while the
quinoline peak continues to increase. This strongly suggests that first the oxazine
is formed and then converted to the quinoline. Exactly how this oxazine is formed
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and transformed to the quinoline will be detailed in the discussion on the reaction
mechanism in paragraph 2.8.4.

To verify this hypothesis, first 2-aminobenzylalcohol was reacted with two equiva-
lents of octanal. Analysis by GC confirms that 2-aminobenzylalcohol quantitatively
reacts with the aldehyde to give the oxazine. The extra equivalent of the aldehyde
will act as hydrogen acceptor in the oxidative cyclocondensation reaction of the
oxazine. Subsequently, 2 and KOtBu were added. Analysis of the reaction mixture
by GC indeed confirmed that the initial oxazine is converted into the quinoline.
The reaction is shown in Figure 2.24.

OH (I:) dloxane KOtBu X Gt
+ J\/Ceng =
NH; 80 °C 80 °C N
CeHi3

octanal }
1.0 mmol 2.0 mmol oxazine

Figure 2.24: Two-step synthesis of 3-substituted quinoline from octanal

The reaction was performed with a variety of aldehydes and the results are pre-
sented in Table 2.9. All yields were determined with dodecane as internal standard
after one hour of reaction (after preliminary oxazine formation). From these re-
sults, it is clear that only relatively low quinoline yields are obtained. Several
samples show the presence of 2-aminobenzylalcohol, even though it was originally
completely consumed in the oxazine formation. This is an indication that the ox-
azine decomposes again which may be caused by water in the reaction mixture.
Besides this oxazine decomposition, self-aldol peaks of the aldehydes are present.
This self-aldol reaction lowers the amount of aldehyde that functions as necessary
hydrogen acceptor, limiting the maximum yield in consequence.

2.8.3 Optimization of the reaction parameters

An optimization process was carried out and the most important results are pre-
sented in Table 2.10. 3-Phenylpropionaldehyde was used as the aldehyde and the
reported yields were determined after 1 hour of reaction.

To eliminate the presence of water, several reactions were performed with molecular
sieves in the reaction mixture (entries 1-3). Entry 1 again illustrates the impor-
tance of a sacrificial hydrogen acceptor. With a 1:1 ratio of 2-aminobenzylalcohol
and the aldehyde, only 15% quinolines are formed because of the absence of a
hydrogen acceptor. An additional equivalent of aldehyde can fullfill this function
(entry 2), but the aldehyde is prone to self-condesation reactions which limits its
applicability. The best option is to add an “inert” hydrogen acceptor that does
not undergo self-aldol reactions nor cross-aldol reactions with the aldehyde. Ben-
zophenone is a good candidate for this role as the chromatogram of entry 3 does
not show significant amounts of side-products. This is also reflected in the higher
yield (44% versus 31%).

Further experiments (entries 4-7) show variations in the amount of KOtBu and
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Table 2.9: Synthesis of 3-substituted quinolines®

Aldehyde Oxazine Quinoline Yield (%)
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[a] Reaction conditions: i) 2-aminobenzylalcohol (1.0 mmol) and aldehyde (2.0
mmol) in 3 mL dioxane, 80 °C for 1 h; ii) 2 (0.01 mmol) and KOtBu (1.5 mmol),
80 °C for 1 h. Yields determined by GC analysis with dodecane as internal
standard.
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benzophenone. It is clear from entry 5 with the same conditions as used in entry
3, that the use of molecular sieves to absorb water does not increase the yield.
Apparently, the presence of water is not a major issue, but rather the self-aldol
reaction of the aldehyde poses the biggest problem. Higher amounts of base and
benzophenone hinder the reaction, as seen in entries 6 and 7. The best results are
obtained with an equimolar ratio of all reactants, but longer reaction times than 1
hour will be required to obtain higher yields. The reaction proceeds much slower
when KOH is used instead of KOtBu.

Figure 2.25 nicely shows the progress of the reaction with butanal as the alde-
hyde. First 2-aminobenzylalcohol reacts with the aldehyde to form the oxazine.
The graph shows that this reaction is already complete within 30 minutes. Other
aldehydes, especially those with aromatic rings react a little slower and require
approximately 60 minutes to fully react with the amine. After the addition of the
catalyst, base and hydrogen acceptor, the oxazine is converted to the quinoline.
This second reaction proceeds very fast in the first 30-45 minutes and then contin-
ues at a slower rate. It is assumed that KOtBu is partially decomposed to KOH
and tert-butanol by the water that is formed during the cyclocondensation of the
oxazine. With the weaker base KOH the reaction still continues, but at a slower
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Table 2.10: Optimization process for the synthesis of 3-substituted quinolines[®

Molar ratio (mmol)
Entry Sieves ABA[I  Aldehydeld KOtBu BPM  Yield (%)

1 + 1 1 2 0 15
2 + 1 2 2 0 31
3 + 1 1 2 1 44
4 - 1 1 1 1 66
5 - 1 1 2 1 46
6 - 1 1 2 1.5 44
7 - 1 1 3 1.5 40
8 - 1 1 KOH,2 1 6

[a] Reaction conditions: i) 2-aminobenzylalcohol and 3-phenylpropionaldehyde
in 3 mL dioxane, 80 °C for 1 h; ii) 2 (0.01 mmol), KOtBu or KOH and ben-
zophenone, 80 °C for 1 h. Yields determined by GC analysis with dodecane as
internal standard.

[b] ABA = 2-aminobenzylalcohol

[c] 3-phenylpropionaldehyde

[d] BP = benzophenone

rate as was previously shown in Table 2.10, entry 8. This is confirmed when slightly
higher amounts of KOtBu (1.2 equivalents) and benzophenone (1.1 equivalents) are
used. The reaction is now complete within 2 hours as is illustrated by curves 2’
and 3’. The general reaction scheme with optimized conditions is shown in Figure
2.26.

With these optimized reaction conditions, the same reactions with the various alde-
hydes were carried out again. Table 2.11 presents the results. Good to excellent
yields are obtained for all 3-substituted quinolines after 3 hours of reaction. The
chromatograms of the aromatic aldehydes (entries 5-7) still show some unreacted
oxazine, but longer reaction times did not increase the yields.

2.8.4 Reaction mechanism

The proposed reaction mechanism is shown in Figure 2.27. The reaction between
2-aminobenzylalcohol and the aldehyde does not give imines, as one might expect
at first sight. Instead a 1,3-oxazine is formed. This oxazine can not cyclize to a
quinoline by itself, however, it is at equilibrium with the imine. This ring-chain
tautomerism has been well studied and described by others. 2%°-262 From the NMR
spectra, it can be concluded that the equilibrium for the described compounds is
shifted to the side of the oxazine since no peaks of imine hydrogens or imine car-
bons could be seen. Raman spectroscopy shows a very small band at 1610 which
might be attributed to a C=N stretch vibration. This means that only very small
amounts of imine are present in the reaction mixture, but naturally, when the
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Figure 2.25: Progress of the reaction steps in the synthesis of 3-substituted quinolines.
1 = 2-aminobenzylalcohol, 2/2’ = oxazine, 3/3’ = 3-substituted quinoline.
Curves 2 and 3 represent the reaction with equimolar amounts of reactants,
while in 2’ and 3’ a slight excess of KOtBu and benzophenone is used.
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Figure 2.26: Optimized reaction scheme for the synthesis of 3-substituted quinolines

imine is consumed in the cyclization reaction, the equilibrium is reinstated, effec-
tively driving the reaction to completion.

The benzylic alcohol function of the imine is then catalytically oxidized to a ben-
zaldehyde function. The ruthenium hydride species that is generated in this oxida-
tion process, is regenerated by benzophenone as hydrogen scavenger. A strong base
abstracts an a-proton of the imine and in the final cyclization step, the quinoline
is formed. It should be noted that the sequence of the oxidation and the proton
abstraction steps might be interchangeable.
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Table 2.11: Synthesis of 3-substituted quinolines!®

Entry  Aldehyde Quinoline Yield (%)
S B O .
9 \/\)'O ©\/Nj/\/ Q18 95
Cotha
3 e ©\/j Q19  >99

N

)

o
4

S

g

RS
RS

6 ©/\) m Q22 85

7 7 N ~ Q23 71

[a] Reaction conditions: i) 2-aminobenzylalcohol (1.0 mmol) and aldehyde (1.0
mmol) in 3 mL dioxane, 80 °C for 1 h; ii) 2 (0.01 mmol), KOtBu (1.2 mmol)
and benzophenone (1.1 mmol), 80 °C for 2 h. Yields determined by GC analysis
with dodecane as internal standard.
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2.9 Conclusions on Ru-catalyzed quinoline syn-
thesis

Substituted quinolines are important compounds in medicinal chemistry. The
ruthenium-catalyzed modification presents an attractive alternative for the classi-
cal Friedlander method. The handling of unstable aminobenzaldehydes is avoided
as they are generated in situ in a catalytic hydrogen transfer reaction from the
oxidation of 2-aminobenzylalcohol. Several ruthenium catalysts were tested for
this reaction and it was found that the occupation of the ligand sphere around the
ruthenium center plays a very important role. The incorporation of N,O-bidentate
ligands was ineffective, while strong o-donating phosphine or NHC ligands had a
beneficial effect on the rate of conversion. The second generation Grubbs catalyst
2 gives the highest quinoline yields in the shortest amount of time.

Besides the catalyst, also the base plays an important role. Traditionally KOH
is used, but we have shown that the stronger base KOtBu greatly increases the
reaction rate. The presence of a hydrogen acceptor is required to obtain good
quinoline yields and to allow for the regeneration of the hydrogenated catalyst.
A second equivalent of the ketone reactant conveniently fulfills this role, although



2.9. Conclusions on Ru-catalyzed quinoline synthesis 53

oxazine

OH o formation o
» AR
H e R
NH N
H

1 L ring-chain tautomerism

.
P~ R
N
[Ru] X diphenylmethanol
[RuH;] benzophenone
strong
@O base X0
-
NA/R N¢\/R
l cyclization
Oy
—
N
Figure 2.27: Proposed reaction mechanism for the synthesis of 3-substituted quinolines

other hydrogen acceptors such as benzophenone can also be used. Removing gases
from the solvent by flushing it with argon gas enhances the reaction rate.

Based on the experimental results, a reaction mechanism that consists of two dis-
tinctively different pathways is proposed. The exact nature of the catalytic species
could not be determined, but the results in combination with literature data point
in the direction of a ruthenium-carbonyl-hydride complex.

A new and convenient two-step alternative to the cumbersome synthesis of 3-
substituted quinolines from aldehydes was developed. First a 1,3-oxazine is formed
from the reaction between 2-aminobenzylalcohol and the aldehyde. The subsequent
addition of a ruthenium catalyst, a strong base and a hydrogen acceptor affords
the 3-substituted quinolines in good to excellent yields.
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Base-mediated synthesis of quinolines

3.1 Introduction

Of all the ruthenium catalysts that were examined for the modified Friedlander
method, the second generation Grubbs catalyst 2 gave the highest quinoline yields
in the shortest amount of time. Some major drawbacks of this catalyst are its
high price and the time consuming synthesis of the NHC ligand HoIMes. The
use of KOtBu instead of KOH improved the reaction rate with a factor 3 (60
minutes for KOH versus 20 minutes for KOtBu, Figure 2.15). Catalysts of the
type RuCly(PRg)(p-cymene) such as 11la and 11b are cheaper and more easily
accessible. If the use of KOtBu with these catalysts would reduce the reaction
time, in a similar fashion as with 2, from 5 or 6 hours to 2 hours or less, perhaps
an economically more viable catalytic system would be created. When this was
tested, surprisingly, conversions and reaction rates comparable to those of 2 were
achieved (Figure 3.1). At first, this was attributed to the formation of a similar
active catalyst from complexation of 11la,b with KOtBu as was suggested for 2
(Figure 2.14). Tt was believed that two chlorine ligands were exchanged for tert-
butoxy ligands as shown in Figure 3.2. However, when we tried to synthesize 28
from the reaction of 11la,b or 3 with KOtBu, only decomposed products were
obtained. Furthermore, a blank experiment (Table 2.1, entry 2) showed that a
quinoline yield of 9% was achieved with KOH in the absence of a catalyst. This
implies that the synthesis of quinolines can be mediated solely by a base. This is
confirmed when the reaction is executed with only KOtBu and no catalyst (Figure
3.1, dotted line). Without catalyst, a conversion of only 60% is achieved after 30
minutes, while the ruthenium catalyzed reactions reach full conversion. This means
that the presence of ruthenium certainly enhances the reaction rate, but it is not
a mandatory requirement to perform the reaction. As the next set of results will
show, a higher amount of base results in higher conversions. Likely, some amount

95
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Figure 3.1: Quinoline synthesis with 11a,b and KOtBu. Reaction conditions: 2-
aminobenzylalcohol (1.0 mmol), acetophenone (2.0 mmol), catalyst (0.01
mmol) and KOtBu (1.0 mmol) in dioxane (3 mL) at 80 °C for 1 h. Yields
determined by GC with dodecane as internal standard.
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Figure 3.2: Initially suggested active catalyst for 11a,b with KOtBu.

of base is consumed in another step of the reaction, e.g. the base catalyzed HoO
elimination. In this step, the hydroxy ion OH™ is released, which is a weaker base
than KOtBu. This would also explain why the reaction still continues after 30
minutes, but at a much slower rate. These hypotheses will be explored in more
depth in the discussion on the reaction mechanism in paragraph 3.3.
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3.2 Synthesis of quinolines from ketones

The performance of several bases was examined for the reaction between 2-amino-
benzylalcohol and acetophenone. The results are shown in Figure 3.3. The highest

% Yield
100 - N .
80 -
- KOH
- KOH sol
-~ NaOEt
60 - = KOtBu
-+ NaH
-e-no base
40 -
20 -
Time /h
0 Py r'Y Py r'Y r'y L r'Y
0 1 2 3 4 5 6

Figure 3.3: Base-mediated quinoline synthesis. Reaction conditions: 2-aminobenzyl-
alcohol (1.0 mmol), acetophenone (2.0 mmol) and base (1.5 mmol) in diox-
ane (3 mL) at 80 °C. Yields determined by GC with dodecane as internal
standard.

KOH sol = KOH as a 4 M solution in MeOH.

quinoline yields are obtained with the stronger bases KOtBu, NaH and NaOEt.
The reaction does not proceed in the absence of a base. It is remarkable that, con-
trary to the ruthenium catalyzed process, the reaction proceeds faster with KOH
powder than with KOH as a solution in methanol. When NaH was used, the so-
lution started bubbling immediately as a result of evolving hydrogen gas and the
reaction vials were only placed at 80 °C when all bubbling had ceased.

The reaction was carried out with a variety of ketone substrates in the presence of
the bases KOtBu, NaOEt or NaH. The results after one hour of reaction are pre-
sented in Table 3.1. It is clear that the highest quinoline yields are obtained with
KOtBu. Although Figure 3.3 suggests that NaH gives higher yields after 4 hours,
the use of NaH is severely hindered by the evolution of hydrogen gas, making this
base very impractical.

The presence of a substituent on the aromatic ring of acetophenone results in lower
yields (entries 2-6), but whereas the 2, 3’, and 4’ methyl-substituted compounds
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Table 3.1: Base-mediated quinoline synthesis from a variety of ketone substrates[®

Yield (%)
Entry Ketone Quinoline KOtBu NaOEt NaH
o N
R)l\ | 2NN R
R = R =
1 Ph Ph Q1 94 63 64
2 2-MeCgHy 2-MeCgH4 Q2 65 40 58
3 3-MeCgHy4 3-MeCgHy Q3 59 50 53
4 4-MeCgHy 4-MeCgHy4 Q4 62 42 34
5 2-MeOC6H4 2-MGOCGH4 Q5 99 53 60
6  4-MeOCgH; 4-MeOCgH; Q6 47 27 38
7 Mel?! Me Q8 17 19 22
i OO
8 e~ N Gty Q9 30 23 25
e Q10 17 7 6
N
2 |
9~ KII Q11 61 19 43
e
|
KII/ Q12 15 3 7
o N
10 A @(Njfph Q13 83 39 49
T
0 e
11 O: ZN Q14 51 29 39

[a] Reaction conditions: 2-aminobenzylalcohol (1.0 mmol), ketone (2.0 mmol),
catalyst (0.01 mmol) and KOH (1.0 mmol) in dioxane (3 mL) at 80 °C for 1 h.
Yields based on 2-aminobenzylalcohol and determined by GC analysis.

[b] 5 mmol.

have comparable yields, the difference between 2’ and 4’ methoxy-substituted ace-
tophenone is remarkable. With an ortho-substituted ketone the yield is twice as
high compared to a para-substituted ketone.

When two different a-protons are available in a ketone, a mixture of two quinolines
is obtained (see entries 8 and 9). While the use of KOtBu gives higher yields, the
selectivity is lower. For 2-heptanone the ratios are 1.8:1 for KOtBu versus 3.3:1 and
4.2:1 for NaOEt and NaH respectively. A similar effect is observed for 3-heptanone.
In comparison to the ruthenium catalyzed reactions, the yields obtained with ace-
tone (entry 7) and 2-heptanone (entry 8) are markedly lower. This is the result
of self-condensation of the ketones in a base-catalyzed aldol condensation whereby
«, B-unsaturated ketones are formed. The GC chromatogram of 2-heptanone shows
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the formation of heptanone dimers and trimers (Figure 3.4 A).
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Figure 3.4: A. Quinoline synthesis with 2-heptanone.
B. Reaction of 2-heptanone in the presence of KOtBu.

This is confirmed in a verification experiment where 2-heptanone is reacted in the
presence of KOtBu. The same peaks appear in the chromatogram, shown in Figure
3.4 B. Analysis of this mixture with GC-MS shows a molecular weight of 210 and
306 corresponding with respectively the dimers and trimers of 2-heptanone. Each
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of those compounds has several isomers, which is also reflected by multiple peaks
in the chromatogram.

This self-condensation is much less pronounced with the other ketones, and it is
not observed in the ruthenium catalyzed process. Thus, the formation of quinolines
is in competition with the aldol reaction. When 2-heptanone is gradually added
to a reaction mixture containing 2-aminobenzylalcohol and KOtBu in dioxane, the
aldol reaction is suppressed and quinoline yields of 56 and 28% are obtained for
2-pentylquinoline Q9 and 3-butyl-2-methyl-quinoline Q10 respectively.

The examination of the chromatograms of this base-mediated process also revealed
two other new peaks at approximately 66 and 89 seconds, that were not observed
in the ruthenium catalyzed reactions. Both peaks appear in almost all reactions
with different ketones and different bases, thus it was supposed that they were
intermediate products formed from 2-aminobenzylalcohol. Again, GC-MS analysis
offered the solution. The molecular weight of 2-aminobenzylalcohol is 123.15 g
mol~!. The compound that eluates after 66 seconds, further referred to as ABA’
has a molecular weight of 165 (= 123 + 42), and the compound eluating at 89 sec-
onds, further called ABA” has a molecular weight of 207 (= 123 + 42 + 42). The
fragmentation patterns of both compounds show an initial mass loss of 43, which
is typical for acetyl fragments. Compound ABA?” subsequently loses another frag-
ment of the same molecular weight. Hence it was deduced that compound ABA’
was the mono-acylated and ABA” the di-acylated product, as shown in Figure

3.5.
Ej\/\oH base ©\/\OH
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NH; Ethyl Acetate NH
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Figure 3.5: Reaction of 2-aminobenzylalcohol with ethyl acetate in the presence of a
base.

The initial mystery of the presence of both compounds can actually be explained
very easily. In the presence of a base, unreacted 2-aminobenzylalcohol reacts with
ethyl acetate that is used as eluent in the purification procedure on a small col-
umn. A series of experiments confirms this proposal. When 2-aminobenzylalcohol
is stirred for 1 h with KOtBu in dioxane at 80 °C and eluated with ethyl acetate
on a small column, both ABA’ and ABA” appear on the chromatogram. When
acetone is used as eluent, only the original peak of 2-aminobenzylalcohol is present.
Furthermore, when 2-aminobenzylalcohol is reacted with 1 equivalent of ethyl ac-
etate and KOtBu in dioxane, and eluated with acetone, both ABA’ and ABA”
show up in the chromatogram. Additionally, compound ABA” was synthesized
independently by reacting 2-aminobenzylalcohol with 2.2 equivalents of acetyl chlo-
ride. The structure was confirmed by 'H and '*C-NMR characterization and the
retention time on GC was identical to that of previous measurements. Synthe-
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sis and isolation of pure compound ABA’ was problematic as di-acylation could
not be avoided. A procedure to distinguish between O-acylation and N-acylation
for ethanolamine has been described,?%3 but this procedure did not work for 2-
aminobenzylalcohol. Confirmation that ABA?’ is the N-acylated product is given
by the fragmentation pattern of the GC-MS spectra. First a mass loss of 43 is
observed, then a mass loss of 17, which can only be attributed to the loss of OH.
This eliminates the possibility of O-acylation.

3.3 Reaction mechanism

The exact reaction mechanism of this base-mediated process is not yet fully un-
derstood, but it certainly involves a hydrogen transfer. The GC chromatograms
clearly show conversion of the ketones into the corresponding alcohols during the
reaction. It is believed that a mechanism similar to that of Meerwein-Ponndorf-
Verley reduction / Oppenauer oxidation (MPVQO) may be responsible for this.
Purely base-catalyzed MPVO reductions with KOtBu and Hy have been reported
under very demanding reaction conditions with temperatures of 150-200 °C, high
H, pressures and reaction times of several hours. 264266

The amine function of 2-aminobenzylalcohol seems to play an important role, since
the reaction of benzylalcohol with ketones did not produce any coupling products.
This leads us to propose a reaction mechanism as shown in Figure 3.6. For reasons
of clarity, unnecessary atoms have been omitted. One equivalent of ketone C acts
as hydrogen acceptor and is converted to the corresponding alcohol in the oxidation
process of 2-aminobenzylalcohol. A cross aldol reaction between the aldehyde and
deprotonated ketone, followed by a cyclization step and HoO elimination, leads to
the quinoline. The proposed intermediate is nearly identical to that of the MPVO
reaction, but an additional interaction between the amine and the alkali kation
might provide favourable conditions for the hydrogen transfer. This mechanism
differs from the one for the ruthenium catalyzed reactions in the way the hydro-
gens are transferred. With transition metals it is believed that the reaction involves
the formation of a metal hydride. For non-transition metal metals, the MPVO-
mechanism with a cyclic intermediate is proposed. 123173

The reported yields in in Table 3.1 are yields after one hour of reaction. When
the yields are measured after two hours, it is seen that they have increased with
5 to 10% for all quinolines and they continue to increase over time. This can be
rationalized as follows. Once the initial stronger base is consumed, the reaction
continues at a slower rate with OH™. This hydroxyl anion can be generated in the
base catalyzed HoO-elimination of E or by the reaction between the strong base
and a HoO molecule that is liberated in the imine formation. This suggests that
this reaction is in fact base-catalyzed.

Further support for this base-catalyzed mechanism is found when 2-aminobenzyl-
alcohol (1.0 mmol) is reacted with acetophenone (2.0 mmol) with only 0.50 mmol
KOtBu. After one hour, the yield is 45%, but after 6 hours the yield has in-
creased to 59% which can only mean a base is still present in the reaction mixture.
Unfortunately, the basic strength of KOH is too low to make this process truly
base-catalyzed, thus equimolar (and preferably higher) amounts of a stronger base
are required to obtain good quinoline yields.
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Figure 3.6: Proposed reaction mechanism, based on the MPVO mechanism.

3.4 Synthesis of 3-substituted quinolines

Also the synthesis of 3-substituted quinolines was attempted. After oxazine forma-
tion (1 hour at 80 °C), both KOtBu and benzophenone were added to the reaction
mixtures and the solution was stirred for 2 hours at 80 °C. The results are pre-
sented in Table 3.2 With the exception of Q21, higher yields are obtained in the
base-mediated process compared to the ruthenium-catalyzed process. Almost all
quinolines are formed in nearly quantitative yield.

As to the reaction mechanism, a sequence comparable to that of the ruthenium cat-
alyzed process for 3-substituted quinolines is proposed as shown in Figure 3.7. First
2-aminobenzylalcohol reacts with the aldehyde to afford the oxazine. Via ring-chain
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Table 3.2: Base-mediated synthesis of 3-substituted quinolines!®

Entry  Aldehyde Quinoline Yield (%)
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[a] Reaction conditions: i) 2-aminobenzylalcohol (1.0 mmol) and aldehyde (1.0
mmol) in 3 mL dioxane, 80 °C for 1 h; ii) KOtBu (1.2 mmol) and benzophenone
(1.1 mmol), 80 °C for 2 h. Yields determined by GC analysis with dodecane as
internal standard.

tautomerism, the oxazine is at equilibrium with the corresponding imine. Then the
benzylic alcohol of the imine is oxidized and this oxidation reaction most probably
follows the MPVO-mechanism with a cyclic intermediate (unnecessary atoms and
atomic charges are omitted for reasons of clarity). Abstraction of a proton by a
strong base results in an intramolecular aldol condensation and cyclization to the
3-substituted quinoline.

3.5 Conclusions on the base-mediated synthesis of
quinolines

A new base-mediated process for the preparation of quinolines was developed in
which an expensive transition metal catalyst is no longer required. The best results
in terms of quinoline yield were obtained with KOtBu. Other strong bases such as
NaOEt also afford quinolines, but they give lower yields. The use of NaH is rather
cumbersome because of the evolution of hazardous hydrogen gas.

Also 3-substituted quinolines could be synthesized by this base-mediated pro-
cess. In a two step reaction, first the 1,3-oxazine is prepared by reaction of 2-
aminobenzylalcohol with the aldehyde. In the second step, the addition of a strong
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Figure 3.7: Proposed reaction sequence, based on the MPVO mechanism.

base such as KOtBu yields 3-substituted quinolines in nearly quantitative yields.
The reaction mechanism probably proceeds via the MPVO-mechanism with a
cyclic intermediate in which also the nitrogen of 2-aminobenzylalcohol (or the ox-
azine/imine) plays an important role.



Introduction to enol esters

4.1 Definition

The name enol esters is directly derived from the molecular structure of these
compounds: they combine an enol function and an ester group, sharing the oxygen
atom that both functionalities have in common (Figure 4.1). Enol esters are also
commonly referred to as vinyl esters.

enol R2 ester

1
R%W

R2

enol ester

Figure 4.1: The general structure of enol esters.

65
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4.2 Applications of enol esters

Enol esters are very useful reagents for carbon-carbon or carbon-heteroatom bond
formations via generation of their enolates. They can be used as acylating agents
in reactions that require very mild reaction conditions. Some specific examples of

acylation reactions are outlined in Figure 4.2.

(0] (0]

(A) R O)l\ RZNJJ\

\?OH /RZNH

M HX ? RCOOH o 9
X o R” Yo

isopropeny! acetate

OH
.- J\ - RCOOH
\ ester interchange catalyst

\‘/\OJ\ O)]\R

o)
)\ NHBoc  YNH: ) NHBoc
(B) —>  YHN

O
mNMeZ —_— NMe @ }I/NMEZ
lipase 2
(1R,2S) + (1S,2R) (1R,2S) (1S,2R)

Figure 4.2: Applications of enol esters: examples of acylation.

(A) Tsopropenyl acetate is a versatile and unique acylating agent.?67 In the re-
action with an enolate, a new enol ester is generated, i.e. a vinyl acetate.
Reactions with alcohols, amines, halogen acids and carboxylic acids give es-
ters, amides, acid halides and mixed anhydrides respectively. Applying an
ester interchange reagent in the reaction with carboxylic acids results in new

isopropenyl esters.
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All these reactions are also applicable to other enol esters.?%8 Lactones were

synthesized by an intramolecular acyltransfer 2° and a-dicarbonyl compounds
such as oxamides and oxalates could be prepared from oxalic acid.?™ 1,3-
Diketones result from the reaction of carbanions with enol esters. 27!

(B) Dixneuf et al. used enol ester intermediates of amino acids for easy conversion
into amides and dipeptides.®27? This allowed for a clean and mild acylation,
avoiding the use of toxic phosgenes for carboxylic acid activation.

(C) The lipase-catalyzed acylation of racemic alcohols was applied for the reso-
lution of chiral alcohols into their enantiomers with high optical purity. The
acyl group performed the function of stereochemical controller. 273,274

Other uses of enol esters include the conversion into a-halogenated ketones, 275278

a, B-unsaturated ketones?7%280 or aldehydes?®1:282 and the selective acylation of
unsymmetrical ketones.?83:284 Enol ester monomers have been used to synthe-
size polymers bearing tertiary ester functionalities for applications in lithographic
films. 28 Exocyclic enol lactones constitute a moiety that is present in several
natural products exhibiting biological activity. FExamples of these compounds

are cyanobacterins, 286 obtusilactones 2877289 and acetoxyfimbrolides 290292 (Figure
4.3).
AQ
(CHy)g~CH=CH, ‘
v
o
X
obtusilactone acetoxyfimbrolides

X,Y=H,Cl, Brorl

Figure 4.3: Naturally occurring obtusilactones and acetoxyfimbrolides.

Vinyl acetate is a very important industrial compound. 23 It is used as monomer in
the synthesis of poly(vinyl acetate), an essential polymer for a range of industrial
and consumer products such as paints, concrete additives, adhesives, textiles, and
plastics. Hydrolysis of poly(vinyl acetate) leads to the water soluble, biocompati-
ble polymer poly(vinyl alcohol).?%* The production of vinyl acetate monomers was
4.5 million tons worldwide in 2003 and it still increases each year.2? Figure 4.4
illustrates the described reactions.

)Ol\ polymerisation
/\o

vinyl acetate poly(vinyl acetate) poly(vinyl alcohol)

OAc OAc OAc OH OH OH

hydrolysis
., —

Figure 4.4: Vinyl acetate, poly(vinyl acetate) and poly(vinyl alcohol).



68 Chapter 4. Introduction to enol esters

4.3 Synthesis of enol esters

Enol esters can be prepared in several ways. The two most widely practiced tech-
niques involve

e the direct addition of carboxylic acids to alkynes.

e the treatment of enolates from aldehydes or ketones with acid anhydrides,
acid halides or ketenes under acidic or basic conditions.

4.3.1 Addition of carboxylic acids to alkynes

The direct addition of carboxylic acids to 1l-alkynes is the most efficient route
towards enol esters in terms of atom economy, a goal that every chemist strives
for.296:297 Effectively every atom from the starting reagents is accounted for in
the enol ester products. The general reaction scheme for this method is presented
in Figure 4.5. Essentially three enol ester products can be formed. Markovnikov

R—COOH + R—=

R'Jl\oiR RI/\ RI/\/O\H/R

+ (e) R +
\n/ o
(0]
Markovnikov anti-Markovnikov "Z" anti-Markovnikov "E"
"geminal” cis trans

Figure 4.5: General reaction scheme for the addition of carboxylic acids to alkynes.

addition results in “geminal” enol esters while anti-Markovnikov addition affords
either Z (cis) or E (trans) enol esters.

A molecule that has both an alkyne and a carboxylic acid functionality can undergo
an intramolecular cyclization reaction that leads to lactones. Depending on which
alkyne carbon the addition takes place, either “exo” enol lactones with an external
double bond or “endo” enol lactones with an internal double bond are produced,
as shown in Figure 4.6.

Because of the high activation energy, the reaction requires the presence of a tran-
sition metal catalyst.

Mercury

The use of mercury salts dates back to the 1950’s and this metal is probably the first
that was ever used for the addition of carboxylic acids to alkynes. Hg(OAc)s was
used by Lemaire and Lucas to catalyze the addition of acetic acid to 3-hexyne,2%®
and 1-methoxyvinyl esters were prepared from ethoxyacetylene and carboxylic
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"exo" lactone "endo" lactone

Figure 4.6: Synthesis of enol lactones.

acids.?%8 Also cyclic enol esters such as naturally occurring lactones or mimics
of these compounds have been synthesized using Hg(OAc)s,299:300 Hg(Q301:302 op
Hg(OTFA),.300:3037305 The Jatter mercury salt, mercury trifluoroacetate, was sub-
stantially more effective than mercury acetate.

The reaction mechanism involves the acid facilitated addition of HgX (X = OAc,
OTFA) to the triple bond. Subsequent addition of a carboxylic acid gives the enol
ester (Figure 4.7). Bach et al. devoted a study to the stereochemistry of the ace-

LHgX
H* 'é)" R'COOH

R—== + HgX e ' R OCOR'

gX2 R/4§N “<<;““"’

+

+ HX @ng

OCOR'
R"V\/ R

Figure 4.7: Reaction mechanism of mercury-catalyzed enol ester synthesis.

toxymercuration of alkynes.3%6

Other mercury-mediated methods are based on the use of vinylmercurials
or chloromercurio aldehydes3% or they apply a solvomercuration-demercuration
strategy. 310

Although it is an excellent metal for this reaction, the toxic nature of mercury has
severely limited its use and research is now focussed on other less toxic transition

metals.

307,308

Ruthenium

A wide variety of ruthenium complexes has been used for the synthesis of enol
esters (Figure 4.8). The first application of ruthenium was reported by Rotem and
Shvo in 1983.311 They used Ruz(CO)12 (29) to generate vinyl esters with variable
stereoselectivity: both Markovnikov and anti-Markovnikov (cis + trans) enol esters
were formed.

Mitsudo and Watanabe applied the bis(n®-cyclooctadienyl)ruthenium complex 30
for the coupling of unsaturated acids with alkynes, resulting in a mixture of the
three enol ester isomers. The addition of phosphine ligands such as nBugP pro-
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Figure 4.8: Ruthenium catalysts used for enol ester synthesis.

duced mainly the Markovnikov adduct.?!? The coupling of saturated acids was
made possible with the supplemental addition of maleic anhydride.?'3 Also func-
tionalized acids and alkynes such as propargyl alcohols were coupled using this
catalytic system.3!4315

The research group of Dixneuf has performed an extensive study of various ruthe-
nium catalysts for the synthesis of enol esters. Terminal alkynes were coupled
with carboxylic acids using RuCls.xH20O (31), affording both Markovnikov and
anti-Markovnikov products.3'6 The addition of 2 equivalents of phosphine ligands
PR3 or the use of the phosphine complex RuCly(PR3)(p-cymene) (11a-d) resulted
in selective Markovnikov addition. Catalyst 11d was also used in the reaction of
carboxylic acids with butenynes, affording 2-acyloxy-1,3-dienes which are potential
Diels-Alder substrates (Figure 4.9).3!7 Enol formates were produced by coupling
formic acid with alkynes3'® and enol ester intermediates of N-protected amino
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R R
11d R'_ _O
& + RCOOH ——> \n/
0

Figure 4.9: Synthesis of 2-acyloxy-1,3-dienes.

acids could be prepared with retention of optical activity and protecting groups for
further synthetic applications towards amides or dipeptides (Figure 4.10).272:319
Careful tuning of phosphine complexes of the type Ru(PhyP(CHs),, PPhy)(n3-CH,-

NHBoc
o

O JL HCOOH R )R\ o NHBoc
Jk OJK{"H
R’

HOOC

py)

H o R [Ru] [Ru]

Figure 4.10: Formation of enol formates and enol ester intermediates of amino acids.

C(Me)=CHz) (32a,b) made it possible to reverse the stereoselectivity from gem-
inal enol esters for 11a-d to almost exclusively anti-Markovnikov Z enol esters for
catalyst 32b.320:321 Tt was found that both the nature of the chelating phosphine
ligand and the nature of the alkyne had a crucial influence on the selectivity. Also
functionalized alkynes, such as prop-2-ynylic ethers, were coupled with carboxylic
acids using catalyst 32b, but now Markovnikov adducts were obtained. The use of
32a or 32b with additional PPhs ligand resulted in anti-Markovnikov Z adducts. 322
Similarly, the reaction of propargyl alcohols with benzoic acid in the presence of cat-
alyst 32a resulted in the anti-Markovnikov (Z + E) products 3-hydroxy-1-propen-
1-ylbenzoates that undergo rapid transformation into «, f-unsaturated aldehydes
upon treatment with acids such as PTSA or HBF, (Figure 4.11).281,282

o R R

R 32a R —

. PTSA —
= \LR Ph)l\o/\,\fk —_— ¢ .
OH PhCOOH OH - PhCOOH o= R

Figure 4.11: Reaction of propargyl alcohols with benzoic acid.

The complex [Ru(pu-O2CH)(CO)2(PPhs)]s (33) was used for the coupling of halo-
genated aromatic acids with alkynes which was difficult to achieve with 11a-d.323
Polymer supported 33 was a reusable catalyst for the synthesis of enol diesters
from di-carboxylic acids and alkynes (Figure 4.12).324 Diisopropenyl oxalate was
synthesized from oxalic acid and propyne with 11la-d-type catalysts.?’® Further
acylation with alcohols or amines leads to a-dicarbonyl compounds such as ox-
alates and oxamides, which are useful synthons in organic chemistry. Also the
coupling of diynes with carboxylic esters leads to enol diesters. Catalysts 11a-d
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HOOC — (CH,),~ COOH
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Figure 4.12: Synthesis of enol diesters from di-carboxylic acids.

and 33 give geminal/geminal enol esters whereas 32b leads to Z/Z enol esters
(Figure 4.13).325:326 Complex 34 has proven to be an excellent catalyst for the

O>_o
11a-d R )—(CHZ)n—(O _{

=—(CHp)—== or 33

o}
+

2 RCOOH
32b

o] /:\ R
O (CHy)n O
F}_ \—/ _<o

Figure 4.13: Synthesis of enol diesters from diynes.

reaction between hydroxy- or unsaturated acids with alkynes where other com-
plexes failed. 327 The resulting products were either dioxolanones or methacrylates
as shown in Figure 4.14.

[¢]
i 34 Ph
(A) Ph/,,HJ\ + ==—nBu — O
: OH W
(6]
OH

(0] (e]
= s JI\
(B) \I%OH + =——nBu o nBu

Figure 4.14: Reaction of (A) hydroxy acids and (B) unsaturated acids.

Not only carboxylic acids could be coupled with alkynes. Vinylcarbamates were
produced from the reaction between alkynes, carbon dioxide and amines, promoted
by 29, 31 or 11a-d (Figure 4.15).32%:329 Dienylcarbamates were formed from 2-
methylbut-1-en-3-yne using 32a.339

Other groups also made contributions to ruthenium catalyzed enol ester synthesis.
Kita et al. prepared 1-ethoxyvinylesters from ethoxyacetylene and carboxylic acids.
The use of 3 as catalyst gave the best results.33!
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R—== + CO, + HNR, —> R + \n/
07 R, o

Figure 4.15: Synthesis of vinylcarbamates from alkynes, CO2 and amines.

Leadbeater et al. immobilized 3 on polymer supported triphenylphosphine, which
gave similar results as the homogeneous catalyst 11a-d.332 The catalyst retains its
activity after several consecutive runs.

Goosen et al. found that the addition of a catalytic amount of base to a mixture
of 3 and phosphine ligands increased the yield of enol esters. 333 Furthermore, the
nature of the base had an influence on the stereoselectivity. The use of inorganic
bases resulted in mainly Markovnikov enol esters, while the use of organic bases
such as pyridine produced the cis anti-Markovnikov enol esters. This difference was
explained by possible complexation of the organic base with ruthenium.

Le Paih and co-workers discovered that RuCl(cyclooctadiene)(CsMes) catalyzed
the addition reaction of 2 equivalents of alkyne with a carboxylic acid, selectively
producing (1E,3E)-1,4-disubstituted-1,3-dienes (Figure 4.16). 334335

RuCl(cod)(CsMes)
2 R—== + RCOOH R\MO)I\R'

Figure 4.16: Formation of dienylesters from 2 equivalents of alkyne and carboxylic acid.

Dicationic ruthenium complexes developed by Doherty et al.,?3¢ CpRu(CO),Cl
and [CpRu(CO)s]> complexes by Ye and Leong??*” and Ru complexes with PNO
tridentate ligands by Pelegatti et al338 all produced anti-Markovnikov Z enol ester
with high stereoselectivity.

In the research group of Verpoort, Melis investigated several ruthenium catalysts
for enol ester synthesis. Thermolyzed Grubbs 1st generation catalyst 1 produced
mainly Markovnikov enol esters.33? Triazol complexes 35 and 36 derived from 3
afforded anti-Markovnikov enol esters as major products, but the cis/trans selectiv-
ities were not always high.34° Triazol complex 37 was shown to be a highly active
catalyst that generated enol esters in good yields in a short time-period of 30 min-
utes. ! Also the Ru-alkylidene complex 38 was a good catalyst precursor. After
thermal treatment, predominantly Markovnikov enol esters were produced. 34!
Bimetallic complexes containing a ruthenium center were reported by Moise 342
Leong?*3 but their scope is at present rather limited.

Enynes are commonly observed side-products in the ruthenium-catalyzed coupling
reaction of carboxylic acids with alkynes (Figure 4.17). They result from the dimer-
ization of alkynes. Especially aromatic alkynes such as phenylacetylene are prone
to dimerization. The occurrence of this side-reaction is not surprising, as sev-
eral ruthenium catalysts have been developed especially for the dimerization of
alkynes.3*47351 In the absence of a carboxylic acid, the catalytic systems of Melis
(35, 36 and 38) are also dimerization catalysts.

and
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Figure 4.17: Formation of enynes.

Palladium

In the presence of Pd(OAc)s, alkynes react with lithium or sodium acylates forming
Markovnikov enol esters.?5? Heterogeneous Pd/C particles are also good catalysts
and the addition of phosphine ligands further improves their activity. Again gemi-
nal enol esters were obtained. 3>3 Exocyclic enol lactones were synthesized by the in-
tramolecular coupling reaction of either lithiumalkynoates using PdCly(MeCN)4 354
or alkynoic acids using PdCly(PhCN),. 355

The very diverse chemistry of palladium makes it possible to perform complex cou-
pling reactions. Tsuda et al. reacted alkynoic esters or a lithium alkynoate/allylic
acetate mixture in the presence of Pds(dba)s.CHCls and trimethylolpropanephos-
phite, giving substituted enol lactones.3>® Ynenol lactones were prepared by Bouyssi
et al. from alkynoic acids and 1-bromo-1-alkynes, using a Pd(0)/[PRs], cata-
lyst. 257 Similar addition/cyclization reactions were developed by Arcadi,?*® using
Pd(OAc)3(PPhg), or Pd(PPhs), and Kundu?? using PAdCly(PPhs)s. An example
of the latter method is shown in Figure 4.18.

R
! 4
PdC|2(PPh3)21 Cul
+ R—== O
COOH EtzN, DMF
o

Figure 4.18: Pd-catalyzed lactone synthesis.

Other transition metals

In some occasions, silver salts replaced the toxic mercury salts, especially for the
synthesis of natural lactones. Silver nitrate performed the intramolecular lactoniza-
tion reaction in the total synthesis of cyanobacterin.?8¢ Also silver carbonate has
been used. 360361

The rhodium complex [Rh(CysPCH2CH,PCy2)Cl]s produced exocyclic enol lac-
tones with Z-stereochemistry selectively (Figure 4.19). Even internal alkynes were
converted into lactones. 362,363

Hidai et al. employed cubane-type molybdenum clusters of the types PdMo3S4 and
Mo3sNiSy for the previously difficult to achieve coupling of carboxylic acids with
alkynes that are substituted with electron withdrawing groups. Anti-Markovnikov
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Figure 4.19: Rhodium catalyzed synthesis of enol lactones with Z-geometry.

adducts of cis geometry were obtained selectively. 364 Intramolecular cyclization of
alkynoic acids afforded exocyclic enol lactones. 365366

Iridium systems based on [Ir(cod)Cl]s were reported by Ishii.367 Mainly Markovni-
kov adducts were produced. The addition of P(OMe)s and the base NasCO3 in-
creased the yield substantially.

Quite recently, Hua used the rhenium complex Re(CO);Br for the synthesis of
anti-Markovnikov enol esters.3%® When n-heptane was used as solvent, the catalyst
could be partially recovered.

4.3.2 Enol esters via enolates

Through the so-called keto-enol equilibrium, ketones and aldehydes can act as
nucleophiles in the form of their corresponding enols. The acylating agent iso-
propenyl acetate is prepared from the reaction of acetone with ketene in the pres-
ence of sulfuric acid catalyst (Figure 4.20).257 To facilitate this type of reaction,

A

)OJ\ ;i s
— _— >
H,S0,, 60 °C
keto enol isopropenyl acetate

Figure 4.20: The synthesis of isopropenylacetylene.

metal enolates of the ketones are often used. They can be generated by bases
such as Ph3CK, Ph3CLi or NaH. This way, sodium and potassium enolates were
reacted with dimethyl ketene or acetyl chloride to afford geminal enol esters36? and
manganese-enolates were employed by Cahiez et al. affording the Z enol esters as
major products in the reaction with acid anhydrides.3"°

The exact stereochemistry of the enolates and the resulting enol ester is not al-
ways easy to predict. Kosugi et al.?®* found that the reaction of 2-butanone with
ketene resulted in the geminal enol ester 2-acetoxybut-2-ene while generating the
Li-enolate with PhsCLi followed by the reaction with acetic anhydrides results in
the Z enol ester 2-acetoxybut-1-ene (Figure 4.21).

Another difficulty is the control of O-acylation, leading to enol esters, versus C-
acylation. A study by Gong®"' showed that at low temperatures Li-enolates re-
act with simple ketenes via O-acylation giving enol esters. However, with bulkier
ketenes or at higher temperatures, C-acylation occurs and (3-diketones are obtained
(Figure 4.22). The group of House performed two interesting studies on both the
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Figure 4.21: Different stereochemistry in different reactions.
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Figure 4.22: O-acylation versus C-acylation.

3 73

enolate equilibrium37 and O-acylation versus C-acylation. 3
Additional examples for the synthesis of enol esters that follow the enolate mecha-
nism are the acylation of $-oxoalkyltetracarbonylferrates with acyl halides®”* and
the reductive homologation of esters.?”®> More recently, Schaefer and Fu used a
chiral Fe complex for the asymmetric coupling of a ketene with an aldehyde, 376
that presumably proceeds via the enolate form of the aldehyde. 37"

4.3.3 Other methods for the synthesis of enol esters

The allylic oxidation of olefins by Pd(OAc), produces a mixture of enol esters and
other isomers (Figure 4.23).378

OAc
PAOAC, + NNp — )\/R toaoT NN, b a0 R

cis + trans cis + trans

Figure 4.23: Allylic oxidation of olefins by Pd(OAc),.

Hudrlik et al. were able to selectively prepare cis or trans enol esters from epoxysi-
lanes (Figure 4.24).37 This synthetic approach involves the regio- and stereospe-

BF3.Et,0 .
o) Ac,0 HO SiMes OAC
H7A<H H } ( H /=/ 97% trans
R SiMe; AcOH R OAc R

Figure 4.24: Selective synthesis of cis or trans enol esters from epoxysilanes.
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cific acid catalyzed ring-opening reaction of the «, G-epoxysilanes, followed by a
stereospecific B-elimination of the resulting (-hydroxysilanes.

The synthesis of halo enol lactones has been attempted via mercury-mediated lac-
tonization but this procedure has certain shortcomings. The most efficient route
to halo enol lactones involves halo-lactonization of the acetylenic acids applying
N-halosuccinimide (NXS) and the base KHCOj3 in a biphasic system of water and
dichloromethane using tetrabutylammonium hydroxide as phase-transfer catalyst
(Figure 4.25).300,:304,305

R —\l: EO NXS, KHCO3 BusNOH X
. CH,Cly / Hy0 o” ~©

R OH
R

Figure 4.25: Halo enol lactones using N-halosuccinimide.

Chemla and Normant observed the unexpected formation of enol esters from acyl-
zinc species of acid halides.?®® The reaction produced the Z-isomer almost exclu-
sively.

4.3.4 Reaction mechanism of the ruthenium-catalyzed syn-
thesis of enol esters

One of the first mechanisms that has been proposed is shown in (Figure 4.26). The
first step is (a) the oxidative addition of a carboxylic acid to the Ru(II) complex,
followed by (b) subsequent insertion of an acetylenic bond into the Ru-H bond. Re-
ductive elimination (c) then affords the enol esters and the Ru(II) species again.3'?
Inversion of steps (a) and (b) has also been suggested.3!> This proposed mecha-

R o)

(@] R—= (o] >= R—(ITI,—O

[Ru'] + RCOOH —> R—ICI:—O—[Ru'V]—H—> R—g—o—[Ru] >=
(a) (b) ()

Figure 4.26: Enol ester synthesis via oxidative addition of carboxylic acids.

nism is however not widely supported and experimental results point in another
direction as explained below.

Nowadays, there seems to be a general agreement that the reaction proceeds
through the initial addition of the alkyne to ruthenium, followed by a nucleophilic
attack of the carboxylic acid. Figure 4.27 presents one possible reaction pathway,
proposed by Melis et al., for catalyst 1.33% Cycle A presents the synthesis of enol
esters. The first step is the replacement of a phosphine ligand by an acetylene lig-
and that is rearranged to a vinylidene, generating the actual catalyst. Subsequent
coordination of a carboxylic acid and internal addition to the acetylene ligand af-
fords the enol esters. Addition of a new acetylene ligand releases the enol ester
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Figure 4.27:

Enol ester synthesis via alkyne insertion.

from the ruthenium center and a new catalytic cycle can start. The formation of
enynes is explained by cycle B. In the absence of carboxylic acids, a second alkyne
coordinates to the metal vinylidene and the internal addition produces enynes.



Ruthenium catalyzed synthesis of enol
esters

5.1 Introduction

The most direct way for the preparation of enol esters is the addition of carboxylic
acids to alkynes. The overview of the existing literature in the previous chapter has
shown that ruthenium complexes are without a doubt the most potent and versatile
catalysts for this reaction. The transition metal ruthenium is able to “activate” the
alkynes so that they become susceptible to the nucleophilic attack of a carboxylic
acid. The general reaction scheme is presented in Figure 5.1. Theoretically, three

N
Ryl 0 RN RN
R—COOH + R——= —> J\)]\ n o. R +
R” o7 R hil o
o
Markovnikov anti-Markovnikov "Z" anti-Markovnikov "E"

"geminal” cis trans

Figure 5.1: General reaction scheme for the addition of carboxylic acids to alkynes.

enol ester isomers can be formed: the Markovnikov adduct and the cis and trans
anti-Markovnikov adducts. Careful selection and tuning of the ligands makes it pos-
sible to prepare enol esters with high stereoselectivities. For example, complexes
of the type RuCly(PR3)(p-cymene) are widely used for the selective synthesis of
Markovnikov adducts. Almost all of the already described complexes have phos-
phine ligands and many of them also contain an 75-arene ligand. However, to the

79
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best of our knowledge, the application of ruthenium arene complexes with N,O-
bidentate Schiff base ligands has not yet been explored. It was therefore our goal
to establish the possibilities and limitations of these complexes for the synthesis of
enol esters, and to compare them with other commercially available catalysts. The
structure and synthesis of the Schiff base complexes 4a,b - 8a,b has already been
described previously.

5.2 Screening of ruthenium catalysts

5.2.1 Model reaction 1: phenylacetylene and acetic acid

The coupling of phenylacetylene (PA) with acetic acid was chosen as a model
reaction for the screening of the activity of several commercial catalysts (1, 2, 3,
11a, 11b, 15, 16, 17 and 21) and our own Schiff base catalysts. Figure 5.2 shows
the possible reaction products. The general experimental procedure is as follows:

CH3COOH + @—:

PA
l Ru]

oA Oy oY

Elb Elc

Figure 5.2: The addition of acetic acid to phenylacetylene.

the catalyst, alkyne and carboxylic acid are dissolved in toluene and the solution
is stirred at 110 °C. At certain time intervals, samples are taken from the reaction
mixture and purified by filtering the sample through a short silica gel column (ethyl
acetate). The resulting solution is then analyzed by gas chromatography.

The conversion of phenylacetylene and the yield of the enol esters after five hours
of reaction is summarized in Table 5.1. The reaction was monitored over time
and the conversion of phenylacetylene is visualized in Figures 5.3 and 5.4. The
experiment with catalyst 3 is included in both graphs as reference. ~ One thing
that immediately catches the eye is the irregular shape of all the curves. After the
initial fast start, there is an inflection in the curve, whereafter the consumption
of phenylacetylene continues. An overlay of the phenylacetylene conversion graph
with the enol ester and enyne production using 3 in Figure 5.5 reveals the origin of
this phenomenon: during the first part of the reaction, phenylacetylene is dimerized
to enynes. Only after approximately 30 minutes the formation of enol esters starts
and the dimerization slows down considerably or even stops completely. The total
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Table 5.1: Enol ester synthesis from phenylacetylene and acetic acid!™

%conversion Relative % Yield (%)
Catalyst PA Ela Elb Elc ) Ela-c enynes

1 89.9 91.1 8.9 0 324 66.0

2 93.6 75.0 179 7.1 47.2 43.7

3 100 3.7 272 69.1 51.8 41.2
11a 100 58.0 21.8 20.3 58.7 30.9
11b 100 64.0 17.6 184 51.1 36.4
15 36.7 12,5 51.0 36.5 10.6 0
16 97.8 66.9 18.8 14.3 60.2 23.8
17 94.9 13.6 314 55.1 52.9 23.8
21 95.7 76.9 16.7 6.3 58.8 27.3
4a 100 5.5 332 613 60.4 36.6
4b 94.2 11.8 37.6 50.7 55.2 34.5
5a 100 46 304 65.0 59.5 33.2
5b 89.2 7.3 315 61.1 45.7 36.2
6a 82.8 5.6 309 63.5 43.3 28.2
6b 56.3 11.3 33.6 55.1 11.5 314
7a 82.5 54 33.0 61.6 40.0 32.4
7b 59.3 13.9 376 48.5 12.6 35.1
8a 78.1 5.7 348 59.5 32.6 31.0
8b 53.8 12.7 35.8 51.5 11.7 30.7

[a] Reaction conditions: phenylacetylene (PA, 1.0 mmol), acetic acid (1.1 mmol),
catalyst (0.01 mmol) and hexadecane (0.25 mmol) in toluene (1 mL) at 110 °C.
Yields based on phenylacetylene and determined by GC analysis with hexadecane
as internal standard. Reaction time: 5 h.

amount of dimerization products is for most catalysts situated around 30% (=£5-
10%). The highest enyne production is observed for the first generation Grubbs
catalyst 1. This was to be expected, since this catalyst was used by Melis as
precursor in the dimerization of alkynes.3®' The second generation analogue 2 still
produces a lot of enynes (43.7%) but not as much as 1. Little or no dimerization
products were found for 15, but this is most probably due to the limited overall
conversion of phenylacetylene. The lowest amount of enynes (23.8%) were observed
for the Hoveyda catalysts 16 and 17. While the parent complex 3 produces 41.2%
enynes, the derived arene-type catalysts all had lower and roughly comparable
amounts of dimerization products, ranging from 28% to 36%.

What can also be concluded from Figure 5.3 is that ruthenium arene complexes
3, 11a and 11b are more active for the conversion of phenylacetylene than the
carbene complexes 1, 2, 15, 16, 17 and 21. With 11a, 3 and 11b full conversion
is reached after 3, 4 and 5 hours respectively, where the other catalysts need longer
reaction times (typically around 7 hours). Strangely enough, 15 shows very little
activity towards enol ester synthesis, while it is structurally not so different from
1 and 2.
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Figure 5.3: Conversion of phenylacetylene with commercial catalysts.
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Figure 5.4: Conversion of phenylacetylene with Schiff base catalysts.

In the series of Schiff base catalysts, the complexes with an aliphatic group on the
nitrogen of the Schiff base (4a,b and 5a,b) performed remarkably better than the
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Figure 5.5: Overlay of phenylacetylene conversion and enol ester / enyne production
with 3.

complexes with an aromatic group (6a,b - 8a,b). Furthermore, there is an obvious
trend that non-nitro complexes (4a - 8a) are more active than their corresponding
nitro-containing complexes (4b - 8b). The nature of the aromatic group on the
Schiff base seems to be less important as the difference between the three complexes
6a, Ta and 8a is small. Likewise, 6b, 7b and 8b perform nearly identically. From
the Schiff base complexes with an aliphatic group, 4a seems to perform slightly
better than 5a, indicating that a small side-group gives the best results. The
bulkier cyclohexyl group might cause some steric hindrance resulting in a slightly
slower reaction. The corresponding complexes 4b and 5b with a nitro group show
a similar trend.

These results show that Schiff base complexes 4a and 5a are able to compete with
3, 11a and 11b with regard to the reaction rate. This is, however, not the only
important parameter. Some amount of alkyne is consumed in the dimerization
reaction, limiting the maximum yield of enol esters. Figures 5.6 and 5.7 show the
formation of enol esters for all catalysts. Again, the reaction with catalyst 3 is
included in both graphs as reference. For the commercial catalysts, after 5 hours
the highest yields of enol esters are obtained with 11a (58.2%), 16 (60.2%) and 21
(58.8%). These catalysts also have the lowest amount of dimerization. Catalyst 1
only produces 32.4% enol esters in conjunction with 66.0% enynes. The best results
with Schiff base catalysts are established with complexes 4a and 5a with 60.4%
and 59.5% enol esters respectively. Other Schiff base catalysts were less efficient.
There is also a sharp contrast between the catalysts regarding the distribution
of enol ester isomers. Complexes 1, 2, 11a,b, 16 and 21 containing phosphine
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Figure 5.6: Cumulative enol ester yields with commercial catalysts.
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Figure 5.7: Cumulative enol ester yields with Schiff base catalysts.

ligands preferentially produce Markovnikov adducts. The Schiff base catalysts
4a,b-8a,b, 3, and 17 on the other hand, produce mainly anti-Markovnikov adducts
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with mostly trans geometry.

Figure 5.8 shows the enol ester distribution during the reaction with catalyst 4a.
The bars represent the relative ratios of the three isomers and the curves show
the yield. All enol ester isomers are produced simultaneously from the beginning
and the relative amounts do not change during the reaction. This indicates that
there is no conversion of one isomer into another. Distillation of the compounds
for purification purposes did not change the ratios either.

relative % % Yield
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Figure 5.8: Enol ester distribution during the reaction. Ela = Markovnikov, Elb =
anti-Markovnikov cis, Elc = anti-Markovnikov trans.

5.2.2 Model reaction 2: 1-octyne and acetic acid

To verify whether the results of the reaction with phenylacetylene and acetic acid
are representative for other alkynes, also the reaction of 1-octyne (OC) with acetic
acid was investigated. The reaction scheme is depicted in Figure 5.9. The results
of the tested catalysts are presented in Table 5.2. Figure 5.10 shows the conversion
of 1-octyne for some selected catalysts and Figure 5.11 shows the formation of enol
esters.

The first important observation is the absence of enynes in all the reactions.
No dimerization products were observed in the chromatograms or NMR spectra.
Strangely enough, some of the curves are still irregular, comparable to the curves
with phenylacetylene. Furthermore, there is a difference of 15% or higher between
the percent conversion of the alkyne and the cumulative yield of the enol esters.
The most logical explanation would be the loss of product during the work-up,
but this can be ruled out as both the analysis of the original reaction mixture and



86 Chapter 5. Ruthenium catalyzed synthesis of enol esters

CH3COOH + C6H13_:

l [Ru]

0 CoHis” X ™
CGHBJI\OJI\ + ° 13/\0\[]/ . C6H13/\/o\g/

o}

ocC

Eda E4b E4c

Figure 5.9: Addition of acetic acid to 1-octyne.

Table 5.2: Enol ester synthesis from 1-octyne and acetic acid(

%conversion  time Relative % Yield (%)
Catalyst 1-octyne (min) E4a E4b E4c Y Eda-c
1 100 180 949 5.1 0 83.2
2 100 240 794 133 7.3 78.8
3 100 300 15.7 381 46.3 60.7
11a 100 90 79.2 143 64 85.7
11b 100 180 629 18.6 185 78.7

15 not tested

16 100 180 822 11.2 6.6 82.6
17 100 300 43.3 31.2 255 64.3
21 not tested

4a 100 180 144 576 28.0 77.1
4b 100 300 18.8 614 198 82.2
5a 100 240 15.3 475 373 70.5
5b 100 420 18.2  50.3 31.5 75.3
6a 100 420 14.7 528 324 71.2
6b 70.7 420 17.7 531 29.2 44.3
Ta 100 420 154 524 322 73.9
b 72.4 420 17.8 56.6 25.6 47.8
8a 100 420 15.1 549 29.9 79.8
8b 77.5 420  17.7  60.9 214 55.9

[a] Reaction conditions: 1l-octyne (1.0 mmol), acetic acid (1.1 mmol), catalyst
(0.01 mmol) and hexadecane (0.25 mmol) in toluene (1 mL) at 110 °C. Yields
based on 1l-octyne and determined by GC analysis with hexadecane as internal
standard.

the purified sample gave nearly identical results. Other explanations, such as the
partial evaporation of 1-octyne or the formation of higher oligomers are unlikely.
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Figure 5.10: Conversion of 1-octyne with different catalysts.
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Figure 5.11: Cumulative enol ester yield with different catalysts.

The boiling point of 1-octyne (127 °C) is higher than that of toluene (110 °C) and
the formation of oligomers or polymers should be accompanied by the formation of
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detectable amounts of dimers or trimers and a change in viscosity, neither of which
are observed. The reason for this discrepancy between the total yield of enol esters
and l-octyne conversion and the irregular shape of some conversion curves remains
yet unexplained.

Compared to the results of phenylacetylene, the yields with 1-octyne are always
higher, which can easily be explained by the absence of enynes. The trends among
the catalysts are roughly the same. Catalysts with phosphine ligands produce pre-
dominantly Markovnikov enol esters and the catalysts with Schiff base ligands pro-
duce mainly anti-Markovnikov enol esters. The exception to this rule is 17 which
now also produces Markovnikov adducts, opposed to the reaction with phenylacety-
lene.

While the anti-Markovnikov enol esters of phenylacetylene had mainly trans stere-
ochemistry, the reaction with 1-octyne produces mostly the cis-isomer. Again,
complexes 4a and 5a, with an aliphatic chain on the Schiff base nitrogen, perform
better than the complexes with an aromatic group. Complexes without nitro group
are more efficient than their nitro-containing counterparts.

5.2.3 Phenylacetylene and the dimerization problem

The enyne formation in the reaction of phenylacetylene with acetic acid is further
investigated. The first set of experiments explores the variation of phenylacetylene
/ acetic acid ratios. Table 5.3 presents the results; 4a was used as catalyst. Only

Table 5.3: Enol ester synthesis from phenylacetylene and acetic acid@

PA CH3COOH  %conversion  time Total yield (%)

Entry  (mmol) (mmol) PA (min) enol esters enynes
1 1 1.1 100 180 61.5 32.1
2 1 100 120 61.8 37.0
3 2 1 93.7 420 >99 56.8
4 2 0.1 35.7 420 8.2 20.4
5 2 0 32.5 420 0 0

[a] Reaction conditions: phenylacetylene (PA), acetic acid, 4a (0.01 mmol) and
hexadecane (0.25 mmol) in toluene (1 mL) at 110 °C. Yields determined by GC
analysis with hexadecane as internal standard.

[b] based upon 1 equivalent of phenylacetylene, i.e. 100% equals 1.0 mmol

the total yield of enol esters is given because the relative ratios of stereoisomers
were identical for all experiments: 5% Markovnikov, 35% cis and 60% trans anti-
Markovnikov. With a 1 : 1.1 ratio of phenylacetylene versus acetic acid, 61.5%
enol esters and 32.1 % enynes are produced. Doubling the amount of acetic acid
does increase the quantity of enynes to 37%, but the yield of enol esters remains
the same. Thus, increasing the amount of acid does not prevent the formation of
enynes, on the contrary, even more enynes are produced.

With two equivalents of phenylacetylene, the amount of enynes increases to 56.8%.
Additionally, all of the acetic acid is consumed in the formation of enol esters,
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with a total yield of >99%. When only 0.1 mmol of acetic acid is used, again
nearly all of the acid is consumed in the formation of enol esters, but only 20%
enynes are produced. In the absence of an acid, no enynes could be detected by
gas chromatography, although 32.5% of phenylacetylene was consumed. Further
experiments will be required to provide an adequate explanation for this result.

Figure 5.12 shows the conversion of phenylacetylene and the formation of enynes
and enol esters for entry 2 in Table 5.3. From this graph, it can be concluded that

% Yield
O -

—+- % conversion
60 -0~ % enol esters
- % enynes
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Figure 5.12: Conversion of phenylacetylene and cumulative yields of enol esters and
enynes.

the formation of enynes stops after approximately 20 minutes and the formation of
enol esters takes over. The reason for this sudden change is unclear. One hypothesis
is the slow formation of a ruthenium-acetate complex as the actual catalyst that is
responsible for the synthesis of enol esters. To verify this hypothesis, 4a is reacted
with acetic acid for three hours, before phenylacetylene is added. However, dimer-
ization still takes place in comparable amounts to simultaneous addition. Also the
distribution of stereoisomers remains the same. Hence, the complexation of acetic
acid with 4a is unlikely to be the key step in the formation of the active catalyst.
Additionally, an NMR experiment shows no change in the spectrum of 4a when
acetic acid is added, ruling out the coordination of acetic acid with the original
catalyst 4a.

Another attempt to prevent dimerization was made by slowly adding phenylacety-
lene to a toluene solution of 4a and acetic acid in small portions over a two hour
time period. Again, dimerization occurs first and enol esters are only formed after
1 hour of reaction (after the 4th addition of phenylacetylene). Apparently, the
presence of acid promotes the synthesis of enynes.
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In the next set of experiments, the reasoning was reversed: the acid was used in
an attempt to selectively prepare enynes and no enol esters. Figure 5.12 shows
that the production of enynes stops after 20 minutes. Supplemental additions of
one extra equivalent phenylacetylene after 20 and 40 minutes might repress the
formation of enol esters. Figure 5.13 shows the result. Although it is clear that
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Figure 5.13: Cumulative yields of enol esters and enynes with the addition of extra
equivalents of phenylacetylene after 20 and 40 minutes.

some additional dimerization takes place, eventually the enol ester formation takes
the upper hand and after 7 hours, almost all acetic acid is consumed in the for-
mation of enol esters with a total yield of 93.4%. In conclusion, we were unable to
eliminate the dimerization reaction of phenylacetylene. Also enynes could not be
prepared selectively.

5.3 Broadening the scope of the reaction

The scope of the reaction and the general applicability of complexes 4a and 5a is
investigated using a variety of alkynes and carboxylic acids:

Alkynes: phenylacetylene (PA), 1-octyne (OC), 3,3-dimethyl-1-butyne (BU), 4-
octyne, 2-methyl-3-butyn-2-ol

Carboxylic acids: acetic acid, trichloroacetic acid, benzoic acid, 4-pentynoic acid
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5.3.1 Phenylacetylene and trichloroacetic acid

Figure 5.14 depicts the general reaction scheme. The results are presented in table
5.4. Phenylacetylene is completely consumed during the reaction and good yields

Ru] J\ j\ Ph/\ o0~ €Ol
CClLCOOH + Ph—= — + Oo_ _CCly + il

Ph” 07 “celg \ﬂ/ o

(e}

PA E2a E2b E2c

Figure 5.14: Addition of trichloroacetic acid to phenylacetylene.

Table 5.4: Enol ester synthesis from phenylacetylene and trichloroacetic acid[@

% conversion  time Relative % Yield (%)
catalyst PA (min) E2a E2b E2c ) E2a-c enynes
4a 100 40 75.7 243 0 81.7 0
5a 100 40 782 218 0 81.9 0

[a] Reaction conditions: phenylacetylene (PA, 1.0 mmol), trichloroacetic acid
(1.1 mmol), catalyst (0.01 mmol) and dodecane (0.25 mmol) in toluene (1 mL)
at 110 °C. Yields determined by GC analysis with dodecane as internal standard.

of enol esters were obtained. Enynes were not observed, but the chromatograms
showed some other unidentified side-products.

The reaction is very fast: full conversion is already reached within 40 minutes. The
higher acidity of trichloroacetic acid (pK, = 0.65) versus acetic acid (pK, = 4.76)
is most likely the reason for this increase in speed. Because of the lower pK, value,
trichloroacetic acid will give a higher concentration of nucleophilic acetate anions,
resulting in a faster reaction.

The distribution of enol esters is remarkable. Mainly Markovnikov adducts are
formed with trichloroacetic acid where acetic acid produces the anti-Markovnikov
adducts. The reason for the inversion of stereochemistry is unclear, but may be
related to the kinetics of the reaction (vide infra). There is little or no difference
between catalysts 4a and 5a.

5.3.2 Phenylacetylene and benzoic acid

The reaction of phenylacetylene and benzoic acid is presented in Figure 5.15. Table
5.5 summarizes the results. The conversion of phenylacetylene and the formation
of enol esters and enynes is shown in Figure 5.16.

The trends that are observed here are comparable to the trends in the reaction of
phenylacetylene with acetic acid. The reaction is a little bit faster, but otherwise
there are no major differences. A lot of dimerization occurs (~ 40%) and the enol
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Figure 5.15: Addition of benzoic acid to phenylacetylene.

Table 5.5: Enol ester synthesis from phenylacetylene and benzoic acid!®

% conversion  time Relative % Yield (%)
catalyst PA (min) E3a E3b E3c > E3a-c enynes
4a 100 180 7.5 36.7 55.8 59.1 40.3
5a 100 270 6.5 370 56.5 57.6 38.2

[a] Reaction conditions: phenylacetylene (PA, 1.0 mmol), benzoic acid (1.1
mmol), catalyst (0.01 mmol) and hexadecane (0.25 mmol) in toluene (1 mL)
at 110 °C. Yields determined by GC analysis with hexadecane as internal stan-
dard.
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Figure 5.16: Conversion of phenylacetylene and formation of enol esters and enynes.
Catalyst 4a: A = %conversion PA, B = enol ester yield, C = enyne yield
Catalyst 5a: A’ = %conversion PA, B’ = enol ester yield, C’ = enyne
yield
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esters have mainly anti-Markovnikov stereochemistry, of which the trans isomer is
more abundant than the cis isomer. Catalyst 4a performs the reaction faster than
5a, but the yields obtained with both catalysts are similar.

5.3.3 1-Octyne and trichloroacetic acid

The general scheme of the reaction between 1l-octyne and trichloroacetic acid is
depicted in Figure 5.17. Table 5.6 summarizes the results. The reaction of 1-

[Ru] Q CoH1s” ﬁ X0 _CClg

— CBH;LS/\/
CCI3COOH + CgHig—m—= —> CoHis o CClg + (o] CCly + \[C])/
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Figure 5.17: Addition of trichloroacetic acid to 1-octyne.

Table 5.6: Enol ester synthesis from 1-octyne and trichloroacetic acid!®!

% conversion  time Relative % Yield (%)
catalyst l-octyne (min) E5a E5b E5c¢c > Eba-c
4a 100 20 63.7 343 1.9 90.1
5a 100 20 63.5 345 1.8 88.6

[a] Reaction conditions: 1-octyne (1.0 mmol), trichloroacetic acid (1.1 mmol),
catalyst (0.01 mmol) and hexadecane (0.25 mmol) in toluene (1 mL) at 110 °C.
Yields determined by GC analysis with hexadecane as internal standard.

octyne with trichloroacetic acid is extremely fast. Complete conversion of 1-octyne
is already achieved after 20 minutes. Catalysts 4a and 5a perform equally well
with excellent total yields and also the enol ester distribution is identical. Similar
to the reaction of phenylacetylene with trichloroacetic acid, mainly Markovnikov
enol esters are produced. Also a sizeable amount of cis enol esters is present, but
the quantity of the trans isomer is minimal.

5.3.4 1-Octyne and benzoic acid

Figure 5.18 shows the general reaction of 1-octyne with benzoic acid. Table 5.7
presents the results and Figure 5.19 shows the 1-octyne conversion and enol ester
yields as a function of time. Good yields of enol esters are obtained with both
catalysts, though 4a is superior to 5a. Not only is the reaction faster with 4a,
also higher yields are obtained. Anti-Markovnikov enol esters with mainly cis con-
figuration are the most abundant, but also a considerable amount of Markovnikov
adducts is formed. The relative amount of Markovnikov products is higher than in
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Figure 5.18: Addition of benzoic acid to 1-octyne.

Table 5.7: Enol ester synthesis from 1-octyne and benzoic acid!®

% conversion  time Relative % Yield (%)
catalyst 1-octyne (min) E6a E6b Eé6c > E6a-c
4a 100 180 25.2 50.6 24.2 84.2
5a 100 270 324 403 27.3 7.2

[a] Reaction conditions: 1-octyne (1.0 mmol), benzoic acid (1.1 mmol), catalyst
(0.01 mmol) and hexadecane (0.25 mmol) in toluene (1 mL) at 110 °C. Yields
determined by GC analysis with hexadecane as internal standard.
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Figure 5.19: Conversion of 1-octyne and enol ester yield.

the reaction with acetic acid. The possible relationship between the pK, value of
the acid and the stereochemistry of enol esters will be discussed later in this work.



5.3. Broadening the scope of the reaction 95

5.3.5 3,3-Dimethyl-1-butyne and acetic acid

The reaction of 3,3-dimethyl-1-butyne with acetic acid (Figure 5.20) is monitored
over time and the results are summarized in Table 5.8. Because the solvent peak
overlaps with the peak of 3,3-dimethyl-1-butyne in the chromatogram, only the for-
mation of enol esters is shown in Figure 5.21. The total yield reaches a plateau after
270 minutes. Moderate to good yields were obtained and again 4a proved to be

0 X
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Figure 5.20: Addition of acetic acid to 3,3-dimethyl-1-butyne.

Table 5.8: Enol ester synthesis from 3,3-dimethyl-1-butyne and acetic acid!®!

time Relative % Yield (%)

catalyst (min) E7a E7b E7c¢ > ET7a-c
4a 270 85 754 16.1 70.0
5a 270 9.8 695 20.7 64.6

[a] Reaction conditions: 3,3-dimethyl-1-butyne (1.0 mmol), acetic acid (1.1
mmol), catalyst (0.01 mmol) and hexadecane (0.25 mmol) in toluene (1 mL)
at 110 °C. Yields determined by GC analysis with hexadecane as internal stan-
dard.

the better catalyst. The stereochemistry was predominantly cis anti-Markovnikov.

5.3.6 3,3-Dimethyl-1-butyne and trichloroacetic acid

3,3-Dimethyl-1-butyne reacts very fast with trichloroacetic acid (Figure 5.22). Very
good maximum yields are reached after 20 minutes for 4a and 30 minutes for 5a
(Table 5.9). Similar to the reaction of trichloroacetic acid with other alkynes, the
geminal enol ester was the major compound.

5.3.7 3,3-Dimethyl-1-butyne and benzoic acid

The reaction of 3,3-Dimethyl-1-butyne with benzoic acid, depicted in Figure 5.23,
produces enol esters in moderate yields (Table 5.10). A plateau is not yet reached
after 420 minutes (Figure 5.24), making this reaction slower than that of 3,3-
dimethyl-1-butyne with acetic acid. The main product is the cis anti-Markovnikov
enol ester, but again, considerable amounts of Markovnikov enol esters are present,
as was seen in the reaction of benzoic acid with the other alkynes.
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Figure 5.21: Yield of enol esters in the reaction of 3,3-dimethyl-1-butyne and acetic
acid.
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Figure 5.22: Addition of trichloroacetic acid to 3,3-dimethyl-1-butyne.

Table 5.9: Enol ester synthesis from 3,3-dimethyl-1-butyne and trichloroacetic acid[

time Relative % Yield (%)

catalyst (min) E8a E8b E8c > E8a-c
4a 20 725 251 24 88.1
5a 30 749 223 29 84.9

[a] Reaction conditions: 3,3-dimethyl-1-butyne (1.0 mmol), trichloroacetic acid
(1.1 mmol), catalyst (0.0l mmol) and hexadecane (0.25 mmol) in toluene (1
mL) at 110 °C. Yields determined by GC analysis with hexadecane as internal
standard.

5.3.8 Cyclic enol esters from 4-pentynoic acid (Lactones)

Molecules that contain both an alkyne functionality and a carboxylic acid group
can react either inter- or intramolecularly. An intermolecular reaction would pro-
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Figure 5.23: Addition of benzoic acid to 3,3-dimethyl-1-butyne.

Table 5.10: Enol ester synthesis from 3,3-dimethyl-1-butyne and benzoic acid[

time Relative % Yield (%)

catalyst (min) E9a E9b E9c > E9a-c
4a 420 280 642 78 68.3
5a 420 32.3 549 128 65.9

[a] Reaction conditions: 3,3-dimethyl-1-butyne (1.0 mmol), benzoic acid (1.1
mmol), catalyst (0.01 mmol) and hexadecane (0.25 mmol) in toluene (1 mL) at
110 °C. Yields determined by GC analysis with hexadecane as internal standard.
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Figure 5.24: Yield of enol esters in the reaction of 3,3-dimethyl-1-butyne and benzoic
acid.

duce polymers but this is never observed because the intramolecular reaction is
much faster in the given reaction conditions. The substrate 4-pentynoic acid was
chosen in the cyclization experiments. Two products can be formed: the five-
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membered ring with an external double bond E10a, or the six-membered ring
with an internal double bond E10b (Figure 5.25). Because of the high volatility

Ru]
/\/COOH R Ao . Q

o o o

El0a E10b

Figure 5.25: Intramolecular cyclization reaction of 4-pentynoic acid.

of the cyclic compound, the reaction was analyzed by '"H-NMR spectroscopy. The
substrate 4-pentynoic acid and the catalyst (4a or 5a) were dissolved in deuter-
ated toluene and the mixture was reacted at 110 °C. After 1 hour, the 'H-NMR
spectrum showed full conversion of the alkyne proton and carboxylic acid proton
(Table 5.11). The only detectable product that was formed was the exocyclic five-

Table 5.11: Enol ester synthesis from 4-pentynoic acid[®l

Yield (%)
catalyst  %conversion E10a
4a 100 >95
5a 100 >95

[a] Reaction conditions: 4-pentynoic acid (1.0 mmol) and catalyst (0.01 mmol)
in toluene-d8 (0.75 mL) at 110 °C for 1 h. Yields determined by 'H-NMR
spectroscopy and GC analysis.

membered v-methylene-y-butyrolactone E10a. Analysis of the reaction mixture
by gas chromatography showed that less than 5% side-products were formed.

5.3.9 The alkynes 4-octyne and 2-methyl-3-butyn-2-ol

Both the substrates 4-octyne and 2-methyl-3-butyn-2-ol (Figure 5.26) did not react
with carboxylic acids in the presence of 4a or 5a. They were recovered almost
quantitatively after 7 hours of reaction. Apparently , complexes 4a and 5a are
unable to activate internal triple bonds or the terminal triple bond of functionalized
alkynes.

OH
/\/\/ >|\
4-octyne 2-methyl-3-butyn-2-ol

Figure 5.26: The alkynes 4-octyne and 2-methyl-3-butyn-2-ol.
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5.3.10 Influence of the pK, on the stereochemistry

The correlation between the pK, value of the carboxylic acid and the stereochem-
istry of the enol esters can be deduced from Figure 5.27. Higher acidities (lower
pK, values) result in higher amounts of Markovnikov products. The pK, may also
be related to the reaction rate, as the reaction with trichloroacetic acid (pK, =
0.62) is much faster than the reaction with benzoic acid (pK, = 4.2) or acetic acid
(pKo = 4.76). The difference between benzoic acid and acetic acid is much less
pronounced, but for the reaction with phenylacetylene and 1-octyne, the alkyne is
consumed faster with benzoic acid than acetic acid.

The higher acidity results in a higher degree of dissociation of the acid and the
resulting higher concentration of carboxylate anions enhances the reaction rate.
Thus, the explanation for the correlation between the pK, and stereochemistry
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Figure 5.27: Relationship between pK, and stereochemistry of enol esters.

may be found in the kinetics of the coupling reaction. Perhaps the formation
of the geminal enol ester is kinetically favoured, resulting in higher amounts of
Markovnikov addition in the fast reaction of trichloroacetic acid with alkynes. In
the slower reactions with acetic acid and benzoic acid, the thermodynamically more
stable cis and trans enol esters are preferably formed.
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5.4 Tweaking the reaction conditions

5.4.1 Introduction

Thus far, all experiments have been performed under very straightforward reaction
conditions: alkyne + acid + catalyst. This paragraph surveys the use of other
reagents or additives in an attempt to improve the results. Some authors have
described the use of bases for this reaction.??? Another common modification is
the addition of specific ligands to improve the catalytic activity.

5.4.2 Sodium acetate instead of acetic acid

The reaction of sodium acetate with phenylacetylene in the presence of 4a only
produces 0.9% enol esters. This result proves that the presence of an acid is required
to succesfully perform the coupling reaction. When HCI (1.1 equivalents, 4 N
solution in 1,4-dioxane) is added to the solution of sodium acetate, phenylacetylene
and 4a, the reaction is complete within 3 hours with 67% total yield of enol esters.
Only 6% enynes were formed, but a lot of other unidentified side-products were
also observed on the chromatograms. They might be attributed to Cl addition to
the triple bond of the alkyne, but this is not yet confirmed.

5.4.3 The addition of NHC ligands

The beneficial effects that N-heterocyclic carbene (NHC) ligands often have on the
catalytic activity has already been briefly described in a previous chapter (para-
graph 2.2.1). The in situ addition of NHC’s has also been explored for the synthesis
of enol esters. First the HCI salt of the NHC is “activated” by the base KHMDS,
to generate the free carbene. Then the carbene is added to a solution of the cata-
lyst in toluene. This mixture is allowed to react for 30 minutes before the alkyne
and the acid are added. Figure 5.28 shows the activation reaction and the used
NHC’s. The application of several NHC’s has been tested for the reaction between

KHMDS / \
Activation: ~N_ N« e ~N N~
Mes \6@ Mes "t 20 min Mes™ N\ ~Mes
Cl
Used NHC's: Mes— NN ~Mes Mes= NN~ Mes HaC~ NN ~Mes
39 40 41

Mes = 2,4,6-trimethylphenyl

Figure 5.28: Activation reaction of the NHC and the used NHC ligands.

phenylacetylene and acetic acid with 3 as catalyst. The results are summarized in
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Table 5.12. The addition of NHC’s clearly has a beneficial effect on the total yield

Table 5.12: The use of NHC ligands for enol ester synthesisl®

NHC  %conv. time % Yield
entry catalyst NHC  equiv.[! PA (min) Y Ela-c enynes
1 3 / / 100 240 48.6 43.4
2 3 39 1 100 300 76.9 13.3
3 3 39 2 100 240 83.6 9.1
4 3 40 1 100 420 61.6 12.6
5 3 40 2 90.3 300 64.3 16.9
6 3 41 1 100 240 75.0 17.5
7 3 41 2 100 120 82.0 9.8
8 12 / / 85.8 300 42.2 33.0

[a] Reaction conditions: phenylacetylene (PA, 1.0 mmol), acetic acid (1.1 mmol),
activated NHC ligand, hexadecane (0.20 mmol) and 3 or 12 (0.01 mmol) in
toluene (1.0 mL) at 110 °C. Yields determined by GC analysis with hexadecane
as internal standard. [b] versus catalyst.

of enol esters and the dimerization reaction is suppressed to a great extent. Nor-
mally, 3 produces 43.4% enynes but with the use of NHC ligands, this amount can
be reduced to values around 10%. The distribution of enol ester isomers remains
unchanged and is therefore not shown. As an additional advantage, the reaction is
faster when 2 equivalents of 41 are used. The use of saturated NHC’s 39 and 41
results in higher yields than the use of unsaturated 40.

To determine the generality of the enhanced reaction rate and yields obtained with
the addition of NHC’s, the approach was extended to all alkyne-carboxylic acid
pairs with 4a as catalyst. Table 5.13 presents the results. Again, the enol ester
distributions are not included as they were nearly identical to the reactions without
NHC addition. It appears that, compared to the reactions without NHC addition,
improved yields are only obtained in certain reactions. General examples are the
reactions where acetic acid is used. Also the coupling of phenylacetylene with ben-
zoic acid greatly benefits from NHC addition. On the other hand, in the reactions
with trichloroacetic acid, the yields are substantially lower. Additionally, in none
of the reactions an enhanced reaction rate is observed. Thus the addition of NHC
ligands does not necessarily lead to faster reactions with higher enol ester yields.
Complex 12 with the NHC coordinated to the metal center was also tested (entry
8 in Table 5.12), but the results are disappointing. The reaction rate is low (only
85.8% conversion after 5 hours), low enol ester yields are obtained and a consider-
able amount of enynes is formed. This leads to the question whether the improved
performance can be attributed to the in situ complexation of the NHC with 3, lead-
ing to an improved catalyst, or that the NHC has some other effect. Experiments
with only the NHC in the absence of a catalyst did not afford any enol esters or
enynes, thus the NHC itself has no catalytic activity. NHC’s are strong bases 382383
and perhaps their only fuction is to increase the pH of the solution to increase the
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Table 5.13: The use of NHC ligands for all alkyne/carboxylic acid pairsl¥

entry %conv.  time % Yield

n = alkyne acid alkyne (min) > E(n)a-c enynes
1 PA CH3COOH 100 270 85.1 6.6
2 CCl3COOH 100 60 52.3 0
3 PhCOOH 100 420 87.3 11.2
4 ocC CH3;COOH 100 270 84.7 0
) CCl;COOH 100 40 77.3 0
6 PhCOOH 100 270 84.2 0
7 BU CH3COOH 100 420 82.1 0
8 CCl3COOH 100 90 68.7 0
9 PhCOOH 100 420 63.6 0

[a] Reaction conditions: alkyne (1.0 mmol), carboxylic acid (1.1 mmol), activated
41 (0.02 mmol), hexadecane (0.25 mmol) and 4a (0.01 mmol) in toluene (1.0
mL) at 110 °C. Yields determined by GC analysis with hexadecane as internal
standard. PA = phenylacetylene, OC = 1-octyne, BU = 3,3-dimethyl-1-butyne.

amount of acetate anions in the reaction mixture, resulting in a higher reaction
rate. The basic function also inhibits the acid-promoted dimerization reaction.

5.4.4 The addition of bases

The addition of bases has been reported by other authors33? and was also investi-
gated in this work. A catalytic amount (5% versus alkyne) of several organic and
inorganic bases was added to the reaction of phenylacetylene with acetic acid in
the presence of complex 4a. The results are presented in Table 5.14. The use of
a base has a similar effect as the addition of NHC ligands. The amount of enynes
is greatly reduced and higher enol ester yields are obtained. With the exception
of KOH, the inorganic bases all performed equally well: around 75% enol esters
are obtained along with 6% enynes. The use of the organic bases Et3N or DBU
gave comparable enol ester yields but resulted in more dimerization. The strongest
base, KHMDS, gave the best results.

Goossen et al. reported that there was a difference in enol ester stereochemistry
when inorganic or organic bases were used.333 However, this is not observed for
complex 4a. The use of all bases gave isomer ratios that were similar to the reac-
tion without a base.

These results support the theory that the NHC’s in fact behave as a base, and
not as a ligand. Further confirmation is found when the NHC is added last to a
reaction mixture of catalyst/alkyne/acid. Because of the 100-fold excess of acid
versus catalyst, the NHC will react with the acid before it can coordinate with the
catalyst. The results obtained this way are similar to the original results in Table
5.12.
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Table 5.14: The addition of bases to the reaction of phenylacetylene with acetic acid[®

%conv.  time relative % % Yield
entry base PA (min) Ela Elb Elc ) Ela-c enynes
1 / 100 180 5.8 36.8 574 57.1 36.4
2 KOH 89.1 420 6.0 404 53.6 57.5 7.6
3 NaOEt 100 270 4.9 404 54.7 76.9 6.6
4 KOtBu 100 420 4.6 409 545 77.3 6.1
5 NayCOs3 100 420 5.0 404 54.6 73.3 6.2
6 EtsN 100 270 54 40.6 54.0 71.4 17.5
7 DBU 100 420 5.0 433 517 72.0 13.6
8 KHMDS 100 270 5.3 418 529 85.6 6.3

[a] Reaction conditions: phenylacetylene (PA, 1.0 mmol), acetic acid (1.1 mmol),
base (0.05 mmol), hexadecane (0.25 mmol) and 4a (0.01 mmol) in toluene (1.0
mL) at 110 °C. Yields determined by GC analysis with hexadecane as internal
standard.

5.5 Mechanistical considerations for the synthesis
of enol esters.

Many authors have proposed possible reaction mechanisms for the ruthenium-
catalyzed synthesis of enol esters, but thus far none of these proposals has been
backed up with sound proof. One fundamental part of a reaction mechanism is the
explanation of the stereochemistry of the formed enol esters.

Let’s start by stating the obvious: the ruthenium catalyst is somehow involved
in the reaction. The coupling reaction does not proceed without the presence of
a catalyst, but how and where exactly does it interfere? Ruthenium complexes
are known to be able to coordinate triple bonds, but the addition of an alkyne
to the ruthenium center can have several outcomes: n2-coordination of the alkyne
leads to I while oxidative addition of the C-H bond to the metal center gives II
(Figure 5.29). Both I and II can rearrange to vinylidene complex ITI, either by
1,2-hydrogen migration over the triple bond, or by a 1,3-hydride shift to the alkynyl
ligand respectively. 38433 This coordination results in the activation of the alkyne
triple bond, making it susceptible to a nucleophilic attack of a carboxylic acid, or
more likely, a carboxylate anion.

The question then is, whether or not the carboxylate also coordinates with the
metal center prior to reacting with the alkyne. This has been proposed by Melis33°
and Ye, 337 but no proof has been provided to support this assumption. Most other
authors regard the addition as an intermolecular attack of a free carboxylate on the
coordinated alkyne. The addition of carboxylic acids to ruthenium is certainly pos-
sible as was shown by Esteruelas et al.3% Dixneuf et al. have shown that carboxy-
late addition even is a key step in the generation of the active catalyst from complex
32a,b.32! The coordinated carboxylates, however, do not participate in the enol es-
ter synthesis. Ye and Leong based their proposal of carboxylate addition to catalyst
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Figure 5.29: Possible ways of alkyne coordination.

[CpRu(CO)3)C]] on the fact that the carboxylate complex [CpRu(CO)2(O2CPh)]
catalyzes the reaction with similar efficiency. Kawano and co-workers have synthe-
sized what they claim to be a real intermediate in ruthenium-catalyzed synthesis of
enol esters. 390 The reaction of complex 42 with alkynes produced complexes of the
type 43, containing a (Z)-enol ester like chelate ligand (Figure 5.30). Treatment
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Figure 5.30: Synthesis of a complex with a (Z)-enol ester like chelate ligand.

of 43 with propanoic acid released the (Z)-enol ester and partially returned start-
ing complex 42, leading to the suggestion that 43 is a real intermediate in the
synthesis of (Z)-enol esters. However, a real catalytic experiment with complex
43 did not only produce the (Z)-enol ester, but also a small amount of (E)-enol
esters and large amounts of geminal enol esters. Furthermore, not only complex
42 was returned upon addition of propanoic acid, but also several other ruthenium
compounds. It shows nonetheless, that carboxylic acid addition to the ruthenium
catalyst is a possible step in the total reaction mechanism. It may very well be
that carboxylate coordination is in fact catalyst-dependent and that no general
conclusions can be made on this account.
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The coupling of carboxylic acids with alkynes can result in three isomers. Anti-
Markovnikov addition is usually explained by the generation of a vinylidene in-
termediate. 321:329:384.391 The q-carbon of the vinylidene is electrophilic®®6-387 and
a nucleophilic attack on this carbon results in anti-Markovnikov adducts as is il-
lustrated in Figure 5.31. Melis et al.?3° have shown the actual formation of a
vinylidene complex as reaction intermediate. Markovnikov addition on the other
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Figure 5.31: Synthesis of anti-Markovnikov enol esters via a vinylidene intermediate.

hand, might occur by carboxylate addition to the alkyne ligand in intermediates
of the type I (see Figure 5.29).

We have been unable to determine the reaction mechanism that operates with
Schiff base complexes 4a and 5a. The reaction of 4a with an equimolar amount
of acetic acid (5 hours at 60 °C in CDCl3) did not result in any changes in the
'H or 3C-NMR spectrum. Likewise, the addition of 1-octyne to 4a did not af-
ford detectable amounts of vinylidene carbons. The experiments were repeated in
deuterated toluene (5 hours at 110 °C), but the solubility of 4a was too low to
obtain clean NMR-spectra.

5.6 Conclusions on ruthenium-catalyzed synthesis
of enol esters

Enol esters can be prepared by the ruthenium-catalyzed coupling reaction between
alkynes and carboxylic acids. The application of some new ruthenium Schiff base
complexes for this reaction was tested and they were shown to be able to compete
with several commercially available catalysts. The nature of the Schiff base ligand
proved to be very important. Nitro-containing complexes were less efficient than
their non-nitro analogues. Furthermore, complexes with an aliphatic group on the
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Schiff base nitrogen performed markedly better than complexes with an aromatic
group.

Several alkynes (phenylacetylene, 1-octyne and 3,3-dimethyl-1-butyne) and car-
boxylic acids (acetic acid, benzoic acid, trichloroacetic acid and 4-pentynoic acid)
were coupled using complexes 4a and 5a. The stereochemistry of the prepared enol
esters was strongly dependent on the nature of the acid. Reactions with acetic acid
or benzoic acid produced mainly anti-Markovnikov enol esters, while trichloroacetic
acid resulted in Markovnikov adducts. The reactions with trichloroacetic acid were
also much faster, which might be attributed to the stronger acidity resulting in a
higher concentration of nucleophilic carboxylate anions.

The coupling reactions of phenylacetylene with acetic or benzoic acid produced
a sizeable amount of enynes as side-products from the dimerization reaction of
the alkyne. The addition of NHC’s or bases greatly reduced this dimerization
and resulted in higher enol ester yields. Again, the resulting higher carboxylate
concentration may be responsible for the preference of enol ester formation over
dimerization.



General conclusions and outlook

The main goal of this work was the synthesis of some new ruthenium complexes
with Schiff base ligands and to explore their applicability in the synthesis of quino-
lines and enol esters. Several new ruthenium Schiff base catalysts were prepared
from the dimeric ruthenium precursor [RuCly(p-cymene)]y. Although the gen-
eral strategy towards these compounds had already been described, an important
finding from our work was the need for an additional purification by column chro-
matography to obtain the Schiff base complexes as pure compounds.

In a modification of the Friedlander method, 2-aminobenzylalcohol is oxidatively
cyclized with ketones in the presence of a base, affording quinolines. The key
step in this method involves a ruthenium-catalyzed hydrogen transfer reaction for
the in situ oxidation of 2-aminobenzylalcohol to 2-aminobenzaldehyde. While a
literature overview suggests that ruthenium Schiff base complexes are active for
transfer hydrogenation reactions, the use of ruthenium-arene Schiff base catalysts
resulted in little or no quinolines. The incorporation of strong o-donating ligands
such as phosphines or NHC’s substantially increased the quinoline yields. This
proves that the coordination sphere of the transition metal is a determinant factor
for catalytic activity. Not only the catalyst is important, also the base plays an
important role. The second generation Grubbs catalyst, in combination with the
strong tert-butoxide base from KOtBu gives the best results in terms of quinoline
yield and reaction time. The presence of a hydrogen acceptor is necessary for the
regeneration of the original catalyst.

The classic reaction mechanism often proposed in literature was subjected to a
very close examination. The experimental data that were obtained in this work are
clearly not in accordance with the proposed literature model. Based on the experi-
mental results, we suggest that the reaction mechanism consists of two distinctively
different pathways that can operate simultaneously. Due to the very complex na-

107
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ture of the reaction mixture, the exact structure of the active catalytic ruthenium
species could not be determined. However, combining a thorough literature report
with the experimental data, a ruthenium-carbonyl-hydride complex is a credible
suggestion. The elucidation of the active species remains a formidable challenge.
The newly developed synthetic strategy for the previously cumbersome synthe-
sis of 3-substituted quinolines might be a valuable contribution to this research
area. In a two-step reaction, first a 1,3-oxazine is formed in the reaction between
2-aminobenzylalcohol and the aldehyde. Via the well-documented ring-chain tau-
tomerism, the oxazine is at equilibrium with the imine-tautomer. Subsequent addi-
tion of a ruthenium catalyst, the strongly basic potassium t-butoxide and a hydro-
gen acceptor (benzophenone) affords 3-substituted quinolines in excellent yields.
It was discovered that the presence of an expensive ruthenium catalyst is not
mandatory. Quinolines could also be prepared in a purely base-mediated pro-
cess. The best results were obtained with KOtBu. The reaction most likely pro-
ceeds via the Meerwein-Ponndorf-Verley-Oppenauer (MPVO) mechanism with a
six-membered cyclic intermediate. This mechanism differs from the one in the
ruthenium catalyzed process in the way the hydrogen atoms are transferred. In
the case of transition metals, first a metal hydride is formed in the oxidation re-
action of 2-aminobenzylalcohol. To regenerate the original catalyst, the hydrogen
atoms are then transferred to a hydrogen acceptor that is reduced in the process.
In the absence of transition metals, the hydrogen transfer is believed to occur
through a cyclic intermediate. This base-mediated process could also be applied to
the preparation of 3-substituted quinolines in nearly quantitative yields. In retro-
spect, one might wonder which mechanism is followed in the ruthenium-catalyzed
process with KOtBu as a base.

Evaluating these results, it is remarkable that Grubbs-type complexes are good
transfer hydrogenation catalysts in the modified Friedlander method and it would
be interesting to find out if their application can be extended to other hydrogen
transfer reactions. This is still an expanding research area and perhaps this type of
complexes will prove to be a valuable extension of the vast arsenal of hydrogenation
catalysts. Another extraordinary finding is the preparation of quinolines via a rela-
tively mild MPVO reaction, mediated merely by the strong base KOtBu. Although
it appears that the favourable reaction conditions for this process are provided by
the specific nature of the reagents, it would still be worthwhile to investigate this
method for other transfer hydrogenation reactions.

The second part of this work is devoted to the synthesis of enol esters in a ruthenium-
catalyzed coupling reaction between carboxylic acids and terminal alkynes. From
the prepared ruthenium Schiff base catalysts, only complexes without a nitro group
and an aliphatic group on the Schiff base nitrogen showed high activity. Several
alkynes and carboxylic acids were coupled using the two most promising cata-
lysts. The stereochemistry of the obtained enol esters depends on several fac-
tors. A literature survey shows that most catalysts produce the geminal enol ester
(Markovnikov addition). This is especially true for complexes containing phos-
phine ligands, which is confirmed by the experimental data in the present PhD-
work. Anti-Markovnikov enol esters are less frequently reported, and as such it is
interesting that the Schiff base catalysts mainly produce these anti-Markovnikov
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adducts for most acid/alkyne combinations. However, the distribution of enol es-
ter isomers is also strongly influenced by the nature of the carboxylic acid. The
use of trichloroacetic acid results in Markovnikov enol esters, while acetic acid and
benzoic acid lead to anti-Markovnikov adducts. The acidic strength might be the
reason for this, even though this assumption still requires a more thorough inves-
tigation.

A frequently observed non-desired side-reaction in the coupling of phenylacetylene
with acids is alkyne dimerization to enynes. The addition of N-heterocyclic car-
benes or bases greatly reduces this dimerization and results in higher enol ester
yields, while not affecting the stereochemistry. Likely, the resulting higher car-
boxylate concentration is responsible for this.

In summary, ruthenium Schiff base complexes catalyze the coupling of carboxylic
acids with alkynes, but the reaction does not proceed with high regio- and stere-
oselectivity. Future research should focus on fine-tuning the ligand environment to
selectively obtain one enol ester isomer as a major compound.
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Experimental

7.1 General remarks

7.1.1 Chemical compounds and synthesis

All synthetic procedures involving organometallic compounds were conducted in
oven-dried glassware under argon atmosphere using standard Schlenk techniques.
The following solvents were distilled and dried under argon using standard tech-
niques: THF (Na, Benzophenone), Toluene (Na), CHzCly (CaHsz). Other solvents
(Dioxane, Aldrasorb®and Ethyl Acetate, Rotisolv®Pestylise®) were used as re-
ceived without further manipulations. Products that were obtained from com-
mercial sources (Aldrich, Acros, VWR International, Fiers) were used as received.
Argon was dried over a column of Drierite®).

Catalysts 1, 16 and 17 were purchased from Sigma-Aldrich and 21 was generously
supplied by Umicore. Compounds 2,243 3,229 11a,b,232:233 12,239 14,217 15 244
16,246 17,247 18-20,213 22-23,7 24-25,212 26,251 27,253 39-40,240 and 41392:393
were prepared following literature procedures.

7.1.2 Experimental techniques and analysis

NMR spectra were recorded on a Varian Unity 300 MHz spectrometer equipped
with a 300AutoSW probe (4NUC/30-122 MHz). Standard parameters for 'H-
NMR: frequency: 299.87 MHz, acquisition time: 1.0000 s, number of scans: 16,
sweep width: 9000.90 Hz, room temperature, solvent as indicated in spectral data.
Standard parameters for 3C-NMR: frequency: 75.41 MHz, acquisition time: 1.8151
s, number of scans: 1024, sweep width: 16501.65 Hz, room temperature, solvent as
indicated in spectral data.

GC measurements were performed on a Finnigan TraceGC Ultra with an Ultra Fast
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Column Module. The quinoline experiments were analyzed using a 100% dimethyl
polysiloxane column (0.32 mm x 5 m, 0.25 pum film thickness) with the following
GC method. Temperature program: initial temperature 40 °C, 6 seconds; ramping
with 100 °C min~! to 250 °C; 250 °C, 1 minute. Carrier gas: helium, constant
flow, 5 mL min~!, inlet temperature: 250 °C, block temperature 260 °C, split
flow: 100 mL min~!. Detector: flame ionization detector, air: 300 mL min~!,
hydrogen: 30 mL min~?!, base temperature: 310 °C. The analysis of the enol es-
ter experiments was conducted using a 5% diphenyl - 95% dimethyl polysiloxane
column (0.10 mm x 10 m, 0.40 pm film thickness) with the following GC method.
Temperature program: initial temperature 40 °C, 6 seconds; ramping with 75 °C
min~! to 250 °C; 250 °C, 4 minutes. Carrier gas: helium, constant flow, 0.5 mL
min~!, inlet temperature: 250 °C, block temperature 260 °C, split flow: 100 mL
min~!. Detector: flame ionization detector, air: 300 mL min~—!, hydrogen: 30 mL
min~!, base temperature: 310 °C.

GC-MS measurements were performed by Marc Schelfaut (Dept. Organic Chem-
istry, Separation Sciences) on a HP 5890 series II chromatograph coupled with a HP
5989A quadrupole mass spectrometer. Column: HP-5MS (crosslinked 5% Ph ME
siloxane). Carrier gas: He, 8 psi. Temperature program: from room temperature
to 80 °C at 50 °C min~*, from 80 °C to 280 °C at 6 °C min—!.

7.2 Synthesis of Schiff base ligands

All Schiff base ligands were obtained by a simple and straightforward condensation
reaction of an aldehyde (salicyladehyde or 5-nitrosalicylaldehyde) with an amine.
Schiff base SB7 was synthesized by a procedure described by Allaert.3%

7.2.1 Schiff base SB1

A 2.0 M solution of methylamine in THF (20.5 mL, 40.9 mmol) was added to 5.0
g (40.9 mmol) salicylaldehyde. The solution was refluxed for 4 h, cooled down to
room temperature and dried on MgSQO,. After filtration, the solvent was evaporated
to afford the Schiff base as a viscous yellow oil (Yield: 65%).

'H-NMR (CDCl3) §(ppm): 13.17 (bs, 1H), 8.21 (s, 1H), 7.25 (t, 1H, 3J(H,H) = 7.4
Hz), 7.16 (d, 1H, 3J(H,H) = 7.7 Hz), 6.93 (d, 1H, 3J(H,H) = 8.2 Hz), 6.84 (t, 11,
3J(H,H) = 7.1 Hz), 3.37 (s, 3H); *C-NMR (CDCl3) 6(ppm): 166.5, 161.5, 132.3,
131.3, 119.1, 118.7, 117.2, 46.1

7.2.2 Schiff base SBN1

A 2.0 M solution of methylamine in THF (15 mL, 30 mmol) was added to 5.0 g
(30 mmol) 5-nitrosalicylaldehyde. The solution was refluxed for 4 h. Upon cooling
to 0°C, a yellow precipitate formed. The precipitate was filtered, washed with ice
cold THF and dried in vacuo to afford the Schiff base in good yield (82%).
'H-NMR (CDCl3) 6(ppm): 14.82 (bs, 1H), 8.36 (s, 1H), 8.23 (s, 2H), 6.98 (s,
1H), 3.55 (s, 3H); 3C-NMR (DMSO-dg) §(ppm): 178.7, 168.9, 134.1, 133.4, 130.0,
123.6, 114.2, 39.7
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7.2.3 Schiff base SB2

Cyclohexylamine (5.4 mL, 47 mmol) and salicylaldehyde (5.0 mL, 47 mmol) were
dissolved in 25 mL THF. The solution was refluxed at 60 °C for 4 h, then cooled
down to room temperature and dried on MgSOy. After filtration, the solvent was
evaporated, leaving the Schiff base as a viscous yellow oil. (Yield: 67 %)
'H-NMR (CDCl3) §(ppm): 13.81 (s, 1H), 8.31 (s, 1H), 7.26 (t, 1H, 3J(H,H) = 8.2
Hz), 7.20 (d, 1H, 3J(H,H) = 7.7 Hz), 6.93 (d, 1H, 3J(H,H) = 8.2 Hz), 6.83 (4,
1H, 3J(H,H) = 7.7 Hz), 3.19 (m, 1H), 1.78 (m, 4H), 1.65-1.20 (m, 6H); 3*C-NMR
(CDCl3) é(ppm): 162.5, 161.8, 132.2, 131.4, 119.2, 118.6, 117.3, 67.7, 34.5, 25.8,
24.6.

7.2.4 Schiff base SB6

Tert-butylamine (4.9 mL, 47 mmol) and salicylaldehyde (5.0 mL, 47 mmol) were
dissolved in 25 mL THF. The solution was refluxed at 60 °C for 4 h, then cooled
down to room temperature and dried on MgSQO,. After filtration, the solvent was
evaporated, leaving the Schiff base as a viscous yellow oil. (Yield: 64%)

'H-NMR (CDCls) §(ppm): 14.38 (bs, 1H), 8.31 (s, 1H), 7.25 (m, 2H), 6.95 (d,
1H, 3J(H,H) = 8.2 Hz), 6.83 (t, 1H, 3J(H,H) = 7.1 Hz), 1.32 (s, 9H); *C-NMR
(CDCl3) &(ppm): 162.4, 159.9, 132.3, 131.6, 119.1, 118.4, 117.5, 57.2, 29.8.

7.2.5 Schiff bases SBN2, SB3, SBN3, SB4, SBN4, SB5, SBN5
and SBNG6

Equimolar quantities (typically 30 mmol) of amine and saliciylaldehyde or 5-nitro-
saliciylaldehyde were dissolved in ethanol. After stirring for 4 h at 80 °C the
solution was cooled to 0 °C. The yellow precipitate was filtered, washed with cold
ethanol and dried in vacuo to afford the desired Schiff base ligand in good to
excellent yields.

SBN2 (yellow solid, 72%): 'H-NMR (CDCl3) §(ppm): 15.16 (bs, 1H), 8.35 (s,
1H), 8.23 (s, 1H), 8.15 (d, 1H, 3J(H,H) = 9.3 Hz), 6.87 (d, 1H, 3J(H,H) = 9.3 Hz),
3.47 (m, 1H), 2.00-1.30 (m, 10H); 3C-NMR, (CDCl3) §(ppm): 173.1, 162.3, 137.6,
129.5, 128.9, 120.8, 115.7, 64.4, 33.8, 25.3, 24.3.

SB3 (yellow solid, 88%): 'H-NMR (CDCl3) &(ppm): 13.12 (bs, 1H), 8.31 (s, 1H),
7.46-7.32 (m, 2H), 7.19 (bs, 3H), 7.08 (d, 1H, 3J(H,H) = 8.2 Hz), 6.95 (t, 1H,
3J(H,H) = 7.1 Hz), 2.98 (m, 2H, 3J(H,H) = 6.6 Hz), 1.18 (d, 12H, 3J(H,H) = 6.6
Hz); ¥C-NMR (CDCl3) §(ppm): 166.9, 161.5, 146.5, 138.9, 133.6, 132.5, 125.8,
123.5, 119.3, 118.9, 117.6, 28.4, 23.8.

SBN3 (yellow solid, 95%): 'H-NMR, (CDCl3) 6(ppm): 14.31 (s, 1H), 8.39 (s, 1H),
8.35 (s, 1H), 8.32 (d, 1H, *J(H,H) = 9.3 Hz), 7.23 (s, 3H), 7.14 (d, 1H, *J(H,H)
= 9.3 Hz), 2.93 (m, 2H, 3J(H,H) = 6.6 Hz), 1,20 (d, 12H, 3J(H,H) = 6.6 Hz);
I3C.NMR (CDCl3) 6(ppm): 167.3, 165.6, 144.8, 140.2, 138.9, 128.8, 128.7, 126.6,
123.8, 118.7, 117.8, 28.5, 23.8.

SB4 (yellow solid, 84%): 'H-NMR (CDCl3) §(ppm): 12.83 (s, 1H), 8.21 (s, 1H),
7.41 (t, 1H, 3J(H,H) = 7.7 Hz), 7.33 (d, 1H, 3J(H,H) = 7.3 Hz), 7.23 (s, 2H),
7.05 (d, 1H, 3J(H,H) = 8.1 Hz), 6.95 (t, 1H, 3J(H,H) = 7.7 Hz), 2.16 (s, 6H);
IBC-NMR (CDCl3) §(ppm): 167.4, 161.4, 147.5, 133.8, 132.6, 131.2, 130.7, 119.4,
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118.9, 118.0, 117.6, 18.6.

SBN4 (yellow solid, 90%): 'H-NMR (CDCl3) §(ppm): 13.95 (s, 1H), 8.41 (s, 1H),
8.34 (s, 1H), 8.31 (d, 1H, *J(H,H) = 9.3 Hz), 7.28 (s, 2H), 7.14 (d, 1H, 3J(H,H) =
9.3 Hz), 2.19 (s, 6H); 3C-NMR. (CDCI3) §(ppm): 166.9, 166.0, 146.1, 140.3, 131.5,
130.7, 128.9, 128.7, 119.0, 118.7, 117.8, 18.6.

SB5 (yellow solid, 92%): 'H-NMR (CDCl3) §(ppm): 13.28 (s, 1H), 8.36 (s, 1H),
7.45 (d, 1H, 3J(H,H) = 6.9 Hz), 7.38 (¢, 1H, 3J(H,H) = 7.3 Hz), 7.09 (d, 1H,
3J(H,H) = 8.1 Hz), 7.02-6.96 (m, 2H), 2.34 (s, 3H), 2.22 (s, 6H); 13*C-NMR. (CDCl3)
S(ppm): 166.9, 161.5, 145.9, 134.7, 133.3, 132.4, 129.3, 128.5, 119.2, 119.1, 117.6,
21.1, 18.7.

SBNS5 (yellow solid, 94%): 'H-NMR, (CDCl3) 6(ppm): 14.50 (s, 1H), 8.41 (s, 1H),
8.33 (s, 1H), 8.28 (d, 1H, 3J(H,H) = 9.5 Hz), 7.11 (d, 1H, 3J(H,H) = 9.5 Hz), 6.95
(s, 2H), 2.31 (s, 3H), 2.20 (s, 6H); 3C-NMR, (CDCl3) 6(ppm): 167.6, 165.4, 144.1,
140.0, 135.9, 129.6, 128.9, 128.7, 128.5, 118.7, 117.8, 21.1, 18.7.

SBN6 (yellow solid, 86%): *H-NMR, (CDCl3) 6(ppm): 15.59 (s, 1H), 8.31 (s, 1H),
8.27 (s, 1H), 8.14 (d, 1H, 3J(H,H) = 9.3 Hz), 6.83(d, 1H, 3J(H,H) = 9.3 Hz), 1.47
(s, 9H); BC-NMR (CDCl3) §(ppm): 175.2, 160.5, 136.9, 130.5, 129.3, 121.7, 114.7,
57.3, 29.5.

7.3 Synthesis of the Schiff base thallium salts

This step was performed under argon atmosphere due to the air-sensitivity of thal-
lium ethoxide. Because of the highly toxic nature of thallium, all manipulations
were carried out with extreme caution and waste products were collected and dis-
posed with the highest care.

The Schiff base was dissolved in THF and an equimolar quantity of TIOEt was
added. A yellow precipitate started to form almost instantaneously. After stirring
for 2 hours at room temperature, the precipitation was filtered, dried in vacuo and
used in the next step without further purification or characterization. For Schiff
bases SB1, SBN1, SB6 and SBIN6 it was necessary to reduce the solvent volume
and/or to cool down the solution to 0°C before precipition occurred.

7.4 Synthesis of the catalysts

7.4.1 Synthesis of RuCl(p-cymene)SchiffBase complex

[RuClz(p-cymene)|s and two equivalents of the Schiff base thallium salt were dis-
solved in THF and the solution was stirred for 4 h at room temperature. After
evaporation of the majority of the solvent, the mixture was purified by column
chromatography (silica gel) with aceton/dichloromethane (1:4). The red band con-
taining the catalyst was collected and the solvent was evaporated. The catalyst
was dissolved in a minimal amount of CH5Cl,, hexane was added and the solution
was cooled to 0 °C to allow precipitation. The precipitate was filtered, washed
with cold hexane and dried in vacuo to afford the pure catalyst in moderate to
good yields. The reaction of the ruthenium dimer with the Schiff bases with a
tertiary butyl (SB6 and SBIN6) or adamantyl (SB7) group did not afford the
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desired ruthenium complexes due to rapid decomposition during purification by
column chromatography. The initially red band quickly changed to dark brown
and green on the silica column.
4a (orange-red powder, 62%): 'H-NMR (CDCl3) §(ppm): 7.68 (s, 1H), 7.17 (4,
1H, 3J(H,H) = 6.9 Hz), 6.96 (d, 1H, 3J(H,H) = 8.8 Hz), 6.91 (d, 1H, 3J(H,H) =
7.3 Hz), 6.42 (t, 1H, 3J(H,H) = 7.3 Hz), 5.45 (d, 1H, 3J(H,H) = 5.9 Hz), 5.40 (s,
2H), 5.17 (d, 1H, 3J(H,H) = 5.1 Hz), 4.01 (s, 3H), 2.81 (m, 1H, *J(H,H) = 6.6
Hz), 2.20 (s, 3H), 1.24 (d, 3H, 3J(H,H) = 6.6 Hz), 1.17 (d, 3H, 3J(H,H) = 6.6 Hz);
IBC.NMR (CDCls3) 6(ppm): 165.7, 164.5, 134.8, 134.2, 122.8, 119.9, 114.4, 102.3,
97.4, 84.5, 82.8, 82.3, 80.8, 57.6, 31.0, 22.9, 22.1, 18.8.
4b (red powder, 74%): 'H-NMR (CDCl3) §(ppm): 8.01 (s + d, 2H), 7.79 (s, 1H),
6.88 (d, 1H, 3J(H,H) = 9.5 Hz), 5.52 (s, 2H), 5.46 (d, 1H, 3J(H,H) = 5.8 Hz), 5.21
(d, 1H, 3J(H,H) = 5.1 Hz), 4.07 (s, 3H), 2.79 (m, 1H, 3J(H,H) = 6.6 Hz), 2.23 (s,
3H), 1.26 (d, 3H, 3J(H,H) = 6.6 Hz), 1.19 (d, 3H, 3J(H,H) = 6.6 Hz); 3C-NMR
(CDCl3) 6(ppm): 171.0, 163.9, 135.9, 132.5, 129.4, 123.1, 118.6, 103.1, 98.0, 85.0,
83.6, 82.2, 81.3, 58.3, 31.0, 22.8, 22.1, 18.8.
5a (red-brown powder, 84%): 'H-NMR (CDCl3) §(ppm): 7.76 (s, 1H), 7.15 (t, 1H,
3J(H,H) = 7.3 Hz), 6.96 (d, 1H, 3J(H,H) = 8.1 Hz), 6.92 (d, 1H, *J(H,H) = 8.1
Hz), 6.43 (t, 1H, 3J(H,H) = 7.3 Hz) 5.46 (d, 1H, 3J(H,H) = 5.1 Hz), 5.40 (d, 1H,
3J(HH) = 5.9 Hz), 5.30 (d, 1H, 3J(H,H) = 5.9 Hz), 5.07 (d, 1H, 3J(H H) = 5.9
Hz), 4 23 (m, 1H), 2.80 (m, 1H, 3J(H,H) = 6.6 Hz), 2.50-1.25 (m, 10H), 2.16 (s,
3H) 1.23 (d, 3H, 3J(H,H) = 6.6 Hz), 1.15 (d, 3H, *J(H,H) = 6.6 Hz); 3C-NMR
(CDCl3) 6(ppm): 165.4, 161.6, 134.5, 134.3, 123.0, 120.6, 114.3, 102.4, 97.0, 83.9,
83.4, 82.7, 80.7, 76.3, 36.0, 35.1, 30.9, 26.5 (2C), 25.9, 22.8, 22.1, 18.6.
5b (yellow-orange powder, 92%): 'H-NMR (CDCl3) §(ppm): 8.02 (s, 1H), 8.00 (d,
1H, 3J(H,H) = 8.5 Hz), 7.86 (s, 1H), 6.90 (d, 1H, 3J(H,H) = 8.5 Hz), 5.51 (d+d,
2H), 5.36 (d, 1H, 3J(H,H) = 5.5 Hz), 5.08 (d, 1H, 3J(H,H) = 4.9 Hz), 4.22 (m
1H), 2.78 (m, 1H, 3J(H,H) = 6.7 Hz), 2.50-1.30 (m, 10H), 2.20 (s, 3H), 1.25 (d, 3H,
3J(HH) = 6.7 Hz), 1.17 (d, 3H, 3J(H,H) = 6.7 Hz); *C-NMR (CDCl3) 6(ppm):
170.8, 161.3, 135.9, 132.6, 129.1, 123.2, 119.4, 103.1, 97.6, 84.6, 83.6, 83.1, 81.1,
77.3, 36.0, 34.9, 31.0, 26.4 (2C), 25.7, 22.8, 22.1, 18.7.
6a (red powder, 79%): 'H-NMR (CDCl3) §(ppm): 7.49 (s, 1H), 7.39-7.25 (m, 3H),
7.20 (t, 1H, 3J(H,H) = 7.3 Hz), 6.97 (d, 1H, 3J(H,H) = 8.1 Hz), 6.85 (d, 1H,
3J(HH) = 8.1 Hz), 6.43 (t, 1H, 3J(H,H) = 7.3 Hz), 5.45 (d, 1H, 3J(H,H) = 5.9
Hz), 5.31 (d, 1H, 3J(H,H) = 5.1 Hz), 4.94 (d, 1H, 3J(H,H) = 5.1 Hz), 4.25 (d,
1H, 3J(H,H) = 5.9 Hz), 4.22 (m, 1H, 3J(H,H) = 6.6 Hz), 3.19 (m, 1H, 3J(H,H)
= 6.6 Hz), 2.81 (m, 1H, 3J(H,H) = 6.6 Hz), 1.96 (s, 3H), 1.48 (d, 3H, 3J(H,H)
= 6.6 Hz), 1.40 (d, 3H, 3*J(H,H) = 6.6 Hz), 1.37 (d, 3H, *J(H,H) = 6.6 Hz), 1.29
(d, 3H, 3J(H,H) = 6.6 Hz), 1.07 (d, 3H, 3J(H,H) = 6.6 Hz), 1.03 (d, 3H, 3J(H,H)
= 6.6 Hz); 3*C-NMR (CDCl3) 6(ppm): 167.5, 166.8, 152.8, 142.9, 141.8, 135.6,
135.2, 127.7, 124.5, 123.6, 122.2, 119.5, 114.7, 104.9, 94.5, 87.9, 84.9, 81.9, 77.3,
30.8, 28.1, 27.7, 27.0, 26.3, 23.5, 22.8, 22.6, 22.2, 17.9.
6b (orange powder, 88%): 'H-NMR (CDCl3) §(ppm): 8.01 (d, 1H, 3J(H,H) = 9.5
Hz), 7.91 (s, 1H), 7.55 (s, 1H), 7.40-7.30 (m, 3H), 6.89 (d, 1H, 3J(H,H) = 9.5 Hz),
5.46 (d, 1H, 3J(H,H) = 5.9 Hz), 5.33 (d, 1H, 3J(H,H) = 5.9 Hz), 5.00 (d, 1H,
3J(HH) = 5.9 Hz), 4.28 (d, 1H, 3J(H,H) = 5.9 Hz), 4.03 (m, 1H, 3J(H,H) = 5.9
Hz), 3.12 (m, 1H, 3J(H,H) = 6.6 Hz), 2.79 (m, 1H, 3J(H,H) = 6.6 Hz), 1.95 (s,
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3H), 1.49 (d, 3H, 3J(H,H) = 5.9 Hz), 1.38 (d, 6H, 3J(H,H) = 6.6 Hz), 1.31 (d, 3H,
3J(H,H) = 6.6 Hz), 1.06 (d, 3H, 3J(H,H) = 5.9 Hz), 1.01 (d, 3H, 3J(H,H) = 6.6
Hz); BC-NMR (CDCl3) §(ppm): 173.1, 166.6, 158.5, 152.1, 142.2, 141.0, 132.9,
130.0, 128.4, 124.9, 123.8, 122.8, 119.2, 105.6, 94.9, 88.2, 84.9, 82.2, 78.7, 31.0,
28.3, 27.7, 26.9, 26.3, 23.4, 22.9, 22.5, 22.2, 18.0.

7a (deep red powder, 71%): '"H-NMR (CDCl3) é(ppm): 7.39 (s, 1H), 7.36 (s, 2H),
7.19 (t, 1H, 3J(H,H) = 6.6 Hz), 6.93 (d, 1H, 3J(H,H) = 8.1 Hz), 6.87 (d, 1H,
3J(H,H) = 6.6 Hz), 6.42 (t, 1H, 3J(H,H) = 7.3 Hz), 5.38 (d, 1H, 3J(H,H) = 5.1
Hz), 5.16 (d, 1H, 3J(H,H) = 5.1 Hz), 4.92 (d, 1H, 3J(H,H) = 5.1 Hz), 4.23 (d, 1H,
3J(HH) = 5.1 Hz), 2.77 (m, 1H, 3J(H,H) = 6.6 Hz), 2.56 (s, 3H), 2.25 (s, 3H),
2.00 (s, 3H), 1.33 (d, 3H, 3J(H,H) = 6.6 Hz), 1.27 (d, 3H, 3J(H,H) = 6.6 Hz);
BC-NMR (CDCl3) §(ppm): 167.5, 166.1, 154.2, 135.9, 135.2, 135.0, 133.1, 132.1,
130.9, 122.3, 120.0, 119.8, 114.7, 105.7, 93.9, 88.2, 85.9, 81.8, 77.8, 31.0, 22.5 (2C),
19.8, 18.8, 17.8.

7b (yellow-orange powder, 82%): 'H-NMR (CDCl3) §(ppm): 8.02 (d, 1H, 3J(H,H)
= 9.7 Hz), 7.95 (s, 1H), 7.48 (s, 1H), 7.41 (s, 1H), 7.39 (s, 1H), 6.88 (d, 1H, 3J(H,H)
= 9.7 Hz), 5.44 (d, 1H, 3J(H,H) = 5.9 Hz), 5.22 (d, 1H, 3J(H,H) = 5.9 Hz), 5.01
(d, 1H, 3J(H,H) = 5.1 Hz), 4.27 (d, 1H, 3J(H,H) = 5.1 Hz), 2.76 (m, 1H, 3J(H,H)
= 6.8 Hz), 2.52 (s, 3H), 2.27 (s, 3H), 2.01 (s, 3H), 1.34 (d, 3H, 3J(H,H) = 6.8 Hz),
1.29 (d, 3H, 3J(H,H) = 6.8 Hz); 3C-NMR (CDCl3) §(ppm): 172.9, 166.3, 153.5,
136.3, 134.3, 133.1, 132.4, 132.3, 131.2, 130.1, 122.9, 120.5, 119.5, 106.3, 94.3, 88.6,
85.9, 82.1, 79.0, 31.2, 22.5, 22.4, 19.6, 18.7, 17.9.

8a (orange-red powder, 81%): 'H-NMR (CDCl;) §(ppm): 7.41 (s, 1H), 7.18 (t,
1H, 3J(H,H) = 7.3 Hz), 7.03 (s, 1H), 6.99 (s, 1H), 6.95 (d, 1H, *J(H,H) = 7.3
Hz), 6.87 (d, 1H, 3J(H,H) = 7.3 Hz), 6.42 (t, 1H, 3J(H,H) = 6.6 Hz), 5.38 (d, 1H,
3J(HH) = 5.9 Hz), 5.17 (d, 1H, 3J(H,H) = 5.9 Hz), 4.94 (d, 1H, 3J(H,H) = 5.1
Hz), 4.23 (d, 1H, 3J(H,H) = 5.1 Hz), 2.78 (m, 1H, 3J(H,H) = 6.6 Hz), 2.53 (s,
3H), 2.38 (s, 3H), 2.23 (s, 3H), 1.99 (s, 3H), 1.32 (d, 3H, 3J(H,H) = 6.6 Hz), 1.27
(d, 3H, 3J(H,H) = 6.6 Hz); *C-NMR (CDCl3) §(ppm): 167.2, 166.0, 153.1, 136.3,
135.5, 135.2, 132.2, 130.5, 130.0, 128.7, 120.2, 114.5, 105.5, 93.8, 88.2, 86.2, 81.8,
77.7, 30.9, 22.5, 22.4, 21.1, 19.8, 18.8, 17.7.

8b (yellow-orange powder, 90%): 'H-NMR (CDCl3) 6(ppm): 8.00 (d, 1H, 3J(H,H)
=9.5Hz), 7.94 (s, 1H), 7.49 (s, 1H), 7.05 (s, 1H), 7.02 (s, 1H), 6.87 (d, 1H, 3J(H,H)
=9.5Hz), 5.43 (d, 1H, 3J(H,H) = 5.9 Hz), 5.20 (d, 1H, 3J(H,H) = 5.9 Hz), 5.01 (d,
1H, 3J(H,H) = 5.1 Hz), 4.25 (d, 1H, 3J(H,H) = 5.1 Hz), 2.76 (m, 1H, 3J(H,H) =
6.6 Hz), 2.49 (s, 3H), 2.38 (s, 3H), 2.24 (s, 3H), 2.00 (s, 3H), 1.33 (d, 3H, 3J(H,H)
= 6.6 Hz), 1.29 (d, 3H, 3J(H,H) = 6.6 Hz); 3C-NMR (CDCl3) é(ppm): 172.8,
166.0, 152.5, 137.0, 136.2, 133.0, 131.5, 130.2, 129.8, 129.6, 129.0, 122.7, 119.7,
106.1, 94.1, 88.6, 86.3, 82.1, 79.0, 31.1, 22.5, 22.4, 21.1, 19.6, 18.7, 17.8.

7.5 Ru-catalyzed quinoline synthesis from ketones

7.5.1 General experimental procedure

A mixture of 2-aminobenzylalcohol (0.1232 g, 1.0 mmol), ketone (2.0 mmol), base
(1.0 mmol, KOH: 250 pl of a 4 M solution in MeOH, other bases in their original



7.5. Ru-catalyzed quinoline synthesis from ketones 117

form) and Ru-catalyst (0.01 mmol) in 3 mL dioxane was placed in a 7 mL screw-
capped vial and allowed to react at 80 °C for 1 h. The catalyst and inorganic salts
were removed from the reaction mixture by filtration through a short silica gel
column (ethyl acetate). The reported quinoline yields correspond to the reaction
using 2 and KOtBu. Yields and retention times (RT) were determined by GC with
the method described in paragraph 7.1.2.

7.5.2 Isolation of quinolines

To isolate the quinoline, the resulting solution was concentrated and passed through
a second silica gel column (ethyl acetate/hexane mixture, 1:4). The solvent was
evaporated and the resulting product was dissolved again in a minimal amount of
ethyl acetate. A pale yellow precipitate formed upon addition of HCI (4 N solution
in dioxane, Aldrich), which was filtered and suspended in an aqueous 1 M NaOH
solution (15 mL). The aqueous phase was extracted with CH2Cly (2 x 15 mL)
and after evaporation of the combined CH,Cls phases, the quinoline was obtained
in good yield (typically 5-10% lower than GC yields). Quinolines Q8 - Q12 did
not precipitate upon addition of HCI. For their isolation, a small modification was
applied. After addition of HCI, the ethyl acetate solution was extracted three times
with 15 mL of water. To the combined water phases were added a few pellets of
KOH and the water phase was extracted with CHyCly (2 x 15 mL). Evaporation
of the combined CHCl; phases yielded the quinoline.

Quinolines Q9 and Q10 were separated by careful column chromatography (ethyl
acetate/hexane, 1:4). Q9 eluated first, followed by Q10. The same technique was
unsuitable for the mixture of Q11 and Q12. Although Q11 started to eluate
slightly before Q12 and could be collected as a pure compound, it was impossible
to obtain pure Q12 as it was always accompanied by the other isomer Q11.

7.5.3 Properties and spectral data of quinolines

2-Phenylquinoline (Q1, white powder, 100%, RT = 104.80 s)

'H-NMR (CDCl3) §(ppm): 8.34 (t, 1H, 3J(H,H) = 8.5 Hz), 8.27-8.15 (m, 3H),
7.90-7.71 (m, 3H), 7.58-7.46 (m, 4H); 3C-NMR (CDCIl3) 6(ppm): 157.6, 148.6,
139.9, 137.0, 130.0, 129.9, 129.6, 129.1 (2C), 127.8 (2C), 127.7, 127.4, 126.5, 119.2.
2-(2-Methylphenyl)quinoline (Q2, pale yellow powder, 100%, RT = 104.85 s)
'H-NMR (CDCl3) §(ppm): 8.10-8.00 (m, 2H), 7.74 (m, 1H), 7.62 (m, 1H), 7.43 (m,
3H), 7.22 (m, 3H), 2.32 (s, 3H); *C-NMR (CDCI3) é(ppm): 160.5, 148.2, 141.0,
136.3, 136.2, 131.1, 130.0, 129.9 (2C), 128.8, 127.8, 127.0, 126.7, 126.3, 122.6, 20.6.
2-(3-MethylPhenyl)quinoline (Q3, white powder, 100%, RT = 110.45 s)
'H-NMR (CDCl3) §(ppm): 8.51 (m, 1H), 8.24 (m, 1H), 7.96 (s, 1H), 7.87-7.66 (m,
4H), 7.48 (m, 1H), 7.33 (m, 1H), 7.23 (m, 1H), 2.38 (s, 3H); *C-NMR (CDCls)
S(ppm): 157.1, 148.5, 139.5, 139.2, 136.9, 131.6, 131.4, 129.3, 129.2, 127.9, 127.8,
127.5, 127.4, 125.7, 119.9, 21.8.

2-(4-MethylPhenyl)quinoline (Q4, pale yellow powder, 100%, RT = 111.05 s)
'H-NMR (CDCl3) 6(ppm): 8.59 (m, 1H), 8.36 (t, 1H, >J(H,H) = 9.5 Hz), 8.14
(d+d, 2H, 3J(H,H) = 8.8 Hz), 7.95-7.77 (m, 3H), 7.60 (m, 1H), 7.38 (d+d, 2H,
3J(H,H) = 8.8 Hz); *C-NMR (CDCl3) §(ppm): 156.0, 146.2, 138.9, 136.5, 134.7,
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129.1, 128.7 (2C), 127.9, 126.7 (2C), 126.4, 126.1, 125.4, 118.0, 20.4.
2-Methoxyphenylquinoline (Q5, pale yellow oil, 100%, RT = 113.40 s)
'H-NMR (CDCl3) §(ppm): 8.15 (m, 2H), 7.90-7.80 (m, 3H), 7.71 (m, 1H), 7.52 (m,
1H), 7.42 (m, 1H), 7.13 (m, 1H), 7.03 (m, 1H), 3.87 (s, 3H); 3C-NMR (CDCl3)
S(ppm): 157.5, 157.4, 148.6, 135.3, 131.8, 130.6, 130.0, 129.9, 129.5, 127.7, 127.3,
126.4, 123.7, 121.5, 111.7, 55.9.

4-Methoxyphenylquinoline (Q6, pale yellow powder, 95%, RT = 120.10 s)
'H-NMR (CDCl3) 6(ppm): 8.16 (m, 4H), 7.86-7.67 (m, 3H), 7.50 (m, 1H), 7.05
(d-+d, 2H, 3J(H,H) = 8.8 Hz), 3.89 (s, 3H); 3C-NMR (CDCl;) §(ppm): 161.1,
157.1, 148.4, 137.0, 132.4, 129.9, 129.7, 129.2 (2C), 127.7, 127.1, 126.2, 118.8, 114.5
(20), 55.6.

2-Methylquinoline (Q8, pale yellow oil, 68%, RT = 59.25 s)

'H-NMR (CDCl3) 6(ppm): 8.05-8.00 (m, 2H, 3J(H,H) = 7.3 Hz), 7.75 (dd, 1H,
3J(H,H) = 7.7 Hz), 7.67 (t, 1H, 3J(HH) = 7.7 Hz), 7.46 (t, 1H, 3J(HLH) = 7.3
Hz), 7.25 (dd, 1H, 3J(H,H) = 8.5 Hz), 2.74 (s, 3H); ¥*C-NMR (CDCIl3) §(ppm):
159.2, 148.0, 136.4, 129.7, 128.8, 127.7, 126.7, 125.9, 122.2, 25.6.
2-Pentylquinoline (Q9, pale yellow oil, 65%, RT = 86.35 s)

'H-NMR (CDCl3) 6(ppm): 7.98-7.95 (m, 2H), 7.67 (d, 1H, 3J(H,H) = 8.1 Hz), 7.59
(t, 1H, 3J(H,H) = 7.3 Hz), 7.38 (t, 1H, 3J(H,H) = 7.3 Hz), 7.20 (d, 1H, 3J(H,H)
= 8.1 Hz), 2.88 (t, 2H, 3J(H,H) = 7.3 Hz), 1.71 (m, 2H), 1.29 (m, 4H), 0.82 (t, 3H,
3J(H,H) = 6.6 Hz); >*C-NMR (CDCl3) d(ppm): 162.1, 146.9, 135.2, 128.2, 127.8,
126.4, 125.6, 124.6, 120.3, 38.3, 30.7, 28.8, 21.6, 13.0.
3-Butyl-2-methylquinoline (Q10, pale yellow powder, 22%, RT = 89.00 s)
'H-NMR (CDCl3) §(ppm): 7.98 (d, 1H, 3J(H,H) = 8.8 Hz), 7.82 (s, 1H), 7.66 (d,
1H, 3J(H,H) = 8.1 Hz), 7.61 (t, 1H, 3J(H,H) = 7.7 Hz), 7.46 (t, 1H, 3J(H,H) =
7.3 Hz), 2.79-2.72 (m, 5H), 1.65 (m, 2H), 1.45 (m, 2H), 0.99 (t, 3H, 3J(H,H) =
6.6 Hz); 13C-NMR (CDCl3) 6(ppm): 157.6, 145.3, 133.5, 133.4, 127.4, 127.2, 126.4,
125.9, 124.6, 31.6, 30.8, 22.2, 21.6, 13.0.

2-Butyl-3-methylquinoline (Q11, pale yellow oil, 62%, RT = 86.35 s)
'H-NMR (CDCl3) §(ppm): 7.91 (d, 1H, 3J(H,H) = 8.1 Hz), 7.64 (s, 1H), 7.55-7.43
(m, 2H), 7.29 (t, 1H, 3J(H,H) = 6.9 Hz), 2.98 (m, 2H), 2.48 (s, 3H), 1.76 (m, 2H),
1.50 (m, 2H), 0.98 (t, 3H, 3J(H,H) = 6.6 Hz); "3C-NMR (CDCls) §(ppm): 161.5,
145.6, 134.7, 128.5, 127.2, 126.4, 126.2, 125.6, 124.5, 35.2, 30.0, 22.0, 18.2, 13.0.
2-Ethyl-3-propylquinoline (Q12, pale yellow oil, 23%, RT = 87.35 s)
LH-NMR (CDCl5) §(ppm): 8.01 (d, 1H), 7.82 (s, 1H), 7.70 (t, 1H), 7.60 (d, 1H),
7.44 (t, 1H), 2.97 (m, 2H), 2.66 (m, 2H), 1.76 (m, 2H), 1.39 (m, 2H), 1.04 (m, 3H);
I3C.NMR (CDCl3) §(ppm): 162.0, 145.5, 133.8, 132.6, 127.8, 127.4, 127.3, 126.2,
125.8, 33.3, 27.8, 22.5, 13.0, 12.6.

3-Methyl-2-phenylquinoline (Q13, pale yellow oil, 100%, RT = 104.10 s)
'H-NMR (CDCI3) 6(ppm): 8.06 (t, 1H, 3J(H,H) = 7.7 Hz), 7.92 (d, 1H, *J(H,H) =
6.6 Hz), 7.69 (t, 1H, 3J(H,H) = 7.3 Hz), 7.59-7.33 (m, 7TH), 2.38 (s, 3H); 13C-NMR,
(CDCl3) §(ppm): 160.8, 146.9, 141.1, 136.9, 129.6, 129.5, 129.1 (2C), 129.0, 128.6
(20), 128.4, 127.8, 127.0, 126.7, 20.9.

5,6,7,8-Tetrahydroacridine (Q14, pale yellow powder, 100%, RT = 90.75 s)
'H-NMR (CDCl3) §(ppm): 7.98 (d, 1H, 3J(H,H) = 8.1 Hz), 7.81 (s, 1H), 7.70 (d,
1H, 3J(H,H) = 8.1 Hz), 7.61 (t, 1H, 3J(H,H) = 7.3 Hz), 7.43 (t, 1H, 3J(H,H) = 7.3
Hz), 3.14 (m, 2H), 2.98 (m, 2H), 2.00 (m, 2H), 1.91 (m, 2H); ¥C-NMR (CDCl3)
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S(ppm): 159.6, 146.8, 135.2, 131.2, 128.8, 128.5, 127.4, 127.1, 125.8, 33.8, 29.5,
23.5, 23.1.

2-Methyl-1,2,3,4-tetrahydroacridine (Q15, pale yellow powder, 100%, RT =
91.15 s)

IH-NMR (CDCl3) 6(ppm): 7.98 (d, 1H, 3.J(H,H) = 8.1 Hz), 7.69 (s, 1H), 7.61 (d,
1H, 3J(H,H) = 8.1 Hz), 7.52 (t, 1H, 3J(HH) = 7.7 Hz), 7.34 (t, 1H, 3J(H,H) =
7.7 Hz), 3.20-2.90 (m, 3H), 2.50 (m, 1H), 1.98 (m, 1H), 1.90 (m, 1H), 1.52 (m, 1H),
1.04 (d, 3H, , *J(H,H) = 6.6 Hz); *C-NMR (CDCl;) §(ppm): 159.3, 146.9, 135.2,
130.8, 128.7, 127.4, 127.1, 125.8, 38.0, 33.4, 31.7, 29.3, 21.9.

11 H-indeno[1,2-b]quinoline (Q16, white powder, 22%, RT = 115.65 s)
IH-NMR (CDCly) §(ppm): 8.31 (s, 1H), 8.19 (m, 2H), 7.83 (m, 1H), 7.70 (m, 1H),
7.61 (m, 1H), 7.51 (m, 3H), 4.05 (s, 2H); BC-NMR (CDCl3) §(ppm): 161.9, 148.3,
145.3, 140.6, 134.9, 131.4, 130.2, 129.9, 129.4. 129.1, 128.0, 127.8, 125.9, 125.7,
122.3, 34.3.

7.5.4 Synthesis of 3-phenylpropiophenone

1 (0.0082 g, 0.01 mmol), benzyl alcohol (0.1081 g, 1.0 mmol), acetophenone (0.1201
g, 1.0 mmol) and KOH powder (0.0561 g, 1.0 mmol) in 3 mL of 1,4-dioxane were
placed in a screw-capped vial and allowed to react for 1 h at 80 °C. The mixture was
passed through a silica gel column (ethyl acetate) and the solvent was evaporated.
3-Phenylpropiophenone was obtained as an orange solid (0.1982 g, 94%).
'H-NMR (CDCI3) §(ppm): 7.95 (d, 2H, 3J(H,H) = 7.3 Hz), 7.55 (t, 1H, 3J(H,H) =
7.3 Hz), 7.44 (t, 2H, 3J(H,H) = 7.7 Hz), 7.24-7.36 (m, 5H), 3.30 (t, 2H, 3J(H,H) =
7.7 Hz), 3.07 (t, 2H, 3J(H,H) = 7.7 Hz); *C-NMR (CDCl3) §(ppm): 199.5, 141.6,
137.1, 133.3, 128.9 (2C), 128.8 (2C), 128.7 (2C), 128.3 (2C), 126.4, 40.7, 30.4.

7.6 Ruthenium-catalyzed synthesis of 3-substituted
quinolines

7.6.1 Method A: slow addition of the aldehyde

2-Aminobenzylalcohol (0.1232 g, 1.0 mmol), 2 (0.0085 g, 0.01 mmol) and KOtBu
(0.1347 g, 1.2 mmol) are dissolved in 2 mL dioxane. Every 15 minutes, 100 pL
of a solution of octanal (0.2564 g, 2.0 mmol) in 1 mL dioxane is added to the
stirring reaction mixture at 80 °C. Before every addition, a sample is taken from
the reaction mixture and analyzed by GC. After the last addition, the reaction is
allowed to react for an additional hour. Via an acidic/basic extraction the quinoline
was isolated and characterized (Q19, vide infra).

7.6.2 Method B: oxazine formation followed by ring closing

2-Aminobenzylalcohol (0.1232 g, 1.0 mmol), aldehyde (1.0 mmol) and dodecane
(internal standard, 0.0426 g, 0.25 mmol) are dissolved in dioxane and reacted for
1 hour at 80 °C to allow complete conversion into the oxazine (verified by GC
analysis). Then, 2 (0.0085 g, 0.01 mmol), KOtBu (0.1347 g, 1.2 mmol) and ben-
zophenone (0.2004 g, 1.1 mmol) were added and the reaction was stirred at 80
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°C for 2 hours. The yields of the 3-substituted quinolines were determined by
GC analysis using dodecane as internal standard. All quinolines were isolated by
an acidic/basic extraction as described earlier and fully characterized by 'H and
I3C-NMR. Retention times (RT) are characteristic for the GC method described
in paragraph 7.1.2.

7.6.3 Spectral data of oxazines

2-propyl-2,4-dihydro-1 H-benzo[d][1,3]oxazine (O1, RT = 75.20 s)
'H-NMR (CDCl3) §(ppm): 7.06 (t, 1H, 3J(H,H) = 5.9 Hz), 6.90 (d, 1H, 3J(H,H)
= 5.1 Hz), 6.80 (t, 1H, 3J(H,H) = 5.9 Hz), 6.67 (d, 1H, 3J(H,H) = 5.1 Hz), 4.93 (d,
1H, 2J(H,H) = -13.9 Hz), 4.80 (d, 1H, 2J(H,H) = -13.9 Hz), 4.54 (¢, 1H, 3J(H,H)
— 5.1 Hz), 3.85 (bs, 1H), 1.70 (m, 2H, 3J(H,H) = 5.9 Hz), 1.54 (m, 2H, 3.J(H,H) =
5.9 Hz), 0.98 (t, 3H, 3J(H,H) = 5.9 Hz); 1*C-NMR (CDCl3) 6(ppm): 141.8, 127.6,
125.2, 122.9, 119.9, 117.5, 84.4, 67.9, 37.5, 18.1, 14.2.
2-butyl-2,4-dihydro-1H-benzo[d][1,3]oxazine (02, RT = 82.70 s)

'H-NMR (CDCls) §(ppm): 7.06 (t, 1H, 3J(H,H) = 7.3 Hz), 6.90 (d, 1H, 3.J(H,H)
= 7.3 Hz), 6.79 (t, 1H, J(H,H) = 7.3 Hz), 6.66 (d, 1H, 3.J(H,H) = 7.3 Hz), 4.93 (d,
1H, 2J(H,H) = -14.7 Hz), 4.80 (d, 1H, 2J(H,H) = -14.7 Hz), 4.53 (t, 1H, 3J(H,H)
= 5.1 Hz), 3.57 (bs, 1H), 1.72 (m, 2H), 1.50 (m, 2H), 1.39 (m, 2H), 0.94 (t, 3H,
3J(H,H) = 6.6 Hz); 13C-NMR, (CDCl3) 6(ppm): 141.8, 127.6, 125.2, 122.8, 119.9,
117.5, 84.6, 67.9, 35.1, 26.9, 22.8, 14.2.
2-heptyl-2,4-dihydro-1H-benzo[d][1,3]oxazine (O3, RT = 102.96 s)
'H-NMR (CDCl3) é(ppm): 7.05 (t, 1H, 3J(H,H) = 7.3 Hz), 6.90 (d, 1H, 3J(H,H)
= 7.3 Hz), 6.78 (t, 1H, 3J(H,H) = 7.3 Hz), 6.65 (d, 1H, 3J(H,H) = 8.1 Hz), 4.93 (d,
1H, 2J(H,H) = -14.7 Hz), 4.79 (d, 1H, 2J(H,H) = -14.7 Hz), 4.52 (t, 1H, 3J(H,H)
= 5.1 Hz), 3.69 (bs, 1H), 1.72 (m, 2H), 1.50 (m, 2H), 1.35-1.20 (m, 8H), 0.89 (t,
3H, 3J(H,H) = 6.6 Hz); 3C-NMR (CDCl3) 6(ppm): 141.9, 127.6, 125.2, 122.8,
119.9, 117.5, 84.7, 67.9, 35.4, 32.0, 20.7, 29.4, 24.8, 22.9, 14.3.
2-isobutyl-2,4-dihydro-1H-benzo[d][1,3]oxazine (04, RT = 79.20 s)
'H-NMR (CDCl3) §(ppm): 7.09 (t, 1H, 3J(H,H) = 7.3 Hz), 6.93 (d, 1H, 3J(H,H)
= 6.6 Hz), 6.83 (t, 1H, 3J(H,H) = 7.3 Hz), 6.69 (d, 1H, 3J(H,H) = 8.1 Hz), 4.96
(d, 1H, 2J(H,H) = -13.9 Hz), 4.82 (d, 1H, 2J(H,H) = -13.9 Hz), 4.61 (dd, 1H,
3J(H,H) = 5.1 + 6.6 Hz), 3.80 (bs, 1H), 1.94 (m, 1H, 3J(H,H) = 6.6 Hz), 1.71 (m,
1H), 1.54 (m, 1H), 1.01 (d, 6H, 3J(H,H) = 5.9 Hz); *C-NMR (CDCl3) §(ppm):
141.8, 127.6, 125.3, 123.0, 120.0, 117.7, 83.4, 67.9, 44.4, 24.5, 23.3, 22.9.
2-benzyl-2,4-dihydro-1 H-benzo[d][1,3]oxazine (O5, RT = 105.25 s)
IH-NMR (CDCl3) §(ppm): 7.40-7.15 (m, 5H), 7.01 (t, 1H, 3.J(H,H) = 7.3 Hz), 6.86
(d, 1H, 3J(H,H) = 6.6 Hz), 6.75 (t, 1H, 3J(H,H) = 7.3 Hz), 6.56 (d, 1H, 3.J(H,H)
= 7.3 Hz), 4.90 (d, 1H, 2J(H,H) = -14.7 Hz), 4.79 (d, 1H, 2J(H,H) = -14.7 Hz),
4.57 (s, 1H), 3.30 (bs, 1H), 3.10 (m, 1H), 2.94 (m, 1H); ¥*C-NMR (CDCl3) §(ppm):
141.8, 136.3, 129.9, 129.0, 128.4, 127.6, 127.2, 125.2, 122.9, 119.9, 117.2, 84.7, 67.9,
41.8.

2-phenethyl-2,4-dihydro-1H-benzo[d][1,3]oxazine (06, RT = 112.99 s)
'H-NMR (CDCl3) §(ppm): 7.30-7.09 (m, 5H), 7.04 (t, 1H, 3J(H,H) = 7.3 Hz), 6.88
(d, 1H, 3J(H,H) = 6.6 Hz), 6.78 (t, 1H, 3J(H,H) = 7.3 Hz), 6.62 (d, 1H, 3J(H,H) =
8.1 Hz), 4.91 (d, 1H, 2J(H,H) = -14.7 Hz), 4.81 (d, 1H, 2J(H,H) = -14.7 Hz), 4.51
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(s, 1H), 3.47 (bs, 1H), 2.92-2.75 (m, 2H), 2.02 (m, 2H); 13C-NMR (CDCl3) §(ppm):
141.8, 128.9 (2C), 128.8 (2C), 127.7, 126.6, 126.4, 125.3, 122.9, 120.1, 117.6, 83.9,
67.9, 36.9, 31.0.

2-(2-phenylpropyl)-2,4-dihydro-1 H-benzo[d][1,3]oxazine (O7, RT = 112.45
s)
'H-NMR (CDCl3) §(ppm): 7.29-7.18 (m, 5H), 7.02 (t, 1H, 3J(H,H) = 7.3 Hz), 6.84
(d, 1H, 3J(H,H) = 7.3 Hz), 6.77 (t, 1H, 3J(H,H) = 7.3 Hz), 6.68 (d, 1H, 3J(H,H) =
7.3 Hz), 4.79 (m, 2H), 4.23 (m, 1H), 3.48 (bs, 1H), 3.09 (m, 1H), 2.12-1.90 (m, 2H),
1.31 (d, 3H, 3J(H,H) = 5.9 Hz); ¥C-NMR (CDCIl3) §(ppm): 146.5, 141.9, 128.8
(20), 127.5, 127.3 (2C), 126.6, 125.2, 123.0, 120.0, 117.6, 83.2, 67.8, 43.9, 36.2, 23.1.

7.6.4 Properties and spectral data of quinolines

3-Ethylquinoline (Q17, pale yellow oil, 94%, RT = 70.30 s)

'H-NMR (CDCl3) §(ppm): 8.79 (s, 1H), 8.07 (d, 1H, 3J(H,H) = 8.1 Hz), 7.92 (s,
1H), 7.76 (d, 1H, 3J(H,H) = 7.3 Hz), 7.65 (t, 1H, 3J(H,H) = 7.3 Hz), 7.51 (t,
1H, 3J(H,H) = 7.3 Hz), 2.85 (m, 2H), 1.36 (t, 3H, 3J(H,H) = 7.3 Hz); *C-NMR
(CDCl3) 6(ppm): 152.1, 146.9, 136.9, 133.6, 129.4, 128.7, 128.5, 127.5, 126.8, 26.5,
15.5.

3-Propylquinoline (Q18, pale yellow oil, 95%, RT = 77.05 s)

IH-NMR (CDCl3) §(ppm): 8.76 (s, 1H), 8.07 (d, 1H, 3J(H,H) = 8.1 Hz), 7.89 (s,
1H), 7.75 (d, 1H, 3J(H,H) = 7.3 Hz), 7.64 (t, 1H, 3J(H,H) = 7.3 Hz), 7.49 (t, 1H,
3J(H,H) = 7.3 Hz), 2.75 (t, 2H, 3J(H,H) = 7.3 Hz), 1.72 (m, 2H), 0.98 (t, 3H,
3J(H,H) = 7.3 Hz); BC-NMR (CDCl3) §(ppm): 152.3, 146.9, 135.4, 134.5, 129.3,
128.8, 128.4, 127.6, 126.8, 35.5, 24.5, 13.9.

3-Hexylquinoline (Q19, pale yellow oil, >99%, RT = 97.60 s)

IH-NMR (CDCl3) §(ppm): 8.77 (s, 1H), 8.08 (d, 1H, 3J(H,H) = 8.1 Hz), 7.92 (s,
1H), 7.76 (d, 1H, 3J(H,H) = 8.1 Hz), 7.65 (t, 1H, 3J(H,H) = 7.3 Hz), 7.52 (t, 1H,
3J(H,H) = 7.3 Hz), 2.78 (t, 2H, 3J(H,H) = 7.3 Hz), 1.70 (m, 2H), 1.32 (bm, 6H),
0.88 (bs, 3H); BC-NMR (CDCl3) §(ppm): 152.0, 146.5, 135.7, 129.3, 128.9, 128.5,
127.5, 126.9, 33.4, 31.9, 29.1, 22.8, 14.3.

3-Isopropylquinoline (Q20, pale yellow oil, >99%, RT = 74.95 s)

'H-NMR (CDCl3) §(ppm): 8.82 (s, 1H), 8.08 (d, 1H, 3J(H,H) = 8.8 Hz), 7.93 (s,
1H), 7.76 (d, 1H, 3J(H,H) = 8.1 Hz), 7.65 (t, 1H, 3J(H,H) = 7.0 Hz), 7.51 (t, 1H,
3J(HH) = 7.3 Hz), 3.13 (m, 1H, 3J(H,H) = 7.0 Hz), 1.36 (d, 6H, 3J(HH) = 7.3
Hz); BC-NMR (CDCl3) d(ppm): 151.2, 146.9, 141.4, 132.3, 129.1, 128.8, 128.5,
127.7, 126.8, 32.1, 23.9.

3-Phenylquinoline (Q21, pale yellow solid, 84%, RT = 104.90 s)

IHL.NMR (CDCl3) 8(ppm): 9.17 (s, 1H), 8.24 (s, 1H), 8.14 (d, 1H, J(H,H) =
8.8 Hz), 7.83 (d, 1H, J(H,H) = 8.1 Hz), 7.71-7.66 (m, 3H), 7.56-7.38 (m, 4H);
IBC.NMR (CDCl3) §(ppm): 150.2, 147.6, 138.1, 134.0, 133.3, 129.6, 129.5, 129.4,
128.6, 128.4, 128.3, 127.7, 127.2.

3-Benzylquinoline (Q22, light brown oil, 85%, RT = 110.58 s)

'H-NMR (CDCl3) §(ppm): 8.81 (s, 1H), 8.07 (d, 1H, 3J(H,H) = 8.8 Hz), 7.87 (s,
1H), 7.72 (d, 1H, 3J(H,H) = 8.1 Hz), 7.65 (t, 1H, 3J(H,H) = 7.3 Hz), 7.50 (t, 1,
3J(HH) = 7.3 Hz), 7.34-7.21 (m, 5H), 4.15 (s, 2H); BC-NMR (CDCly) d(ppm):
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152.4, 147.1, 139.9, 135.1, 134.1, 129.4, 129.2, 129.1, 129.0, 128.6, 127.7, 127.0,
126.8, 39.5.

3-(1-Phenylethyl)quinoline (Q23, light brown solid, 71%, RT = 108.35 s)
'H-NMR (CDCl3) §(ppm): 8.80 (s, 1H), 8.07 (d, 1H, 3J(H,H) = 8.1 Hz), 7.93 (s,
1H), 7.75 (d, 1H, 3J(H,H) = 8.1 Hz), 7.65 (t, 1H, 3J(H,H) = 7.0 Hz), 7.51 (t, 1H,
3 J(H,H) = 7.0 Hz), 7.33-7.20 (m, 5H), 4.36 (q, 1H, 3J(H,H) = 7.3 Hz), 1.75 (d, 3H,
3J(H,H) = 7.3 Hz); 3C-NMR (CDCl3) 6(ppm): 152.0, 146.9, 145.1, 139.2, 133.4,
129.2, 129.1, 128.9, 128.3, 127.9, 127.8, 126.9, 126.8, 42.8, 21.9.

7.7 Base-mediated quinoline synthesis

7.7.1 Procedure for quinoline synthesis from ketones

A mixture of 2-aminobenzylalcohol (0.1232 g, 1.0 mmol), ketone (2.0 mmol, unless
otherwise stated) and base (1.5 mmol) in 3 mL dioxane was placed in a 7 mL screw-
capped vial. When KOtBu or NaOEt was used, the solution could immediately
be allowed to react at 80 °C for 1 h. Addition of NaH however, resulted in the
evolution of hydrogen gas. After approximately 20 minutes, the bubbling ceased
and the solution was also allowed to react at 80 °C for 1 h. The inorganic salts
were removed from the reaction mixture by filtration through a short silica gel
column (ethyl acetate). The reported quinoline yields were determined by GC
with dodecane as internal standard. To isolate the quinolines, the same procedure
as described for the ruthenium-catalyzed process could be applied.

7.7.2 Procedure for the synthesis of 3-substituted quinolines

2-Aminobenzylalcohol (0.1232 g, 1.0 mmol), aldehyde (1.0 mmol) and dodecane
(internal standard, 0.0426 g, 0.25 mmol) were dissolved in 1,4-dioxane and reacted
for 1 hour at 80 °C to allow complete conversion into the oxazine (verified by GC
analysis). Then, KOtBu (0.1347 g, 1.2 mmol) and benzophenone (0.2004 g, 1.1
mmol) were added and the reaction was stirred at 80 °C for 2 hours. The yields
of the 3-substituted quinolines were determined by GC analysis using dodecane as
internal standard.

7.7.3 Synthesis of 2-acetamidobenzyl acetate (ABA”)

2-Aminobenzylalcohol (0.1232 g, 1.0 mmol) and triethylamine (695 pL, 5.0 mmol)
are dissolved in 6 mL diethylether and acetyl chloride (0.1963 g, 2.5 mmol) is added
dropwise. The solution is stirred overnight at room temperature. After removing
the amine salt by filtration, the solvent is removed in vacuo. The crude product
was purified by column chromatography (ethyl acetate) and after evaporation of
the solvent the title compound was isolated as a white solid (Yield: 77%).
'H-NMR (CDCl3) 6(ppm): 8.79 (bs, 1H), 7.96 (d, 1H, 3J(H,H) = 7.3 Hz), 7.35
(m, 2H), 7.13 (t, 1H, 3J(H,H) = 6.6 Hz), 5.11 (s, 2H), 2.23 (s, 3H), 2.10 (s, 3H);
BC-NMR (CDCl3) §(ppm): 172.7, 169.0, 136.9, 132.0, 130.3, 126.0, 125.0, 123.9,
63.7, 24.6, 21.2.
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MS m/z: [MT*] 207; Mt - CH3CO] 164; [M* - CH3CO - CH,COJ 122; M+ -
CH;3CO - CH,CO - OH] 105; [CH3CO™] 43.
The mono-acylated 2-aminobenzylalcohol (ABA’) could not be synthesized as a

pure compound.
MS m/z: [MT] 165; [M+ - CH3CO] 122; [M*+ - CH3CO - OH] 105; [CH;CO™] 43.

7.7.4 Self-condensation of 2-heptanone

2-Heptanone (0.1142 g, 1.0 mmol) and KOtBu (0.1346 g, 1.2 mmol) are dissolved
in 1 mL 1,4-dioxane and stirred for 1 h at 80 °C. After filtration over a short silica
gel column (ethyl acetate) the solution was analyzed by GC-MS.

MS m/z: [M*] 210 (dimers); 306 (trimers).

7.8 Ruthenium-catalyzed synthesis of enol esters

7.8.1 General experimental procedure

A mixture of alkyne (1.0 mmol), carboxylic acid (1.1 mmol), hexadecane (0.25
mmol) and Ru-catalyst (0.01 mmol) in 1 mL toluene was placed in a 7 mL screw-
capped vial and allowed to react at 110 °C. At certain time intervals, a 20 pl sample
was taken out of the solution with a microsyringe. The catalyst was removed
from this sample by filtration through a short silica gel column (ethyl acetate).
The reported alkyne conversion and enol ester yields were determined by GC,
with hexadecane as internal standard. For the reaction of phenylacetylene with
trichloroacetic acid, dodecane was used as internal standard because the peaks of
the formed enol esters overlapped with the peak hexadecane.

7.8.2 Procedure for the addition of NHC ligands
Activation of the NHC ligand

Typically, a 0.2 M stock solution is prepared. The procedure for 41 is given here as
an example, but for the other NHC’s similar procedures were followed. The NHC
41 (0.0573 g, 0.24 mmol) was suspended in 720 pl toluene and 480 pl KHMDS
solution (1 M in toluene) was added to obtain a total volume of 1.2 mL. Stirring
for 20 minutes resulted in a pale yellow solution with colorless KCI precipitation.
100 pl of this solution contains 0.02 mmol “active” NHC (2 equivalents versus the
catalyst).

Setting up the reaction

The catalyst (0.01 mmol) was weighed in a 7 mL screw-capped vial. The appro-
priate volume of activated NHC is added and the mixture is stirred for 30 minutes
at room temperature. Then the alkyne, carboxylic acid and hexadecane are added
and the reaction is performed as usual.
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7.8.3 Procedure for the addition of bases

The general experimental procedure as described above was followed. The base
(0.05 mmol) was added last. Solid inorganic bases were weighed, organic bases
were added volumetrically. KHMDS was added as a 1 M solution in toluene.

7.8.4 Isolation of enol esters

Enol esters Ela-c, E4a-c, E7a-c, and E8a-c were isolated by vacuum distilla-
tion. The other enol esters were purified by column chromatography (ethyl ac-
etate/hexane 1:4). It was impossible to separate the three isomers.

7.8.5 Properties and spectral data of enol esters

The reported yields correspond to the reaction using standard reaction conditions
and 4a as catalyst. Reaction times are indicatied in parentheses. Retention times
(RT) are characteristic for the GC method described in paragraph 7.1.2.
1-Phenylvinyl acetate (Ela, yellow oil, 3.3% (300 min), RT = 148.85 s): 'H-
NMR (CDCls) §(ppm): 7.50-7.25 (m, 5H), 5.54 (s, 1H), 5.09 (s, 1H), 2.23 (s, 3H);
IBC-NMR (CDCl3) 6(ppm): 169.3, 168.2, 153.5, 129.7, 129.2, 128.8 (2C), 125.2
(2C), 102.4, 21.2.

(Z)-Styryl acetate (E1b, 20.1% (300 min), RT = 155.30 s): 'H-NMR (CDCl3)
d(ppm): 7.64 (d, 1H, 3J(H,H) = 7.3 Hz), 7.50-7.25 (m, 5H), 5.75 (d, 1H, 3J(H,H)
= 7.3 Hz), 2.23 (s, 3H); ¥3C-NMR (CDCl3) é(ppm): 167.7, 134.4, 134.2, 129.4
(20), 128.7 (20), 127.6, 112.1, 21.1.

(E)-Styryl acetate (Elc, 37.1% (300 min), RT = 158.80 s): 'H-NMR (CDCl3)
§(ppm): 7.91 (d, 1H, 3J(H,H) = 13.9 Hz), 7.50-7.25 (m, 5H), 6.44 (d, 1H, 3J(H,H)
= 13.9 Hz), 2.23 (s, 3H); 3C-NMR (CDCl3) é(ppm): 168.2, 136.5, 134.4, 129.0
(20), 127.7, 126.5 (2C), 115.5, 20.9.

1-Phenylvinyl 2,2,2-trichloroacetate (E2a, yellow/brown oil, 61.8% (40 min),
RT = 185.45 s): '"H-NMR. (CDCl3) 6(ppm): 7.61 (d, 2H, 3J(H,H) = 7.3 Hz), 7.44-
7.36 (m, 3H), 5.65 (s, 1H), 5.29 (s, 1H); 3C-NMR (CDCl3) 6(ppm): 160.2, 153.5,
130.0, 129.1 (2C), 125.2 (2C), 102.8, 90.0.

(Z)-Styryl 2,2,2-trichloroacetate (E2b, 19.9% (40 min), RT = 191.35 s): 'H-
NMR (CDCl3) §(ppm): 7.61 (d, 2H, 3J(H,H) = 7.3 Hz), 7.44-7.36 (m, 3H), 7.30
(d, 1H, 3J(H,H) = 7.3 Hz), 6.00 (d, 1H, *J(H,H) = 7.3 Hz); *C-NMR (CDCl3)
d(ppm): 160.2, 133.9, 132.9, 129.9 (2C), 128.9 (2C), 128.6, 116.0, 90.0.
1-Phenylvinyl benzoate (E3a, orange oil, 5.0% (180 min), RT = 234.10 s): 'H-
NMR (CDCl3) 6(ppm): 8.19 (m, 2H), 7.70-7.20 (m, 8H), 5.58 (s, 1H), 5.16 (s, 1H);
I3C-NMR (CDCIl3) 6(ppm): 165.1, 153.5, 133.9, 130.4 (2C), 129.5, 129.3, 129.0,
128.9 (2C), 128.8 (2C), 125.2 (2C), 102.6.

(Z)-styryl benzoate (E3b, 24.3% (180 min), RT = 246.15 s): 'H-NMR (CDCl3)
§(ppm): 8.15 (m, 2H), 7.70-7.20 (m, 9H), 5.85 (d, 1H, 3J(H,H) = 7.3 Hz); 13C-
NMR (CDCl3) &(ppm): 162.4, 133.2, 133.0, 132.7, 129.1 (2C), 128.7, 128.2 (2C),
127.7 (2C), 127.5 (2C), 126.3, 111.6.

(E)-styryl benzoate (E3c, 29.8% (180 min), RT = 267.75 s): 'H-NMR (CDCls)
§(ppm): 8.15 (m, 2H), 8.09 (d, 1H, 3J(H,H) = 14.4 Hz), 7.70-7.20 (m, 8H), 6.58 (d,
1H, 3J(H,H) = 14.4 Hz); 3*C-NMR (CDCl3) §(ppm): 162.6, 135.4, 133.1, 132.6,
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129.0 (2C), 128.7, 127.7 (2C), 127.5 (2C), 126.4, 125.3 (2C), 114.8.
Oct-1-en-2-yl acetate (E4a, colorless oil, 11.1% (180 min), RT = 132.55 s):
'H-NMR (CDCl3) 6(ppm): 4.72 (s, 1H), 4.71 (s, 1H), 2.11 (s, 3H), 2.00 (m, 2H),
1.45-1.20 (m, 8H), 0.89 (bs, 3H); 3C-NMR (CDCl3) §(ppm): 169.3, 156.8, 101.2,
33.5, 31.8, 28.8, 26.6, 22.8, 21.2, 14.2.

(Z)-Oct-1-enyl acetate (E4b, 44.4% (180 min), RT = 137.70 s): 'H-NMR
(CDCls) &(ppm): 7.00 (d, 1H, 3J(HH) = 6.6 Hz), 4.88 (m, 1H), 2.11 (s, 3H),
2.00 (m, 2H), 1.45-1.20 (m, 8H), 0.89 (bs, 3H); 13C-NMR (CDCls) &(ppm): 168.3,
134.1, 114.4, 31.8, 29.3, 29.0, 24.6, 22.8, 20.8, 14.2.

(E)-Oct-1-enyl acetate (E4c, 21.6% (180 min), RT = 141.95 s): 'H-NMR
(CDCls) d(ppm): 7.06 (d, 1H, 3J(H,H) = 12.5 Hz), 5.41 (m, 1H), 2.11 (s, 3H),
2.00 (m, 2H), 1.45-1.20 (m, 8H), 0.89 (bs, 3H); 3C-NMR (CDCl3) §(ppm): 168.4,
135.6, 115.2, 31.8, 29.7, 28.9, 27.4, 22.8, 20.8, 14.2.

Oct-1-en-2-yl 2,2,2-trichloroacetate (E5a, yellow oil, 57.4% (20 min), RT =
174.05 s): 'H-NMR (CDCl3) §(ppm): 4.95 (s, 1H), 4.88 (s, 1H), 2.31 (m, 2H),
1.52 (m, 2H), 1.40-1.20 (m, 6H), 0.89 (bs, 3H); *C-NMR (CDCl3) 6(ppm): 156.9,
153.5, 102.3, 90.0, 32.7, 31.7, 28.7, 26.4, 22.7, 14.3.

(Z)-Oct-1-enyl 2,2,2-trichloroacetate (E5b, 30.9% (20 min), RT = 177.65 s):
'H-NMR (CDCl3) §(ppm): 6.99 (d, 1H, 3J(H,H) = 6.6 Hz), 5.18 (m, 1H), 2.31 (m,
2H), 1.52 (m, 2H), 1.40-1.20 (m, 6H), 0.89 (bs, 3H); *C-NMR (CDCl3) ¢(ppm):
160.2, 134.8, 118.6, 90.0, 31.7, 29.0, 28.9, 24.5, 22.8, 14.3.

Oct-1-en-2-yl benzoate (E6a, orange oil, 21.2% (180 min), RT = 202.90 s):
'H-NMR (CDCI3) é(ppm): 8.08 (d, 2H, 3J(H,H) = 6.6 Hz), 7.58 (m, 1H), 7.45 (m,
2H), 4.85 (s, 1H), 4.83 (s, 1H), 2.35 (m, 2H), 1.52 (m, 2H), 1.38-1.22 (m, 6H), 0.88
(bs, 3H); ¥C-NMR (CDCl3) 6(ppm): 165.0, 157.1, 133.5, 130.2 (2C), 129.6, 128.7
(20), 101.5, 33.7, 31.8, 28.9, 26.8, 22.8, 14.3.

(Z)-Oct-1-enyl benzoate (E6b, 42.6% (180 min), RT = 211.35 s): 'H-NMR
(CDCl3) 6(ppm): 8.08 (d, 2H, 3J(H,H) = 6.6 Hz), 7.58 (m, 1H), 7.45 (m, 2H), 7.16
(d, 1H, 3J(H,H) = 6.6 Hz), 5.00 (m, 1H), 2.35 (m, 2H), 1.52 (m, 2H), 1.38-1.22 (mm,
6H), 0.88 (bs, 3H); *C-NMR (CDCl3) d(ppm): 163.8, 134.4, 133.6, 130.1 (2C),
129.7, 128.8 (2C), 115.2, 31.9, 29.4, 29.1, 24.9, 22.9, 14.3.

(E)-Oct-1-enyl benzoate (E6c, 20.4% (180 min), RT = 223.90 s): 'H-NMR
(CDCls) §(ppm): 8.08 (d, 2H, 3J(H,H) = 6.6 Hz), 7.58 (m, 1H), 7.45 (m, 2H),
7.23 (d, 1H, 3J(H,H) = 11.7 Hz), 5.59 (m, 1H, 3J(H,H) = 11.7 Hz), 2.35 (m, 2H),
1.52 (m, 2H), 1.38-1.22 (m, 6H), 0.88 (bs, 3H); 3C-NMR (CDCl3) 6(ppm): 164.1,
135.8, 133.6, 130.1 (2C), 129.7, 128.8 (2C), 115.9, 31.9, 29.8, 29.0, 27.6, 22.9, 14.3.
3,3-Dimethylbut-1-en-2-yl acetate (E7a, colorless liquid, 7.8% (270 min), RT
— 94.65 s): "H-NMR (CDCl3) 6(ppm): 4.78 (s, 1H), 4.55 (s, 1H), 2.04 (s, 3H), 0.98
(s, 9H); 1¥*C-NMR (CDCl3) §(ppm): 169.3, 162.7, 99.3, 36.3, 28.0 (3C), 21.6.
(Z)-3,3-Dimethylbut-1-enyl acetate (E7b, 49.1% (270 min), RT = 97.35 s):
'H-NMR (CDCl3) §(ppm): 6.74 (d, 1H, 3J(H,H) = 16.6 Hz), 4.66 (d, 1H, 3J(H,H)
= 6.6 Hz), 2.04 (s, 3H), 1.07 (s, 9H); 3C-NMR (CDCl;) §(ppm): 167.8, 132.2,
123.5, 32.1, 30.6 (3C), 21.2.

(E)-3,3-Dimethylbut-1-enyl acetate (E7c, 13.0% (270 min), RT = 101.40 s):
'H-NMR (CDCl3) é(ppm): 6.98 (d, 1H, 3J(H,H) = 12.5 Hz), 5.39 (d, 1H, 3.J(H,H)
= 12.5 Hz), 2.04 (s, 3H), 1.02 (s, 9H); *C-NMR (CDCl3) d(ppm): 168.5, 133.5,
126.3, 31.3, 29.9 (3C), 21.0
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3,3-Dimethylbut-1-en-2-yl 2,2,2-trichloroacetate (E8a, yellow oil, 63.9% (20
min), RT = 143.05 s): 'H-NMR (CDCl3) §(ppm): 4.99 (s, 1H), 4.88 (s, 1H), 1.17
(s, 9H); BC-NMR (CDCl3) §(ppm): 163.6, 160.3, 99.7, 90.4, 36.7, 27.7 (3C).
(Z)-3,3-Dimethylbut-1-enyl 2,2,2-trichloroacetate (E8b, 22.1% (20 min),
RT = 146.00 s): 'H-NMR (CDCl3) 6(ppm): 6.85 (d, 1H, 3.J(H,H) = 6.6 Hz), 5.04
(d, 1H, 3J(H,H) = 6.6 Hz), 1.17 (s, 9H); 3C-NMR (CDCly) §(ppm): 163.6, 132.6,
127.2, 90.4, 32.2, 30.6 (3C).

(E)-3,3-Dimethylbut-1-enyl 2,2,2-trichloroacetate (E8c, 2.1% (20 min), RT
= 148.91 s): 'H-NMR (CDCl3) 6(ppm): 7.00 (d, 1H, 3J(H,H) = 12.5 Hz), 5.78 (d,
1H, 3J(HH) = 12.5 Hz), 1.17 (s, 9H); *C-NMR (CDCl;) 6(ppm): 163.6, 130.2,
126.5, 90.4, 31.2, 29.7 (3C).

3,3-Dimethylbut-1-en-2-yl benzoate (E9a, orange oil, 19.7% (420 min), RT =
169.60 s): 'H-NMR (CDCl3) &(ppm): 8.13 (d, 2H, 3.J(H,H) = 6.6 Hz), 7.62 (t, 11,
3 J(H,H) = 6.6 Hz), 7.50 (t, 2H, 3J(H,H) = 7.3 Hz), 5.01 (s, 1H), 4.84 (s, 1H), 1.21
(s, 9H); 13C-NMR (CDCl3) 6(ppm): 165.0, 162.9, 133.5, 130.2 (2C), 129.7, 128.7
(2C), 99.5, 36.7, 28.1 (3C).

(E)-3,3-Dimethylbut-1-enyl benzoate (E9b, 40.2% (420 min), RT = 174.15s):
THNMR (CDCls) §(ppm): 8.13 (d, 2H, J(H,H) = 6.6 Hz), 7.62 (t, 1H, 3J(FH,H)
= 6.6 Hz), 7.50 (t, 2H, 3J(H,H) = 7.3 Hz), 7.19 (d, 1H, 3J(H,H) = 7.3 Hz), 4.92
(d, 1H, 3J(H,H) = 7.3 Hz), 1.28 (s, 9H); 3C-NMR (CDCls) §(ppm): 163.8, 133.7,
132.4, 130.1 (2C), 129.6, 128.9 (2C), 124.1, 32.3, 30.9 (3C).
(Z)-3,3-Dimethylbut-1-enyl benzoate (E9c, 8.4% (420 min), RT = 177.75 s):
THNMR (CDCls) 8(ppm): 8.13 (d, 2H, J(H,H) = 6.6 Hz), 7.62 (t, 1H, 3J(H,H)
— 6.6 Hz), 7.50 (t, 2H, 3J(H,H) = 7.3 Hz), 7.34 (d, 1H, 3J(H,H) = 13.2 Hz), 5.71
(d, 1H, 3J(H,H) = 13.2 Hz), 1.15 (s, 9H); *C-NMR (CDCl3) §(ppm): 164.3, 133.6,
130.2 (2C), 129.8, 128.9 (2C), 128.7, 31.5, 30.1.

y-Methylene-v-butyrolactone (E10a, >95 %): 'H-NMR (CDCl3) §(ppm): 4.59
(s, 1H), 3.97 (s, 1H), 2.11 (m, 2H), 1.93 (m, 2H); 13C-NMR (CDCl3) §(ppm): 173.9,
156,5 87.3, 27.3, 24.7.
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8.1 Quinoline synthese

8.1.1 Inleiding

Het quinoline skelet is aanwezig in verschillende natuurlijke medicinale alkaloiden.
Ze vinden onder andere toepassingen als geneesmiddel tegen malaria, astma en
kanker. Verder worden quinolines gebruikt in kleurstoffen, agrochemische produc-
ten en polymeren. De basistructuur van quinoline wordt voorgesteld in Figuur 8.1.

5 4
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Figuur 8.1: De algemene structuur van quinoline.

Veel klassieke methoden om quinolines te synthetiseren hebben het nadeel van
moeilijke reactieomstandigheden of lage opbrengsten. Daarom zijn er de laatste ja-
ren verschillende organometaal-gekatalyseerde procedures ontwikkeld. In dit proef-
schrift wordt gebruik gemaakt van een gemodificeerde Friedlander methode, voor
het eerst voorgesteld door de onderzoeksgroep van Cho en Shim. Traditioneel ver-
trekt men in de Friedlander synthese van aminobenzaldehydes, maar de prijs en
instabiliteit van deze producten en de neiging tot zelfcondensatie vormden lange
tijd een rem op de ontwikkeling van deze methode. In de gemodificeerde versie
vertrekt men van het stabiele 2-aminobenzylalcohol dat met behulp van een ru-
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thenium katalysator in-situ geoxideerd wordt tot het aminobenzaldehyde. In de
aanwezigheid van een base wordt dan via een aldol-type cyclo-additiereactie met
een keton het quinoline bekomen. Figuur 8.2 stelt het globale reactieschema voor.

RZ
(0] [Ru] A
OH
Ej\/\ * Rz\) ‘\Rl base [j\/:[ .
NH, N” TR
Figuur 8.2: Globale reactie van de gemodificeerde Friedlander methode.

Ook koper, palladium en iridium katalysatoren werden ontwikkeld voor de gemo-
dificeerd Friedlander methode. Andere methoden voor de synthese van quinolines
zijn onder andere gebaseerd op ringsluiting metathese, multi-component koppe-
lingsreacties of Diels Alder reacties.

8.1.2 Ruthenium katalysatoren voor quinoline synthese

De eerste generatie Grubbs katalysator (1) werd beschreven als beste katalysa-
tor voor de gemodificeerde Friedlander methode, maar het aantal geteste rutheni-
um complexen is vrij beperkt. Daarom werd in dit werk een systematische stu-
die ondernomen van verschillende ruthenium katalysatoren met een gevarieerde
ligand-omgeving. De belangrijkste complexen staan weergegeven in Figuur 8.3.
Ruthenium-arene complexen en complexen met Schiffse base liganden werden reeds

o= o SRu=\ cﬂ“f“\
PC (S
ve PCy; Ph cl PR3
1 2 R = Mes 1la R =phenyl
18 R =Me 11b R = cyclohexyl

19 R = cyclohexyl
20 R = n-octyl

R AR R =H/NO,
| | Ll 4al4b  R=Me
% o” Ru 5a/5b R = cyclohexyl

: 6a/6b R =26-PrCeHs
7al/7b R =4-Br-2,6-MeCgH,
8a/8b  R=246-MeCgH,

Figuur 8.3: Katalysatoren voor quinoline synthese.

beschreven in katalytische oxidatiereacties. Vandaar dat een reeks ruthenium-
Schiffse base complexen 4a,b-8a,b werd gesynthetiseerd en getest voor quinoline
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synthese. Daarnaast werd ook variaties op de Grubbs katalysator onderzocht.

Als modelreactie werd gekozen voor de koppeling tussen 2-aminobenzylalcohol en
acetofenon. De tweede generatie Grubbs katalysator (2) kwam duidelijk naar voor
als beste katalysator. Het ruthenium dimeer [RuCly(p-cymene)]s en Schiffse base
complexen 4a,b-8a,b waren weinig of niet actief terwijl complexen 11a en 11b
een matige activiteit vertoonden.

De tweede generatie Grubbs katalysator werd gebruikt om een gamma aan keto-
nen te koppelen met 2-aminobenzylalcohol, en over het algemeen werden goede
tot uitstekende quinoline opbrengsten verkregen. Wanneer er in het keton twee
a-protonen aanwezig zijn, zoals bvb bij 2-heptanon, worden er twee quinoline iso-
meren gevormd.

Niet alleen de katalysator heeft een invloed op de reactie. Ook de keuze van de
base is zeer belangrijk. De functie van de base is immers het onttrekken van
het a-proton van het keton, in de cross-aldol reactie met het in-situ gevormde 2-
aminobenzaldehyde. Klassiek wordt KOH in poedervorm gebruikt. Het toevoegen
van KOH als oplossing in methanol is niet alleen handiger, door de hogere ho-
mogeniteit zorgt het ook voor een snellere reactie. De sterke base KOtBu gaf de
hoogste quinoline opbrengsten in de kortste tijd. Organische basen zoals EtsN, die
het voordeel hebben van goede oplosbaarheid, bleken inefficiént.

Het reactiemechanisme, voorgesteld in Figuur 8.4, is vrij complex en bestaat wel-
licht uit twee verschillende reactiewegen. De ruthenium katalysator bewerkstelligt
de oxidatie van 2-aminobenzylalcohol (A) tot 2-aminobenzaldehyde (B). Hierbij
wordt een [RuHs] species gevormd, die de oorspronkelijke katalysator regenereert
door afgifte van de waterstofatomen aan het aanwezige keton C. Hierbij wordt het
corresponderende alcohol C’ gevormd, wat bevestigd wordt via gas chromatografie.
Een tweede equivalent van het keton ondergaat in de aanwezigheid van een base
een cross-aldol reactie met het benzaldehyde ter vorming van E. Deze molecule kan
via een cyclocondensatie reactie (“iminatie”) omgevormd worden tot een cyclish
imine F. Eliminatie van water levert vervolgens het quinoline Q.

In een tweede mogelijke reactieweg gebeurt de eliminatie van water al bij component
E, ter vorming van het a, §-onverzadigd keton G. Directe ringsluiting vanuit G is
onwaarschijnlijk omdat voornamelijk het trans-isomeer gevormd wordt. Echter, de
dubbele binding kan gehydrogeneerd worden door het [RuHs] species waarbij H
gevormd wordt. Cyclocondensatie gevolgd door dehydrogenatie resulteert dan in
het quinoline.

8.1.3 Synthese van 3-gesubstitueerde quinolines

De reactie van 2-aminobenzylalcohol met ketonen levert 2- of 2,3-gesubstitueerde
quinolines. In principe kunnen 3-gesubstitueerde quinolines gevormd worden door
een analoge reactie met aldehydes, maar in de praktijk blijkt dit niet zo een-
voudig. Daarom werd een nieuwe methode ontwikkeld voor de synthese van 3-
gesubstitueerde quinolines, voorgesteld in Figuur 8.5. In een eerste stap reageert
2-aminobenzylalcohol met een aldehyde, wat aanleiding geeft tot 1,3-oxazines. Via
het zogenoemde ring-keten tautomerisme staat deze oxazine-ring in evenwicht met
de imine-keten. Toevoegen van een ruthenium katalysator, KOtBu en benzofenon
resulteert in 3-gesubstitueerde quinolines. Op deze manier werden verschillende
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Figuur 8.4: Voorgesteld reactiemechanisme voor quinoline synthese.

aldehyden gekoppeld met 2-aminobenzylalcohol. De 3-gesubstitueerde quinolines
werden bekomen met uitstekende opbrengsten.

8.1.4 Base gemediéerde quinoline synthese

Er werd vastgesteld dat de gemodificeerde Friedlander reactie ook doorgaat in en-
kel de aanwezigheid van een base en zonder het toevoegen van een dure ruthenium
katalysator. Van de verschillende basen die getest werden, gaf het gebruik van
KOtBu de beste resultaten. Ook natriumhydride is een geschikte base, maar de
reactie gaat gepaard met de ontwikkeling van potentieel gevaarlijk waterstof gas.
Een mogelijke nevenreactie die wordt waargenomen bij 2-heptanon is de zelf-aldol
reactie, wat de quinoline opbrengst limiteert.

Het voorgestelde reactiemechanisme voor het base gemediéerde proces, dat ge-
toond wordt in Figuur 8.6, vertoont grote gelijkenissen met de klassieke Meerwein-
Ponndorf-Verley reductie of Oppenauer oxidatie (MPVO). Om de figuur niet no-
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Figuur 8.5: Reactiemechanisme voor de synthese van 3-gesubstitueerde quinolines.

deloos te compliceren, worden overbodige atomen weggelaten. De waterstoftrans-
fer gebeurt via een cyclisch intermediair, waarbij het extra stikstofatoom van 2-
aminobenzylalcohol een bijkomende stabilisatie kan geven van het alkali metaal.
Deze strategie kan ook toegepast worden op de synthese van 3-gesubstitueerd quino-
lines. Wanneer enkel KOtBu als base en benzofenon als waterstofacceptor worden
toegevoegd aan de voorgevormde oxazines, worden bijna kwantitatieve opbrengsten
aan quinolines verkregen.

8.1.5 Conclusies

Quinolines kunnen gesynthetiseerd worden met behulp van een ruthenium geka-
talyseerde modificatie van de Friedlander methode, waarbij 2-aminobenzylalcohol
oxidatief gekoppeld wordt met ketonen. Verschillende ruthenium complexen wer-
den getest voor deze reactie, evenals een reeks basen. De tweede generatie Grubbs
katalysator in combinatie met de base KOtBu geeft de beste resultaten, zowel qua
opbrengst als reactietijd. Het reactiemechanisme verloopt wellicht via twee ver-
schillende reactiewegen.

Er werd een nieuwe methode ontwikkeld voor de problematische synthese van 3-
gesubstitueerde quinolines. De reactie van 2-aminobenzylalcohol met aldehydes
produceert oxazines. Het toevoegen van een ruthenium katalysator en een base
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Figuur 8.6: Voorgesteld reactiemechanisme voor base-gemediéerde quinoline synthese.

resulteert in het quinoline.

Beide voorgaande procedures kunnen ook gerealiseerd worden met enkel een base.
De aanwezigheid van een dure katalysator is niet noodzakelijk. Het reactieme-
chanisme verloopt dan wellicht analoog aan dat van de Meerwein-Ponndorf-Verley
reductie of Oppenaur oxidatie.

8.2 Ruthenium gekatalyseerde synthese van enol
esters

8.2.1 Inleiding

Enol esters zijn moleculen die een enol groep combineren met een ester via een ge-
meenschappelijk zuurstofatoom (Figuur 8.7). Deze producten zijn zeer interessante

O
A
1
R %R3

R2

Figuur 8.7: De algemene structuur van enol esters.

intermediairen om koolstof-koolstof of koolstof-heteroatoom bindingen te genere-
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ren. Het zijn goede acylerende reagentia, waarvan een voorbeeld wordt gegeven in
Figuur 8.8. Reacties met alcoholen, amines, halogeenzuren en carbonzuren geven
respectievelijk esters, amides, zuurhalides en gemengde anhydrides.

(0] (0]

RO)‘\ RZNJ\

\ROH /RZNH

0 HX o RCOOH o 9
X o R >0

isopropenyl acetaat

Figuur 8.8: Toepassingen van enol esters: acylatie.

De synthese van enol esters gebeurt voornamelijk via twee wegen: door de reactie
van enolaten van aldehydes of ketonen met zuuranhydrides, zuurhalides of ketenen
in zuur of basisch milieu, of door directe additie van carbonzuren aan de drievou-
dige binding van alkynes. In dit werk wordt enkel gebruik gemaakt van de tweede
methode.

De reactie van carbonzuren met alkynes is een zeer atoomeconomische reactie:
100% van de atomen van de beginproducten is terug te vinden in de eindproduc-
ten. Wegens de hoge activeringsenergie is een katalysator vereist om de reactie te
laten doorgaan. De beste en meest veelzijdige katalysatoren zijn gebaseerd op het
transitiemetaal ruthenium. Enkele voorbeelden van katalysatoren worden getoond
in Figuur 8.9.

— ' N=<
/ . i I
4@_< (HoChn  Ru_ ~Ru ph=NN~Ph

N W g
Cl““/'Ru\ \/ ;4 Ph—N)\N—Ph “ "‘\Fg—Ppm

-P
PR Ph ! CI7 1
ci s Ph )—N PPhs

Figuur 8.9: Ruthenium katalysatoren voor enol ester synthese.

Ook andere transitiemetalen zijn in staat deze reactie te katalyseren. De eerste
katalysatoren waren op basis van kwik, zoals bvb Hg(OAc),, maar door de toxici-
teit van dit metaal raakten ze in onbruik. Daarnaast worden ook palladium, zilver,
rhodium, molybdeen, iridium en renium complexen gebruikt.
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8.2.2 Ruthenium katalysatoren voor enol ester synthese

Bij de ruthenium gekatalyseerde synthese van enol esters kunnen er drie reactie-
producten gevormd worden. Markovnikov additie geeft het geminale enol ester,
terwijl anti-Markovnikov additie resulteert in cis en/of trans enol esters (Figuur
8.10). Dimerisatie van alkynes is een veel voorkomende nevenreactie.

o R'/\
(@ RCOOH + R—== R R'J\OJ\R . O\[]/R . R-/\/O\Q/R

o

Markovnikov anti-Markovnikov anti-Markovnikov
"geminaal" cis trans

[Ru] R R R
b) 2 R——= —> R)\ + % + %
S R \/ \/\R

enyne vorming door dimerisatie

Figuur 8.10: (a) Algemene reactie van ruthenium gekatalyseerde enol ester synthese.
(b) Dimerisatie als mogelijke nevenreactie.

In dit werk werd een nieuwe reeks ruthenium katalysatoren met Schiffse base li-
ganden gesynthetiseerd (zie vorige paragraaf) en getest voor de koppelingsreactie
tussen alkynes en carbonzuren. De reactie tussen fenylacetyleen en azijnzuur werd
gekozen als modelreactie en volgende trends tussen de verschillende Schiffse ba-
se katalysatoren konden worden afgeleid. Complexen met een nitro groep op de
Schiffse base presteerden duidelijk minder goed dan complexen zonder nitro groep.
Daarnaast bleek ook de aard van de groep op de stikstof van de Schiffse base be-
langrijk te zijn: complexen met alfatische groepen presteerden veel beter dan de
complexen met een aromatische groep. Een vergelijking met commercieel verkrijg-
bare katalysatoren leert dat complexen 4a en 5a competitief zijn met bestaande
katalysatoren.

Uit de conversiecurven blijkt dat er initieel dimerisatie optreedt, en dat pas later
in de reactie enol esters gevormd worden. Tijdens de reactie blijft de relatieve
verhouding tussen de drie enol ester isomeren constant. Er treedt dus geen iso-
merisatie op tijdens de reactie. Terwijl complexen met fosfor liganden over het
algemeen aanleiding geven tot Markovnikov enol esters, resulteert de reactie met
Schiffse base complexen voornamelijk in anti-Markovnikov producten.

Een tweede testreactie met 1-octyn en azijnzuur bevestigt deze resultaten. Er is
echter een belangrijk verschil: de reactie met 1-octyn geeft geen enynes. Bijgevolg
worden ook hogere opbrengsten aan enol esters bekomen.

Vervolgens werden Schiffse base complexen 4a en 5a gebruikt voor de koppeling
van verschillende alkynes (fenylacetyleen, 1-octyn, 3,3-dimethyl-1-butyn, 4-octyn
en 2-methyl-3-butyn-2-ol) met verschillende carbonzuren (azijnzuur, benzoézuur,
trichloorazijnzuur en 4-pentynezuur) (Figuur 8.11). Voor bijna alle combinaties
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Figuur 8.11: Verschillende alkyn en carbonzuur substraten die onderworpen werden aan
de koppelingsreactie.

werden goede tot uitstekende opbrengsten van enol esters bekomen waarbij kataly-
sator 4a over het algemeen beter presteerde dan 5a (hogere opbrengsten en kortere
reactietijden). De reacties met azijnzuur en benzoézuur resulteerden voorname-
lijk in anti-Markovnikov enol esters terwijl trichloorazijnzuur vooral Markovnikov
additie gaf. Bovendien was de reactiesnelheid met trichloorazijnzuur veel hoger:
volledige conversie van het alkyn werd reeds bekomen na 20 tot 40 minuten, in
tegenstelling tot de andere zuren waar 3 tot 7 uur nodig was voor volledige omzet-
ting. De reden voor dit snelheidsverschil kan gevonden worden in de zuursterkte.
Sterkere zuren hebben een hogere dissociatiegraad, en dus een hogere concentratie
van nucleofiele carboxylaat-anionen in oplossing, wat resulteert in een snellere re-
actie.

Het substraat 4-pentynezuur met een alkyn en carbonzure functie in dezelfde mole-
cule geeft aanleiding tot een intramoleculaire reactie met de vorming van lactonen
(Figuur 8.12). Quasi volledige omzetting tot het exocyclische lacton werd bekomen
binnen het uur.

LAyt
COOH
/\/ o

(0]

Figuur 8.12: Synthese van lactonen: cyclische enol esters.

Complexen 4a en 5a waren niet in staat om het interne alkyn 4-octyn en het ge-
functionaliseerde alkyn 2-methyl-3-butyn-2-ol te koppelen met zuren.

De additie van N-heterocyclische carbeen (NHC) liganden resulteerde in hogere
enol ester opbrengsten in de reacties van alkynes met azijnzuur. Bovendien werd
de dimerisatie van fenylacetyleen in reactie met azijnzuur of benzoézuur sterk af-
geremd. De reacties met trichloorazijnzuur daarentegen, verliepen minder snel en
minder efficiént met de additie van NHC liganden. De toevoeging van basen had
hetzelfde effect: dimerisatie van fenylacetyleen werd tegengegaan en hogere op-
brengsten van enol esters werden bekomen. De stereochemie van de bekomen enol
esters blijft ongewijzigd door toevoegen van NHC’s of basen.

Het exacte reactiemechanisme is nog niet opgehelderd, maar volgende beschouwin-
gen kunnen een globaal beeld van de reactie vormen. Het is algemeen bekend dat
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alkynes kunnen codrdineren aan transitiemetalen. Dit kan gebeuren op verschillen-
de manieren zoals getoond in Figuur 8.13. De vorming van anti-Markovnikov enol

Ry + R—=—H —> [Ru---l

N\

4
[Ru=C=C,
R

Figuur 8.13: Verschillende manieren voor alkyn coordinatie.

esters wordt dikwijls verklaard met een nucleofiele aanval van het carbonzuur op
de elektrofiele a-koolstof van het vinylideen intermediair ITI. Markovnikov additie
is mogelijk door een aanval op het alkyn ligand in intermediair I. Een belangrijke
vraag die gesteld kan worden is of het carbonzuur zelf ook cotrdineert met het tran-
sitiemetaal. Sommige auteurs rapporteerden resultaten die in die richting wijzen,
maar het is niet ondenkbaar dat dit athankelijk is van het katalystische systeem.

8.2.3 Conclusies

Enol esters kunnen gesynthetiseerd worden in de ruthenium gekatalyseerde kop-
pelingsreactie tussen alkynes en carbonzuren. Enkele nieuwe ruthenium Schiffse
base complexen werden getest voor deze reactie en de resultaten tonen aan dat ze
kunnen wedijveren met commercieel verkrijgbare katalysatoren. De aard van het
Schiffse base ligand speelt een belangrijke rol.

De reactie werd uitgevoerd met verschillende alkynes en carbonzuren. De stereo-
chemie van de bekomen enol esters was sterk afhankelijk van het gebruikte zuur.
Reacties met azijnzuur of benzoézuur produceerden vooral anti-Markovnikov enol
esters, terwijl trichloorazijnzuur resulteerde in Markovnikov additie. De reacties
met CCl3COOH waren ook veel sneller. Dit kan toegeschreven worden aan de
grotere zuursterkte wat resulteert in een hogere concentratie van nucleofiele car-
boxylaat anionen.

In de reacties met fenylacetyleen met azijnzuur en benzoézuur werd steeds een
aanzielijke hoeveelheid enynes gevormd door dimerizatie van het alkyn. Door de
additie van NHC’s of basen kon de dimerisatiereactie beperkt worden en werden
hogere enol ester opbrengsten bekomen.
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