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General Introduction

Abstract

The aim of this chapter is to introduce the readers to the importance of bio-based products
and their potential applications in chemical industries. Alternative routes to the widely used
nylon precursor caprolactam are discussed and compared with the current fossil-based
synthesis. Furthermore, an overview is given of catalytic C-N bond forming reactions such
as reductive amination of aldehydes and hydroaminomethylation of alkenes. Finally, the
aim of the research - the development of a novel synthesis route to caprolactam based on
biomass - is revealed; the envisaged reaction sequence includes the development of new

catalytic chemistry, namely reductive amidation and hydroamidomethylation.

The introduction chapter partially will be submitted as a review paper;
Raoufmoghaddam S.; Drent E.; Bouwman E.; manuscript in preparation



Chapter 1

1.1. Biomass

Prior to the discovery of the fossil reserves, society was contingent upon biomass to
supply energy demands. The discovery of crude oil, in the nineteenth century, provided
a convenient and low-priced liquid fuel resource that promoted industrialization of the
world. In recent years, diminishing petroleum reserves combined with an increased
demand for energy and rising crude oil price have drawn attention to develop
economical and energy-efficient processes for the sustainable production of fuels and
chemicals. The global energy demand is predicted to grow up to 50% by 2030, which
will have an additional impact on the climate as well as our planet. The recent United
Nations Framework Convention on Climate Change has ratified the Kyoto Protocol
that is intended to reduce global emissions by at least 20% by 2020 and by 50% - 60%
by 2050 relative to the emission level in 2006.!" Plant biomass is the only current
sustainable source of chemicals and bio-fuels.”! A significant advantage of bio-based
products is the differences in the green-house gas emissions. The bio-fuels are
generally considered to emit less green-house gas than the fossil fuels.”
Nevertheless, there are also growing concerns about the overall sustainability regarding
the change in land usage, intensified use of agricultural inputs and limitation on food

security.

A number of materials potentially useful as bio-based feedstock such as lignocellulose,
proteins, oils, lignin, hemicellulose, cellulose, or starch have been identified.!"”
Lignocellulosic biomass is one of the most abundant and attractive sources of biomass
14 One of the drawbacks of
lignocellulosic biomass is that it typically contains 40-45 wt% oxygen which decreases

for the production of bio-based chemicals.!

the heating value. Lignocellulosic biomass can be converted into liquid fuels by three
primary routes, including syngas production by gasification, bio-oil production by
pyrolysis or liquefaction, or hydrolysis to produce sugar monomer units. Synthesis gas
can be used to produce hydrocarbons (diesel or gasoline), methanol, and other fuels via

the classical Fischer-Tropsch process.!'>"™!

Cellulose (a crystalline glucose polymer) and hemicellulose (a complex amorphous
polymer; the major component is a xylose monomer unit) form 60-90 wt% of terrestrial
biomass. Cellulose consists of a linear polysaccharide and the top and bottom of the
cellulose chains are essentially hydrophobic.’ Upon partial acid hydrolysis, cellulose
is broken into cellobiose (glucose dimer), cellotriose (glucose trimer), and cellotetrose

10
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(glucose tetramer), whereas upon complete acid hydrolysis it forms glucose.!"”!

Hemicellulose is a sugar polymer that typically constitutes 20-40 wt% of biomass
which is a polymer of five different sugars comprising five-carbon sugars (mostly
xylose and arabinose) and six-carbon sugars (galactose, glucose, and mannose). The
most abundant building block of hemicellulose is xylan (a xylose polymer linked at the
1 and 4 positions).

Aqueous Glucose

1 ellucose — .
c solution

Aqueous Xylose, Acetic
acid & other Sugers

Hemi-Cellulose |—

BIOMASS H Lignin || Oxygenated

Polyaromatic

1 0Oil & Bio-fuel

— Protein & Starch

Figure 1.1. Classification of different biomass-derived feedstock

Lignin, a large polyaromatic compound, is the other major component of biomass (10-
25 wt%) which is a highly branched, substituted, aromatic polymer. Lignin is often
associated with cellulose and hemicellulose forming lignocellulose. Other components
called extractives are defined as those compounds that are soluble in solvents such as
water, ethers or methanol which involve different types of carbohydrates such as

g [15 2, 18]
sucrose from sugarcane and amylose from corn grains.

In the biomass conversion process cellulose and hemicellulose can be converted into

xylose and glucose. Then, furfural and hydoxymethylfurfural (HMF) can be produced
from the remaining sugar stream by acid-catalyzed dehydration (Scheme 1.1)."!

HMEF is one of the top building-block chemicals obtained from biomass which can be
used to synthesize a broad range of chemicals currently derived from petroleum.!'* 2*
>l However, obtaining a highly selective process to produce HMF is still crucial as the
current procedure leads to a relatively high manufacturing cost of HMF due to the
formation of by-products, thus limiting its potential as a key platform chemical.** **! A

number of important compounds can be formed from HMF such as

11
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alkoxymethylfurfurals,

2,5-furandicarboxylic acid, 5-(hydroxymethyl)furoic

bis(hydroxymethyl)furan, 2,5-dimethylfuran and levulinic acid (LA)."*"

Cellulose
Hemicellulose

Scheme 1.1. Hydrolysis and degradation of cellulose and hemicellulose to furfural, HMF and
levulinic acid (LA)

(0]
% OH
-3H,0 0
-~Hexose ————> HO  \\ / H—> LA O
Hydroxymethylfurfural
(HMF) HCC?OH _
Formic acid
(FA)
o O
-3H,0
L Pentose — 2 » WH
Furfural

1.2. Bio-based levulinic acid (LA)

acid,

One of the key substances produced from HMF is levulinic acid (LA) which potentially
is an important platform molecule for versatile industrial applications such as

production of fine chemicals, pharmaceuticals, polymers, solvents and fuels.

[27-31]

As

shown in Scheme 1.2, levulinic acid is the final acid-catalyzed dehydration product

formed from cellulose together with formic acid (in a 1:1 molar ratio) and water as co-
products.”*** The theoretical yield of LA from C6-sugars is 100 mol% or 64.5 wt%
due to the coproduction of formic acid.”® **! Commonly, LA yields up to two-thirds of

the theoretical value are attained, due to side reactions that form undesired black

insoluble-materials called humins.

(0]
O
rata
HMF

(36]

[H+] O O O
H,0 W H,0 W H,0 ©
2 -2 2
HO R Y H
H—— S onH —/on ™! \{on
l OH
OH

(0] (0] 0} (0] (0]
)J\/\H/OH<— MOH<— = H 4ﬁ)J\/K”/U\H
-HCO,H I I

Scheme 1.2. Proposed mechanism for formation of levulinic acid from HMF
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The reactivity of the carbonyl functionalities in LA makes it an ideal intermediate for
the production of useful chemicals including succinic acid, resins, polymers (nylon
precursor, caprolactam), herbicides, pharmaceuticals, flavoring agents, solvents,

plasticizers, antifreeze agents and biofuels/oxygenated fuel additives (Scheme 1.3).°"
41

The current synthetic method for the production of high purity levulinic acid is based
upon the conversion of maleic anhydride!” or hydrolysis of furfuryl alcohol® **
which reactions are more complicated than the acid hydrolysis of biomass. The reasons
for restricted manufacturing of levulinic acid production are the cost of raw material
used in the synthesis, low yield (due to the formation of undesired side reactions and
polymerization of products), equipment costs, high energy input and waste disposal

issues.*”!

o O _o
OH\<_/V/ oo
o 7
5 GVL

angelicalactone

o) succinic acid
ONa /\/\n/\/\
(e}
O 5-nonanone
o sodium levulinate OH
HO/\/\/

1,4-butanediol

o)
HOJ\/\H/\NHZ
o)

amino-levulinic acid

/J\v/\m/o\//

O
ethyl-levulinate
0]

HO Br

Bromo-levulinic acid o Polymers(Nylon6.6)

)\/\/OHG @/ PN

1,4-pentanediol THF Me-THF acrylic acid

Scheme 1.3. Levulinic acid as an important platform for the production of other chemicals and
fuel components
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1.3.  Synthesis of caprolactam

1.3.1. Industrial production

g-Caprolactam is the polymer precursor for nylon-6, an extensively used synthetic
polymer with an annual production of about four million tons."*® Caprolactam was first
introduced in the late nineteenth century by the cyclization of 1-aminocaproic acid, and
then became an important chemical with commercial interest in 1938 by the poly-
condensation of caprolactam producing nylon—6.[47] Caprolactam is a monomer for the
nylon-6 polyamide which shows excellent properties including high strength-to-weight
ratio and good chemical and thermal stability. Nylon-6 is widely used in the

manufacture of fishing nets, tires, strings, industrial drive belts, fibers and plastics.*"!

OH O Nl’OH 0
O=O=OOEe e

Scheme 1.4. Industrial synthetic route for the production of caprolactam

Several synthetic routes have been reported for the synthesis of caprolactam, which
produce relatively large amounts of by-products, mainly ammonium sulfate. This
ammonium sulfate can be used as a fertilizer, but in recent years it is being replaced by
nitrate or urea fertilizers because of their higher nitrogen content. However, ammonium
sulfate is still used as a fertilizer in some countries and on sulfur-poor soils.**! The
synthesis of e-caprolactam is typically carried out in a four-step procedure!” including

(50, 511 . by

[54,

synthesis of cyclohexanone either by oxidation of cyclohexane,
hydrogenation of phenol,”*> ** followed by the formation of cyclohexanone oxime.

>*] Through a Beckmann rearrangement of this oxime in sulfuric acid s-caprolactam is

[56-59

obtained. ! In the process water is added for dilution of the acid and purification

process which ultimately needs to be evaporated.”” The increasing demand for -
caprolactam has provoked the chemical companies to extend their efforts to explore

61-63]

more efficient synthetic routes! as well as alternative production pathways!'®*! for

this bulk chemical.
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1.3.2. Alternative routes

1.3.2.1. Butadiene-based routes

One alternative route for the production of caprolactam comprises the hydrocyanation
of butadiene to 1,6-hexanedinitrile which is a process based on homogeneous nickel
phosphite catalysts. In the second step the 1,6-hexanedinitrile is hydrogenated with
molecular hydrogen in presence of a Raney nickel catalyst with a good yield
(conversion: 70-85% and selectivity to 6-aminohexanenitrile: 85-100%).1> %% The last
step is the hydrolytic cyclization of 6-aminohexanenitrile, either in the gas phase or in
the liquid phase with good results (90-99%) using SiO, or manganese zirconium oxide
phosphate catalysts (Scheme 1.5).1””"1 One major disadvantage of the hydrocyanation
route is the high cost of HCN as N source while one mole of N/mole of caprolactam is

down-graded to an ammonium salt co-product.

O

CN
H,0
Ay 2~ NH, €O, o
-CH4OH

L NN
= CH3OH /\/\T( o NH, 2

Scheme 1.5. Alternative synthetic routes starting from 1,4-butadiene for the production of
caprolactam; 1) via multi-step reaction consisting hydrocyanation, selective hydrogenation and
cyclization; 2) via two-step reaction including hydroaminomethylation of butadiene with
ammonia and intramolecular aminocarbonylation of aminopentene; 3) via multi-step reaction
including methoxycarbonylation, hydroformylation, reductive amination and cyclization

O

Another route involves hydroaminomethylation of butadiene with ammonial’”

and a
subsequent  cobalt-catalyzed intramolecular = aminocarbonylation to  form
caprolactam.””) However, obtaining a very selective hydroaminomethylation with large
excess amount of ammonia and high temperature in the first step is challenging (see
also Section 1.4). Furthermore, the low selectivity for caprolactam (~40% in the best
case) with the formation of different products including nylon-6 oligomers in the

second step are still problematic.!””
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The third alternative route producing caprolactam from butadiene is called the

7771 \which is based on an initial methoxycarbonylation'”*™®"

82, 83

hydroesterification route,"
of butadiene to form methyl 3-pentenoate (3-MP).! ! The hydroesterification of
butadiene with carbon monoxide and methanol in the presence of a cobalt or palladium
catalyst results in high yield with only negligible amounts of by-products like methyl

valerate and 4-vinylcyclohexene.’* 8 %I

For the next step, an isomerization-
hydroformylation reaction must be carried out, which results in 30-90% conversion
with 65-75% selectivity to methyl 5-formylvalerate.™ In the third step the methyl 5-
formylvalerate can be either reductively aminated to 6-aminohexanoate and then
cyclized, or acid hydrolyzed to 5-formylvaleric acid and then reductively aminated and
subsequently cyclized (scheme 1.5).%* ***1 The first route (reductive amination and

79 or the gas phase,” both over

cyclization) can be performed in the liquid'
hydrogenation catalysts in the presence of NH3, H, and NiO-MgO-SiO, or ruthenium
on Al,O; carrier with 80-95% yield.[75’ 9391 1 the second route, 5-formylvaleric acid is
obtained with 74% yield®® over cation-exchanged resin catalyst; reductive amination
to 6-aminohexanoic acid in presence of a Raney Ni catalyst yields 57% of 6-
aminohexanoic acid. Finally, this product is cyclized to caprolactam (95-99%) with or

without a catalyst at high temperature.!**!

Apart from being fossil-based, the major drawbacks of the butadiene-based
caprolactam routes are the necessity of several separations and recycling steps of the
products and by-products as well as employing severe conditions with relatively low

efficiency.”*®!

1.3.2.2. Biomass-based route

Recently, an alternative route to caprolactam has been proposed based upon a multi-
step catalytic conversion of hydroxymethylfurfural (HMF) to caprolactone.'”” The
demonstrated reaction sequence contains several steps including hydrogenation of
HMF to 1,6-hexanediol (1,6-HD) and catalytic conversion of 1,6-HD into caprolactone
(Scheme 1.6).1Y

The one-step hydrogenation HMF to 1,6-HD was performed under severe conditions
(270 °C, 150 bar H,) with a mixture of copper chromite and Pd/C (1:0.6). After 16
hours, 100% conversion of HMF to a mixture of products, mainly 2,5-tetrahydrofuran-
dimethanol (THFDM) was obtained (less than 4% of desired 1,6-HD). The
hydrogenolytic ring opening of THFDM to 1,6-HD using CuCr (consisting of 75%

16

Development of homogeneous catalysts for the selective conversion of levulinic acid to g-caprolactam



General Introduction

Cu,Cr,05 and 25% CuO) gave a maximum selectivity of 41% to 1,6-HD with 41%
conversion of THFDM. On the other hand, the similar reaction using THFDM as the
substrate to form 1,2,6-HT was also investigated using Rh-Re/SiO, catalyst. A 97%
selectivity to 1,2,6-HT was obtained with only 21% THFDM conversion after 20 hours
at 80 °C and 80 bar H,. The use of higher temperatures and longer reaction time led to
a drop in selectivity to 1,2,6-HT. Subsequently, in a two-step reaction, further
reduction with the same catalyst in the presence of triflic acid (HOTY) at 125-180 °C
and 80 bar H, was carried out and 99% selectivity to 1,6-HD at 17% 1,2,6-HT
conversion was obtained. The direct formation 1,6-HD from THFDM under optimized
condition (Rh-Re/Si0O,, 80 bar H,, 120 °C, acid catalyst and 20 h) revealed full
conversion with 86% selectivity to 1,6-HD. The final step was carried out to form

caprolactone from 1, 6-HD using Ru catalyst which turned out to give 99% selectivity

to the desired caprolactone./"
HO OH
H, © H,
cat. cat.
THFDM o
HO /O
\O/ e Ho/\/\/\/OH -2H, O
cat. 1,6-HD cat.
HMF Hy [ cat. Caprolactone
HO OH
H, (0] H, HO/\'/\/\/OH
cat. cat.
OH
THFDM 1,2,6-HT

Scheme 1.6. Alternative synthetic routes reported for the conversion of bio-based HMF into
caprolactone as a precursor of caprolactam

1.4. Homogeneously-catalyzed C-N bond forming reactions

1.4.1. Hydroamination and hydroamidation of alkenes and alkynes

The catalytic formation of carbon—nitrogen bonds and more importantly amide bonds
offer potential advantages over conventional methods of C-N coupling reactions, where
large quantities of salts are produced stoichiometrically as by-products. Among the
different catalytic methods of carbon-nitrogen bond formation, the most studied and
challenging methods are hydroamination and hydroamidation of alkenes and alkynes

97-106

with amines and amides (Scheme 1.7).! ! The hydroamination of alkenes or alkynes

17
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is defined as the addition of an H-NR'R” bond across an alkene or alkyne providing a
next higher substituted alkyl- or alkenylamine, respectively (Scheme 1.7, reaction 1a-
b).

H 1R2
a) RN H Hydroamination R NRR
(1) + R1N\R2 H
b) RrR—= ¥ ONR'R?
R
O

2 T

Scheme 1.7. Hydroamination; hydroamidation reactions

This reaction, which can be catalyzed both by transition metal complexes or by strong
base, has been mostly studied with secondary and primary amines rather than
ammonia; due to the need of high ratio of ammonia/alkene as well as the subsequent

104197 The catalytic hydroamination reaction

reactivity of the primary reaction product.!
of olefins is further characterized by low rates and low catalyst turnover numbers, as
the thermodynamic driving force for the intermolecular version of hydroamination is
close to zero or even negative at the elevated temperatures generally required for the
reaction to proceed. The related hydroamidation reaction, involving the addition of an
amide’s N-H bond to an alkene (Scheme 1.7, reaction 2a-b) has also been studied;
application of this reaction in an intermolecular fashion suffers from similar problems
as mentioned for intermolecular hydroamination, in particular with alkenes as

substrate.

1.4.2. Reductive amination of aldehydes

The reductive amination of carbonyl compounds is of great importance in synthetic
organic chemistry (Scheme 1.8).""*"" In principle, this reaction can be performed
with high atom efficiency, with very limited waste formation, fulfilling one of the
requirements of green chemistry.

18
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H
O H . N
I Reductive amination R
R\)J\H + riNR2 - \)\NR1R2

-H,0

Scheme 1.8. Reductive amination of aldehydes

The reductive amination of aldehydes typically proceeds in several consecutive steps.
Generally, the reaction progresses via the initial formation of an intermediate
carbinolamine by nucleophilic addition of an amine to an aldehyde; this carbinolamine
is dehydrated to form an imine, which is then reduced to form the amine product
(Scheme 1.9).1"% "4 gome reports provided evidence suggesting a direct reduction

[108, 115]

of the carbinolamine. The main side reaction in the reductive amination

concerns the formation of an alcohol from the competing hydrogenation of the
unreacted aldehyde. Another side reaction comprises the aldol condensation of

aldehyde which can be suppressed by optimizing the process.!'*

H
(HIT H,
R .N
\)J\H R1 2‘— R\)\NR R2 \/§NR1R2 - R\)\NR1R2
“R1& RZ=H

R
\/\ N R1 R2
Scheme 1.9. Separate steps of the catalytic reductive amination of aldehydes

In the reductive amination the choice of reducing agent play an important role to the
success of the reaction in which the imine intermediates need to be reduced selectively

over the aldehydes. Traditionally, the reductive amination of aldehydes is carried out

using stoichiometric amounts of reducing agents such as borohydrides,!"'®"'""

[120-123] [124, 125]

formates, silanes and many other different reagents.'** '*"! However, all

of these methods are not atom efficient.

The use of heterogeneous catalysts in the reductive amination such as Raney-nickel,

Pt/C, Pd/C, Pd/Al,O;, Pd/CaCO;, Pd(OH), and metal nanoparticles in presence of

dihydrogen gas as reducing agent have also been reported.!'' 124131

19
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A few homogeneously-catalyzed reductive amination reactions have been reported

using transition metals (Pd, Pt, Ir, Ru and Rh) in combination with different ligands,"'"

113, 126, 132-136] 137-139]

as well as iron complexes! and cobalt complexes in presence of an

alcoholic solvent as a source of hydrogen.'*" 14!

A more practical method is to employ molecular hydrogen as a reducing agent in the
reaction in the presence of a catalyst. Clearly, the use of molecular hydrogen in the
catalytic reductive amination is the most atom-economic and environmentally friendly,

. . . 111, 131, 142-145
particularly in large-scale reactions.!"'" *" ]

Some examples concerning the catalytic reductive amination of aldehydes using
molecular hydrogen are collected in Table 1.1. The success of this procedure requires
the reduction of the carbonyl compound to be relatively slower than the reduction of
imine intermediate.

Table 1.1. Overview of different reaction conditions used in the catalytic reductive amination of
aldehydes in presence of molecular hydrogen

. . amine
aldeh, amin reagent ndition . research gr
dehyde ine eage conditions selectivity esearch group
bezaldehyde aniline 5 mol% Cu(OAc),, Toluene, 50 bar 75-85% Beller (Green Chem.,
derivatives derivatives molecular Sieves H,, 120°C, 24h Bt 2012, 14, 2371
bezaldehyde aniline N Toluene, 50 bar o Beller (Chem. Asian J.
derivatives  derivatives 4 mol% Fes(CO)2 H,, 65°C, 24h 65-95% 2011, 6, 2240)
. MeOH, 40 bar H, Gu (Chem.Commun.
0, J 0,
bezaldehyde ammonia 1 mol% Pd/C, 90°C, 10h sec. >80% 2012, 48, 9631)
alkyl Secondary 5 mol% [Fe"], MesNO EtOH, 5 bar H,, 35-90% Renaud (Angew. Chem.
aldehydes amines (5 mol%) 85°C, 12h ? Int. Ed. 2012, 51, 4976)
aliphatic Secondary 0.2 mol% MeOH, 50 bar o Bormer (Che.m. Commu}? .
Idehydes amines [Rh(dppb)(cod)]BF4 H,, 25°C, 20h 40-90% 2000, 1867; Adv. Synth.
a ? > Catal. 2002, 344, 200)
benzaldehyde . 0.5 mol% [Rh], 1.3 H,O/THF, 65 bar o Beller (Org. Lett. 2002, 4,
derivatives ammorma mol% TPPTS H,, 135°C, 2h 33-86% 2055)

The reductive amination of aldehydes with secondary amines (like piperidine) has
been reported employing a rhodium precursor in combination with bidentate

") The best results revealed nearly full conversions

phosphane ligands (Scheme 1.10).[
with the relatively high amine/alcohol ratios (3-12); however, the amine/alcohol ratios

for the benzaldehyde derivatives were rather low (< 2).

20
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Rh' catalyst s s
0 H MeOH, 50 bar H, RYR . jD\H
+ :
JJ\Rz R1'N\R2 room temperature N R" "R?
-H,0

R'l
amine alcohol

R'= alkyl, aryl
R?, R3, R4=H, alkyl

Scheme 1.10. Reductive amination of aldehydes with secondary amines using
rhodium (I) catalyst

The use of chelating phosphane ligands (like dppb) for the reaction appeared to be
necessary for high selectivity to the amine. Furthermore, a good correlation between
the selectivity of the reaction and the basicity and steric hindrance of the amine
substrate was shown. Use of more basic amines as a substrate resulted in higher
selectivity and higher amine/alcohol ratios.

Beller and co-workers recently reported the use of iron carbonyl complexes in the
reductive amination of carbonyl compounds with aromatic amines (Scheme 1.11).1"*"]
The inexpensive iron catalyst gave good to excellent yields of 68-97% of alkylated
amines for a range of aryl, alkyl, and heterocyclic ketones as well as aldehydes with
primary and secondary anilines.

R3

CHO HN Fe catalyst R3 —

X X, toluene, 50 barH R' N
SRR e
/ % / = 65 °C, 24h N\ //

R1 R2

-H,O

Scheme 1.11. Reductive amination of aldehydes with various aniline derivatives
using Fe catalyst

More recently, the reductive amination of 3,7-dimethyl-6-octenal (citronellal) with
piperidine catalyzed by iron complexes under low hydrogen pressure (5 bar H,) and in

B8 The scope

mild reaction conditions (85 °C) in ethanol was reported (Scheme 1.12).!
of the reaction using citronellal with different amines revealed moderate to good yields

(38-94%) under optimized conditions.

21
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o H Fe catalyst N OH = N
N, EtOH, 5 bar H,
+ _— + +
| 8°c | | |
-H,0

Scheme 1.12. Reductive amination of citronellal with piperidine using Fe catalyst

It is imperative to note that alcohol as a solvent typically has a positive role in the
hydrogenolysis step and promotes the hydrogenation activity. It has been postulated
that the mechanism contains several equilibrium reactions in which the intermediates

ultimately undergo hydrogenation to form amine products (Scheme 1.13).!"*]

o H
R\)J\H iR

NR“RZ'\
H,0 || MeOH
R\/\NR1R2—
OMe / H H
MeOH 2
R\)\NR1R2 cat. R\)\NR1R2
MeOH|| HNR'R2
NR'R2
R
NR'R2

Scheme 1.13. Proposed mechanism for the reductive amination of aldehydes using molecular
hydrogen

1.4.3. Hydroaminomethylation of Alkenes

The hydroaminomethylation of alkenes is a cascade reaction of two consecutive

[146]

reactions. The alkene substrate first undergoes a hydroformylation reaction" ™ to form

an aldehyde; and then the reductive amination of the resulting aldehyde with an amine

produces an N-alkylated amine (Scheme 1.14).['%%!!]

22
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Reductive amination

H O
Hydroformylation HNR'R?
B R NR'R?
R H,/CO R)\)J\H H, g
-H,O
H,/CO
HNR'R?
Hydroaminomethylation

-H,0O

Scheme 1.14. Hydroaminomethylation reaction

Despite the fact that the hydroaminomethylation reaction was originally discovered by

Reppe in the early 1950s at BASF using Fe(CO)s in nearly stoichiometric amounts,!*”

"] intensive research on this topic only started in the past fifteen years. Research on

this reaction until the mid-1990s revealed that relatively harsh conditions (> 150 °C)

9171 Generally, the cascade

were required to give the desired amines in good yield.!
hydroaminomethylation results in the formation of various intermediates and products
depending on the reaction conditions and the type of catalyst used in the reaction

(Scheme 1.15).

R
o ~SNR!
Linear | 2 L R
RJ\H Re=H| R ™NRR2 T"oH
R/\ R
H CO/H, ~ZNRIR?

|
Nz H20

R
;T
R R
Branched RW)\H R2=Hﬂ \(\NR1R2 \‘/\OH
R\‘/\NR1R2

Scheme 1.15. Overview of hydroaminomethylation of alkenes; formation of various products

In the following years, most of the reports described the hydroaminomethylation as a

versatile, selective and atom-efficient tool for the synthesis of a range of organic

compounds, including fatty amines from unsaturated fatty acid esters,>*'¢"

162 1 . . . . .
62 161 and heterocyclic rings via ring-closing

[164-169]

pharmaceuticals  compounds!

intramolecular hydroaminomethylation reaction.
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The critical step in this reaction sequence is the hydrogenation of the intermediate
imino compounds, which is generally hampered by the presence of carbon monoxide;
however, over the last decade significant progress has been made and the problem was

[162, 170-175]

reduced by using alcoholic and polar solvents. In recent years, the focus has

been on catalyst development to obtain the desired chemo- and regioselectivity for the

reaction.

2 e o
VIRY,

N N

SR
(4/’ O O e @
ol - LT
% “ Iphos CF3 2
POP-xantphos

O O OO PPh, Ph,P O PhyP O PPh
Oy SOOI~ 0 MU

Naphos bisbi tetrabi
\_/
Si PPh,
L0 L O e
() 0 @L _PPh,
PPh, PPh, PPh, PPh, PPh2
Xantphos Si-Xantphos tBu-Xantphos bppf

Figure 1.2. Selected ligands used in hydroaminomethylation of alkenes
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To achieve good regioselectivity for the hydroformylation step the use of ligands with

large bite angle (B,) is important for obtaining good regioselectivity, promoting the

146, 176,

formation of linear aldehydes.! "I The electronic properties of a ligand

influences on the activity and regioselectivity of the catalytic system.!"’® '™ The -

acidic ligands are known to afford high activities in rhodium-catalyzed

hydroformylation.!'*!

The ligands shown in Figure 1.2 are particularly adapted to produce the linear aldehyde
in the hydroformylation step, even when starting from an internal alkene.!'*¢- 176 180-183]
It has also been reported that the use of these bidentate phosphite ligands give good

184, 185

results in the hydrogenation step.! I Although the phosphite ligands are seemingly

attractive for the hydroaminomethylation reaction, they have often been considered as

unsuitable due to their sensitivity to hydrolysis.!'”!

The use of bidentate phosphane ligands, such as xantphos, Naphos, Iphos, POP-

xantphos bisbi and tetrabi has been reported mainly for hydroaminomethylation of

170, 171, 173, 186]

aliphatic alkenes (Figure 1.2). Di-pyrrolylphosphane ligands in

combination with Rh have also been introduced for the hydroaminomethylation

[172

reaction and resulted in satisfactory selectivity of amine.!"’” Furthermore, the use of

nitrogen-containing ligands in combination with a rhodium precursor has recently been

reported showing a good selectivity, but with large catalyst loading (Schemel.16)."%*

169, 187]

5-7.5 mol% [Rh]

R? toluene, 120 °C, 48 h
R‘] -Hzo R1 R
72-98%
R =-H; -Me; -Bn \ ©) C)
R4 =-Me; -OMe NO ol el o
Ry=-Cl [N/ ‘co |a™Mco
R3= -Be; -Me VAN
Scheme 1.16. Rhodium catalyzed intramolecular

hydroaminomthylation of 2-isopropylanilines
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The use of other ligands in the catalytic systems, such as bis-pyrazolylmethane

(bpm),"*™ mixed phosphane-amine

[189, 190

I"and N-heterocyclic carbene (NHC) ligands

[162. 167 1911 have been reported to give satisfactory selectivities (Table 1.2).The group of

Beller was the first to report rhodium based catalytic systems to transform both

terminal and internal alkenes into linear amines with very high regioselectivities (Table
1.2) [170, 171, 175, 192]

Table 1.2. Overview of different reaction conditions used in the hydroaminomethylation of alkenes

. e amine
alkene amine reagent condition selectivity group
[Bmim][p-
0,
l-dodecene  morpholine ! ‘g;’ég‘l];h’ CHiCGH,SO.,CO  45-75% Luo (Green chm" 2006, 8,
/H,, 130°C, S5h
Alper (Org. Lett., 2008,10,
Intramolecular (allfene and 2.5-7.5 mol% Rh toluenoe,CO/Hg, 60-90% 485: Chem, Commun., 2007,
secondary amine) 120°C, 48h
2710)
L 0.02-0.09 mol% [PMIM][BF,], N Vogt (Adv. Synth. Catal. 2008,
I-alkenes piperidine o ' lfoxantphos  CO/ML,125°C,17h  20% 350, 332)
0,
1,1-diphenyl- o eridine C(:fb‘;"ell/f ‘::é toluene, CO/Ha, |Logy,  Beller (Chem. Eur. . 2007, 13,
ethene pip mHC% 125°C, 24h o 1594; Tet.Lett.44, 2003,1679)
amine 0.4 mol% Rh, tol/MeOH(1/1), Beller(Chem.Eur.J.2006,12,79;
alkenes derivatives POP-xantphos or CO/H,, 125°C, 16- 50-90% J.Am.Chem.So0c.2003,125,103
Iphos or Naphos 24h 11;Science2002,297,1676)
limonene amine 1.25 mol% Rh, THEF, CO/H,, 0-90% Rosa (Catal. Commun. 9,
derivatives PPh; 100°C, 10-1%h ? 2008,1066)
. [bmim][BF,], .
0,
1-alkenes amine 1 molA) Rh, COML, 110°C, 55.90% Taddei (Tet. Lett. 48, 2007,
derivatives biphephos <1h MW 8501)

N- . toluene or . .
methylallyl- de;‘im;?.e o 1 mol% Rh dioxane, CO/H,, 44-96% Egg?rflmz((% 6g' f‘g;"g;]'
phthalimide vahvi 100-140°C, 72h ” >

o toluene or Eilbracht (Tetrahedron 60,
allyl alcohols Szcrg‘i‘f:s‘y 0'];“;10; /}"m‘zh dioxane, CO/Hy, >95% 2004,11487; Tetrahedron 59,
phep 120°C, 45-65h 2003, 8265)
secondary 0.2 mol% Rh, THEF, CO/H,, o Whiteker (Org. Lett., 7, 2005,
allyl alcohols amines biphosphite 75°C, 18h >65% 4795)
iPrOH/E{OH(2/1) Zhang(Chem.Eur.J.2011,17,14
secondary 0.1 mol% Rh, or iPrOH, CO/H,, 559;0rg Lett.,14,2012,102;
alkenes min tetrabi 125-135°C. 12 80-99% Adv.Synth.Catal.2011,2665;
amines et en Chem.Eur.J. 2010, 16, 4938;
Org. Lett., 15,2013, 1036 )
Styrene aryl o toluene, CO/H,, o Eilbracht (Org. Lett., 5, 2003,
derivatives hydrazine 0.5 mol% Rh 100°C, 48-72h 23-57% 3213)
0,
1-octene iperidine Xgr'llh:lr?el-A) ]f'r}l;lo tolMeOH(1/1), >85% Vogt (ChemCatChem 2009, 1,
pip Ligarf’dy CO/H,,110°C,17h o 103)
secondary 5-10 mol% In or toluene, CO/Ha, o Doye (Angew. Chem. Int. Ed.
1-alkenes amines Ti 80-160°C, 24-96h  >O% 2010, 49, 2626)
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As shown in Table 1.2, the hydroaminomethylation of various alkenes (mostly
terminal) with different (mostly secondary) amines has been studied using rhodium
precursor in combination with phosphane ligands (or NHC ligand). The use of other
metal precursors such as indium or titanium has been rarely studied and very high
temperature (160 °C) must be employed in the reaction to obtain to a high conversion
(Table 1.2).

The impact of solvents in the hydroaminomethylation reaction is quite considerable
specifically on the hydrogenation activity. The acidity of the alcohol (for instance in a
toluene/alcohol (1/1) solvent mixture) influences the catalytic performances in the
hydrogenation reaction. The highest combined activity, regio- and chemoselectivity
values were achieved for the reactions performed in toluene/EtOH using
rhodium/bidentate phosphane catalyst (95% conversion, n/is0>200, >90% selectivity)
or toluene/n-BuOH (88% conversion, n/iso=160, >98% selectivity) mixtures. The use
of more acidic alcohols led to higher activities, but side-reactions like aldol

. 172
condensation also occurred.!'’?!

The main drawback of the hydroaminomethylation reaction is that it is mostly limited

to the use of secondary amines; for primary amines and more specifically ammonia the

selectivity generally is particularly low because of over-alkylation.[’> ' ¥4

fast M R H cat.
cat
H NH,
rRAL P2 g L R R
H cat H

Scheme 1.17. Hydroaminomthylation of alkenes with ammonia; formation of primary, secondary
and tertiary amines

The study on hydroaminomethylation with ammonia is still rarely undertaken. One of
the difficulties is that the initially produced primary amine is more reactive than
ammonia, and reacts preferentially to form secondary and tertiary amines. Moreover,
the large excess of ammonia, which is necessary for the reductive amination step,
blocks the catalytic species and as a consequent lowers the catalytic activity,
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specifically for the hydrogenation step, yielding large amounts of unwanted by-
products (Schemel.17).

The mechanistic aspects of the first step of the hydroaminomethylation reaction, the
hydroformylation of the alkene, is already well-established.!'*”! It generally involves
the substitution of a CO by the alkene, hydride transfer and coordination of CO
followed by migratory CO insertion in the alkyl moiety, leading to the acyl-rhodium
species. Oxidative addition of dihydrogen and reductive elimination provides the
aldehyde in either the linear or branched isomeric form and recovers the catalyst

species.

The resulting aldehydes then react with the primary or secondary amines to generate
the corresponding imines or enamines, respectively. No particular studies have been
presented to understand if the thodium complex plays a unique role in the condensation
reaction. It has been observed that the linear aldehyde reacts faster with the amine than
the branched aldehyde. A general proposal has been presented suggesting that the
hydrogenation of the enamine or the imine takes place on the rhodium metal center,
and involves coordination, oxidative addition of dihydrogen, hydride transfer providing
an alkyl or an amido moiety and reductive elimination eventually leading to the

product amine (Scheme 1.18).['7+ 19196

Hydrogenation Hydroformylation

Scheme 1.18. General schematic catalytic cycle for hydroformylation and imine hydrogenation
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The hydrogenation step is indeed challenging and requires higher temperatures and
higher partial dihydrogen pressures. The presence of large quantities of amine in the
reaction supposedly modifies significantly the coordination sphere of the metal center.

1.5. Aim and outline of this thesis

1.5.1. Levulinic acid to caprolactam

As discussed in section 1.3, the current industrially applied route to produce
caprolactam is based on fossil feedstock. Finding an alternative route to produce
caprolactam from renewable resources like levulinic acid is highly desirable as it may
reduce the environmental footprint of nylon. So far, the only report on the development
of a synthetic route to bio-based caprolactam is based upon the use of
hydroxymethylfurfural (HMF) as feedstock via a multi-step reaction technology./"
Apart from the disadvantage of a multistep process, which will involve several product
separation steps, this process is also energy demanding due to the requirement of

significant amounts of (expensive) high pressure hydrogen.

The aim of the research described in this thesis is to investigate an alternative bio-based
pathway to synthesize caprolactam.

1) Hy (-H20)
2) CH30H (-H,0) 0
0 3) NH3 (-CH30H)
)J\/\H/OH 4) CO/H, & Cat. (-H,0) NH
(0]
LA Caprolactam
+H | -H0 CO/M
-H20 Cat.2
+
\(_fo +CH3;OH N o NH3 /,\\// NH
-H,0 ~ -CH3;0OH
(0]
GVL MP PA

Scheme 1.19. Proposed synthetic route for the conversion of levulinic acid to
caprolactam
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Our proposed pathway is to obtain caprolactam from biomass-based levulinic acid
starting from y-valerolactone (GVL, derived from levulinic acid). The conversion of
levulinic acid into GVL by a hydrogenation reaction, using mostly ruthenium catalysts,

17191 The proposed route proceeds via

is reported to occur in high efficiency (>95%).!
the acid-catalyzed reactive distillation of GVL with methanol to a mixture of isomeric
methyl pentenoates (MPs), reaction of MPs with ammonia to the corresponding
pentenamides (PAs), which then eventually are converted to caprolactam through a

rhodium-catalyzed intramolecular hydroamidomethylation reaction (Scheme 1.19).

To reach this goal we need to study new catalytic reactions such as reductive amidation
and hydroamidomethylation using transition metal catalysts. The reductive amidation
is a reaction of aldehydes with amides affording alkylated amides. The envisaged
hydroamidomethylation reaction comprises a cascade reaction of hydroformylation and
reductive amidation (Scheme 1.20). Whereas reductive amidation and
hydroamidomethylation with amides are related to the above mentioned reductive
amination and hydroaminomethylation amines discussed in section 1.4.3, they do

appear to display profoundly different reaction characteristics.

H o Reductive amidation
Hydroformylation i H

RN )\)J\H acetamide Ro_~_N

; H,/CO R Ha ) e

E -H,0 o)

! H,/CO :

A acetamide

Hydroamidomethylation
-H,O

Scheme 1.20. Hydroamidomethylation and reductive amidation reactions

1.5.2. Contents of this thesis

In Chapter 2, our investigation of the homogeneously catalyzed reductive amidation
of aldehydes with amides is described. The study of this novel reaction has been

carried out making use of the model substrates hexanal and acetamide.

In Chapter 3, the direct chemo- and regioselective homogeneous rhodium-catalyzed
hydroamidiomethylation of alkenes with amides is reported. The hitherto unknown
hydroamidomethylation reaction comprises a cascade reaction of hydroformylation and
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catalytic ~reductive amidation. Finding an active and selective alkene
hydroamidomethylation catalyst involves the development of a catalytic system that is
not only active for hydroformylation of alkenes, but under the prevailing syngas

conditions also possesses the ability for a selective hydrogenation.

In Chapter 4, the reductive amidation of aldehydes with formamide as well as
hydoamidomethylation of alkenes with formamide is described, aiming for the
formation of primary amines via the subsequent decarbonylation of the resulting
alkylated formamides. The investigations focus on efficiency and selectivity of the
reactions to the desired alkylated formamide over alcohol as well as the

decarbonylation of N-alkylformamide to form the primary amine.

In Chapter 5, our study of the possible conversion of y-valerolactone (GVL) in three
atom-efficient steps into the important polymer precursor g-caprolactam is reported.
GVL can be converted to a mixture of isomeric methyl pentenoates (MP) via trans-
esterification with methanol. In the second step, subsequent aminolysis with ammonia
leads to a mixture of pentenamides (PA). The resulting pentenamides are ultimately
converted into e-caprolactam via the rhodium-catalyzed intramolecular

hydroamidomethylation reaction.

Finally, in Chapter 6, a detailed summary of the most significant findings of this
research, followed by a general conclusion and an outlook on future perspectives is
presented.

200, 201 [202,

Parts of this thesis have been published;! I have been submitted for publication

2031 and/or are soon to be submitted.
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