
.

.
i
t

c
.
|
.
l
t
l
r
v
t

K
r

3
1
%
.

a
.
«
n
u
n
-
L
i
:

5
.
9
:
.

.
1

P
3
.
4
“
.
“

A
}

a
i
s
;
.
3
3
.
.
.
.

«
fi
b
fi
w
i
t

i
4
.

5
|
?

‘
1
.
.
.

‘
1
1
.
.
.
.

.

T
:

«
P

‘
x

3
.
1
.
.
.
.
»

h
r
.

fi
g
u
r
v
h

u
.

a
n
“
.
.
.

.
\
:
5
.
)
J
.
.
5
:

u
i
s
.

.
L
a
t
.
.
.
3
.
.
.
}
?
x

n

H
.

<.
:
.

.
..

9
!
}
.

.w
..
.

a.
.

.
._

J
.
.

1
m
.
.
.
-

:
5
»

.
l
a
fi
u
‘
m
o
m

»
.
i
n
m
w
n
m
n
.
.
.
.
~
,

.
4

w
.

..
w
e

a
W
I
M
y
r
i
a
m
”
:
1

I
.
m
t
n
m
u
u
i
.

.
a
m
m
é
u

..

3
%

{
fi
n
k
}
.
.
. i
“
.
.
.

Q
xv
.

 

 



 

THESIS LIBRARY

337 Michigan State

" “ University
 

This is to certify that the

dissertation entitled

CONVENIENT SYNTHESIS OF CAPROLACTAM FROM

LYSINE: ALTERNATIVE OF CURRENT BENZENE-BASED

CAPRLACTAM PRODUCTION

presented by

Jinsong Yang

has been accepted towards fulfillment

of the requirements for the

Ph. D. degree in Chemistry
  

 

gLM
Major Professor’s Signature

07 / 10/2007
 

Date

MSU is an affirmative-action, equal-opportunity employer

.
.
_
-
.
—
-
~
.
-
_
.
.
.
.
_
.
.
_
.
.
_
.

_
.



PLACE IN RETURN BOX to remove this checkout from your record.

TO AVOID FINES return on or before date due.

MAY BE RECALLED with earlier due date if requested.

 

DATE DUE DATE DUE DATE DUE

 

 

 

 

 

 

 

 

  
       

5/08 K:IProj/Acc&Pres/ClRC/Dateoue,indd



CONVENIENT SYNTHESIS OF CAPROLACTAM FROM LYSINE:

ALTERNATIVE OF CURRENT BENZENE-BASED CAPROLACTAM

PRODUCTION.

By

Jinsong Yang

A DISSERTATION

Submitted to

Michigan State University

in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Department of Chemistry

2007



ABSTRACT

CONVENIENT SYNTHESIS OF CAPROLACI‘AM FROM

LYSINEzALTERNATIVE OF CURRENT BENZENE-BASED CAPROLACFAM

PRODUCTION.

By

Jinsong Yang

As the monomer of the widely used nylon 6, e-caprolactam is currently

manufactured from petroleum-derived feedstocks, which are characterized by

depleting supplies and increasing prices. In the long run, society tends to look for

catalytic routes to commodity chemicals starting from renewable sources as

substitutes for our current reliance on petroleum. An alternative route toward 8-

caprolactam has been developed starting from the renewable, D-glucose-derived L-

lysine. Cyclization of L-lysine in various alcohols led to the formation of a-amino e-

caprolactam. Subsequent deamination of a-amino-e-caprolactam catalyzed by either

chemically using hydroxylamine-O-sulfonic acid or catalytically using transition

metal catalysts afforded e-caprolactam. Efforts towards development and

optimization of the catalyst-free cyclization of L-lysine as well as the transition-metal-

catalyzed deamination of a-amino-a-caprolactam will be described in detail in the

thesis.
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1.1. Introduction

Today the chemical industry is dominated by technologies that rely on starting

materials derived from petroleum and natural gas. As a nonrenewable resource, petroleum

is associated with geopolitical instabilities, declining availability, environmental problems

and rising prices. 1'2 The current chemical industry has been subject to close inspection

owing to concerns about its reliance on fossil resources, its environmentally unfriendly

production processes, and inevitably the generation of tons of toxic by-products and

wastes that are not recyclable or degradable? As a result, the progressive shifting of

chemical industry from fossil raw materials to renewable feedstocks becomes an

unavoidable necessity. Terrestrial biomass offers a renewable and sustainable source of

carbon available in polymeric (cellulose, starch, lignin, hemicellulose, protein) and

monomeric forms (carbohydrate, amino acids, plant extractives), which could be used

both as direct replacements for existing petrochemical building blocks and as a valuable

source of new building blocks in chemical syntheses.4 Thanks to the development of

biotechnology, especially fermentation techniques, it is now possible to convert biomass

into industrially important chemicals with prices low enough to compete with petroleum-

based processes. For example, D-glucose, which can be obtained from plant-derived

starch and cellulose, is an attractive alternative to petroleum as a feedstock for many

important chemicals such as ascorbic acid, lactic acid, succinic acid, amino acids, 1,3-

propanediol, ethanol and several vitamins (Figure 1).
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Figure 1. Selected organic chemicals from D-glucose.

As the monomer of nylon 6, e-caprolactam is currently manufactured from

petroleum-based benzene or toluene through multiple-step syntheses. Most processes for

production of caprolactam entail the use of aggressive reagents such as oleum and sulfuric

acids and generate large quantities of low-value ammonium sulfate salts. For the

sustainable development of our society, it is necessary to devise environmentally benign

methods of producing e-caprolactam.

For completion of this thesis, alternative synthesis of this petroleum-derived bulk

chemical e-caprolactam from a renewable feedstock has been explored. In Chapter 2,

strategies were developed to synthesize e-caprolactam from L-lysine. L-Lysine underwent

cyclization in refluxing high-boiling point alcohols to provide a-amino-e-caprolactam.

Subsequent chemical deamination of a-amino-e—caprolactam with hydroxylamine-O-



sulfonic acid afforded e-caprolactam. To obviate the use of stoichiometric amounts of

deamination reagent, catalytic deamination of a-amino-e-caprolactam with Pt on carbon

was explored but low yields were encountered. In Chapter 3, effort towards preparation of

transition metal sulfides and optimization of hydrodenitrogenation conditions are reported.

The effects of presulfiding catalysts, temperature, reaction time, pressure, solvent, and

Hz/st ratio were examined. The highest yield of caprolactam was achieved using

presulfided Pt on carbon. In Chapter 4, preparation and characterization of Au

nanoparticle catalysts by transmission electron microscopy (TEM) are described.

Optimization of reaction conditions by screening catalyst supports together with

presulfiding, changing reaction temperature, reaction time and HZS/H2 ratios led to

improved yields of e-caprolactam when presulfided Au on MO was employed as the

hydrodenitrogenation catalyst, which is almost the same as the yield achieved with

sulfided Pt on C.

1.2. Overview of Sustainable Chemistry

In the manufacture of the commodity chemicals caprolactam, adipic acid, aniline,

phenol and many epoxides and esters, which are produced in more than millions of tons

per year globally, there are several environmentally unacceptable problems. Most of these

materials consume excessive energy in their manufacture. Production often uses

aggressive, corrosive and sometimes even explosive reagents and a large amount of waste

is generated. The production of these commodity chemicals frequently requires multiple

steps, uses stoichiometric amounts of reagents, and are derived from nonrenewable

feedstocks. Thus, there is an increasing need to devise new methods of manufacture of

these chemicals that can minimize the consumption of energy and nonrenewable materials

3



along with minimization of the generation of wastes and gases that are ozone depleters

and/or contribute to global warming.

To achieve environmentally benign and sustainable processes, two promising

approaches have been extensively explored. One is shifting from nonrenewable petroleum

feedstocks to renewable raw materials to achieve sustainable development. The other is to

replace traditional synthetic methods that use stoichiometric amounts of reagents and

produce excessive amounts of waste with cleaner and simpler catalytic methods with high

atom efficiency and low E-factor. 5'6

1.2.1. Renewable Raw Materials.

At present, the share of renewable raw materials in feedstock consumption of the

chemical industry is 10% both in Germany and the USA.7 Through investigation, the

National Research Council of the USA has anticipated a fast development of renewable

feedstocks up to 2090 (Figure 2). It is expected that 10% liquid fuel and 25% of the

production of organic products will be replaced by renewable feedstocks in 2020 (Figure

2). By 2090, 50% of liquid fuel and up to 90% of organic chemicals in US should be

provided by biomass (Figure 2).8

Ironically, about 50 years ago, petroleum—based products gradually replaced similar

products once made from biological materials. Now, biobased products are starting to

compete with the petroleum-derived products that once supplanted them.
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Figure 2. Targets of the National Research Council of the USA for the biobased

production of organic compounds and of liquid fuels by the year of 2090. The

proportion of the total production of each is given in percentage.

Currently, carbohydrates are the largest portion of renewable raw material used.9

The main attention should be focused on efficient use of carbohydrates and their

subsequent conversion to useful chemical products and energy. Glucose (cellulose,

starch), arabinose (hemicelluloses), and glycerol (plant oils) are the carbohydrate raw

materials used for organic chemicals because they are inexpensive and accessible in large

quantities. As the most abundant monosaccharide, D-glucose, which is accessible by

hydrolysis of starch and cellulose, will be a key renewable starting material because a

variety of biotechnological or chemical products can be readily derived from glucose

(Figure 1). Current utilization of renewable feedstocks for chemical production is still at

an early stage. Some selected examples of converting renewables to chemicals (especially

polymer precursors) on an industrial scale are now outlined.

Mum One example is the microbial synthesis of adipic acid from D-glucose for

use in the production of nylon 6,6. Adipic acid is one of the top 50 large-volume

chemicals with an annual production at 2.5 millions tons worldwide in 1999. More than

5



80% of adipic acid is used for production of nylon 6,6 and the rest goes to plasticizers,

lubricants and polyurethanes.

Most current processes for production of adipic acids start from benzene-derived

cyclohexane via an intermediacy of cyclohexanol, cyclohexanone or a mixture of the two

(known as KA oil) (Figure 3). Conversion of cyclohexanol or cyclohexanone to adipic

acid involves using stoichiometric amount of concentrated nitric acid with copper and

vanadium catalysts and subsequently generates a large quantity of nitrous oxide, which is

a known greenhouse gas and depletes the ozone layer.10 Approximately 400,000 metric

tons of N20 are emitted each year during the production of adipic acid, which accounts for

5-8% of the world atmospheric emission of N20. Therefore, development of more

environmentally friendly procedures for the production of adipic acid is highly desirable.
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Figure 3. Chemical and biocatalytic approaches to adipic acid. Key: (a) E. coli

WNl/pWN2.248; (b) H2, 50 psi., 10% Pt/C; (c) Ni-AIZO3, H2, 370-800 psi., 150-250 °C;

((1) Co, 02, 120-140 psi., 150-160 °C; (e) Cu, NH4VO3, 60% HNO3, 60-80 °C.

Other industrial methods for making adipic acid include dihydrocarboxylation or

carbomethyoxylation of butadiene. A green route has been developed to oxidize



cyclohexene directly to adipic acid using aqueous H202 under solvent and halide free

conditions.” This certainly provides a possible solution to the N20 emission problem if

the high cost of H202 can be significantly reduced in the future. Using dry air only as an

oxidant, Thomas’ group has devised two benign methods to produce adipic acid.12 In one

approach, the terminal methyl groups of hexane are selectively oxidized to carboxylic

acids using aluminophosphate molecular sieves catalyst containing Co(III) ions. The

second method involves oxidation of cyclohexane using aluminophosphate molecular

sieves containing Fe(IlI). Use of these heterogeneous catalysts allows easy separation and

recycling of the catalyst, avoids the use of nitric acid as well as the production of N20.

A biocatalytic process for adipic acid synthesis that eliminates all of environmental

problems associated with the current industrial process has been achieved by Frost and

coworkers.13 D-Glucose is converted to cis,cis—muconic acid by a biocatalyst.

Hydrogenation of cis,cis-muconic acid at mild conditions with Pt on carbon affords adipic

acid. Expression of a gene encoding catechol 1,2-dioxygenase in a catechol-producing E.

coli strain enables the synthesis of cis,cis-muconic acid from D-glucose. An improved

route to adipic acid via catechol utilized an aroE auxotroph E. coli WNl expressing aroZ-

encoded 3-dehydroshikimic acid (DHS) dehydratase for the conversion of DHS to

protocatechuic acid (PCA), aroY—encoded PCA decarboxylase for the conversion of PCA

to catechol, and catA-encoded catechol 1,2-dioxygenase for the conversion of catechol to

cis,cis-muconic acid.14 This route affords 37 g/L of cis,cis-muconic acid from D-glucose

in 23% yield (mol/mol). Catalytic hydrogenation of cis,cis—muconic acid over Pt on

carbon (50 psi H2) gives adipic acid in 97% yield. This biocatalytic approach uses a

renewable feedstock, mild conditions and emits no N20. What’s more, this route can also



provide catechol, a chemical building block used to synthesize flavors (such as vanillin),

pharmaceuticals (L-DOPA) and antioxidants (4-tert-butylcatechol).

L-lagtic agid, Another interesting example is L-lactic acid, which is primarily used in

food and related industries.” Generally, L—lactic acid is produced by microbial synthesis.

For example, microbes like Lactobacillus bulgaricus synthesize 100 g/L of L-lactic acid in

95% yield from corn (starch) or starch-derived glucose.16 Recently, much attention has

been paid to L-lactic acid due to two emerging products: as a precursor of the

biodegradable polymer polylactic acid (PLA) and for the manufacture of the solvent ethyl

lactate (Figure 4).”18
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Figure 4. Commercially available derivatives from L-lactic acid.

Ethyl lactate is a useful derivative of lactic acid that has been commercialized. It

finds wide use in inks, specialty coatings and cleaning because of its high performance.

Right now, ethyl lactate is used in soy oil-solvent blends by Vertec Biosolvents Inc. As an

environmentally-benign solvent that is readily biodegradable, ethyl lactate has the

potential to displace petroleum-derived organic solvents such as dimethylformamide,

toluene and N-methylpyrrolidone, provided its production cost (~ $4/kg) can be reduced in



the future with advances in bioprocessing steps associated with separation and

purification.

Polylactic acid (PLA) is produced industrially by the ring opening of L-lactide

(Figure 4), a dimer of lactic acid. Polylactic acid is suitable for use in food packaging or

surgical implants because it is biodegradable (to lactic acid, C02) and degrades within 45-

60 days.

Due to growing demand for polylactic acid, the production of lactic acid is

increasing rapidly. A joint venture between Cargill and Dow was opened in Blair,

Nebraska in 2002 with a capacity of 140,000 metric tons per year.19 Today, polylactic

acid made from corn is already competitive with some petroleum-derived polymers such

as polyethylene terephthalate (PET) because of its combination of performance in

applications, cost, and environmental benefits. In the future, using lignocellulosic

feedstocks can further lower the manufacturing cost of polylactic acid and may make it

competitive with polypropylene and polystyrene as well.

Mans. Several sugar-derived furans are industrially attractive because they can

potentially replace petroleum-based six—carbon monomers for production of polyamides

(nylon 6, nylon 6,6) and polyesters. S-Hydroxymethylfurfural (HMF) and furfural (2-

furfuraldehyde) are readily accessible from plant-derived pentosans and fructose by acid-

catalyzed dehydration.20 As six-carbon monomers, furfural, 5-hydroxymethylfurfural and

their derivatives could replace adipic acid, alkyldiols or hexamethylenediamine to produce

polyamides or polyesters. HMF has been used for the manufacture of phenolic resins.”

As shown in Figure 5, a number of industrially useful chemicals can be prepared from

HMF through well-developed methods, including 2,5-bis(hydroxymethyl)furan 4



(reduction), 5-hydroxymethyl-2-furoic acid 1 (oxidation), 2,5-furandicarboxylic acid 3

(oxidation) (Figure 5). Currently, fossil fuel-derived terephthalic acid is the most

important dicarboxylic acid, produced on a millions of tons scale and mainly used for the

production of polyester. Polymers, especially polyesters and polyamides have been

prepared from furans such as 2,5-furandicarboxylic acid (FDCA) and other 5-

hydroxymethylfurfural derivatives instead of terephthalic acid.22
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Figure 5. D-Fructose-derived furanoid products. Key: (a) H’, 90%; (b) AgZO, 100 °C,

75%; (c) BaMnO4/1,1,2-trichloroethane, 93%; (d) Pb, Pt/Oz/pH 7, quantitative (e) Pt/Hz,

quantitative; (f) NHZOH/HCI, Raney Ni/le, 33%.

For example, reaction of 2,5-furandicarboxylic acid 3 and diamine 5 results in furanoic

polyamide 7 (Figure 6) that can potentially replace petroleum-based polyamides.

Polymerization of 2,5-furandicarboxylic acid 3 with aromatic diamines leads to 6,,an

analogue of Kelvar” (Figure 6). Currently, none of those polymers is economically

10



competitive with existing products due to the relative higher cost of starting material

fructose. As a result, HMF is not produced on an industrial scale yet.
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Figure 6. Kelvar" and its analogues.

In contrast, furfural is produced in about 250,000 tons per year from hydrolysis of

pentoses. The well-developed chemistry of furfural provides access to several useful

building blocks (Figure 7): furfuryl alcohol 11 (hydrogenation), furanacrylic acid 14

(Perkin reaction), furoic acid 13 (oxidation), furan 15 (through catalytic decarbonylation)

and tetrahydrofuran 16 (hydrogenation), which provides a biobased alternative to

petroleum-derived 1,4-butanediol.23 Other established chemicals, such as fumaric acid,

maleic acid, and levulinic acids, can also be prepared from furfural by ring-cleavage

chemistry.24
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Figure 7. Versatile intermediate chemicals derived from furfural.

Phenol and p-hydrgxyhenzoic acid. Phenol is used to make synthetic resins, solvents,

lubricanting oils, dyes, pharmaceuticals, pesticides and perfumes. The predominant route

for manufacturing phenol is via benzene-derived cumene hydroperoxide rearrangement

(Figure 8). In fact, the Hock oxidation method accounts for about 97% of the 8.9 million

tons of phenol production worldwide. The production of phenol consumes about 20% of

the global benzene production. Benzene is an important industrial solvent and precursor

for drugs, rubbers, plastics and dyes. However, benzene is volatile and carcinogenic.25

Long term exposure to benzene can cause acute myeloid leukemia and non-Hodgkin’s

lymphoma?" What’s more, benzene is produced from BTX (benzene-toluene-xylene)

fraction of the nonrenewable fossil fuel.27 To obviate the use of feedstock derived from

fossil fuels, a new route to phenol by aromatization of D-glucose-derived shikimic acid

(Figure 8) has been established.28 Due to the increasing fears for potential of another bird

flu pandemic, shikimic acid has recently attracted increasing attention as the base starting

material for producing the anti-influenza drug Tamiflu (Figure 8).29 Shikimic acid was

extracted from the Chinese star anise before a technique was developed by Frost and

12



coworkers for the microbial synthesis of shikimic acid from D-glucose.30 Reaction of

shikimic acid in near-critical water gives phenol in 51% isolated yield.26 Reaction of

shikimic acid in refluxing acetic acid containing 1 M sulfuric acid at 120 °C yields p-

hydroxybenzoic acid (Figure 8. ) in 57% yield.26 p-Hydroxybenzoic acid is used as a food

preservative and as a key component for production of liquid crystal polymers such as

Xydar, which find wide use in high-performance applications as sensors, switches and

other electronic compounds at elevated temperatures.31 p-Hydroxybenzoic acid is

currently synthesized by Kolbe-Schmitt reaction of potassium phenoxide with dry CO2 at

240 °C followed by acidification with mineral acid. Given the increasing rise in the price

of benzene and other fossil-derived starting materials, syntheses of phenol and p—

hydroxylbenzoic acid from nontoxic renewables are attractive alternative routes to these

important chemicals.
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Figure 8. Synthesis of phenol and p-hydroxybenzoic acid from benzene and glucose.

Key: (a) propene, AlCl3; (b)1) Oz, 100 °C, 2) H2804; (c) E. coli SP1.l/pKD12.138 or

SP1.1pts/pSC6.090; ((1) H20, 350 °C; (e) 1 M H2SO4 in AcOH.
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1.2.2. Heterogeneous catalysts

As discussed before, catalytic reactions offer significant benefits in achieving

environmentally benign syntheses. Catalysis can lower energy requirements, increase

reaction selectivity, decrease use of processing and separation reagents, and allow for the

use of less toxic materials. In general, there are heterogeneous, homogeneous and

biological catalysts. Heterogeneous catalysis, in particular, provides for ease of separation

of product from the catalyst and therefore eliminates the need for separation through

extraction or distillation. Heterogeneous catalysts currently used are frequently classified

into three different types: metals alone, metals plus other components (metal oxide, metal

sulfides, metal nitrides, metal borides) and supported metals. Metal oxides are used

mainly for selective oxidation of hydrocarbons and selective reduction of NOx with NH3.

Metal sulfides are used for hydrodesulfurization (HDS) and hydrodenitrogenation (HDN)

of petroleum. Metals are most widely used for a variety of reactions such as

hydrogenation and oxidations.

Catalytic metals are mainly limited to 12 elements in groups VIII and IB of the

periodic table (Fe, Co, Ni, Cu, Rh, Pd, Ag, Pt, Ru, Ir, Os and Au). Among them, the most

catalytically active metals are Ni, Pd, Pt and Rh. Nickel is used extensively in

hydrogenation and is frequently used in the form of Raney nickel. Palladium is good for

hydrogenation of most unsaturated organic molecules except benzenes. It is frequently

used for hydrogenolysis off protecting groups. Platinum catalyzes the hydrogenation of

most functional groups except esters, acids and amides. Rhodium is good for the

hydrogenation of most functional groups with a minimum of hydrogenolysis activity.
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Many of the methods for preparing heterogeneous catalysts have been reviewed.32

A brief summary of preparation methods is as follows. Skeletal metals are formed by

leaching away one metal from an intimate alloy of two or more metals. One example of

these is Raney nickel. Metallic powders are made from several ways. They can be

prepared by reducing salts (normally chlorides of metals) with a reducing gas such as

hydrogen. They can also be made from thermal decomposition of metal carbonyls or

metal salts of organic acids in a vacuum. Metal sulfides may be prepared by passing a

sulfur-containing compound over the metal under a hydrogen atmosphere. Such catalysts

are normally immune to nonmetallic poisons.

Particle size is an important parameter in heterogeneous catalysis. Two classes of

heterogeneous catalytic reactions have been defined33 according to the effects of the

particle size: one is structure sensitive where rates per exposed atom depend on the

particle sizes such as hydrogenolysis of C-C bond. The other is structure insensitive

where rates are not dependent on the particle sizes of catalysts such as dehydrogenation of

cyclohexane to benzene. Since the relative populations of exposed atoms at edges, comers

and planes of the metal crystallites change as the particle size changes, structure-sensitive

reactions are believed to occur on active sites whose numbers change with the particle

sizes.

Measurement of particle size distributions can be done with chemisorption,

chemical reactions34 and electron micrographs. One classical example of the use of

chemical reactions to characterize the catalyst surface has been reported by Sinfelt and his

co-workers.35 During their investigation, both structure-sensitive and structure-insensitive

reactions were used to characterize catalysts composed of different mol ratios of Cu to Ni.
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As the concentration of Cu in Cu-Ni alloy increases from zero to 100%, the reaction rate

of cyclohexane dehydrogenation (structure insensitive) remains constant until the very

highest concentration of Cu. Alternatively, the reaction rate of ethane hydrogenolysis,

which is structure-sensitive, continuously decreases. Since the dehydrogenation of

cyclohexane presumably occurs on the active sites of single Ni atoms, its reaction rate

remains constant until the concentration of Cu becomes too high to significantly dilute the

Ni. Ethane hydrogenolysis depends on the active sites of a certain minimal size (or

ensembles). The numbers of Ni clusters on the catalyst surface decreased rapidly as the

result of addition of Cu onto the catalyst surface.

Energy prooootioo from biomass. Record—high oil, gasoline and natural gas prices

combined with possible global-warming have driven people to look for new clean-energy

technologies. Biofuels and hydrogen seem to be the most promising solutions. Hydrogen

is currently produced from nonrenewable natural gas and petroleum36 but could in

principle, be derived from renewable resources, such as water and biomass. However, It

is difficult to generate hydrogen efficiently from water. Technologies available for

generating hydrogen from biomass, such as steam-reforming of bio-oils37 or enzymatic

decomposition of sugars,38 usually require complex processing or suffer from low

hydrogen generation rates. Dumesic’s group has demonstrated that hydrogen can be

produced at 500 K in a single-reactor aqueous phase reforming process using a Pt-based

catalyst.” Dumesic and his coworkers proposed the mechanism shown in Figure 9 to

explain the formation of the alkanes and hydrogen. The reactant undergoes

dehydrogenation on the surface of the metal to generate the adsorbed species before the

subsequent C-C bond cleavage or C-O bond cleavage. On the surface of catalyst
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employed, Pt-C bonds are stronger than Pt-O bonds. This may indicate that the adsorbed

species probably prefers to bind on the catalyst surface through Pt-C bond instead of Pt-O

bond, which lead to the cleavage of CC bonds and generation of CO and hydrogen

(Figure 9). CO reacts with water to form CO2 and hydrogen by the so—called water-shift

reaction. Two reactions have been identified to affect the selectivity of hydrogen

production from hydrocarbons (Figure 9). “Series selectivity” entails reaction of

hydrogen produced with CO or CO2 leading to alkanes and water by methanation or a

Fischer-Tropsch (F—T) reaction (Figure 9). The other reaction is the “parallel selectivity”

problem which involves cleavage of CO bond and hydrogenation of the resulting

intermediate resulting in the formation of undesired alkanes (Figure 9). Thus, the key to

high hydrogen production is to find the catalyst that favors the C-C bond cleavage over C-

0 bond cleavage.
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Figure 9. Reaction pathways for hydrogen production by reaction of oxygenated

hydrocarbons with water. Key: [M] = metal surface; * surface metal site; F-T= Fischer-

Tropsch reaction.

A theoretical study based on the self-consistent periodic DFT (density functional

theory) calculations, together with transition-state theory, predicts that on the Pt (111)
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surface and at temperature higher than 550 K the rate constant for C—C bond cleavage is

higher than that of C-0 bond cleavage. These calculations also predict that C-C bond

cleavage in ethanol on Pt (111) is much faster than in ethane on Pt (111).40 These

calculations explain why hydrogen production can be favored. This theoretical analysis

suggests that a promising aqueous-phase technology for producing H2 fuel from renewable

biomass. With further research, it is possible that this catalytic methodology can be

applied industrially in the future.41

from Propylene oxide is one of the most important bulk chemicals, which is

used for producing polyurethane and polyols. It is produced globally at 5 millions tons

per year and provides a market of about $11 billion per year. Current industrial

production of propylene oxide involves a two-stage reaction using either chlorine

(chlorohydrin process) (Figure 10) or organic peroxide (Halcon process) (Figure 10).

Chlorohydrin process

OH

A + CI2 + H20 -——> Am + HCI

OH O

/K/Cl + Ca(OH)2 + HCI ——> A + CaCI2 + 2 H20

Halcon process

OH

A + CH3C(CH3)2OOH __> N + CH3C(CH3)20H

Figure 10. Industrial processes of propylene oxide.

The Chlorohydrin process causes serious environmental pollution and the Halcon

process produces stoichiometric quantities of low value co-products such as styrene or t-
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butyl alcohol. Although H202 is an environmentally benign oxidant and can oxidize

propylene to propylene oxide in high selectivity, the price of H202 is too high to be

economically competitive.42 Molecular oxygen is an ideal oxidant due to its low cost and V

generation of water as the byproduct. Hoelderich and coworkers have reported the liquid-

phase generation of propylene oxide by reaction of propylene with oxygen and hydrogen

in aqueous methanol over Pd on TS-l (a titanium silicalite catalyst), giving conversion

and selectivity over 40% in batch reactions.43 Liu and colleagues have examined the

direct oxidation of propylene by molecular oxygen without hydrogen by a Pd catalyst in

methanol in an autoclave reactor and achieved over 60% selectivity at 43% conversion of

propylene.“45

Gold-catalyzed epoxidation of propylene using hydrogen and oxygen has been

investigated extensively for the past decade.46 Four factors have been identified to be

important for the preparation of efficient Au catalysts in the direct propylene epoxidation.

The first factor is the methods employed for Au deposition. lmpregnation resulted in

complete oxidation of propylene to H20 and CO2 while deposition precipitation led to

epoxidation with selectivity higher than 90% (Figure 11). The second factor is the

appropriate selection of support materials. Anatase TiO2 (one of the three mineral forms

of TiOz) is the only single metal oxide that can make Au selective below 100 °C, but the

conversion of propylene remains low. However, use of titanosilicate supports lead to the

stabilization of propylene oxide at higher temperature and also increases the propylene

oxide yield as desorption of propylene oxide is favored at high reaction temperature.47 For

example, conversion of propylene was only 1% in the case of Au catalysts supported on

anatase and microporous TS-l but conversion increased to 4% for ordered mesoporous Ti-
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MCM-4l (Ti-containing mesoporous molecular sieve) and hydrophobic Ti—HMM (Ti-

containing hybrid mesoporous material) and to about 5% for three—dimensional sponge-

like mesoporous titanosilicates with epoxidation selectivity greater than 90%. The third

important factor is the size of Au particles (Figure 11). Only those Au catalysts with

particle sizes between 2-5 nm show efficient epoxidation activity. When the mean

diameter of Au particles is smaller than 2 nm, propylene is reduced to propane (Figure

11). When the Au particle sizes are bigger than 5 nm, the formation of H20 and CO2 is

favored (Figure 11).
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Figure 11. Influence of Au particle size on product yield during propylene

epoxidation using 02 and H2.

The fourth factor affecting the catalyst is the additive. Many alkaline and alkaline

earth salts work as promoters and play an important role in the selectivity of epoxidation.48

For example, mixing of CsCl with An supported on Ti-MCM-41 increased the propylene
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epoxide selectivity to 97% with a propylene conversion less than 2%. Addition of BaNO3

into Au on titanosilicate support improved propylene conversion to 4% with propylene

oxide selectivity of about 90%.49 An efficient regeneration of Au catalyst on titanosilicate

using a trace amount of trimethylamine resulted in a propylene conversion up to 8.5% and

a propylene oxide selectivity of 91%. This result is very close to the current industrial

standard (a propylene conversion of 10%, a propylene oxide selectivity of 90%).

Trimethylamine-promoted, one-step epoxidation of propylene using oxygen and hydrogen

over supported Au catalysts thus serves as an example of a chemical process that can both

meet the industrial standards and be environmentally compatible.50

1.3. Syntheses of Caprolactam

As the monomer of nylon 6, approximately 4 million tons of e-caprolactam are

produced each year.51 Nylon 6 is widely used for its high strength-to-weight ratio, good

chemical and thermal stability, and durability. Most current manufacturing processes for

caprolactam start from either toluene or benzene, via the intermediacy of cyclohexanone,

cyclohexanone oxime and followed by a Beckmann rearrangement to afford s-caprolactam

(Figure 12).
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Figure 12. Classical production of e-caprolactam. Key: (a) Hz/Ni; (b) 2-propene,

HZSM-12; (c) i) 02, ii) Cu/Zn; (d) HZ/Pd; (e) i) (NHZOH)2HZSO4, ii) NH3; (f) i)

112804-803, ii) NH3

The major issues with current production of caprolactam involve the use of

hydroxylamine sulfate and oleum in the ammoximation (Figure 13) and Beckmann

rearrangement respectively (Figure 13). Neutralization of the liberated acid from

hydroxylamine sulfate with ammonia results in the formation of large quantities of low-

value ammnonium sulfate as a byproduct (up to 4.5 kg of ammonium sulfate per kg of

caprolactam).

Ammoximation

NOHO

c: + (NHonlz'H2304 + NH3 ——-> 6 + (NH4)ZSO4 + H20

Beckmann Rerrangement

NOH

NH
6 M. 0-1/2st04———3—> Q +1/2(NH4)2804

N OH tb-‘I 0

Figure 13. Formation of ammonium sulfate

The formation of large quantities of ammonium sulfate is economically and

environmentally problematic for caprolactam producers. To minimize the formation of

ammonium sulfate, many processes have been explored that entail developing new

catalysts or using new starting materials. Most of the effort has been put into preventing

the formation of ammonium sulfate salt during the ammoximation (Figure 13).
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Step 1:

2N0 + 3H2 + 2 (NH4)HSO4 _PV_C_. 2 (NH30H)(NH4)SO4

Step 2:

0:0 + (NH3OH)(NH4)SO4 ——> <:>=NOH + (NH4)HSO4 + H20

Overall:

ZO=OH+ 2NO+3H2 ——> 2<:>=NOH + 2H20

Figure 14. Acidic oximation process

BASF made its contribution by developing the acidic oximation process shown in

Figure 14. In the first step of the acidic oximation process, nitric oxide is catalytically

reduced in a solution of ammonium'hydrogen sulfate over platinum on graphite to give

ammonium hydroxylammonium sulfate, which drives the transformation of

cyclohexanone to cyclohexanone oxime. The resulting ammonium hydrogen sulfate is

recovered for the generation of hydroxylamine. Hence, no further neutralization of

ammonium hydrogen sulfate is required. This acidic oximation process reduces the

amount of ammonium sulfate from the previous 2.5-2.7 tons to only 0.1 ton per ton of

cyclohexanone oxime.

Another popular process developed by DSM is the hydroxylamine-phosphate-

oxime (HPO) process (Figure 15), during which the ammoximation is conducted in a

hydroxylamine phosphoric acid buffer. After separation of the oxime, the remaining

ammonium phosphate buffer is concentrated and recycled into the hydroxylamine

synthesis. Hydroxyl ammonium phosphate is formed by reduction of ammonium nitrate
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Step 1:

Pd/C + -
NH4N03 + 3H2 + 2H3PO4 —_>[NH30H] [H2P04] + NH4H2P02 + ZHZO

Step 2:

+ _

Ozo + [NHSOH] [H2PO4] —->O=NOH + H3PO4 + H20

Step 3:

NH3H2P02 + HNo3 —-> NH4N03 + H3PO4

Overall

Figure 15. HPO (hydroxylamine-phosphate-oxime) process.

and phosphoric acid with hydrogen in the presence of a palladium catalyst. Nitrate ions

consumed are replaced by addition of nitric acid (Figure 15, step 3). The HPO process

avoids the formation of ammonium sulfate in the ammoximation step. However, both

BASF’s acidic oximation process and DSM’s HPO process still need to use

hydroxylamine. The generation and handling of hydroxylamine require extensive capital

investment. One innovation, called the EniChem ammoximation process, has actually

bypassed the need of hydroxylamine (Figure 16). In this process, cyclohexanone is

reacted with ammonia and hydrogen peroxide at 90 °C in the presence of a titanosilicate

catalyst (Figure 16). This process was first developed by EniChem (now Syndial, Italy).

However, the main drawback of this process is the high price of the catalyst along with the

high and volatile price of hydrogen peroxide.

Ti/silicate

O + H202 + NH3 ————> NOH + 2H20

Figure 16. EniChem ammoximation process.
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The final step of caprolactam synthesis is a Beckmann rearrangement, during which

oleum is commonly used to initiate this transformation (Figure 13). Neutralization of the

released acid with ammonia has resulted in about 1.8 tons of ammonium sulfate per ton of

caprolactam. To avoid the formation of ammonium sulfate, there has been extensive

investigation into the optimization of the classical Beckmann rearrangement. A variety of

catalysts have been tested for the reaction, namely zeolitic molecular sieves and

nonzeolitic catalysts. The majority of the work done by different groups focuses on the

relation of the catalysis acidity and yield, the location of the rearrangement, and the best

reaction conditions. An important process called the Gas-phase Beckmann

Rearrangement, first introduced by Dupont in 1938, has been developed worldwide ever

since. This process uses heterogeneous catalysts instead of sulfuric acid and generates no

ammonium sulfate. Contrary to the general belief that the Beckmann rearrangement is

catalyzed only by acid, a high silica MFI zeolite that possesses no acidity was found to be

the best catalyst for the reaction.

Sumitomo successfully increased the selectivity of the catalyst, made it suitable to

be industrially used and commercialized a process for a Beckmann rearrangement free of

ammonium sulfate for the first time. The process operates at 350 °C with a small positive

pressure and methanol as the promoter in a fluid bed reactor. Combining the

ammoximation (from EniChem) and fluidized-bed Beckmann rearrangement, Sumitomo

has successfully commercialized a zero ammonium sulfate route to produce caprolactam.52

However, as we mentioned before, the disadvantages of this process are the high cost of

catalysts, hydrogen peroxide and the fluidized-bed reactor?3
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The other promising alternative to the heterogeneous processes is the production of

caprolactam based on non-aromatic starting materials such as butadiene or adiponitrile.

Two relevant approaches have been considered. The first results from a collaboration

between DSM and Dupont called the ALTAM process (Figure 1.7).54

petroleum

l
a e

M0043 ‘— N —> NCW

0

methyl-3-pentenoate 1 ,3-butadiene hex-S-enenitrile

i” i'

OMOCHa /\/\/CN
0 NC

5-formyl valerate adiponitrile

 

l*

1c 0 l 9

00.. OH
3

   6-aminocaproate s-caprolactam 6-aminocapronitrile

 

Figure 17. Syntheses of e-caprolactam from 1,3-butadiene. Key: (a) CO, MeOH, Ni-

zeolites; (b) CO, H2, Co, Rh; (c) NH3/H2, Ru; (d) 250 °C; (e) HCN; (f) HCN; (g) Ni/Co,

H2; (h) Ti02, H20.

In the first step, butadiene is carbonylated in the presence of methanol at high

pressure (> 7 MPa) to produce the pentenoate ester. The methyl pentenoate is subjected to

hydroformylation with syngas in the presence of a ligand-promoted rhodium catalyst to

afford S-formyl valerate. The resulting valerate ester undergoes reductive amination over

a ruthenium catalyst to 6-aminocaproic acid, which is then cyclized to caprolactam at an

elevated temperature (250 °C) in the absence of catalyst.55
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Another approach, developed by Dupont with BASF and Rhodia separately,56 uses

adiponitrile as an intermediate (Figure 17). Adiponitrile can be prepared from butadiene

and hydrogen cyanide over a nickel phosphate catalyst, which was a process first

developed by Dupont for production of hexamethylenediamine (HMDA), one monomer

for nylon 6,6. The next step is partial hydrogenation of adiponitrile at high pressure (6.9

MPa) and 80 °C over Raney nickle in liquid ammonia. The final step is hydrolytic

cyclization of the resulting 6-aminohexanitrile at moderate temperature (240 °C) and high

pressure (10 MPa) over TiO2 to give caprolactam (Figure 17).37 Butadiene-based

processes certainly provide another option in the future. However, the butadiene routes

involve several separations and recycling steps of products and byproducts, severe

reaction conditions, low productivity of catalyst and fluctuating pricing of butadiene. 'Lhe

future of butadiene-based routes depends on mtive cheaper feedstocfik cost to benzene

exists and persists.

There are certainly significant improvements in developing butadiene-based routes

and heterogeneously catalyzed routes based on zeolitic molecular sieves and non-zeolitic

materials to reduce the generation of ammonium sulfate or avoid using toxic and corrosive

reagents in caprolactam production. However, all above routes are still based on

petroleum feedstocks (benzene or butadiene). In the long run, it is only reasonable to

replace fossil feedstocks with renewables that are processed by catalytic reactions to

achieve environmentally sustainable development. This concept has been demonstrated

by the example of adipic acid syntheses development. Adipic acid is an important

building block for nylon 6,6 and urethanes.58 It is currently produced from hexanone or

hexanol involving aggressive nitric acid oxidation generating a large amount of nitrous
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oxide, a green house gas. Alternative catalytic syntheses have been developed to

eliminate the use of nitric acid by direct conversion of cyclohexane in air.59'60 Still, all

syntheses rely on petroleum—derived benzene as the feedstock. A biocatalytic process for

adipic acid synthesis that eliminates all environmental problems associated with the

current industrial process has been achieved by Frost and coworkers.61 This aroused our

interest in exploring the possibility of devising a process to catalytically prepare

caprolactam from a renewable feedstock as well. In this thesis, a benzene—free synthesis

of caprolactam has been explored where caprolactam is synthesized from glucose-derived

L-lysine via intermediacy of a—aminocaprolactam (Figure 18).

H H

..OH 3 0
+

—> \NH3 ——> "'NH2 —> NH

OH - _ N

C02 H O

D'Q'UCOSG L-lysine a-amino-e-caprolactam s-caprolactam

(DH

  
Ho CH

17 18 19

Figure 18. Renewable Synthesis of Caprolactam.
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CHAPTER 2

SYNTHESIS OF g-QAPROLACTAM FROM L-LYSINE

2.1. Introduction

e-Caprolactam, the monomer for the production of nylon 6 fibers and plastics. is

projected to grow at 2.9% per year, and reach 4.5 million metric tons by 2010.1 The

current production of e-caprolactam suffers from the use of problematic reagents and

generation of large quantities of low-value side products.2 Due to the pressures of both

competitiveness and environmental concern, the syntheses of e-caprolactam has

undergone significant innovation either based on new starting materials or more efficient

and safer catalysts”5 However, all current production and innovations are exclusively

based on petroleum feedstock. Recently, the rise of oil prices has hurt the profitability of

e-caprolactam producers. Therefore, a synthesis of e-caprolactam from a renewable

source is highly desirable.

To this end, synthesis of s-caprolactam from D—glucose-derived L-lysine has been

investigated, which involves the cyclization of L-lysine and subsequent deamination of

the resulting a-amino-e-caprolactam. A new method of L-lysine cyclization in the

absence of catalyst has been developed involving the optimization of reaction

temperature and solvents. This method has also been applied to the synthesis of other

medium-sized lactams. After successfully masking the e-amine group as an amide by

cyclization, different strategies have been explored to selectively remove the a-amino

group of a-amino-e-caprolactam. Deamination of a-amino-e-caprolactam was explored
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chemically using hydroxylamine~0—sulfonic acid (NHZOSO3H) and catalytically over Pt

on carbon.

2.2. Background

The production of L-lysine ranks the second amino acids to L-glutamic acid at 7.5

x108 kg/year.6 The L-lysine market has increased by about 8% to 9% annually in the past

few years, and is expected to grow by about 7% to 8% per year.7 The rapid growth in

demand of L-lysine and other amino acids is mainly due to their utilization as feed

additives. As a limiting amino acid, lysine is primarily used as a feed additive for swine

and poultry to improve feed efficiency and promote growth. Increasing demand and

competition have led to innovations in lysine production, which has resulted in higher

productivity and a substantial cost reduction. For example, the manufacturing cost of

lysine has decreased by more than twofold in the last two decades.7 L-Lysine was

targeted as a starting material because of its structural similarity to e-caprolactam,

accessibility from plant-derived feedstocks (starch) and low production cost. L-Lysine

has all the functional groups necessary for the formation of e-caprolactam. Given the

increasing price of benzene and other petroleum-derived starting materials and likely

reductions of lysine’s price, synthesis of e-caprolactam from this renewable source can be

both economically competitive and sustainable.

2.3. Design

There are three possible approaches to synthesize caprolactam from lysine (Figure

19). The first route entails cyclization followed by deamination of the intermediate of 0t-

aminocaprolactam (Figure 19). Another possibility is a one-step reaction directly from L-

35



lysine to caprolactam. The third approach starts with deamination of lysine to 6-

aminocaproic acid followed by cyclization (Figure 19). Our prelimilnary results showed

that poor selectivity was observed for deamination of L-lysine while the yield of the one-

step synthesis was too low to be practical. Ultimately, attention was then focused on

route a: cyclization of L-lysine to a-amino-e-caprolactam, successfully masking the 8-

amino group, followed by selective removal of the a-amino group to result in the desired

caprolactam product. Two major techniques are needed to make the above synthesis

practical: efficient cyclization and selective deamination.

NH

'—. 2 O

C...
aminocaprolactam

18

ca / \ 0

fit —» a0: —» C~~
; OH EH2

HO OH Cl caprolactam

glucose L-Iysine \ / 19

17 _

+

NH3

6-aminocaproic acid

20

Figure 19. Synthetic strategies of caprolactam from L-lysine. a) cyclization followed

by deamination; b) one-step synthesis; c) deamination and then cyclization.
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2.4. Results

2.4.1. Cyclization

2.4. 1. 1 Cyclization of L-lysine

L-lysine is the ideal precursor for synthesis of caprolactam because that it has the

same carbon chain with the necessary functional groups needed for the formation of the

lactam. The challenge of this route is how to selectively remove the secondary (at-amino

group without affecting the e-amino group of L—lysine. Our strategy is to simply mask

the e-amino group by forming an amide through cyclization of the L-lysine. Among

different methods developed for the cyclization of amino acids,8 alumina—catalyzed

cyclization seemed most suitable for our goal.9d L-Lysine is cyclized to the corresponding

lactam in refluxing toluene catalyzed by silica or alumina. The advantages of this

process are the high reaction yield (90%) with low cost and high abundance of the

reagents. However, considering the high volume of the industrial production of

caprolactam, using a huge amount of A1203 and toxic solvents such as toluene can be

problematic when scaling up this process.

To avoid the use of petroleum-derived toluene while retaining the ability to

remove water as an azotrope, cyclizations of L-lysine hydrochloride were examined in

various alcohols (Table 1). These solvents also allowed the impact of reaction

temperature on the cyclization to be determined. All reactions were initiated with

neutralization of L-lysine hydrochloride (0.25 M) with NaOH. The resulting NaCl

precipitate was filtered out of solution after the reaction. A Dean-Stark trap was used to

remove the water generated during the reaction with the exception of diols or triols (

37



Table 3), where the first 10% of the solvent volume was removed when the

reaction was brought to reflux. After acidification, a-amino-e—caprolactam hydrochloride

could be crystallized from water (Table 2, entry 3) although a significant reduction of

yield was encountered.

The cyclization of L-lysine was first examined in the presence of A1203 in

refluxing ethanol, l-propanol, l-butanol, and l-pentanol. No cyclization was detected in

ethanol (Table 1, entry 1) or l-propanol (Table 1, entry 2). A 92% yield of a-amino-e-

caprolactam was observed in l-butanol (Table 1, entry 3). In l-pentanol, a 96% yield of

a-amino-e-caprolactam was realized along with a reduction in the reaction time (Table 1,

entry 4). Further increase of reaction temperature by refluxing in l-hexanol resulted in

an almost quantative yield (Table 1, entry 5).

Table l. Cyclization of L-Iysine hydrochloride (17) in the presence of Al203

 

 

ent 17/NaOHlAI203 reaction 18

ry (mmol) conditions (% yield“)

1-ethanol (120 mL)

1 30/30/270 78°C, reflux, 12 h 0

1-propanol (120 mL)

2 30/30/270 97°C, reflux, 12 h 0

1-butanol (120 mL)

3 30/30/270 117 °C, reflux, 6 h 92

1-pentanol (120 mL) 8

4 30/30/270 137 °C, reflux, 4 h 96

5 30/30/270 1-hexanol (120 mL) 96“

156 °C, reflux, 4 h
 

a) Crude 1H NMR product yields were determined relative to a

calibration curve based on the ratios of integrated resonances at

d=4.29 for varying concentrations of a-amino-e-caprolactam 10

relative to the integrated resonance at d=0.00 for sodium 3-

(trimethysilyl)propionate-2,2,3,3-d4 in D20.

The impact of omitting A1203 during cyclization of L-lysine was examined.

Cyclization of L-lysine in yields ranging from 21-51% have been reported in near-critical

38



and supercritical waterfgh‘i Catalyst-free cyclizations of 6—aminocaproic acid to form 8-

caprolactam have also been reported in ethanol heated to 200 °C.9 Reaction of L—lysine in

ethanol (200 °C) did afford a 65% yield of a-amino-e-caprolactam (Table 2, entry 10).

By comparison, an 80% yield of a-amino-e-caprolactam was obtained when L-lysine was

cyclized in refluxing l-butanol (Table 2, entry 1), although a much longer reaction time

was required relative to Ale3-catalyzed cyclization (Table 1, entry 3). The same pattern

was observed for cyclization of L-lysine in l-pentanol where a 93% yield was achieved

(Table 2, entry 2 vs Table 1, entry 4). Increasing the reaction temperature via use of

Table 2. Cyclization of L-Iysine in mono alcohols

 

 

17/NaOH/Al203 reaction 13
entry . . . ab

(mmol) conditions (% yield ' )

1-butanol (120 mL) 8

1 30/30/0 117°C, reflux, 240 h 80

1-pentanol (120 mL) a

2 30/30“) 137°C, reflux, 64 h 93

1-hexanol (120 mL) 3

3 30/30/0 157 °C, reflux, 8 h 89

1-hexanol (1.2 L) a b

4 300/300“) 157 °C, reflux, e h 91 ’75

1-heptanol (120 mL) a

5 30/30/0 176 °C, reflux, 8 h 59

1-octanol (120 mL) 3

6 30/30/0 195 °C, reflux, 1 h 63

diethylene glycol

monoethyl ether 3

7 30/30“) (120 mL)195 °C, 32

reflux, 1 h

1-nonanol (120 mL) 8

8 30/30/0 215 °C, reflux, 0.5 h 26

1-decanol (120 mL) 3

9 30/30/0 231 °C, reflux, 0.25 h 22

ethanol (120 mL) 3

10 30/30/0 200 °C, 2 h 65

 

a) Crude 1H NMR product yields were determined relative to a

calibration curve based on the ratios of integrated resonances at d=4.29

for varying concentrations of a-amino-e-caprolactam 10 relative to the

integrated resonance at d=0.00 for sodium 3—(trimethysiIyl)propionate-

2,2,3,3-d4 in D20. b) Yield of product purified by crystallization.
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refluxing l-hexanol at both smaller scale (Table 2, entry 3) and larger scale (Table 2,

entry 4) reduced the time for the uncatalyzed cyclization of L-lysine.

Further increase of the reaction temperature above 160 °C (Table 2, entries 5-9)

did significantly shorten the reaction time but also resulted in significant reduction of the

reaction yield due to the secondary reactions such as decomposition or polymerization.

For example, when refluxing in l-decanol (Table 2, entry 9), the reaction finished in 15

min to give only 22% of the desired product. The products of the secondary reaction

have not been examined in detail. Comparison between cyclization in 1-octanol (Table 2,

entry 6) and diethylene glycol monoethyl ether (Table 2, entry 7) deserves some

consideration. Refluxing L-lysine at the same temperature for the same amount of time,

l-octanol almost doubled the reaction yield in that of diethylene glycol monoethyl ether.

It may indicate that polarity or the hydroxyl group of the solvent may play an important

role in the cyclization of L-lysine, possibly due to hydrogen bonding or even activation of

the acid group by formation of the ester. This observation aroused our interest to explore

the cyclization in diols and triols (Table 3). Interestingly, the highest yield (96%) and

shortest time (2 h) for the conversion of L-lysine to or-amino-e-caprolactam were

observed in refluxing 1,2-propanediol (Table 3, entry 1). 1,2—propanediol is obtained

from the hydrogenation of lactic acid, which is obtained from fermentation on large scale

for food and polymer applications. As observed before, the reaction yield in the

cyclization of L-lysine decreased when the reaction temperature is above a certain

temperature. In fact, all L-lysine was consumed after refluxing in glycerol (290 °C) for

less than 10 min and no desired product was observed (Table 3, entry 4).



Table 3. Cyclization of L-lysine hydrochloride in triols and diols

 

 

17/NaOH/A1203 reaction 13
entry . . , a

(mmol) conditions (% yield )

1,2-propanediol (1.2 L) a

1 300/300“) 187 °C, reflux, 2 h 95

ethylene glycol (120 mL) a

2 30/30") 197 °C, reflux, 1 h 94

1,3-propanediol (120 mL) 3

3 30/30/0 214 °C, reflux, 1 h 77

glycerol (120 mL) 3

4 30/30/0 290 °C, reflux, 0.1 h 0

 

a) Crude 1H NMR product yields were determined relative to a

calibration curve based on the ratios of integrated resonances at

d=4.29 for varying concentrations of a-amino-e-caprolactam 10

relative to the integrated resonance at d=0.00 for sodium 3-

(trimethysilyl)propionate—2,2,3,3-d4 in D20.

2.4.1.2. Ring closure to form medium—sized lactams

Medium-sized ring lactams (7- to lO-membered) find widespread use in organic

chemistry as key intermediates in the synthesis of natural products or pharrnaceutically

important compounds. However, still lacking is an efficient ring closure method to form

medium sized lactams.10 With success in cyclization of L-lysine in refluxing 1,2-

propanediol, attention was turned to the synthesis of other medium sized lactams,

especially 7- and 8-membered lactams that are difficult to make. For comparison,

cyclizations have also been run in ethanol in a pressure reactor that was heated to 200

°C.93 These results are summarized in Table 4. Cyclization of 6-amino hexanoic acid in

ethanol (200 °C) and 1,2-propanediol (187 °C) proceeded in 98% (Table 4, entry 1) and

96% (Table 4, entry 2) yield, respectively.
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Table 4. Synthesis of 7- and 8-membered lactams

 

 

' lactams
entry substrate substrate/NaOH reaction . 8

(mmol) conditions (% yield )

1 6-amino hexanoic 30/0 ethanolb (120 mL) 983

acrd 200 °C, 2 h

6-amino hexanoic 1,2-propanediol (120mL) a

2 acid 30/0 187 °C, reflux, 2 h 96

b

3 L-lysine-HCI 30/30 ethanol (120 mL) 65a

200 °C, 2 h

_ . . 1,2-propanediol (120 mL) 3

4 L lysrne HCI 30/30 187 °C, reflux, 2 h 95

5 7-amino heptanoic 10,0 ethanol'3 (120 mL) 10a

acrd 200 °C, 2 h

7-amino heptanoic 1,2-propanediol (120mL) a

6 acid 10") 187 °c, reflux, 2 h ‘2

b

7 homolysine-HCI 30/30 ethanol (120 mL) 78‘

200 °C, 2 h

. 1,2-propanediol (120 mL) 3

8 homolysrne HCI 30/30 187 °C, reflux, 2 h 9

 

a) Product yields were determined 1H NMR. b) Reactions were run in the high-pressure reactors.

Similarly, ring closure of L-lysine in both refluxing 1,2-propanediol and ethanol

(200 °C) (Table 4, entries 3 and 4) provided the desired or-amino e-caprolactam in good

to excellent yields. However, a significantly lower yield was observed for cyclization in

ethanol (Table 4, entry 3). This may be traced back to the possibility of polymerization.

The extra secondary amine group of a-amino-e-caprolactam (compared with

caprolactam) can attack the amide group of another or-amino-e-caprolactam and open the

lactam ring and thus forming a dimer or oligomers. Cyclization of 7—amino heptanoic

acid and homolysine has also been explored both in ethanol (200 °C) and 1,2-propanediol

to make 8-membered lactams.

Since homolysine is not commercial available, it was synthesized according to a

modified acetamidomalonic ester approach (Figure 20),” in which ethyl

acetamidomalonate is reacted with S-brompentylphthalimide 23 in the presence of
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sodium hydride, followed by hydrolysis (Figure 20). The intermediate 5-

hydroxypentylphthalmide 22 was not isolated, but treated with phosphorous tribromide

directly to give 5-bromo pentylphthalimide 23. The monohydrochloride homolysine 25

was isolated in 32% overall yield without optimization.

0 0 0

@0 _a» ©E:N'(CH2)5'OH i» @N- (CH2)5—Br

O 0 Q

21 22 23

O

C C02Et O

——* @“CHQS‘97602H ——"—+ HIM/$6
O

NHCOCH3 CT EH3

homolysine

24 25

Figure 20. Synthesis of homolysine. Key: a) NH2(CH2)50H, toluene, reflux. b) PBr3,

100 °C, overall 70%. c) CH3C0NHCH(C02Et)2, NaH in DMF, 54%. d) 6N HCI, reflux,

84%.

With homolysine in hand, preparation of 8-membered lactams has been examined

with our standard cyclization methods (Table 4, entries 5-8). Unfortunately, low reaction

yields were obtained (8-12%). In conclusion, a convenient and catalyst-free method has

been developed for the synthesis of 7-membered iactams.

2.4.2. Deamination

2.4.2.1. Reductive deamination with hydroxylamine-O-sulfuric acid

With a convenient preparation of or-amino-e—caprolactam, attention was then

turned to the selective deamination of the or-amino group of or—amino-e-caprolactam.

Practical methods for the cleavage of carbon-nitrogen bonds are limited. The chemistry
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of these reactions is dominated by two fundamental properties of the nitrogen atom

(Figure 21):12 (1) the ability to form a positively charged tetravalent group that can

activate the adjacent carbon-hydrogen bonds for abstraction and serve as a good leaving

group and (2) the capacity of combining another nitrogen atom to form the very stable N2

molecule (Figure 21).

2.. \ - ,
/C'CH + R3N

\

a H—C.’ b \C CH/

[3 _'NR3 —'_* . ' + R N

BVH';\’ /H 3

 

Figure 21. Cleavage of C-N bonds.

Taking advantage of the enthalpic advantage of forming N2, Doldouras’ group

developed a reductive deamination method using hydroxylamino-O-sulfonic acid

(NH20803H) in the presence of aqueous base. ‘3 This method was further improved by

Ramamurthy’s group using aqueous methanol as solvent and up to 20 equivalents of

hydroxylamine-O-sulfonic acid.l4 According to the mechanism proposed by the

Doldouras’ group (Figure 22),13 reaction of the primary amine with hydroxylamino-O—

sulfonic acid in basic condition led to formation of hydrazine (Figure 22), followed by

dehydration with a nitrene (Figure 22), then the resulting diazene (Figure 22) lost

nitrogen gas to afford the desired saturated hydrocarbon. The N-amination step (the

formation of the hydrazine) was thought likely to be the rate-determining step because

the other steps were expected to be relatively rapid and did not involve any significant

side reactions. Also, decomposition of hydroxylamine-O-sulfonic acid in aqueous



solution above room temperature would be a reason why a large excess of

hydroxylamine-O—sulfonic acid was required for the reaction. ’5 So, the key to obtaining

high reaction yield is to minimize the decomposition of hydroxylamine-O-sulfonic acid

and assure the formation of hydrazine. It seems reasonable to run the reaction at lower

temperature.

NHZOSO3H RNHNH2

OH_ hydrazine

NH= <— NH20803H + 0H-

nitrene

—N

RH <——2——- RN=NH

diazene

Figure 22. Proposed mechanism of reductive deamination using NH20803H.

Hydroxylamine—O-sulfonic acid was employed to cleave off the a—amino group of

or-amino-e-caprolactam. Variations of reaction temperature, concentration of or-amino-e-

caprolactam, NH20803H/or-amino-e-caprolactam ratio and solvents were explored. In a

typical example: a-amino-s-caprolactam (2.56 g, 20 mmol) was dissolved in 100 mL

water in a flask connected to a gas buret, and the solution cooled to -5 °C. After addition

of KOH (4.48 g, 80 mmol) and the first half of NHZOSO3H (4.52 g, 40 mmol), the

reaction solution was stirred at -5 °C for 1 h. The reaction solution was then heated to

70-75 °C and stirred at this temperature for 1 h. The solution was again cooled to -5 °C

followed by addition of more KOH (4.48 g, 80 mmol) and NH20803H (4.52 g, 40

mmol). After stirring at —5 °C for 1 h, the reaction solution was heated to 70-75 °C and

stirred at the temperature for 1 h. The completion of reaction was checked by 1H NMR.

After concentration to dryness, the crude product was purified by sublimation.
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Table 5. Deaminaton of a-amino-e-caprolactam with NH20803H

K2804, N2

,..\NH2 1. KOH, -5 °C to -20°C,

(1 NH20803H,1h; _ (1

N O N O

H

 

2. 70 to 75 °C, 1 h.

 

 

H

or-amino-e-caprolactam e-caprolactam

1 8 1 9

18/K0H/NH20803H H20/MeOH/Et0H yierda. b

entry (mmol) (mL) (°/,)

1 20/800/400 240/160/0 61

2 20/8001400 120/80/0 62

3 20/800/400 60/40/0 e4

4 20/160/80 60/40/0 65

5 20/160/80 60/0/40 70

e 20/160/80 100/0/0 75°
 

a) product yields are after purification by sublimation; b) yields are based on L-Iysine

starting material. Intermediate a-amino-e-caprolactam was not purified prior to

deamination; c) entry 6 was run at -5 °C and all other entries were run at -20 °C.

Due to the yield reduction encountered during the recrystallization of a-amino-e-

caprolactam, or-amino-e-caprolactam from cyclization of L-lysine in 1,2-propanediol was

separated from NaCl byproduct, concentrated and used directly in the deamination

without further purification. Deamination yields in Table 5 thus were based on the

starting L—lysine hydrochloride. Extension of the reaction conditions similar to those in

previous literature”14 reported for amino acid deamination with NH20803H gave low

yields (data not shown), even when reactions were run in highly diluted systems (0.003

M) and up to 20 equivalents of NI-IZOSO3H was employed. An increase of temperature

and generation of a large amount of gas were observed during addition of NH20803H,

which indicated the decomposition of NH20S03H. To minimize the decomposition of

NHZOSO3H, the reaction temperature was lowered from room temperature to -20 °C

(Table 5, entries 1-5) and -5 °C (Table 5, entry 6), which resulted in a substantial yield
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improvement. A four-fold increase in concentration (Table 5, entry 1 vs entry 3) did not

adversely affect the reaction yield. A five-fold reduction in equivalents of KOH and

NH20803H used in the reaction did not lower the reaction yield (Table 5, entry 3 vs entry

4). Aqueous methanol can be replaced by aqueous ethanol (Table 5, entry 5) and water

was discovered to be suitable solvent (Table 5, entry 6). The highest deamination yield

(75%) was achieved at a 0.2 M concentration of or-amino—e-caprolactam with water as the

reaction solvent (Table 5, entry 6). The NH20S03H used for the deamination of or-

amino-e-caprolactam is best prepared by the reaction of hydroxylamine sulfate

((NHZOH)2HZSO4) with fuming sulfuric acid (HZSO4-SO3). Conversion of L-lysine

hydrochloride to e-caprolactam thus ironically employed the same inorganic reagents that

were used in the traditional manufacture of e-caprolactam from cyclohexanone. Overall,

synthesis of e-caprolactam from glucose—derived L-lysine constitutes a fundamental

departure from all reported syntheses of e-caprolactam, which use petroleum-derived

benzene or 1,3-butadiene as feedstock. However, using up to 4 equivalents of

NH20803H and consequently generation of a large amount of salts make this process

problematic. Thus, a catalytic deamination process is needed to make the biobased

caprolactam synthesis economically competitive and environmentally friendly. To

achieve this goal, catalytic hydrogenolysis has been explored.

2.4.2.2 Catalytic hydrogenolysis in water

The hydrogenolysis reaction is defined as the reductive cleavage of sigma bonds

(such as C-0, ON or C-halogen bonds) during catalytic hydrogenation. Good catalytic

activity of the transition metals is only observed if A or B itself show sufficient bond
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formation with the metal or when the A-B bond is situated in the neighborhood of an

unsaturated function such as an aryl, vinyl or carbonyl group. The unsaturated function

serves as a ‘handle’ that brings the AB bond closer to the catalytic surface, thus

promoting overlap between the or and 0* orbitals of AB and the d and spd orbitals of the

transition metal.

A B A—H B\

'k * *

 

Figure 23. Catalytic hydrogenolysis.

Catalysts used for hydrogenolysis are dominated by palladium and Raney nickel.

Sometimes platinum and rhodium have been applied while ruthenium shows some

hydrogenolytic activity. Hydrogenolysis of the carbon-nitrogen bond closely resembles

that of a carbon-oxygen bond, but takes place less readily. As expected, hydrogenolytic

ring opening of aziridines occurs easily under very mild conditions (Figure 24),16 whereas

benzyl amine derivatives are hydrogenolyzed at a reasonable rate (Figure 25).17 The

debenzylation of tertiary amines takes place over Pd/C at 25-50 °C in the presence of 2-4

atmosphere of H2. The addition of some acid facilitates the hydrogenolysis as does the

quatemization of the amine (Figure 25).

 

_k_,CH3 Raney Ni Dioxane CH3

CH3 N 60°C 4,A : CH3'¢'CH3
H ' tm NH2 85 0/0

Figure 24. Ring opening of aziridines.
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OH OH

H300 CHANGHa Pd/Baso, EtOH/HCI : H300 CH3

' rt, 2Atm

CH" 69%
N02 NH2

 

Figure 25. C-N bond cleavage of benzyl amine.

To avoid the generation of salts, the catalytic deamination of L-lysine or a-amino-

e-caprolactam has been explored with different kinds of metal catalysts. Preliminary

deamination experiments of L-lysine were conducted using Raney nickel as the catalyst.

Reaction at 100 °C recovered only unreacted starting material while oligomerization was

observed when the temperature was increased to 250 °C. Reaction temperature was thus

set at 200 °C. Since Raney nickel is pyrophoric, all reactions were run in water. Metal

catalysts other than Raney nickel were also examined (Table 6) with similar conditions.

As shown in Table 6, the formation of pipecolinic acid was observed. NiCl2 (Table 6,

entry 6) showed no deamination activitiy. Pd/C gave moderate yield (Table 6, entry 5).

The highest yield (65%) was achieved using either Raney nickel or Ru/C. Reaction

yields were significantly affected by 112 pressure for both Raney nickel and Ru/C. In the

case of Raney nickel, reaction yield increased with an increase of H2 pressure (Table 6,

entry 1 vs entry 2). 0n the other hand, the opposite trend was observed for Ru/C (Table

6, entry 3 vs entry 4). This procedure was extended to deaminate a-amino-e-caprolactam

using Ru/C as the catalyst, pipecolinic acid was again the major product but 3% desired

product e-caprolactam was afforded (Table 7, entry 1). The above results were not

surprising since presumably or-amino-e—caprolactam will be hydrolyzed back to L-lysine

in the presence of water.
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Table 6. Deamination of L-lysine to pipecolinic acid in water”

 

 

 

_ +

4.st H20, Raney Ni or Ru/C a

H N 7 = N co H

3 CO?- H2, 200 °c H 2

L°'Ysi"e Pipecolinic acid

17 30

temperature H2 reaction time . b

ent catal st 0 . °/ ield 8' -°

W y < C) (per) (h) ‘ °y )

1 Raney Ni 200 100 8 33

2 Raney Ni 200 1000 8 65

3 Ru/C 200 100 8 65

4 Flu/C 200 1 000 8 1 8

5 Pd/C 200 1 00 8 43

6 Nicr2 200 100 8 o
 

a) All reactions were run in water and L-lysine was at a concentration of 0.1 M; b)

yields were determined by‘H NMR; c) entries 1, 2 and 6, 100 mol% catalyst

was used, in other entries only 5 mol% catalyst was used.

Table 7. Deamination of a-amino-e-caprolactam in water'

“\‘NH2

0. (1 (1o . = o +N H2, 200 C N N

H H H

19

 

 

 

cozH

18 30

temp H2 time 19/30

entry catalyst (°C) (psi) (h) (%yield )b

1 Flu/C 200 100 8 3/63
2 Flu/C 200 1000 8 0’37
 

a) All reactions were run in water and a-amino-e-caprolactam was at a concentration of

0.1 M; b) yields were determined by‘H NMR; c) 5 mol% catalyst was used.

From the mechanism proposed by 0htani and coworkers18 (Figure 26), it seems

that formation of pipecolinic acid may consist of three steps: oxidation of the amine

group to yield an imine, hydrolysis of the imine into an a—ketone acid or an aldehyde

along with the release of ammonia (N113), followed by intramolecular condensation of the

residual amino group with the carbonyl into two cyclic Schiff base intermediates, and

reduction of the resulting Schiff base to afford pipecolinic acid. Considering the

possibility of hydrolysis of imines (Figure 26) and or-amino-e-caprolactam in the
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presence of water, it is reasonable to run the deamination reactions in organic solvents or

without any solvent at all (neat reaction).

 
 

+

5%
+ - _

HaNWCOQ

CI

-2H

1 + J

NH3 NH
. _ + _

HNW002 H3NWkCOZ

(imine)

H20 'NH3 H20 'NH3

0 NH3 0
7 + _

l-HZO l-HZO

QWCQQH QCOZH

1 H2 1 H2

pipecolinic acid 0 (1 pipecolinic acid

(L-isomer) N "’COZH N COZH (racemate)

H H

Figure 26. Mechanism for formation of pipecolinic acid from L-lysine.

2.4.2.3 Reductive deamination of a-amino-e-caprolactam with Pt catalyst

For the deamination of a-amino-s-caprolactam, it is surprising that literature

precedents to readily cleave C-N bonds other than aziridines, allylic amines and benzyl

amines were limited. Maier’s group reported that different amines can be reductively

deaminated using 40% Pt/SiO2 as a catalyst while amides are inert in these reaction

conditions (Figure 27).'9 This report deserves discussion here since this is the only

reported hi gh-yielding approach for deamination of unactivated amine. The Pt catalyst

was prepared by impregnation of the SiO2 support with catalyst precursor chloroplatinic
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acid followed by calcinations and reduction to give the reduced catalyst containing 40%

Pt and 60% SiOz. Reductive deamination was conducted in a flow apparatus consisting

of three U-tubes. Substrates were placed in the first U-tube, which was connected to the

second U-tube containing Pt/SiO2 catalyst. The last U-tube served as a product collector

and was cooled to -78 °C with a dry ice-acetone mixture. Substrate and catalyst was

preheated to the desired temperature (150—250 °C) and H2 purged through the three U-

tubes to carry the vaporized substrate to pass through the catalyst and the resulting

deaminated product was collected in the third U-tube. This procedure requires no solvent

or work-up. However, this approach can only apply to volatile substrates. For

cyclohexamine, almost quantitative yield was achieved at 150 °C (This reaction was

investigated by Mapitso Molefe in the Frost group). Catalytic activity of the prepared

Pt/SiO2 catalyst was verified by deamination of model substrate cyclohexamine.

However, extension of the procedure to a-amino-e-caprolactam at different temperatures

from 150 °C to 250 °C failed to give any desired product s-caprolactam. There may be

two possible reasons for the failure. The 40% (wt%) Pt needed for the reaction to occur

may indicate that a lot of active sites are needed. At the reaction temperature (150 °C to

250 °C), substrate a-amino-e-caprolactam melted and perhaps blocked all the active sites

and made it impossible for H2 to adsorb on the surface of catalyst. To solve the

competition between substrate and H2 for the active sites, higher temperature, higher H2

pressure, more efficient stirring and perhaps more active catalysts are needed.
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NH2

H2, 40% Pt/SiOL

neat,150 °C

0 0 0
H2, 40% Pt/Si02

NH > NH -l- NH2

neat. 250 °C

heptanoic acid

97°/o 3°/o

 

 

Figure 27. Reductive deamination with Pt/SiOz."

Attention was ultimately focused on high-pressure reactions using supported Pt

catalyst, and in particular, carbon supported Pt because of the large surface area and

cheap price of activated carbon. Batch reductive deamination of a—amino-e-caprolactam

was then examined with Pt/C catalyst inside a 500 mL Parr 4575 high-pressure reactor

controlled by a Parr 4842 controller. Reaction conditions were optimized by varying

reaction temperatures (250-350 °C), hydrogen pressures (0-400 psi), reaction time (1-8

h), catalyst concentrations (0.5-50 mol%), substrate concentrations (002-05 M), catalyst

supports and solvents.

2.4.2.3.1. Effect of reaction temperature

First, the effect of reaction temperature on yield of deamination of a-amino—s-

caprolactam was examined with Pt/C catalyst and the results are summarized in Table 8.

a-Amino—e-caprolactam (0.1 M) and WC (1 mol%) were stirred in THF (100 mL) in the

presence of H2 (100 psi) in a glass sleeve in a Parr high-pressure reactor for 8 h at

different temperatures from 250 °C to 350 °C. Caprolactam yields were determined by

IH NMR. At low temperature, both the conversion rate of ot-amino-e-caprolactam and

caprolactam yield were low. Yield increased significantly with the increase of the
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temperature (Table 8). Caprolactam yield peaked at 300 °C and further increase of the

temperature resulted in reduction of yield (Table 8). Hence 300 °C was chosen as the

optimal temperature for the following reactions.

Table 8. Temperature effect of reductive deamination with Pt/C

 

 

ent catalyst temp H2. time caprolactam

(1 mol%) (°C) (psr) (h) (% yield)“b

1 PVC 250 1 00 8 4

2 PVC 280 1 00 8 9

3 PVC 290 1 00 8 1 2

4 PVC 300 1 00 8 1 4

5 PVC 31 0 1 00 8 1 1

6 PVC 320 1 00 8 1 0

7 PVC 350 1 00 8 8
 

a) all feeds were 0.1 M in THF; b) yields were the average of two

runs and determined by 1H NMR.

2.4.2.3.2. Effect of hydrogen pressure

Deamination of or-amino—s-caprolactam at different H2 pressures but otherwise

identical reaction conditions are reported in Table 9. In the range of H2 pressures

examined, the caprolactam yield first increased with increasing H2 pressures, reached the

highest yield at 50 psi and then started to decrease with further increase of H2 pressures.

A 15% yield was achieved even in the absence of H2. It seems that there is another

hydrogen donor besides H2, which can be solvent (THF). The other phenomenon that

was hard to understand in the beginning was that high H2 pressures did not increase

reaction yield as expected. A possible explanation can be traced back to the competition

between hydrogen and substrate on the surface of catalyst where deamination occurs.

According to the precedent literature”, several physical and chemical steps must take

place for the reaction to occur. (1) hydrogen mass transfer from the gas to the liquid

phase; (2) hydrogen and a-amino-e-caprolactam mass transfer from the liquid phase to
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the solid catalyst surface; (3) diffusion of hydrogen and a-amino-e-caprolactam within

the porous catalyst and (4) deamination of a-amino-e-caprolactam to caprolactam via

surface chemical reaction steps. When H2 pressure is too high, hydrogen may occupy

most of the active sites on the catalyst surface and make it difficult for a-amino-e-

caprolactam to transfer to the surface of catalyst and diffuse into it, thus decreasing the

rate of conversion and consequently reducing the caprolactam yield.

Table 9. H2 pressure effect for reductive deamination with Pt/C

 

 

entry catalyst temp H2. time caprolactam

(1 mol%) (°C) (ps|) (h) (0/0 Vlad)“,

1 PVC 300 O 8 1 5

2 PVC 300 20 3 21

3 PVC 300 so 8 22

4 PVC 300 100 a 14

5 PVC 300 400 a 5
 

a) all feeds were 0.1 M in THF; b) yields were the average of

two runs and determined by 1H NMR.

2.4.2.3.3. Catalyst concentration

Adjustment of the catalyst concentration can have a great effect on the reaction rate

and product distribution, depending on whether the reaction mechanism requires

activation by one or more molecules of catalyst per reaction. Deamination of a-amino-e-

caprolactam using different concentration of Pt catalysts is summarized in the Table 10.

Initially, the caprolactam yield increases in direct proportion to the catalyst concentration

(Table 10, entries 1 and 2). Then the caprolactam yield starts to level off and decrease.

The results may indicate two possibilities: on one hand, there is a diffusion problem.

Catalyst catalyzes the reaction so fast that reactants are soon depleted in the liquid phase

and diffusion of reactants controls the rate. On the other hand, exposure of product
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caprolactam to excess catalyst may result in further undesired C-C bond cleavage and

decrease the yield of caprolactam.

Table 10. Catalyst concentration.

 

 

COD. m
i

entry cata'ySt (m0|%> :05 (:5) t3: 03333833?

1 PVC 0.5 300 50 8 1 1

2 PVC 1 300 50 8 22

3 PVC 5 300 50 3 1 9

4 PVC 25 300 50 8 1 0

5 PVC 50 300 50 8 0

 

a) all feeds were 0.1 M in THF; b) yields were the average of two runs and determined

by 1H NMR.

2.4.2.3.4. Reaction time

Using a combination of the best catalyst concentration (1 mol%), H2 pressure (50

psi) and temperature (300 °C) as standard, deamination of or-amino-e-caprolactam was

examined in a variable of reaction time from 1 h to 8 h (Table 11). The reaction yield

increased with extending the reaction time and leveled off after 4 h.

Table 11. Reaction time.

 

 

entry catalyst temperature H2 time caprolactam

(1 "‘°'°/°) (°C) (98') (h) (% yleld)“

1 PVC 300 50 1 6

2 PVC 300 50 2 15

3 PVC 300 50 3 17

4 PVC 300 50 4 22

5 PVC 300 50 5 22

6 PVC 300 50 e 22

7 PVC 300 50 7 22

a PVC 300 50 e 22
 

a) all feeds were 0.1 M in THF; b) yields were the average of two runs and determined by

H NMR.
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2.4.2.3.5. Effect of substrate concentration

In optimization of the starting material concentration of the reaction, avoiding the

possible polymerization of a-amino-s-caprolactam or caprolactam is key. Deaminations

of a-amino-e-caprolactam at different substrate concentrations but otherwise identical

reactions are reported in Table 12. An increase in the substrate concentration did not

affect the reaction significantly. Decreasing the concentration 5 times from 0.1 M to 0.02

M only increases the reaction yield by 2 %. Since low substrate concentration will

significantly lower the reaction productivity, the substrate concentration was then fixed at

0.1 M in the following reactions.

Table 12. Optimizing substrate concentration.

 

sub.con. catalyst temperature H2 reaction time caprolactam

 

entry (mol/L) (1 mol%) (°C) (psi) (h) (% yield)“

1 0.02 Pt/C 300 so a 23

2 0.1 Pt/C 300 so 8 21

3 05 PVC 300 so 8 16
 

3) yields were the average of two runs and determined by 1H NMR.

2.4.2.3.6. Optimizing use of solvents

Solvent selection can play an important role in the reaction rates and product

yield. Improvement can be realized by selecting the most appropriate solvent. Solvents

are usually chosen based on compatibility with the reagents and substrate, solubility and

polarity. Examination of solvents was conducted for the deamination of a-amino-s-

caprolactam (Table 11). Cyclohexane and THF gave almost the same caprolactam yield

(entries 1 and 2)) while polar solvents such as BuOH (protic solvent) and DMF (polar
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noprotic solvent) failed to offer any desired product. The adverse effect of polar solvents

might indicate that the deamination of a-amino—s-caprolactam using Pt/C may involve a

non-polar intermediate. THF displayed the most suitable balance of solubility and

reactivity.

Table 13. Solvent effect

 

 

 

catal st tern erat r H im r I am

em” (1 moire) F(3°C) u e S°"’e"‘ (ps3) time c3}: 33?)“

1 PVC 300 cyclohexane 50 4 1 9

2 PVC 300 THF 50 4 21

3 PVC 300 BuOH 50 4 o

4 PVC 300 DMF 50 4 0

all feeds were 0.1 M in THF; b) yields were the average of two runs and determined bya)

‘HNMR

2.4.2.3.7. Catalyst supports

It is well known that there is synergetic effect between the noble metal catalyst

and the support. The magnitude of the synergy could be significantly influenced by a

proper combination of the active phase and support used. In this work, A1203 and SiO2

were chosen as acidic supports, Zeolite Y as a basic support and activated carbon as a

neutral one. Pt on different supports were prepared by impregnation of support with

chloroplatinic acid followed by activation at 350 °C and reduction in H The results are

shown in Table 14. Activated carbon gave the highest yield (Table 14, entry 1), followed

by SiO2 and A1203, zeolite Y (Table 14, entry 4) showed no HDN activity.

Table 14. Support effect.

 

 

entry catalyst temperature H2. time caprolactam

(1 mol%) (°C) (psn) (h) (% yield)“-b

1 PVC 300 50 4 21

2 Pt/Si02 300 50 4 9

3 Pt/AI203 300 50 4 4

4 Pt/Zeolite Y 300 50 4 0
 

a) all feeds were 0.1 M in THF; b) yields were the average of two runs and determined by 1H

NMR.
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2.4.3. Synthesis and purification of B-lysine.

With the difficulty in improving the deamination yield of a-amino—s-caprolactam,

attention was then changed to the synthesis of B-lysine, whose [Si-amino group is

presumably thought to be more susceptible to elimination. Since B-lysine is not

commercial available. It was synthesized according to a modified Arndt-Eistert reaction

(Figure 28), 21which starts from Cbz-protected ornithine 26 (Figure 28), via the

intermediacy of the corresponding diazoketone 27 (Figure 28), followed by Wolff

rearrangement and deprotection of the carbamate 28 (Figure 28) in the presence of Pd/C

to afford crude B-lysine 29 (Figure 28) in 35% overall yield.

0

CszN’\/\/COOH _i_. CszNWCHNz _b_.

NHCbz NHCbz

26 27

Cl—
CszNWCOOH c , + _

NHCbz
“WA/$002

3
+

28 29

Figure 28. Synthesis of 8-lysine. Key: (a) i) i-BuOCOCl, NMM, THF, -20 °C; ii)

CHZNZ, Et20, -5 °C- rt; iii) flash column, 78%. (b) cat. silver benzoate, NMM, THF/H20,

in dark, 0 °C-rt; recrystallization (EtOAc/hexane), 45%. (c) Pd/C, EtOH, H2 (100 psi), 50

°C; or Pd/C, formic acid, rt, quantitative.

Purification of B-lysine 29 was found to be challenging. Different purification

techniques including Dowex—SO (H*), recrystallization and extraction were examined to

obtain pure B-lysine 29 to examine the subsequent cyclization and deamination. None of

above techniques was able to afford pure B-lysine. To minimize the formation of

byproducts, the deprotection of Cbz group was optimized by using formic acid as

hydrogen donor with Pt/C. This deprotection method successfully gave much cleaner
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crude B-lysine and significantly simplified the following purification. Pure B-lysine was

obtained after extraction of the acidified aqueous solution of crude B-lysine (pH=3) with

chloroform, which was confirmed by both 1H NMR and 13C NMR.

Cyclization of B-lysine in EtOH at 200 °C successfully gave B-amino-e-

caprolactam. However, preliminary deamination studies of B-amino—s-caprolactam either

using Pt/C, Ru/AIZO3 or Pt-S/C as the catalyst (previous work by Brad Cox in Frost

group) afforded very low yield of desired caprolactam together with complicated

unidentified byproducts. These results were surprising to us, because the (it-hydrogen of

B-amino-s-caprolactam is more acidic than the B-hydrogen of a—amino—s-caprolactam

and Hofmann elimination of a B-amino group is thermodynamically more favorable.

This result may indicate that Hofmann elimination is not the major mechanism for

deamination of a-amino-s—caprolactam in our reaction conditions.

2.5. Discussion

All current syntheses of e-caprolactam are based on petroleum, which is

characterized by increasing prices and depleting supplies. The benzene prices have been

rising continuously since 2003.22 High benzene prices hurt the producers of nylon-6 and

other polyamides because most current commercial manufacture of e-caprolactam are

based on petroleum-derived benzene or 1,3-butadiene. It is reasonable to develop an

alternative route to synthesize e-caprolactam from renewable sources as in this case D-

glucose-derived L—lysine, which is abundant and inexpensive.

e-Caprolactam has been successfully synthesized from D-glucose-derived L—lysine

hydrochloride in 75% overall yield. L-lysine hydrochloride is cyclized after

neutralization in refluxing l-hexanol or 1,2-propanediol to afford a-amino-e-
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caprolactam. Subsequent chemical deamination using with hydroxylamine—O-sulfonic

acid and potassium hydroxide results in deamination and the formation of e-caprolactam.

Synthesis of e-caprolactam from L-lysine constitutes a fundamental departure from

previous syntheses of this monomer of nylon 6. However, using a stoichiometric amount

of hydroxylamine-O-sulfonic acid and subsequently generation of large amounts of

potassium sulfate are problematic considering the volume of s-caprolactam global

production. Catalytic deamination of a-amino-s-caprolactam with metal catalysts

certainly provides a promising solution to these problems. Cleavage of C-N bonds is a

rarely addressed problem and related literature precedents are limited. Deamination of L-

lysine in water using Raney Ni or ruthenium on carbon led to the formation of pipecolinic

acid in 65% yield (Figure 29). It is interesting to find a convenient way to make

pipecolinic acid but unfortunately it is not our target molecule. To avoid possible

hydrolysis of imines (Figure 26) and polymerization of L-lysine or a-amino-e-

caprolactam in the presence of water, the catalytic deamination was then explored in non-

aqueous solvents.

_ +

+Ci EH3 H20, Raney Ni or Flu/C a

H3NWoo; 5 N cozH

H2, 200 °c H

 

L-Iysine pipecolinic acid

17 30

Figure 29. Deamination of L-lysine in water.

Maier group’s work on reductive deamination with supported Pt catalysts

deserves consideration since it provides some valuable insight about the possible solution

to a selective C-N bond cleavage. They reported that a variety of nitrogen-containing
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compounds, including primary and secondary amines, nitriles, nitro compounds and

heterocycles, can be cleanly converted to the according parent hydrocarbon and

ammonium with Pt/SiO2 and hydrogen. More interestingly, our target molecule, 2-

caprolactam was found to be stable in the presented reaction conditions (Figure 27). The

major limiting factor for this method is that it requires the volatility of the substrates.

40% Pt/SiO2 was prepared according to the literature19 and catalytic activity of Pt/SiO2

was confirmed by successful application of the method to the deamination of

cyclohexamine. However, direct extension of the method to a-amino-e-caprolactam

failed because it is not volatile. Modification of the method by mixing the catalyst with

a-amino-e-caprolactam and heating from 150 °C to 250 °C in the presence of 1-12

generated no desired product while yielding tar (not identified). Failure of application of

the W8102 catalyst to deamination of a-amino-e-caprolactam can be explained by the

mechanism shown in Figure 30. It is suggested that C-N hydrogenolysis is initiated by

insertion of the catalyst into the a-C-H bond to form a o-complex 31 (Figure 30) or an or,

B-adsorbed intermediate 32 (Figure 30). Then hydrogen atoms that are activated by the

catalyst surface will come to attack the activated ON and result in the scission of the C-N

bond. The large Pt content needed for the reaction may indicate that numerous active

sites are required. Melted a-amino-e-caprolactam at the reaction temperature (150-250

°C) could block all the active sites and make it impossible for hydrogen to absorb on the

Pt surface. If the above assumption is right, probably a higher reaction temperature,

higher hydrogen pressure and more dispersed catalysts are required to achieve the

effective C-N bonds cleavage of a-amino-e-caprolactam. With that, deamination of or-
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amino-e-caprolactam using carbon supported Pt was examined in the high-pressure

reactor.

 
  

Q ’/ \ _ /

H C—N H ‘C—N’

i \ / l |

Pt Pt Pt Pt Pt Pt

o-complex (LB-adsorbed

intermediate

31 32

Figure 30. Possible intermediates for C-N hydrogenolysis with Pt catalyst.

Optimization of reaction conditions by varying reaction temperature, hydrogen

pressure and catalyst concentration led to desired caprolactam in 22% yield.

Temperature as high as 300 °C is necessary for this deamination to proceed. In order to

better understand the mechanism of this reaction, the reaction mixture was isolated by

flash chromatography. Multiple spots were observed in the TLC plate. One of major

byproducts was identified to be EtNHz, which can come from the decomposition of a-

amino—e-caprolactam or caprolactam. Control reactions were then performed to test the

stability of substrate and product at the current reaction conditions. In the absence of Pt

catalyst and otherwise identical reaction conditions, caprolactam was kept at 300 °C in

THF in the presence of hydrogen (50 psi). After 8 h, about 20% caprolactam was

converted to unidentified products. In the same conditions, about 25% or-amino-e-

caprolactam was lost. From the control reaction, it seems both a-amino-e-caprolactam

and s-caprolactam are not stable at temperature as high as 300 °C. It is very likely

unselective C-C bond cleavage results in the low reaction yield. Under our

hydrogenolysis conditions the metal surface may insert into CH and N-H bonds. The
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most significant difference between carbon and nitrogen, the nitrogen lone pair, may lose

its significance on a metal surface under our hydrogenolysis conditions, and thus

chemisorbed carbon and nitrogen may behave similarly accounting for the lack of

selectivity of the hydrogenolysis reactions, especially at higher temperatures. To

selectively cleave the ON bonds, a catalyst has to be found that can differentiate between

carbon and nitrogen at high temperature, or a more active catalyst that will allow the

efficient HDN reaction at lower temperature.
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HAPTER 3

HYDRODENITROGENATION (HDN) WITH TRANSITION METAL SULFIDES

3.1 Background

In the preceding chapter, deamination of a-amino-s-caprolactam over carbon

supported Pt at 300 °C in the presence of H2 resulted in the desired deaminated product 8-

caprolactam in low yield. At this high temperature, unselective C-C bond cleavage

competes with C-N cleavage and results in the loss of reaction yield. To increase the

selectivity of deamination, catalysts must be found that can differentiate between carbon

and nitrogen or allow an efficient deamination reaction at much lower temperature. Prior

work in the Frost group revealed that deamination of cyclohexylamine with a

conventional sulfided Ni-Mo HDN catalyst gave a very high yield (>90%) of deaminated

product. The extension of this catalyst to hydrodenitrogenation of a-amino-e-

caprolactam failed to afford any deamination product. This aroused interest in

reexamining the HDN catalysts for deamination of a-amino-e-caprolactam. In the last

decade, novel catalysts based on noble metal sulfides have attracted attention.

Hydrodenitrogenation of petroleum to remove contaminants such as heterocyclic amines,

anilines and aliphatic amines usually employs AIZO3 supported Ni-Mo sulfide and Co-Mo

sulfide. Hydrodenitrogenation of substituted cyclohexylamines, other alkylamines,

substituted pyridine and quinoline has been studied using sulfided Ni-Mo catalyst or

other transition metal sulfides. Hydrodenitrogenation of a-amino-s-caprolactam has not

been reported before. The primary objective of this chapter is to update information on
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mechanisms of C-N bond cleavage and elucidate the catalytic sites, leading to more

efficient catalysts and consequently higher HDN yield. Extensive efforts towards catalyst

development and optimization of reaction conditions will be described.

3.2. Introduction

3.2.1 Overview of Hydrodenitrogenation (HDN)

Catalytic HDN is a process in which organonitrogen compounds are removed

from oil fractions to produce more processible and environmentally more acceptable

liquid fuels. HDN, together with hydrodesulfurization (HDS), hydrodeoxgenation

(HDO) and hydrodemetallization (HDM) all fall under a process called hydrotreating, in

which the feedstock reacts with hydrogen in the presence of a catalyst. Despite the

commercial importance of HDN, people have not focused on HDN since relatively small

quantities of nitrogen compounds are present in the conventional petroleum stocks.

However, this situation has changed recently because of two major reasons: First, a

declining oil supply in the face of increasing demand will ultimately require a need to

process heavy and low-quality feedstocks, which contain higher percentages of nitrogen

compounds. Second, stringent legislation for ultra low sulfur automotive gas oil places

increasingly higher demands for high performance HDN catalysts because nitrogen

containing compounds are poisonous to HDS catalysts. Consequently, there has been

growing interest in the development of more effective HDN catalysts as evidenced by the

rapidly expanding literature in this field.1

Industrial hydrotreating catalysts mostly are sulfided Co-Mo and Ni-Mo catalysts

supported on A1203. Recently, a new generation of noble metal based sulfide catalysts
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have been explored due to their potentially high HDN activity and selectivity. Since oil

fractions always contains S, H25 will be produced during the process of hydrotreating,

leading to sulfidation of the metal or metal oxide that is used as the catalyst. HDN

catalysts need to be presulfided to achieve their active state. The presulfidation is

normally done before the HDN reaction by exposing the catalyst to a mixture of HZS/H2

or other sulfur-containing compounds such as thiophene or CS2 at high temperature. The

presulfidation conditions such as temperature, heating rate and duration of treatment play

an important role in catalyst activity and stability. The HDN catalysts will gradually lose

their activity after a certain period. The loss of activity can be traced to sintering,

decomposition of the active sites, blocking of the active sites by reactants and products,

coking and deposition of metal sulfides. However, it is possible to regenerate the used

catalysts if burn-off is carefully controlled to avoid catalyst overheating, which

irreversibly destroys the active sites of the catalyst.

Both heterocyclic nitrogen-containing compounds (mainly those containing six-

membered pyridine and five-membered pyrrole rings) and nonheterocyclic nitrogen

compounds (aliphatic amines and anilines) are found as impurities in petroleum and are

subject to HDN.2 Under common HDN conditions, amines and anilines undergo HDN

quite fast. Therefore, heterocyclic compounds (especially pyridine and quinoline) have

become the primary model compounds for HDN studies. HDN of pyridine has been

explored using carbon supported sulfides (NiMo, Zr, Ag, Nb, Mo, Rh, and Pd) or carbon

supported metal catalysts (Rh, Ru, Pd, Ir and Pt).3’4 HDN of quinoline has been examined

using carbon supported metal sulfides (W, Re, Ir, Os, Pt, Mo, Ru, Pd, V, Cr, Mn, Fe, Co,

and Ni).5 HDN of alkylamines have been studied mechanistically over NiMo sulfide and
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other transition metal sulfides.6 Beyond alkyamines, quinoline and pyridine, no literature

precedent for HDN of a-amino-e-caprolactam is available. To find appropriate catalysts

and reaction conditions for HDN of our substrates (L-lysine or a-amino-e-caprolactam), a

summary of C—N bond scission mechanisms, the current understanding of the nature of

the transition metal sulfides and possible ways to improve HDN catalyst activity and

selectivity will be given.

3.2.2. Reaction Mechanisms of C-N Bond Cleavage

HDN on metal sulfides has been extensively studied and several mechanisms

have been proposed.7 Since our substrates (L-lysine or or-amino-e-caprolactam) are

aliphatic amines, only mechanisms concerning C-N cleavage of aliphatic amines will be

reviewed here. The mechanisms for HDN were first put forward by Nelson and Levry.8

They suggested that a Hofmann-type elimination (HE) and nucleophilic substitution are

the main mechanisms for C-N bond cleavage of aliphatic nitrogen—containing molecules.

The C-N cleavage is initiated by addition of a proton to the nitrogen lone pair resulting in

the formation of a quaternary ammonium compound, which makes it a better leaving

group. C—N bond cleavage can now occur via either elimination of a B-hydrogen to form

the alkene (Figure 31) or via nucleophilic substitution of the amine group at the a-carbon

atom by a sulfhydryl group to form an alkanethiol (Figure 32) followed by

hydrogenolysis of a much weaker C-S bond. Both mechanisms have been supported by

other research groups.9

I l , I l 1+ \ /
H'?'(|>'N\ —'——> H'C'9‘NH—D H28 + /C:C\ '1' NH3

Figure 31. Hofmann elimination mechanism.
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II I

H---cl:tl:SH+H2 —>H-c-c-H+ H28

Figure 32. Nucleophilic substitution mechanism.

An alternative to the elimination and substitution mechanisms was proposed by

Laine where the active participation of a metal center was considered (Figure 33).10 He

proposed that the reaction involves the formation of a cyclic metal alkyl species via a

metalloazocyclopropane (aziridinium ring) intermediate (Figure 33). The intermediate

formed is attacked by hydride either at the a-carbon with the formation of an amido

complex, or attack at nitrogen with the formation of an alkylidene intermediate. This

metal alkyl species then can undergo hydrogenation to produce pentylamine.
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Figure 33. Organometallic mechanism of C-N bond cleavage

Another possible mechanism for the HDN of alkylamines is indirect substitution.

A sequence of dehydration of amines to an imine, HZS addition, removal of NHRZ, then
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hydrogenation and OS bond cleavage converts the alkylamine to the according alkane

(Figure 34).l1

l / -H H s l
—0-N\ _i_. )c=N— —2—> —C_)-N\/ ——>)c=s +HN:

H H SH H

\ H2 I H '
,c=s ————> —c-SH ——2-—> st + —c-H

H H

Figure 34. Mechanism of hydrogenolysis of alkylamines via imine intermediacy.

It should be mentioned that the HDN of amines is more complicated than other

eliminations because a disproportionation reaction can occur between amines and results

in the formation of substituted amines. It is actually another example of an SN2

nucleophilic substitution mechanism. A substantial amount of dialkylamine was

observed in the deamination of piperidine, hexylamine and pentylamine.12 The

nucleophilic substitution reaction between two alkylamine molecules results in the

formation of dialkylamines and ammonia (Figure 35).

_C _ _

\ \ +/ C\ I +/ C /

,N‘ + / —N\ ——> IN: c - N\——_.> ’l“_C\ + NH3

Figure 35. Disproportionation mechanism.

The formation of dialkylamines can also be explained by an imine mechanism as

well. For example, in the HDN of ethylamine, the imine formed from dehydrogenation
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will react with another ethylamine to give an intermediate, followed by elimination and

hydrogenation to afford diethylamine (Figure 36).

-H2 \gNH \rrNHz -NH3 \l +H2 \‘
a

V311 \jNH \,N \,NH
2

Figure 36. Formation of a dialkylamine via an imine mechanism.

Combining the chemistry and nature of the transition metal sulfide catalysts and

the HDN mechanism proposed by Laine, Butt came up with a possible mechanism of

piperidine hydrogenolysis in the presence of HZS, which is shown in Figure 37. ‘3

Reaction starts from chemisorption of the amine on the vacancy sites of the transition

metal sulfide, via a 1,1’ addition to form the metalloazocyclopropane species, followed

by [3 elimination and ON bond cleavage to give an alkene intermediate with a final

hydrogenation to give pentylamine.

g EN“ 1,1addition NH elimination < H‘N

H .““U H ’ \\ _ \ /

HHH‘~_~, HHH_, ”S'NK

S-M\ \_S/ \

+H 8 < \
—£—> NH2 _——> 89M], ‘1‘ NH2

_ / \

'1) 'i a
8‘ ,S + H2

/ \

   

Figure 37. HDN mechanism with transition metal sulfide
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The mechanistic basis of C—N bond cleavage on metal sulfides was significantly

improved by studying the HDN reactivity of a series of amines with different structures

and different numbers of hydrogen atoms on the carbon atoms adjacent to nitrogen atoms

(HO, and HB respectively). These amines were previous investigated on unsupported

transition metal sulfides (Nb, Rh, Ru, Pd),l4 or M0 or Nb carbides and MoSz/SiOz,ls or

supported Pt sulfide.16 Those results suggested that the C-N cleavage depended on the

catalyst properties and the structure of the amines to be processed (steric hindrance

around the a carbon atom and the number of B hydrogens with respect to amine group).

The Portefaix group observed that the HDN rate of different pentylamines over

sulfided NiMo/AIZO3 increases proportionately to an increase in the number of B-

hydrogens. This indicates that C-N bond cleavage of aliphatic amines over sulfided

NiMo catalyst takes place by Hofmann elimination.9b

The Catternot group showed that the HDN mechanism depends not only on the

structure of the alkylamine to be transformed but also the acidity of the transition metal

sulfide catalysts.l4 They found that different metal sulfides have different acidities and

thus different catalytic properties. Among the unsupported metals sulfides examined, the

acidity decreases in the order NbS3 > MoS2 > RuS2 > Rh2S3. The most acidic NbS3 has

the highest activity for the elimination and shows no activity for the nucleophilic

substitution. The least acidic haS3 turns out to be most active for the nucleophilic

substitution but is inactive for the elimination.

3.2.3. Active sites and the role of H28, H2 and HZS/Hz

There are several species on the surface of the transition metal sulfide, the

concentration of these species is related to the nature of the catalysts and also the reaction
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conditions (Figure 38).14 These species include (i) vacancy sites formed by sulfur

removal (ii) SH groups created either by hydrogen or by HZS heterolytic adsorption, and

(iii) bridged S2' and S22‘ anions. These vacancy sites are electron deficient and can

coordinate with the amine via the lone pair of electrons on the nitrogen atom. The role of

SH is dependent on the strength of the metal-sulfur bond. For example, a strong metal

sulfur bond will weaken the S-H bond, resulting in increased acidity. On the other hand,

a weak metal sulfur bond will strengthen the S-H bond and SH groups may act more as a

nucleophile. The third species (52- and 822-) may act as bases and can abstract a B-

hydrogen. These species have higher concentrations on poorly reducible metals

(elements on the left side of periodic table, such as Nb and Mo) than on highly reducible

metals (elements on the right side of periodic table, such as Ru and Pt).

/S\El [:1 Ci '1Hs\
M M M\/ \/M

\S/ \S/ S S

Figure 38. Structure of transition metal sulfide. El: vacancies.

It is well known that HZS can increase the HDN activity of metal sulfides. To

explain the beneficial effect of H28, several studies have postulated the existence of two

kinds of active sites: vacancies (I) and acid-base sites (II) (Figure 39) on the surface of

transition metal sulfides.17

| u
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Figure 39. Interconversion between sulfur vacancy and Brdnsted acid site.

75



Type 1 sites, which are sulfur vacancies associated with the metal atom, can

facilitate hydrogenation and dehydrogenation. They might facilitate hydrogenolysis as

well, such as breakage of a single ON or C-S bond. Type 11 sites, usually consisting of

H on the surface from the dissociation of HZS, are believed to facilitate hydrogenolysis

and cracking. The above hypothesis indicates that the presence of H23 in the reaction

slightly reduces the number of sulfur vacancies and increases the number of Brflnsted

acid sites and sulfhydryl groups (SH). In the presence of H2S, a slight reduction of

hydrogenation and a significant increase in the rate of hydrogenolysis were observed

when quinoline was hydrodenitrogenated using sulfided Ni-Mo/AIZO3. While the

retardation of hydrogenation was traced to the competition between H23 and nitrogen

compounds on the hydrogenation sites (vacancies), the enhancement of the

hydrogenolysis reaction was explained by the increase of surface acidity caused by HZS.

Several reviews have covered HDN reactions.18 However, the role of hydrogen

was ignored for a long time until 1983.19 The interaction of hydrogen with metals is the

cause or basis of many phenomena ranging from chemisorption and activation of

hydrogen on the surface of metal, its desorption on the metal and catalytic reactions

involving hydrogen as a reactant. Furthermore, active surface hydrogen extends the

catalyst life by slowing down the deactivation or formation of coke on the surface of the

metals.

The adsorption and desorption of hydrogen on the metal sulfide was reported to

involve several processes. It results in a gradual removal of sulfur as HZS from metal

sulfide catalysts leading to a decrease in the S/M ratio. At the same time, H2 is absorbed
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and activated on the metal sulfide where it can be transferred and participate in various

reactions. Studies of the hydrogen adsorption on MoS2 indicates that a heterolytic

splitting of H2 on the Mo-S catalyst surface gives a hydride and SH group while a

homolytic dissociation of H2 with the presence of 322' species generates two SH groups. 20

HZS can also dissociate on the same vacancy as follows (Figure 40, c).

H2 + El-Sz' —> Ei-H + SH— (a)

H2 + 322- —’ st‘ (b)

H28 + Ei—S2' Ei—SH + SH- (0)

 

Figure 40. (a) heterolytic splitting of Hz; (b) homolytic splitting of H2; (c) HZS

competition for the same vacancy.

By studying effects of the total pressure of H2 and HZS and the ratio of HZS/H2 on

the HDN of pyridine and piperidine over commercial Ni-Mo/AIZO3, the Hanlon group

found that it was not the absolute value of pressure of HZS or H2 but the ratio of HzS/H2

that affect the rate of hydrogenolysis.21

3.2.4. Periodic trends of transition metal sulfides

Studies of the periodic trends for transition metal sulfides have provided useful

information about the role of the different kinds of active sites. These studies include

hydrodesulfurization, hydrogenation and hydrodenitrogenation. When plotted versus the

position of the elements in the periodic table, catalytic activity of transition metal sulfides

usually exhibits volcano-shape curves. For HDN,22 the activity of the first-row transition

metal sulfides is quite low. The second-row transition metal sulfides are much more
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active with Ru, Rh and Pd standing out, While Ir, Os, Re and Pt normally show the

highest activity among the third row transition metal sulfides. Both the bond energy

model and the Sabatier principle are used to explain the volcano curves. It is suggested

that the strength of metal sulfur bond is critical and the most active transition metal

sulfides can be readily desulfurized to from the active vacancy sites and sulfhydryl

groups. Periodic trends show the metal-sulfur bond decreases from the left to right,

whereas the S—H bond strength increases in the same direction. On the contrary, the

acidity of S-H groups decreases from the left to right. Ideally, a metal-sulfur bond should

be strong enough to activate sulfur and at the same time weak enough to be easily

transferred to reactant molecules. This ensures availability of the vacant sites for the

substrates or another sulfur activation-transfer cycle.

Due to their high HDN activities, noble metal sulfides from the second row (Ru,

Rh, Pd) as well as the third row (Re, Ir and Pt) were chosen as potential candidates for the

HDN of a-amino-s-caprolactam.

3.2.5. Bimetallic sulfide catalysts

Understanding of the fundamentals of periodic trends and the importance of the

metal-sulfur bond strength leads to the development of catalysts with high HDN or HDS

activity. One method is to adjust the metal-sulfur bond strength by adding a second metal

into the monometallic sulfide. For example, addition of a second metal into M0 or C0-

Mo catalysts led to a considerable increase in activity by offering a synergetic effect in

HDN reactions.”24 This promotion effect was proposed to be caused by an electron
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donation from the second metal to M0 decreasing the MOS bond strength to an optimum

range for HDS or HDN activity (Figure 41).”

\”4:5./

58]”\e/V‘s

Figure 41. The C0 promotion by donation of electrons to M0.

Supported bimetallic catalysts have received considerable attention since the

introduction of Pt-Re/AIZO3 in 1968.26 The addition of a second metallic element such as

Re can improve the stability and selectivity of the Pt catalyst. In particular, undesired

reactions such as C-C fissions and formation of ‘coke’ are suppressed. This

advantageous byproduct suppression is used industrially in Pt-Re/AIZO3 HDN catalysts.

Sulfur, firmly bound to Re, blocks the cracking power of Re and dramatically diminishes

the size of platinum relative to the total surface area (Figure 42)”. The metallic

dispersion and interaction between Pt and Re depend in great deal on the preparation,

activation procedure and Re/Pt ratio. Different preparation and activation methods along

with changes in Re/Pt ratio will be examined for the catalytic reactivity of Pt-Re

catalysts. Using the experiences learned from Pt-Re catalysts, a combination of Pt with

other noble metals will also be explored.

eefleuue
Figure 42. Schematic illustration of Pt-Re catalyst stablization in the presence of

sulfur.
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3.3 Results

After examination of C—N bond cleavage mechanisms and possible methods to

improve the HDN catalyst activities, we started to search for more promising HDN

catalyst candidates and studied in detail the reaction conditions with a goal of higher

yields.

Catalyst preparation

The catalysts were prepared by impregnation of active carbon with HthClé,

RuCl3-HZO, RhCl3- 3HZO, PdClz, NH4ReO4 or (NH4)21rC16. The activated carbon (Norit

RX3 Extra, Norit Americas Inc; BET (Brunauer, Emmett and Teller, three scientists who

optimized the theory for measuring surface area) surface area 1370 ng'l), which is not

active under our reaction conditions, was chosen not only to mechanically stabilize the

catalyst but also to minimize direct support interaction. The slurry of the support with the

solution of catalyst precursor was dried under vacuum in a rotary evaporator. The

catalyst mixture was crushed and sieved to 200 mesh. The resulting catalyst precursors

were either reduced with H2 (400 °C, 2 h) to afford carbon-support metal catalysts or

presulfided by a HZS/H2 (10:90) mixture (400 °C, 2 h) to give carbon-supported metal

sulfide catalysts.

Reaction unit and product analysis

All experiments were conducted in a Parr 4575 high-pressure reactor lined with a

glass sleeve controlled by a Parr 4842 controller. A typical example is as follows: Under

Ar, a-amino-s-caprolactam, solvent (usually THF) and catalyst were added in a glass

sleeve in a Parr high-pressure reactor and the vessel was assembled. The reaction

chamber was flushed for 10 min with Ar and then pressurized with HZS/H2 to 100 psi.
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The reaction chamber outlet valve was then opened to the atmosphere. This process was

repeated two additional times. After repressurizing the reaction vessel with HZS/H2 to a

desired pressure, the temperature of the stirred reaction vessel was increased to a

designated temperature. The stirred reaction vessel was held at the temperature for 4-8 h.

Upon cooling to rt, the pressurized reaction vessel’s HzS/H2 atmosphere was vented

through a bleach solution in a fume hood. After filtration, 1 mL of reaction solution was

concentrated and caprolactam yields were determined by 1H NMR based on a calibration

CUTVC.

3.3.1 Screening of noble metal catalysts

Since the platinum group metals belong to the most active HDN catalysts, they

were chosen to evaluate their deamination activity of ot-amino-s-caprolactam.

Hydrodenitrogenation of a-amino-s-caprolactam in THF with carbon-supported

V11 (Re) and VIII (Ru, Rh, Pd, Ir, Pt) group metals were first conducted under my

previous optimized conditions for Pt/C (300 °C, 4 h, 112 (50 psi)). Results are

summarized in Table 15. The highest activities were shown by Ru and Pd, followed by

Pt and Rh while Re and Ir gave much lower yields than other metals. This is surprising

since generally the third-row metals show higher HDN activity than those of the second-

row. This contradiction can be explained by the high cracking ability of Ir and Re, which

may cause the excessive unselective C-C bonds cleavage and consequently lower

caprolactam yields.
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Table 15. HDN activities of unsulfided catalysts

 

 

lin O 0

Cry —~ Cw
cit-aminocaprolactam caprolactam

18 19

catalyst temp time H2 (1 9/1 8)

entry (1 mol%) 50mm (°C) (b) (psi) (% yield)

1 Ru/C THF 300 4 50 21/26

2 Rh/C THF 300 4 50 1 9/8

3 Pd/C THF 300 4 50 25/0

4 Fle/C THF 300 4 50 2/0

5 Ir/C THF 300 4 50 9/0

6 PVC THF 300 4 50 22/0
 

Sulfur is one of the oldest known poisons of metal catalysts. It has been a

common practice to add sulfur to reforming catalysts in order to suppress their excessive

fragmentation activity. To examine the effect of sulfur on HDN activity, transition metal

sulfides were prepared by presulfiding the catalyst precursors at 400 °C for 2 h in a

HZS/H2 (10:90) atmosphere. To keep the metal sulfide catalysts stable in the reducing

atmosphere, reactions were run in the presence of HZS/H2 mixture. Under the tentative

reaction conditions (THF, 250 °C, HZS/H2 (15/ 135 psi)), the third-row metal sulfides

showed much better selectivity and activity (Table 16, entries 4-6) than their unsulfided

counterparts (Table 15, entries 4-6), with a maximum yield obtained using Pt. For the

second-row metals, sulfidation of catalysts did not improve the caprolactam yield. Since

the reaction conditions in Table 15 and Table 16 were quite different, the effect of sulfur

addition and presulfidation were not as significant as it was expected to be. Either way,

Pt sulfide and Ru sulfide, which have optimum metal sulfur bond strengths, gave higher

HDN yields than other noble metal sulfides examined. This is consistent with the

prediction of periodic trends. In the end of this chapter, those catalysts will be examined
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in similar reaction conditions (same temperature, same total pressure). Pt-S/C, which

was arguably the most selective catalyst for the HDN of a-amino-e-caprolactam using

our initially chosen conditions, became the primary catalyst for our following

optimization of reaction conditions.

Table 16. HDN activities of sulfided catalysts

 

 

NHg. 2 O O

a-aminocaprolactam caprolactam

‘l 8 1 9

catalyst temp time H2Sll-l2 (1 9/1 8)

entry (1 mol%) saver“ (°C) Qt) (psi/psi) (% yield)

1 Flu—SIC THF 250 8 1 5/135 22/37

2 Rh-S/C THF 250 8 15/135 15/0

3 Pd-S/C THF 250 8 1 5/135 1 7/30

4 Fle-S/C THF 250 8 1 5/135 16/17

5 Ir-S/C THF 250 8 1 5/135 1 6/1 8

6 Pt-S/C THF 250 8 1 5/1 35 25/30
 

3.3.2 HDN activities of sulfided bimetallic catalysts

As discussed before, modification of HDN catalysts by addition of a second noble

metal is one of the ways shown to improve reaction efficiency. Addition of a second

metal into transition metal sulfides can adjust the metal sulfur bond strength and

consequently affect the HDN activity. Pt-Re catalysts have been extensively used to

suppress undesired C-C bond cleavage and increase the selectivity of Pt catalyst in

industry. To investigate the effect of the combination of a second metal to our Pt

catalyst, bimetallic catalysts were prepared by mixing cholorplatinic acid with one

equivalent of another noble metal precursor, followed by drying and presulfidation

according to the procedure described in the experimental section. As summarized in
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Table 16 and Table 17, addition of a second metal increased the reaction selectivity but

significantly lowered the reaction conversion. The most interesting result was given by

Pt-Re—S/C (Table 17, entry 4). Addition of Re into Pt remarkably increased the reaction

selectivity for conversion of a-amino-e-caprolactam to s-caprolactam. Specifically, 18%

caprolactam yield was observed with 77% starting material left after reacting at 250 °C

for 8 h (Table 17, entry 4). Unfortunately, extension of the reaction time to 24 h only

gave 26% desired product when all starting material was consumed (data not shown).

The high selectivity of the Pt-Re-S/C catalyst encouraged us to optimize the reaction

conditions. Temperature effects were examined by stirring a-amino-e-caprolactam with

Pt-Re-S/C in a HZS/H2 atmosphere at different temperature ranging from 200 to 300 °C.

No HDN activity was observed when the temperature was set to 200 °C (Table 18, entry

1), which indicated that HDN reactions require higher temperature to happen. When the

reaction temperature was increased to 250 °C, 32% of caprolactam was achieved with

11% starting material left (Table 18, entry 2). The reaction yield peaked at 270 °C (35%)

and started to decrease with further increases of the reaction temperature. Since the

optimum selectivity was given at 250 °C, the temperature for later HDN reactions with

platinum sulfide catalysts was fixed at 250 °C.
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Table 17. HDN activities of sulfided bimetallic catalysts

NH
:20 0

—>

 

 

 

(ii-aminocaprolactam caprolactam

18 19

catalyst temp time HZS/l-l2 yield

entry (1 mol%) ”we“ (°C) Lh) (psi) (19/18)(%)

1 Pt-Ru-S/C THF 250 8 15/135 18/36

2 Pt-Rh-S/C THF 250 8 1 5/1 35 14/69

3 Pt-Pd-S/C THF 250 8 15/135 17/16

4 Pt-Re-S/C THF 250 8 1 5/135 18/77

5 Pt-lr-S/C THF 250 8 1 5/135 17l40

a) catalyst concentration was based on mol% of Pt.

Table 18. Temperature effect on HDN activity of Pt-Re-S/C catalyst

 

 

NH

’—. 2 O 0

(j... - (j.
(at-aminocaprolactam caprolactam

18 19

catalyst temp time H28/l-l2 (19/1 8)

entry (2 mol%) “we” (°C) (h) (psi) (% yield)

1 Pt-Re-S/C THF 200 8 1 5/1 35 0/95

2 Pt-Re-S/C THF 250 8 1 5/135 32/1 1

3 Pt-Re-S/C THF 270 8 1 5/1 35 35/0

4 Pt-Fle-S/C THF 300 8 15/135 32/0
 

a) catalyst concentration was based on mol% of Pt.

3.3.3 Effect of sulfur concentration

It is well known that beneficial effects on HDN selectivity can be obtained by a

partial and well controlled poisoning of the HDN catalysts with sulfur compounds.

Thiophene was used as an alternative to hydrogen sulfide since thiophene can bind on the

surface of catalyst much more tightly than hydrogen sulfide. To find the best sulfur

concentration to achieve the high reaction selectivity, different concentrations of

thiophene in a range of 4 mol% to 500 mol% were examined using Pt—S/C or Pt-Re-S/C
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catalysts. Results are summarized in Table 19 and Table 20. Thiophene significantly

inhibited the catalytic activity of both Pt-S/C and Pt-Re-S/C catalysts. Retardation of the

HDN reaction can be traced to the competition between thiophene and ct-amino-e-

caprolactam for the active sites. When the concentration of thiophene is too high, it can

totally block all the active sites and completely shut down the reaction (Table 20, entry

4). It seems that moderate concentrations of thiophene (20 to 100 mol%) gives the

optimal reaction selectivity.

Table 19. Effect of thiophene concentration on HDN activity of Pt-S/C

 

 

NH,1 2 O O

——>

a-aminocaprolactam caprolactam

18 19

ent catalyst thiophene solvent temp time H2 (19118)

'3’ (1 mol%) (mol%) (°C) (h) (psi) (% yield)

1 Pt-S/C 4 THF 250 8 150 1 1/45

2 Pt-S/C 20 THF 250 8 1 50 1 4/50

3 Pt-S/C 1 00 THF 250 8 1 50 7/65

4 Pt-S/C 500 THF 250 8 1 50 7/66

 

Table 20. Effect of thiophene concentration on HDN activitiy of Pt-Re-S/C'

NH

220 O
—>

 

 

(ii-aminocaprolactam caprolactam

1 8 1 9

entry catalyst thiophene solvent temp time H2 (19/1 8)

(1 mol%) (mol%) (°C) (h) (psi) (% yield)

1 Pt-Re-S/C 4 THF 250 8 150 4/72

2 Pt-Re-S/C 20 THF 250 8 1 50 7/65

3 Pt-Re-S/C 1 00 THF 250 8 1 50 1 5/70

4 Pt—Re-S/C 500 THF 250 8 1 50 0/85

 

a) catalyst concentration was based on mol% of Pt.
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3.3.4 Effect of catalyst concentration

Previous research indicated that the caprolactam yield was almost doubled (Table

4, entry 2 vs Table 3, entry 4) by increasing the concentration of Pt-Re-S/C from 1 mol%

to 2 mol%. This result may suggest that multiple active sites may be needed for

adsorption of substrate (nitrogen-containing compound) and effect the hydrogenolysis

reaction. If this is true, increasing the reaction active sites by increasing catalyst

concentration may be helpful for improvement of the reaction yield. To test this

assumption, reactions with different concentrations of Pt-S/C (2 to 16 mol%) were

examined to maximize the caprolactam yield (Table 21). As expected the yield increased

with an increase of the catalyst concentration until the highest yield (44%) was achieved

at 8 mol% of catalyst (Table 21, entry 3), increasing of the catalyst loading further did not

significantly change the reaction yield (Table 21, entry 4).

Table 21. Effect of catalyst concentration of HDN activities

 

 

NH

2. 2 O 0

(at-aminocaprolactam caprolactam

18 19

con. temp time 1128/112 (19/18)
entry catalyst (mol%) solvent (°C) (h) (psiIpsi) (% yield)

1 Pt-S/C 2 THF 250 8 1 5/135 33/0

2 Pt-S/C 4 THF 250 8 1 5/135 40/3

3 Pt-S/C 8 THF 250 8 1 5/135 44/1 1

4 Pt-S/C 1 6 THF 250 8 1 5/135 43/4
 

3.3.5. Solvent effects

Solvent can affect the course and rates of reaction. In catalytic reactions, solvents

can act as ligands. Some solvents are most likely to bind tightly to the metal and perhaps
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divert the reaction from its intended goal. Some solvents are much less ligating and are

widely used, such as THF or ethanol. Halogen solvents can form stable complexes with

metal catalyst and greatly affect the reaction selectivity. Alkanes are normally non-

coordinating. For the above considerations, a series of solvents were examined for the

deamination reaction (Table 22). From the data shown in Table 22, it seems that

solubility and the binding between solvent and metal plays an important role in the

reaction activity. N0 formation of caprolactam was observed in acetonitrile. This may be

due to the strong binding between acetonitrile and the metal that prevents amine

adsorption of the surface of catalyst. The highest yield was achieved in THF. It seems

that weakly bound solvents are useful for the reaction since they can easily be replaced

by amines. Use of 2,5-dimethyl furan resulted in ten-fold reduction in the yield of

caprolactam relative to use of THF as solvent (Table 22, entry 2 vs entry 3). Steric

hindrance may keep the 2,5-dimethyl furan from ligating with Pt and thus can not affect

the electronic affect the electronic properties of Pt significantly. THF can better donate

the electrons to Pt and probably weaken the Pt—S bond strength and facilitate the HDN

reaction. It suggests that the interaction between the solvent and metal can be critical for

high hydrogenolysis activity.
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Table 22. Solvent effects for deamination of a-amino-s-caprolactam

 

 

ent catalyst solvent temp HZS/i-l2 time caprolactam

9’ (4 mol%L (°C) (psi) (h) (% yield)

1 Pt-S/C CH3CN 250 15/135 8 o

2 Pt-S/C Q 250 15/135 8 4o

3 Pt-S/C 12L 250 15/135 8 4

4 Pt-S/C hexanol 250 1 5/135 8 14

5 Pt-S/C O 250 15/135 8 7

Cl

5 Pt-S/C G“ 250 15/135 8 15

 

3.3.6 Effect of total pressure of H2S/Hz

It is well known that there is competition among H2, H28 and a-amino-e-

caprolactam for the active sites on the catalyst surface. High pressures of H2 and HZS

mixture can inhibit the deamination of a—amino-s-caprolactam while low pressure of H2

and HZS may be deficient to facilitate cleavage of the ON bond. Reactions were

conducted by changing the total pressure of the HZS/H2 mixture (from 50 to 450 psi).

Data in Table 23 showed that the caprolactam yield first increased and then decreased

with the increase of the total HZS/H2 pressure in the range examined. This is consistent

with our assumption that high HZS/H2 pressure decreases the availability of the vacancy

sites and hinders the adsorption of a-amino-e-caprolactam on the catalyst surface and

thus inhibits the deamination of a-amino-e-caprolactam.

89



Table 23. Effect of HZS/H2 mixture total pressure

 

 

catalyst temp H2.S/l-l2 time caprolactam

entry (4 mol%) “went (°C) (psi/psi) (h) (% yield)

1 Pt-S/C THF 250 5/45 8 45

2 Pt-S/C THF 250 10/90 8 47

3 Pt-S/C THF 250 1 5/1 35 8 40

4 Pt—S/C THF 250 45/405 8 34
 

3.3.7 Effect of HZS/Hz ratio

As discussed before, several studies indicated that the importance of the HZS/H2

ratio and temperature on the distribution of vacancy sites and SH groups.28 The surface

sulfidic species is believed to play a critical role in the C-N bond cleavage. Changing the

ratio of HZS/H2 will change the above equilibrium and the number of vacancy sites and

acid-base sites (Figure 39) leading to changes in the rate of hydrogenolysis.

The other possible reason for the importance of the HZS/H2 ratio can be explained

by an indirect substitution mechanism. Substitution may be catalyzed by metallic sites as

well as acidic sites. As shown in Figure 43, a sequence dehydration of the amine to an

imine, hydrogen sulfide addition, ammonia elimination, hydrogenation of the thioketone

to a thiol, which is then removed by following cleavage of weaker C-S bonds.

To investigate the effect of the HZS/H2 ratio for deamination of a-amino-e-

caprolactam, experiments were conducted in varying H28 partial pressures from 5 to 40

psi while maintaining the total pressure of the HzS/H2 mixture at 100 psi. Data in Table

24 demonstrated that caprolactam yield did increase with an increase of HZS/H2 ratio until

the highest yield (65%) was afforded using a HZS/H2 (20/80) mixture (Table 24, entry 3).

Further increase of the HS concentration slightly lowered HDN yield probably due to the

competition between H23 and a-amino-e-caprolactam for the vacancy sites.
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Figure 43. Indirect substitution of an amine to a thiol by metal catalysis.

Table 24. Effect of changing HZS/H2 ratio

 

 

entry catalyst temp H2.S/H.2 time caprolactam

(8 mol%) (°C) (pSl/pSI) (h) (°/o yield)

1 Pt-S/C 250 5/95 8 58

2 Pt-S/C 250 1 0/90 8 60

3 Pt-S/C 250 20/80 8 65

4 Pt-S/C 250 40/60 8 52
 

3.3.8 Role of alkali salt addition

Based on our previous observation, it seems important to keep the Pt—S/C stable in

the reaction to get high HDN activity. It was reported that modification of Ru catalysts

with alkali metal salts, especially cesium hydroxide, improved the properties of the

catalyst obtained.2930 Ruthenium catalysts that showed higher catalytic activity in the

presence of cesium existed in the oxidation state close to RuS2 instead of ruthenium

metal. It was suggested”“29 that even under hydrogen pressure the addition of an

appropriate amount of cesium stabilized RuS2 on the A1203 support, promoted the OS

bond cleavage, and prevented the ruthenium species from sintering to maintain higher

dispersion. The above results inspired us to investigate the effect of CsOH addition into

Pt catalysts. HthCl6 was treated with different ratios of CsOH (1 to 6 equivalents) and

impregnated with activated carbon support. The resulting catalyst was presulfided by a
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HZS/H2 (10:90) mixture before the reaction. The effect of the CsOH addition to the

carbon-supported Pt sulfide catalysts was investigated in a high-pressure reactor under

the following conditions (250 °C; 8 mol% catalyst (based on Pt); HZS/H2 (20/80 psi);

THF). The results are summarized in Table 25. Although the catalytic activity of Pt-Cs

catalysts did increase with the ratio of Cs/Pt, it was still lower than expected. According

to the results of Ishihari and coworkers,28 the heat of adsorption of HZS on the Ru-Cs

catalyst (126 KJ/mol) was quite larger than observed for the Ru catalyst (29 KJ/mol),

indicating that the sulfur species bind more tightly on the surface of catalyst with addition

of cesium. This explained why the Ru-Cs catalyst was further inhibited by HZS. They

also found that while addition of Cs to the Ru catalyst decreases the lability of active sites

and increases their number. If the same holds true for our Pt-Cs catalyst, addition of

cesium into Pt sulfide increases the Pt-S bond strength and makes it more difficult to

generate SH groups, which is the nucleophile necessary for C-N cleavage, and thus

reduces the HDN yield. An increase of caprolactam yield with the increase of Cs/Pt ratio

can be explained by the increase in active sites.

Table 25. CsOH addition effect

 

 

entry catalyst temp HZS/H2 time caprolactam

(8 mol%) (°C) (psi) (h) (% yield)

1 Pt-Cs-S/C 250 20/80 8 23

2 Pt-2Cs-S/C 250 20/80 8 27

3 Pt-6Cs-S/C 250 20/80 8 37
 

3.3.9 Effect of surface oxidation of support on the HDN activity.

Previous studies showed that catalytic activity of hydrotreatment catalysis can be

tailored by oxidative and/or thermal treatment of the activated carbon support, which can
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introduce oxygen containing groups on the surface of carbon, leading to a strong

interaction between oxygen and the metal during the impregnation process and result in

high dispersion of metal on the surface of the support.31 To investigate this effect,

activated carbon was treated with different concentrations of boiling HNO3 solutions (0.5,

1.0, 6.0 M), followed by extensive washing with distilled water. The resulted support

was impregnated with HthCl,S solutions. The impregnated sample was then dried and

presulfided with a HZS/H2 mixture. Then HDN reactions were run under our optimized

conditions using the HNO3 treated Pt-S/C catalyst. Results are shown in Table 26,

oxidation of the activated carbon surface as a consequence of the treatments with HNO3

showed negative effects for HDN. The higher the concentration of the HNO3, the lower

the caprolactam yield was observed (Table 26, entries 1-3). It is known that introduction

of oxygen-containing groups will lead to a strong interaction between the support and

metal precursor during the impregnation process. Oxidation of activated carbon as a

consequence of HNO3 treatment will also change the acidity of activated carbon. For

example, the acidity strength of C-6 (carbon treated with 6 M HNO3) is twice that of C-0

(carbon without treatment).30 It seems that the reduction in the HDN yield can either be

explained by a strong interaction between oxidized support and metal or an increase in

the acidity of the support. To prove the above assumption, presulfided Pt catalysts on

other supports such as A1203 and 8102 have been prepared and examined in the standard

reaction conditions (Table 27). It is well known that the interaction between Ale3 and

SiO2 and metal precursor is much stronger than that of carbon. Significant reduction of

catalytic activity of Pt catalyst was observed as a result of replacing activated carbon with

A1203 and S102. Control reactions were conducted in the absence of Pt, and no desired
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product was observed after all starting material was consumed (Table 27, entries 3-4). It

seems that a strong interaction between the support and Pt sulfide has an adverse effect

on the HDN reaction. Possibly the strong interaction between the metal precursor and the

support provides less sulfidable species than carbon, resulting in less active sites for

HDN, which is consistent with our elemental analysis of the Pt-S/SiO2 and Pt-S/C

catalysts. The sulfur/Pt ratio (about 0.2) for Pt-S/SiO2 (Figure 44) is much lower than that

of Pt-S/C (about 2.8) (Figure 46).
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Figure 44. Elemental analysis of Pt-S/SiOz.

However, the effect of acidity of support can not be ruled out. To adjust the

acidity of the reaction system, phosphoric acid (Brdnsted acid), InCl3 (Lewis acid) and

ammonia (in dioxane, weak base) have been added into the reaction respectively.

Presumably, phosphoric acid will protonate the amine group of a-amino-e-caprolactam

and make it a better leaving group. However, phosphoric acid greatly inhibited the HDN

activity of Pt-S catalyst (Table 28). This may be explained by the mechanism shown in
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Figure 37. The HDN reaction is supposed to be initiated by absorption of amine group

on the vacancy sites of the catalyst surface area. It will be very difficult for a protonated

amine group to adsorb on the vacancy site and so it inhibits the HDN reaction. Lewis

acids such as InCl3 also gave low HDN activity. It probably activates the carbonyl group

of a-amino-e-caprolactam and makes it susceptible to be attacked by nucleophiles and

thus decreases the selectivity of the HDN reaction. As far as ammonia, it slightly

decreased the catalyst activity, possibly due to its competition with or-arnino-e-

caprolactam in the adsorption of the vacancy sites. From these results, we can see that it

is important to keep the vacancy sites on the Pt-S catalyst and the substrate amine group

available for the HDN reaction to proceed efficiently.

Table 26. Effect of catalyst support surface oxidation by HNO3

HNO3 catalyst

 

temp HZS/Hz time caprolactam

 

 

 

 

 

 

 

entry (mol/L) (8 mol%) ”went (°C) (psi/psi) (h) (% yield)

1 0.5 Pt-S/C THF 250 20/80 8 45

2 1 Pt-S/C THF 250 20/80 8 35

3 6 Pt-S/C THF 250 20/80 8 33

Table 27. Examination of catalyst supports

catalyst temp H2,S/l-l2 time caprolactam

entry (8 mol%) solvent (°C) (psi/psi) (h) (% yield)

1 Pt-S/Si02 THF 250 20/80 8 3

2 Pt-S/Al203 THF 250 20/80 8 7

3 SiOz THF 250 20/80 8 O

4 A1203 THF 250 20/80 8 0

Table 28. Effect of additives

ent catalyst additives solvent temp H2.S/H2 time caprolactam

ry (8 mol%) (°C) (psi/psi) (h) (90 yield)

1 Pt—S/C H3P04 THF 250 20/80 8 2

2 Pt-S/C lnCIa THF 250 20/80 8 1 4

3 Pt-S/C NH3 THF 250 20/80 8 44
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3.3.10 Effect of water addition

Beneficial effects of water on HDN have been reported.”33 In order to test the

effect of water for the HDN of a-amino—s-caprolactam, reactions were run with different

concentrations of water in THF (2%, 10%, 100%). Results are summarized in Table 29,

s-caprolactam yield decreased with the increase of water concentration. It is known that

caprolactam is polymerized at 270 °C in the presence of water or a base. The reduction

of s-caprolactam yield can be either due to hydrolysis of a-amino-e-caprolactam or

polymerization of e-caprolactam.

Table 29. Effect of water addition

 

 

entry catalyst HZOfI'HF temp H2S/l-l2 time caprolactam

(8 mol%) (mL) (°C) (psi) (h) (°/o yield)

1 Pt-S/C 2/98 250 20/80 8 59

2 Pt-S/C 1 0/90 250 20/80 8 36

3 Pt-S/C 1 00/0 250 20/80 8 4
 

3.3.11 Optimization of reaction conditions with Pt-Re catalysts

The advantage of Pt-Re/AIZO3 to Pt/Al203 for the catalytic reforming of petroleum

has been well established.34 This bimetallic catalyst shows a much improved activity

maintenance and a much higher reforming yield. In the case of Re as a promoter, such

improvement is achieved only after pretreatment with sulfur, which decreases the strong

hydrogenolysis activity of the Pt-Re catalyst. The interaction between Pt-Re and

dispersion of metal are greatly affected by the preparation and activation procedures. 35

So carbon-supported Pt-Re catalysts were prepared by coimpregnation or catalytic

reduction methods. The activation was performed by calcinations or reduction treatment.

These catalysts were presulfided using a flow of HZS/H2 (IO/90) at 400 °C for 2 h (details
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shown in the experimental section). Size and dispersion of metal particles were

characterized by transmission metal spectroscopy (TEM). Based on observation from

TEM, addition of Re did improve the dispersion of Pt (Figure 45). The particle size of Pt

also decreased from 3-5 nm to less than 2 nm (Figure 45). HDN of a-amino-s-

caprolactam using Pt-Re catalysts was performed in our optimized conditions for Pt-S/C

(250 °C, THF, HzS/H2 (20/80 psi)). Results are presented in Table 30. The preparation

and activation procedures did make a difference for the caprolactam yield. It can be seen

that the bimetallic catalyst prepared by catalytic reduction has higher deamination

activity than when prepared by the coimpregnation method (Table 30, entry 1 vs entry 3).

It is also true that the Pt—Re catalyst activated by reduction shows a higher deamination

activity than when activated by calcinations (Table 30, entry 3 vs entry 4). The lower

activity of calcined catalyst can be explained by inhibition or destroying of formation of

Pt-Re ensembles by calcination, which is consistent with previous literature.”5 Changing

the ratio of Pt/Re (from 0.5 to 2) failed to improve the reaction yield (Table 30, entries 5-

6). Yield reduction was observed when Re was replaced with another metal such as Ru

or Pd (Table 30, entries 7 and 8) while the same preparation and activation procedures

were applied. It also can be seen that Pt~Re-S/C gave relatively lower caprolactam yield

than Pt-S/C. This could be due to the larger dispersion of Pt in Pt-Re—S/C and with the

fact that the reaction of hydrogenolysis is a demanding reaction that requires certain size

metallic ensembles in order to proceed efficiently.37 The other possibility is the change of

sulfur/metal ratio. According to the elemental analysis data from Figures 16-18, the

sulfur/metal ratio of the Pt—Re-S catalyst is much lower than that of the Pt-S/C (Figure
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48). These results may indicate that the particle size of the Pt ensembles and sulfur/metal

ratio is critical for the deamination activity of Pt catalysts.

Table 30. HDN with bimetallic catalyst

 

 

entry catalyst preparation activation caprolactam

method method (% yield)

1 Pt-Re-S/C coimpregnation calcination 4O

2 Pt-Fle-S/C coimpregnation reduction 44

3 Pt-Re-S/C cat. reduction calcination 47

4 Pt-Re-S/C cat. reduction reduction 52

5 Pt-O.5Re-S/C cat. reduction reduction 42

6 Pt-2Re-S/C cat. reduction reduction 43

7 Pt-Ru-S/C cat. reduction reduction 41

8 Pt-Pd-S/C cat. reduction reduction 47
 
(a) reaction conditions: 250 °C, TH F, 8 h, catalyst concentration

(8 mol% based on Pt),100 psi HZS/H2 (20: 80).

 

Figure 45. Transmission electron microscopy (TEM) images: (a) Pt-Re-S/C prepared

from catalytic reduction and activated by reduction; (b) Pt—Re-S/C prepared by

coimpregnation and activated by reduction; (c) Pt-S/C. (d) dark spots are the Pt particles.

98



 

 

Pt

 
    

Spectrmn processing :

Peaks possibly omitted: 3.701, 4.018, 6.411 keV

Quantitation method : Cliff Lorimer thin ratio section.

Processing option : All elements analyzed (Normalised)

Number of iterations = 4

 

 

Standardless

Element Weight% Atomic%

S K 31.74 73.89

Pt L 68.26 26.1 1

Totals 100.00
 

Figure 46. Elemental analysis of Pt-S/C.
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Figure 47. Element analysis of Pt-Re-S/C (Table 16, entry 2).
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Figure 48. Element analysis of Pt-Re-S/C (Table 16, entry 4).

3.3. 1.2 Acety/ation effect

To differentiate whether E2 or 5N2 is the mechanism for the HDN using Pt-S/C

under our reaction conditions. HDN of acetyl-a-amino-e-caprolactam was examined

with presulfided Pt catalyst (Figure 49). If E2 is the mechanism, then since acetyl-a-

amino group is supposed to be much better leaving group, a higher caprolactam yield

should be expected. However, HDN of acetyl-a—amino-s-caprolactam resulted in only

1% of caprolactam and most of starting material left. The result suggests that under our

current reaction conditions it is not Hofmann elimination but rather SN2 mechanism is the

major contributor for the HDN reaction using carbon-supported Pt sulfide catalyst.

However, this experiment can not rule out the possibility that coordination of amine with

the vacant sites was lost due to the steric hindrance.
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Figure 49. HDN of acetyl a-amino-e-caprolactam

3.3.1.3. Comparation with other noble metals and Ni-Mo catalyst

With a reaction temperature, catalyst concentration, reaction time and solvent

standardized (250 °C, 8 mol%, 8 h, and THF), attention was turned to use other carbon-

supported noble metals (Ru (Table 31), Rh (Table 32), Pd (Table 33), Re (Table 34) and

Ir (Table 35) and compared with the carbon-supported Ni-Mo catalyst (Table 36). HDN

of a-amino-e-caprolactam in THF were catalyzed by metal on carbon versus presulfided

metal on carbon and use of H2 versus HZS/H2 atmospheres (Table 31-Table 36). For all

the metals examined, running the HDN with the catalyst under an initial HZS/H2 (20/80

psi) atmosphere gave higher yields of e-caprolactam than use of strictly H2. This trend

held irrespective of whether the catalyst had been presulfided. The highest HDN yields

(Table 3l—Table 36) were achieved when the catalyst was presulfided and run under

initial HZS/H2 (20/80 psi) atmosphere. However, the highest yields were lower than the

65% yield of caprolactam achieved using presulfided Pt/C under an HZS/H2 (80/20 psi)

atmosphere (Table 37, entry 4).
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Table 31. Ru Hydrodenitrogenation

 

 

 

 

 

 

 

 

 

 

 

 

 

 

entry catalyst temp H2341? time caprolactam

(8 mol%) (°C) (psu/psn) (h) (% yield)

1 Ru/C 250 0/100 8 14

2 Ru/C 250 20/80 8 35

3 Flu-SIC 250 0/1 00 8 23

4 Flu-SIC 250 20/80 8 42

Table 32. Rb Hydrogenitrogenation

entry catalyst temp H2.S/l-l.2 time caprolactam

(8 mol%) (°C) (pSI/pSl) (h) (% yield)

1 Rh/C 250 0/100 8 20

2 Rh/C 250 20/80 8 35

3 Rh-S/C 250 0/100 8 25

4 Rh-S/C 250 20/80 8 39

Table 33. Pd Hydrodenitrogenation

entry catalyst temp H23412 time caprolactam

(8 mol%) (°C) (pSl/pSl) (h) (% yield)

1 Pd/C 250 0/100 8 22

2 Pd/C 250 20/80 8 36

3 Pd-S/C 250 0/1 00 8 24

4 Pd-S/C 250 20/80 8 37

Table 34. Re Hydrodenitrogenation

entry catalyst temp H2341? time caprolactam

(8 mol%) (°C) (psn/psu) (h) (°/o yield)

1 Re/C 250 0/100 8 10

2 Re/C 250 20/80 8 16

3 Re-S/C 250 0/1 00 8 1 8

4 Re-S/C 250 20/80 8 26

Table 35. [r Hydrodenitrogenation

entry catalyst temp H28/H? time caprolactam

(8 mol%) (°C) (psn/psu) (h) (% yield)

1 lr/C 250 0/100 8 3

2 MC 250 20/80 8 13

3 lr-S/C 250 0/1 00 8 1 8

4 lr-S/C 250 20/80 8 33
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Table 36. Ni-Mo Hydrodenitrogenation

 

 

 

 

 

entry catalyst temp H2341? time caprolactam

(8 mol%) (°C) (psn/pSI) (h) (°/o yield)

1 Ni-Mo/C 250 0/100 8 6

2 Ni-Mo/C 250 20/80 8 22

3 Ni-Mo-S/C 250 0/100 8 13

4 Ni-Mo-S/C 250 20/80 8 35

Table 37. Pt Hydrodenitrogenation

entry catalyst temp H2.S/l-l.2 time caprolactam

(8 mol%) (°C) (psn/pSI) (h) (% yield)

1 PVC 250 0/100 8 19

2 PVC 250 20/80 8 24

3 Pt—S/C 250 0/100 8 34

4 Pt-S/C 250 20/80 8 65
 

3.4. Discussions

Hydrodenitrogenation of a-amino-e-caprolactam has been examined thoroughly

over supported Pt sulfide by varying solvents, temperatures, catalyst concentrations,

HZS/H2 ratio etc, resulting in the highest caprolactam yield (65%) using presulfided Pt on

carbon in a HZS/H2 (20/80 psi) atmosphere. With a reaction temperature, catalyst

concentration, reaction time and solvent standardized (250 °C, 8 mol%, 8 h and THF),

HDN activity of different carbon supported metal catalysts was compared (Ru, Rh, Pd,

Re, Ir, and Ni-Mo). Hydrodenitrogenations were performed by the metal on carbon

versus the presufided metal on carbon and use of H2 versus HZS/Hz. For all the metals

examined, HZS/H2 always gave higher caprolactam yields than use of straight H2, no

matter whether the catalyst had been presulfided or not.
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To explain the beneficial effect of hydrogen sulfide and different HDN activities

of the above transition metal sulfides, it is important to examine the detailed structure of

the metal sulfide catalyst and possible mechanism for HDN of a-amino—e-caprolactam.

As mentioned before, the first step of the HDN mechanism requires the chemisorption of

the amine on the vacancy sites of the transition metal sulfide catalysts. The second step

that involves C-N bond cleavage depends on the nature of the catalyst. There are several

species on the surface of the transition metal sulfides and the concentration of these

species is related to the nature of the catalyst and also the reaction conditions (Figure 38).

These species include (1) vacancy sites (ii) SH groups, and (iii) bridged 32‘ and 522‘

anions. The vacancy sites are electron deficient and can coordinate with the amines via

the lone pair of electrons on the nitrogen atom. The role of SH is dependent on the

strength of metal-sulfur bond. For example, a strong metal sulfur bond will weaken the

SH bond, resulting in a larger H“ acidity. On the other hand, a weak metal sulfur bond

will enforce the S-H bond and SH groups may act more as a nucleophile. According to

Tops¢e groups results,38 it is predicted that the nucleophilic character of the SH group

will increase from the sulfides of the elements on the left side of the periodic table to the

right side noble metal sulfides while the acidity character will follow an opposite trend.

Thus the difference of HDN of the metal sulfides can be explained by their acidity

or nucleophilic character. As mentioned before, the acidity of the metal sulfides will

decrease from the left side of periodic table to the right, so the acidity of the second-row

metals examined results in the following order: Ru sulfide > Rh sulfide > Pd sulfide. For

the third row metals investigated, their nucleophilic character will increase from the left

side to the right side, which means Pt sulfide is the most nucleophilic, followed by Ir
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sulfide, and Re sulfide is the least nucleophilic. As shown from Tables 17 to 19, for the

metals in the second row (Ru, Rh, Pd), the caprolactam yield sequence is in accordance

with their acidity. The higher the acidity, the higher the caprolactam yield. Thus, for the

second-row metals examined (Ru, Rh, Pd), Hofmann elimination may be the major

mechanism. While for the third row metals (Ir, Re and Pt), the HDN activity sequence

(Pt > Ir > Re) can be explained either by a B2 or a SN2 mechanism, depending on whether

sulfhydryl group is acting as a nucleophile or a base. To differentiate between these two

mechanisms (E, or 8N2), HDN of acetyl-a-amino-s-caprolactam was examined with the

presulfided Pt catalyst (Figure 49). If HDN is an 1:32 mechanism and acetyl-a—amino

group is a much better leaving group, a higher caprolactam yield should be expected.

However, HDN of acetyl-a-amino-e—caprolactam resulted in only 1% of caprolactam and

most of starting material left. The result suggests that under our current reaction

conditions it is not Hofmann elimination but rather an SN2 mechanism is the major

contributor for the HDN reaction using carbon-supported Pt sulfide catalyst. The weaker

Pt-S bond leads to higher SH (nucleophile) concentration and thus higher HDN yields.
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CHAPTER 4

DEAMINATI N - MI - - P A TA H D TALY T

4.1. Overview

In Chapter 3, a fundamental understanding of the active sites and structure of

transition metal sulfides and comparison of HDN activities of several transition metal

sulfides indicate that the metal-sulfur bond strength plays a critical role in the HDN

activity of those noble metal sulfides. It seems that the high HDN activity of the

presulfided Pt catalyst is related with its weak Pt-S bond strength. It is well known that

the Au-S bond strength is weaker than the Pt-S bond.l As discussed in the chapter 3, for

the metal sulfide catalysts, weak metal-sulfur bond strength means that Au sulfide can be

easily desulfurized to generate vacancy sites and sulfhydryl groups, which are known as

active sites for hydrodenitrogenation reaction. Therefore, Au can be a better HDN catalyst

than Pt. Recently a large number of papers have been published on Au catalyzed reactions

and on the variables affecting the activity and mechanism have been studied in depth.2

These studies stimulate our interest in exploring Au catalysts for HDN of a-amino—s-

caprolactam. With an aim of developing new suitable Au based catalysts for HDN

reactions, a brief review of Au catalysts, especially important controlling factors will be

presented, followed by syntheses of a series of Au catalysts on varying supports that were

characterized by transmission electron microscopy (TEM).
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4.2. Introduction

Gold has been long considered as catalytically inactive because bulk gold surfaces

do not adsorb many molecules easily. However, this situation has been greatly changed

with the discovery of the catalytic activity of highly dispersed Au catalysts.3 Supported

Au particles have attracted increasing attention due to their unique catalytic properties and

potential applications in many important chemical reactions. One milestone paper was

published by Bond and coworkers in 1973 in which they demonstrated that an efficient

hydrogenation of alkenes is possible at temperature as low as 100-217 °C using a

supported gold catalyst.4 Largely through the efforts of Haruta and Hutchings,5 Au

catalysts find wide applications in many other reactions such as selective propylene

oxidation to propylene oxide, water gas shift reactions, NO reduction, selective

hydrogenation of acetylene, oxidative-decomposition of amines and nucleophilic additions

to It systems.6 Effects of gold in palladium catalysts on HDS activity have also been

published.7 Au catalyzed HDN reactions have not been reported yet. One advantage of

Au catalysts is their good selectivity in many reactions. For example, Corma’s group

showed that nitro compounds could be selectively reduced using supported Au catalyst in

the presence of other reducible functional groups such as carbonyls group contrary to Pt

and Pd catalysts.8
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Figure 50. Chemoselective reduction of 4-nitrobenzoaldehyde with Au/TiOz.

The high selectivity of Au catalysts is very attractive and may provide a promising

solution to improve the selectivity of HDN of a-amino-e-caprolactam to caprolactam. To

accomplish this goal, one has to understand at a fundamental level the major factors

controlling Au catalytic activities. It is well known that the catalytic performance of Au

catalysts is mainly determined by three major factors: the preparation methods,9 nature of

the supports10 and size and dispersion of the Au particles.ll A concise summary of Au

surface adsorption, methods for preparation of highly dispersed Au catalyst and selection

of catalyst supports will be introduced.

4.2.1. Adsorption on gold surface

Gold is inert towards most molecules. However, its surface reactivity changes

significantly with surface structure. At room temperature only HCOZH, HZS and thiol

compounds can adsorb on the smooth surface of Au. When defective surface structures

are created through down sizing or scratching, the gold surface can adsorb many other

molecules such as hexane, benzene, ether, ketones, H2, CO and Oz. The strong affinity of
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gold for sulfur is very interesting, which has been applied in molecular electronics and

self-assembly and more relevant HDS reactions.12 The formation of chemical bonds

between sulfur and metal changes the electronic properties of the metal.13 Sulfur

withdraws the electrons from the metal and reduces the electron density on the metals’

surface, resulting in significant changes in the chemical and catalytic properties of these

metal.l3 For example, the electronic modifications caused by sulfur diminish the ability of

these metals to adsorb small molecules (such as H2, NO et al.). Studies of co-adsorption

of both Au and S on the surfaces of different kinds of metals (Pt, Rh, Ru and Mo) show

that repulsive interactions between Au and S limits the mobility of Au and thus changes

the morphology of the Au on the surface of metals.13

Because of the bonding strength of adsorbents on the defective surface of Au is

moderate and still weaker than that of Pd and Pt, Au catalysts are advantageous over other

noble metal catalysts for the ability to elicit reactions at low temperature. As discussed

before, for noble metal sulfide catalysts, weak metal-sulfur bond strength enhances

reactivity. A Au sulfide can be more easily desulfurized to generate vacancy sites and

sulfhydryl groups than Pt and Pd sulfide, which are known as active species for HDN

reaction. So potentially Au can be a better HDN catalyst than Pt and Pd.

4.2.2 Preparation of Highly Dispersed Gold Catalysts

The catalytic performance of a Au catalyst depends greatly on the particle size.

The particle sizes not only affects the catalyst activity but also the reaction selectivity. It

is well accepted that the catalyst activity of supported Au catalysts increases as the mean

particle sizes decreases. More interestingly, the reaction selectivity can also be adjusted

by controlling of the gold particle size. For example, the main product in the reaction of
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propylene oxidation changes from propylene oxide to propane when the mean gold

particles size decreases from 2-3 nm to less than 2 nm (Figure 51).14

The size of Au particles can be tuned by careful control of the preparation

conditions. Traditional impregnation method (IMP) and deposition—precipitation (DP) are
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Figure 51. Product distribution of the oxidation of propylene over Au/TiO2 as a

function of Au particle size.

the most frequently applied preparative methods commonly using chloroauric acid

(HAuCl4) as the precursor. In IMP, a metal oxide (support) is immersed in an aqueous

solution of HAuCl4 and then water is evaporated to disperse HAuCl4 crystallites over the

support surface. The dried precursor is then calcined in air above 200 °C and then reduced

in a H2 atmosphere. In this case, the sizes of Au particle are often larger than 30 nm

because the interaction of Au metal with the metal oxide support is weak and the

remaining chloride on the support surfaces significantly promotes the aggregation of Au

particles and results in larger Au particles. To overcome the disadvantages of IMP
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method, many new techniques have been developed which can deposit Au nanoparticles

on various types of metal oxides: Namely co-precipitation,15 DP,16 gas-phase grafting

(GG)17 and the liquid phase grafting (LG).18 Currently, the most popular one is DP, which

was first developed by Haruta and co-workers.” In a standard DP procedure, as shown in

Figure 52, the pH value of aqueous HAuCl4 solution is adjusted to a fixed point in a range

from 6—10 with NaOH. Careful control of the temperature (50 to 90 °C) and concentration

of the aqueous HAuCl4 solution (around 10'3 M) can lead to a selective deposition of

Au(OH)3 only on the surface of support metal oxides without precipitation in the liquid

phase. With this method, it is possible to obtain small metal particles (2-3 nm), but the

corresponding Au loading remains rather low (~3%). The DP method was further

developed by both Geus and Louis groups.20 Using urea (NHZCONHZ) as the precipitating

base allows the gradual and homogenous generation of gold hydroxide ions throughout the

whole solution. Consequently the gold hydroxide concentration is always low because it

is consumed almost as soon as it is formed, thus avoiding the precipitation of the metal

hydroxide in solution. The other advantage of DP method is that it is easily scalable and

can work with almost all supports.21 The method of deposition-precipitation with urea

(DP urea) can afford small Au particles (2-3 nm) and get Au loading as high as 8% (wt).20

Considering the advantages of the DP method, it was chosen to prepare most of our Au

supported catalysts.
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Figure 52. Flow chart of the deposition-precipitation method (DP).

4.2.3. Selection of suitable supports

Another important controlling factor for catalytic activity of Au catalysts is the

metal oxide supports. The strong interaction between Au particles and support has been

considered as the most important controlling factor to the catalytic performance of Au

nanoparticles. For example, the reaction rate of CO oxidation over Au/TiO2 and Pt/TiO2

depends on the contact structure. Hemisphere Au particles (strongly bound with support)

are more active than spherical Au particles (weakly bound with the support) by four orders

of magnitude. The reaction rate (turnover frequencies) of the strongly attached

hemispherical Au particles even exceeds that of Pt by one order of magnitude (Figure

53).22 This experiment indicated that the interface might act as active sites for the CO

oxidation. This hypothesis was supported by the observation of activity enhancement by

calcinations of Au colloids with TiO2 at higher temperature. 23 Calcination at higher
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temperature gives larger Au particles but stronger contact (observed by TEM), leading to

higher catalytic activity.19

The periphery of the particle bound on the support has been the focus of the much

of the mechanistic debate. Many investigators proposed that the interface between the

small gold particles and the support, along with the availability of defect sites at this

interface are probably the reaction zone."4 Different oxidation states of Au (include Au (1)

Au (III), Au (0)) have been claimed as the active species.” It’s claimed that the perimeter

interfaces contain those oxidic Au (1) and Au (III) species, which may be stabilized and

recycled by interaction with metal oxide supports.26
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Figure 53. Turnover frequencies for CO oxidation with hemispherical and spherical

Au and Pt catalyst supported on “0;.

Although the metal support interaction greatly influences the catalytic activity of

the final catalysts, the exact mechanism how the different supports influence the activity is

still under discussion.27 Different reactions require different supports to gain the highest
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activity. For example, Au supported on transition metal oxides such as Fe203, TiO2 C0304

is very active for oxidation of CO. C0304 supported Au catalyst offers the highest yield

for the complete oxidation of hydrocarbons. For reactions concerning the nitrogen—

containing compounds, ferric oxide and nickel ferrites lead to the highest activity due to

their good affinity to nitrogen. A1203, MgO and TiO2 work well as supports for the Au

catalyzed conversion of NO to N2. With the above considerations, different metal oxide

supports were examined in the preparation of our Au—based HDN catalysts.

4.3. Experimental

4.3.1 Catalyst preparation

a. Au—S/C preparation by IMP.

Activated carbon (4.18 g) was mixed in a solution of HAuCl4-3HZO (1.63 g) and

heated at 90 °C for 1 h. The water was then removed under reduced pressure. The

resulting solid was dried in an oven at 80 °C for 12 h. After transferring to a quartz U-

tube reactor in a temperature programmable furnace, the catalyst was heated from rt to 130

°C (heating rate: 5 °C min") under He (flow rate: 100 mL min") and heated at this

temperature for 1 h. The gas entering the quartz U-tube reactor was switched to HZS/H2

(10:90) (flow rate: 80 mL min") and the temperature increased to 400 °C (heating rate: 5

°C min") and held at 400 °C for 2 h. The reactor was subsequently cooled to rt under He

(flow rate: 80 mL min") and the sulfided catalyst (Au-S/C) stored under Ar. During the

presulfiding process, the gas outlet of the quartz U-tube reactor was bubbled through a

bleach solution to quench the H28 in a fume hood.
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b. Au/TiO2 preparation by DP

T102 (6 g) was suspended in a 600 mL solution of HAuCl4o3HzO (1 g) and urea

(15.12 g). The mixture was heated at 80 °C for 4 h under stirring (final pH ~ 8) and

allowed to cool to rt. The precipitate was centrifuged (15000 g, 10 min), decanted and

washed thoroughly with water (600 mL). This water washing, centrifugation, decanting

process was repeated 4 times. The washed mixture of HAuCl4 and TiO2 was dried under

vacuum at 100 °C for 2 h and transferred to a quartz U-tube reactor in a temperature

programmable furnace and heated from rt to 100 °C (heating rate: 2 °C min") under He

(flow rate: 80 mL min"). The gas was then switched to H2 (flow rate: 80 mL min") and

the temperature increased to 300 °C (heating rate: 2 °C min") and held at 300 °C for 2 h.

The reactor was cooled to rt under He (flow rate: 100 mL min") and the reduced catalyst

(Au/TiOz) stored under Ar.

c. Au-S/NiO preparation by DP

The MO support (6 g, 80 mmol) was added to a 600 mL aqueous solution of

HAuCl4-3HZO (1 g, 2.52 mmol) and urea (15.12 g, 252 mmol). The suspension was

vigorously stirred at 80 °C for 4 h resulting in the solution changing from pH 2 to pH 8.

The mixture of HAuCl4 and MO was recovered by centrifugation (15000 g for 10 min),

resuspended in 600 mL water, and centrifuged again. This water wash followed by

centrifugation was repeated 4 times. The washed mixture of HAuCl4 and MO was dried

under vacuum at 100 °C for 2 h and transferred to a quartz U-tube reactor in a temperature

programmable furnace and heated from rt to 100 °C (heating rate: 2 °C min") under He
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(flow rate: 80 mL min"). The gas was then switched to HZS/H2 (10:90) (flow rate: 80 mL

min“) and the temperature increased to 300 °C (heating rate: 2 °C min") and held at 300

°C for 2 h. The reactor was cooled to rt under He (flow rate: 100 mL min") and the

sulfided catalyst (Au-S/NiO) stored under Ar away from light in a dessicator. During the

presulfiding process, the gas outlet of the quartz U-tube reactor was bubbled through a

bleach solution to quench the HZS in a fume hood.

4.3.2. Catalyst characterization by transmission electron microscopy

TEM measurements were performed using a JEOL 2200FS operated at 200 kV.

The sample was mounted on a carbon-supported copper grid by placing a few droplets of a

suspension of the ground sample in THF on the grid, followed by drying under ambient

conditions, all in a N2 atmosphere. The samples were transferred to the microscope in a

sealed plate under Ar. At least 5 representative micrographs were taken for each catalyst.

4.4. Results

4.4.1. Preliminary results

Since TiO2 is the most thoroughly studied support for Au catalysts and activated

carbon gave the highest HDN activity for our presulfided Pt catalysts, HDN of a-amino-e-

caprolactam started using Au/TiO2 and Au/C. For comparison, carbon-supported Au

catalysts were prepared using the IMP method while TiOz-supported Au catalysts were

prepared from the DP method. Those catalysts were characterized by transmission

electron microscopy (TEM). For regular TEM, the darker the spots are the denser

element, in our case, Au. On the contrary, for the bright field TEM, the bright spots are
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the Au particles. From the TEM images (Figure 54), the size of Au particle (dark spots)

from IMP (20 nm-SO nm) is much larger than that from DP method (about 10 nm), which

is consistent with the literature.

Hydrodenitrogenations of a-amino—e-caprolactam to caprolactam using carbon—

supported Au catalyst were examined and the highest caprolactam yield (40%) was

observed when Au was presulfided and run under a HZS/H2 (20/80 psi) atmosphere (Table

38, entry 2). For comparison, HDN of a-amino-s-caprolactam were conducted using Au

on T102. HDN reaction rate was high but unfortunately low caprolactam yields were

observed using Au on TiO2 (Table 38, entries 3 and 4). A 24% caprolactam yield was

offered after reaction with Au/TiO2 for 2 h and extension of the reaction time resulted in

significant reduction of the reaction yield (Table 1, entry 3 vs entry 4). It seems that

caprolactam is unstable in the presence of TiO2 supported Au catalyst. To examine the

effect of the support, a control reaction was conducted with only support T102 and no Au

(Table 38, entry 1). All starting material was consumed after 8 h to give only 6% desired

product. This result confirmed that TiO2 is not the superior support for HDN of a-amino-

e-caprolactam.

 

Figure 54. Transmission Electron Microscopy (TEM) images of Au catalyst. (a)

Au/TiO2 prepared from deposition-precipitation method (DP). (b) Au-S/C prepared from

impregnation method. (c) dark spots are the Au particles.
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Table 38. Preliminary results of HDN with Au catalyst.

Au

 

 

a-aminocaprolactam caprolactam

19

entry catalyst temp H23412 time yields

(8 mol%) (°C) (pSl/pSl) (h) (% 19/18)

1 Au/C 250 0/1 00 8 6/0

2 Au-S/C 250 20/80 8 40/0

3 Au/TiO2 250 20/80 2 24/25

4 Au/TiO2 250 20/80 4 1 5/0
 

4.4.2. Screening of supports

Given the importance of the supports for Au catalysts, the effects on HDN activity

were examined (Table 2). Those supports effective for nitrogen-containing reactions

(decomposition of amines, reduction of NO) or most thoroughly studied are chosen.

Control reactions were conducted in our standard reaction conditions (250 °C, HZS/Hz,

20/80 psi, THF). Among the supports screened (T102, Fe203, C0304, NiO, CuO, MgO),

NiO, FezO3 and C0304 gave higher caprolactam yield, probably due to their high affinity

to amines. NiO by itself was capable of catalyzing the HDN and gave a moderate 15%

yield with 30% starting material left (Table 39, entry 4). Similar caprolactam yields were

obtained with Fe203 and C0304 (Table 39, entries 2 and 3). Au catalysts supported on the

above three metal oxides were prepared from DP method and HDN of a-amino-e-

caprolactam were performed under our standard reaction conditions (250 °C, HZS/Hz,

20/80 psi, THF) (Table 40). Surprisingly, addition of Au on those metal oxides did not

result in noticeable improvement of caprolactam yields (Table 3).
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Table 39. Screening of supports

0

—>

 

 

 

 

 

a-aminocaaprolactam caprolactam

19

r i n ' Id

entry “"1”” :12? 1:123:12; 6811130 (9:,I139/113)

1 TiO2 250 20/80 8 5/0

2 FeQO3 250 20/80 8 1 8/20

3 00304 250 20/80 8 1 5/5

4 MO 250 20/80 8 1 5/30

5 CuO 250 20/30 8 4/3

6 M90 250 20/80 8 9/1 3

Table 40. HDN with Au supported on metal oxides.

NH2O o

o 1» orNH

111-aminocaprolactam caprolactam

19

entry catalyst temp HZ'S/H.2 time yields

(8 mol%) (°C) (psr/psr) (h) (% 19/18)

1 Au/Fe203 250 20/80 8 1 7/20

2 Au/Coao4 250 20l80 8 1 5/30

3 Au/NiO 250 20/80 8 1 4/40
 

TEM images of Au catalysts supported on Fe203, C0304 and N10 show that Au

is well dispersed on those supports but the size of Au particles is up to 10-20 nm (Figure

55). It is well known that Au catalysts are not active until they are small enough (5-10

nm). This may explain why addition of Au failed to improve the HDN activity (Table

40).
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Figure 55. Transmission electron microscopy (TEM) images of Au catalysts.

(a)Au/Fe203-DP. (b) Au/Co304-DP. (c) Au/NiO-DP.

 

Figure 56. Dark field transmission electron microscopy (TEM) images of Au

catalysts. (a) Au/Fe203-DP. (b) Au/Co3O4-DP.

4.4.3. Effect of presulfidation

Our previous experience indicated that presulfidation of transition metals has

beneficial effect to the HDN reactions of a-amino-s-caprolactam. A promotion effect

of sulfur on Au catalysts has also been observed by Bailie et al.28 In light of this, Au

supported on Fe203, C030,, and N10 were prepared by a DP method and presulfided at

300 °C for 2 h in a HZS/H2 (10:90) atmosphere and their HDN activities were compared

(Table 4). Interestingly, both activity and selectivity had been improved by the

presulfidation (except for Fe203). C0304-supported Au sulfide gave the highest reaction
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rate and caprolactam yield (Table 4, entry 2) while presulfided NiO-supported Au

catalyst afforded the best selectivity (Table 4, entry 3). N10 and C0304 are superior to

Fe203 as supports, and N10 is slightly better than C0304. Thus MO was chosen as the

primary support for Au catalyst for further optimization. For comparison, NiO-

supported Pt sulfide was prepared and examined in the same conditions (Table 4, entry

4). Presulfided Au actually showed better selectivity than Pt (Table 4, entry 3 vs entry

4). However, low conversion of starting material was encountered for NiO supported

Au catalyst. Only 40% of starting material was converted after 8 h reaction at 250 °C

(Table 4, entry 3).

Comparison of TEM images shows that the presulfidation significantly

decreases the Au particle on all three supports (Figure 6 vs Figure 8). However, the

particle size distributions are quite different. Fe203 gave the largest Au particles (about

10 nm), followed by NiO (5-10 nm) and C0304 (2-5 nm). The caprolactam yields

increased with the decrease of particle size (Table 4 and Figure 8). But the particle size

alone can not explain the better selectivity of NiO supported Au sulfide than that of

C0304. It seems that the electronic structure differences between supports can play a

role in the Au catalytic activity. The low conversion was possibly due to the

competition adsorption of H25 on the Au catalyst active sites or the strong interaction

between support and a-amino-s-caprolactam, which slow down the turnover

frequencies of the reaction.
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Figure 57. Transmission electron microscopy (TEM) images of Au catalysts. (a) Au-

S/Fe203-DP. (b) Au-S/Co3O4-DP. (c) Au-S/NiO-DP. (dark spots are the Au particles)

 

Figure 58. Dark field transmission electron microscopy (TEM) images of Au

catalysts. (a) Au-S/Fe203—DP. (b) Au-S/Co3O4-DP. (c) Au-S/NiO-DP. (bright spots are

the Au particles)

Table 41. Presulfided catalysts.

MHz
0

Au
-—->

O

 

 

a-aminocaprolactam caprolactam

1 8 1 9

entry catalyst temp H2341? time yields

(8 mol%) (°C) (ps1/psr) (h) (°/o 19/18)

1 Au—S/Fe20a 250 20/80 8 1 9/20

2 Au-S/Coao. 250 20/80 8 30/1 8
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3 Au-S/NiO 250 20/80 8 20/60

4 Pt-S/NiO 250 20/80 8 21 I46
 

4.4.4. Optimization HDN conditions using Au-S/NiO

4.4.4.1 Reaction temperature

To improve the conversion of presulfided Au on NiO (Au-S/NiO), the

hydrodenitrogenation temperature was increased while presulfided Au catalyst, reaction

time, and the H25/H2 atmosphere were kept constant (Table 5). Caprolactam yield

increased from 20% to 54% when the reaction temperature was increased from 250 °C

to 300 °C (Table 5). This led to 300 °C (Table 5, entry 6) being used as the routine

hydrodenitrogenation reaction temperature for presulfided Au catalyst.

Table 42. Optimization of Temperature

 

 

91H2 O O

c 1» CwNH

(Jr-aminocaprolactam caprolactam

18 19

entry catalyst temp HZSM? time caprolactam

(8 mol%) (°C) (psu/psr) (h) (% yield)

1 Au-S/NiO 250 20/80 4 20°

2 Au-S/NiO 260 20/80 4 37

3 Au-S/NiO 270 20/80 4 44

4 Au-S/NiO 280 20/80 4 47

5 Au-S/NiO 290 20l80 4 48

6 Au-S/NiO 300 20/80 4 54

7 Au-S/NiO 320 20/80 4 47
 

(a) 60% a-amino-s—caprolactam was left.
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4.4.4.2 Reaction time

While presulfided Au catalyst, reaction temperature and the HZS/H2 atmosphere

were kept constant, reaction time was varied. 4 h was confirmed to be the optimal

reaction time (Table 6, entry 3). Further extension of reaction time after 4 h led to

significant reduction of caprolactam yield (Table 6, entry 4). This indicated that

caprolactam is not stable at these prolonged reaction conditions.

Table 43. Optimization of reaction time

11112 O O

' Au

NH ' NH

 

 

tat-aminocaprolactam caprolactam

18 19

entry catalyst temp 1125/“? time caprolactam

(8 mol%) (°C) (psr/psr) (h) (°/o yield)

1 Au-S/NiO 300 20/80 1 25

2 Au-S/NiO 300 20/80 2 4O

3 Au-S/NiO 300 20/80 4 54

4 Au-S/NiO 300 20/80 8 37
 

4.4.4.3 Effect of HZS/H2 ratio

As mentioned in the previous chapter, changing the HZS/H2 ratio will change the

distribution of the vacancy sites and SH groups on the surface of the transition metal

sulfides, thus changing the rate of the HDN. Based on this consideration, HDN of or-

amino-s-caprolactam using Au-S/NiO catalyst were performed in the different HZS/H2

ratios and results were summarized in (Table 44). The caprolactam yield first increased

with the increase of the H28 concentration until it reached the highest yield at 40% HZS
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and then the caprolactam yield started to slowly decrease with further increase of the HZS

concentration.

Table 44. Optimization of HZS concentration

 

 

NH2

: 0 Au 0

01 —~ om
111-aminocaprolactam caprolactam

18 19

entry catalyst temp H2341? time caprolactam

(8 mol%) (°C) (psr/psr) (h) (°/o yield)

1 Au-S/NiO 300 0/100 4 20

2 Au-S/NiO 300 5/95 4 28

3 Au-S/NiO 300 10/90 4 45

4 Au-S/NiO 300 20/80 4 54

5 Au-S/NiO 300 40/60 4 59

6 Au-S/NiO 300 60/40 4 54

7 Au-S/NiO 300 80/20 4 53

8 Au-S/NiO 300 100/0 4 45
 

4.4.4.4 Effect of presulfidation temperature

Particle size of supported gold catalysts can affect the reaction selectivity. Bailie

and coworkers have reported that Au/ZnO are highly selective for the formation of crotyl

alcohol through the hydrogenation of crotonaldehyde and the selectivity for crotyl alcohol

increased as the Au particle size increased.28 This effect was demonstrated by increasing

the calcination temperature of Au/ZnO from 250 to 400 °C and the crotyl alcohol

selectivity increased dramatically. To examine the effect of particle sizes for the HDN

reaction selectivity, Au catalyst precursors from the same batch were carefully presulfided

under different temperatures from 250 to 400°C. HDN reactions were conducted in our

standard reaction conditions for Au-S/NiO (Table 45). From the results shown in Table 8,

increasing the presulfidation temperature slightly increased the caprolactam yield. TEM
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images (Figures 10—12) show that increasing presulfidation temperature increased the

number of large particles (5-10 nm) but there are still a large amount of small Au particles

(in the range of 2-5 nrn). At this stage, because of the coexistence of both large and small

Au particles, it is still hard to conclude whether Au particle size will affect the HDN

reaction selectivity or not. To elucidate whether large Au particle size or small Au particle

size is responsible for the high HDN selectivity, a new preparation method that can give

narrow distributions of Au particle sizes is needed.

 

Figure 59. Transmission electron microscopy (TEM) images: (a) unsulfided material;

(b) presulfided at 250 °C; (c) presulfided at 250 °C.

11111111

 

Figure 60. Transmission electron microscopy (TEM) images: presulfided at 300 °C.
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Table 45. Effect of presulfidation temperature

 

 

MHz 0
-. 0 Au N

NH H

cit-aminocaprolactam caprolactam

18 19

ent catalyst presulfided HZS/Hz temp time caprolactam

9’ (8 mol%) temp (°C) (psi/psi) (°C) (h) (% yield)

1 Au-S/NiO 250 5/45 300 4 52ll

2 Au-S/NiO 300 5/45 300 4 52°

3 Au-S/NlO 400 5/45 300 4 56c

 

4.5 Discussions

Previous comparison of HDN activity of several transition metal sulfides and a

fundamental understanding of the active sites and structure of transition metal sulfides

indicate that the metal-sulfur bond strength plays a critical role in the HDN activity of

these transition metal sulfides. It seems that the high HDN activity of presulfided Pt

catalyst is related with its weak Pt-S bond strength. It is well known that a Au—S bond

strength is weaker than a Pt-S bond. Therefore, Au may be a better HDN catalyst than Pt.

Recently a large number of papers have been published on Au catalyzed reactions and a

lot of information about the activity controlling factors and reaction mechanisms are

available. More interestingly, Au catalysts show unique activity at low temperature and
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good reaction selectivity in many reactions. These studies stimulated our interest in

exploring Au as potential new catalysts for HDN of a-amino-e-caprolactam.

HDN reactivity of Au nanoparticles deposited on the most thoroughly studied TiO2

synthesized from a DP method was compared with Au on carbon obtained by the

conventional IMP method. Au-S/C gave a reasonably good caprolactam yield in our

standard reaction conditions while a relatively lower yield was observed when Au/TiO2

was applied (Table 38). Physical property analysis by transmission electron spectroscopy

(TEM) shows that the Au particle size on TiO2 prepared by the DP method is smaller than

that of carbon-supported Au particle size prepared by the IMP method (Figure 54). It is

well accepted that the Au catalytic activity increases with the decrease of the Au particle

size. The poorer caprolactam yield with smaller Au particle on TiO2 should not be

accounted for only by the particle size. Alternatively, a support effect may better explain

the yield difference. Thus, a control reaction of support TiO2 and or-amino-e-caprolactam

was conducted, which demonstrated that a-amino-e-caprolactam is not stable in the

presence of TiO2 (Table 39). Considering the importance of the support for Au catalysts, a

series of metal oxides were examined under our standard reaction conditions (Table 39).

Fe203, C0304 and N10 stood out for their relative higher HDN activity and were chosen

for further exploration. Au catalysts supported on those three supports were prepared and

their HDN activities were compared. Surprisingly, deposition of Au on those supports did

not result in much improvement of the caprolactam yield (Table 40). TEM images of

those Au particles show that those Au particles are too large (10-20 nm) to be catalytically

active (Figure 55). These results certainly indicated the HDN activity of Au catalysts

depends on the Au particle size. Because the melting point of Au is much lower than Pt
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and Pd (Auzl336 K, Pd:1823 K, Pt:2042 K) and the melting point of Au particles with a

diameter of 2 nm is lowered to about 573 K due to the quantum-size effect.29 Thus small

Au particles tend to aggregate more easily than Pt and Pd at temperature above 573 K

during the calcinations procedure.29 This aggregation problem can be alleviated by

presulfidation. Presulfidation of the supported Au catalysts inhibited the coagulation of

Au particles and significantly decreased the particle size (Figure 57 vs Figure 55). The

effect of presulfidation can be explained by the repulsive interaction between Au and

sulfur that diminishes the mobility of Au particles, which has been reported in the

literature.13 As shown in Table 41, presulfidation of the Au catalyst did significantly

improve the HDN reaction selectivity. Comparing the HDN activity of presulfided Au

supported on Fe203, C0304 and MO shows that C0304 and MD are superior to Fe203 as

support, with MC slightly better than C0304. Thus MO was chosen as the primary

support for presulfided Au catalyst for the further optimization. Optimization of reaction

condition by varying reaction temperatures, reaction time and HZS/H2 ratio led to a 59%

caprolactam yield (Table 44), which is similar with the highest caprolactam obtained using

Pt-S/C.

It has also been demonstrated that the selectivity of Au—catalyzed hydrogenations

can be enhanced by increasing the Au particle size as a result of changing the calcination

temperature from 250 °C to 400 °C.28 To test the effect of the Au particle size, Au catalyst

precursors from the same batch were carefully presulfidated at different temperatures from

250 °C to 400 °C. The effect was less pronounced than expected, only resulting in a

slightly higher caprolactam yield. This is consistent with the small difference in Au

particle sizes from different presulfidation temperatures according to their TEM images
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(Figure 59 to Figure 61). It is probably due to the repulsive interaction between Au and

sulfur that keeps the Au particles from aggregating in the range of the temperature

examined (250-400 °C). One possible solution to this problem is to first calcinate the

catalyst precursors at different temperatures (to eliminate the effect of sulfur) and then

followed by presulfidation.

In summary, we have shown that a series of gold catalysts for HDN of a-amino-s-

caprolactam can be synthesized via the DP method. A detailed study has been carried out

for the presulfided Au/NiO, which shows good HDN activity and reproducibility. This

catalyst is also stable upon storage and good stability under optimized reaction conditions.

The HDN activity of Au catalysts depends greatly on supports and the Au particle size.

Presulfidation of Au catalysts can significantly decrease the particle size of Au catalyst

and increase HDN selectivity.

Right now, our Au catalyzed HDN reaction still requires quite high reaction

temperature, which may be the major reason for the yield loss. Further decreasing the Au

particle size is a possible way to increase the HDN reaction selectivity. With our DP

method, it is difficult to obtain very small Au particle while keeping the high Au loading.

To improve the HDN reaction selectivity, an efficient method to prepare size-controllable

small Au particle (about 2 nm) is highly desirable. Potentially, small Au particles will

make it possible to run the reaction at much lower temperature and offers higher HDN

selectivity.
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HAPTER 5

Experimental

General chemistry

All reactions sensitive to air and moisture were carried out in oven and/or flame

dried glassware under positive argon pressure. Air or moisture sensitive reagents and

solvents were transferred to reaction flasks fitted with rubber septa via syringes. Solvents

were removed using either a Biichi rotary evaporator at water aspirator pressure or under

high vacuum (0.5 mm Hg).

A LAB-LINE HEET-CAB oven (Model No. 3515) was used for drying catalyst at

constant temperature. The quartz U-tube reactor was situated inside of a temperature

programmable Barnstead Thermolyne Furnace (Model No F6020C).

Hydrodenitrogenations employed a Parr 4575 high-pressure reactor and a Parr 4842

controller, which controls the temperature and stirring rate. To determine the

concentration of pipecolinic acid, a—amino-e-caprolactam and caprolactam, crude residue

concentrate was dissolved in D20, concentrated to dryness, and then dissolved in 1 mL

D20 containing 10 mM sodium 3-(trimethylsilyl) propionate—2,2,3,3-d4 (TSP, 6 0.0 ppm).

Concentrations were determined by comparison of an integrated 1H NMR resonance

corresponding to pipecolinic acid, a-amino-e-caprolactam and caprolactam with the

integrated 1H NMR resonance corresponding to TSP (8 0.0). A standard calibration curve

was individually determined for pipecolinic acid, a-amino-e—caprolactam and caprolactam

using solutions of known concentrations prepared from authentic samples of pipecolinic

acid, or-amino s-caprolactam and caprolactam. The following resonances were used to
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quantify each molecule: pipecolinic acid (5 2.96, dd, 1 H); a-amino e-caprolactam ((6

4.29, d, 1 H); caprolactam (6 2.46, m, 2 H)

Reagents and solvents

Tetrahydrofuran and diethyl ether were distilled under nitrogen from

sodium/benzophenone. Methylene chloride, benzene, triethylamine and pyridine were

distilled over calcium hydride before use. Organic solutions of products were dried over

NaZSO4. Most chemicals were purchased from Aldrich. Sodium salt of 3-(trimethylsilyl)

propionic-2,2,3,3-d4 acid (TSP) was purchased from Lancaster Synthesis Inc. Distilled

deionized water was used for all purposes. Charcoal (Darco® G-6O ~100 mesh) was used

for decolorization at a final concentration of 0.1 g/mL.

General methods

Chromatography

Silica gel 60 (40-63 mm, B. Merck) was used for flash chromatography. Analytical

thin-layer chromatography (TLC) utilized precoated plates of silica gel 60 F-254 (0.25

mm, Whatman). TLC plates were visualized by UV or immersing in different stain

solution such as phosphomolybdic acid stain (7% phosphomolybdic acid in ethanol) and

potassium permanganate stain (1% KMnO4, 6.7% KZCO3 and 0.08% NaOH in H20).

Amino acids were visualized by staining with ninhydrin stain prepared by dissolving 15 g

of NaOAc in water (40 mL) and adjusting to pH 5-6. Tetramethylene sulfone (40 mL) and

ninhydrin (2.0 g) were added followed by hydrindantin (36 mg) after 15 min. The total

volume was made up to 100 mL with water.
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HPLC chromatography was performed on an Agilent 1100 instrument installed

with ChemStation acquisition software (Rev. A.08.03). Column used for all the HPLC

purpose was a Zorbax SB-C18 reverse phase column (250 mm x 4.6 mm) and the detector

was a VWD UV detector. Solvents were routinely filtered through 0.25-1tm membranes

(Pall corporation) prior to use.

Dowex 50 (H*) was purchased from Aldrich-Sigma, which was cleaned by

treatment with bromine. An aqueous suspension of resin was adjusted to pH 14 by

addition of solid KOH. Bromine was added to the solution until the suspension turned a

golden yellow color. Additional bromine was added (1-2 mL) to obtain a saturated

solution. The mixture was left to stand at room temperature overnight, and the Dowex 50

resin was collected by filtration and washed exhaustively with water followed by 6 N HCI.

In an extreme situation that large amount of bromine was used to clean Dowex 50 resin,

ethanol was firstly used to remove most of the bromine, followed by H20 and HCI

washing.

AG-1X8 (CT) was purchased from Bio-Rad, which was converted to the hydroxide

form by washing with twenty column volumes of 1 N NaOH. The column was then

washed with distilled deionized water until all the chloride was displaced as determined by

silver nitrate test.

Spectroscopic measurement

1H NMR and 13C NMR spectra were recorded on either a Varian VX-300 or a

Varian VXR-SOO FT-NMR spectrometer. Chemical shifts for lHNMR spectra are reported

(in parts per million) relative to internal tetramethylsilane (Me4Si, 6 = 0.0 ppm) with
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CDCI3, d6-acetone, d6-DMSO as solvent and to internal sodium 3-(trimethylsilyl)

propionate-2,2,3,3-d4 (TSP, 6 0.0 ppm) with D20 as solvent. Chemical shifts for 13C

NMR spectra are reported (in parts per million) relative to internal tetramethylsilane

(Me4Si, 6 = 0.0 ppm) with CDCl3, d6-acetone, d6-DMSO as solvent and to internal

acetonitrile (CH3CN, 6 3.69 ppm) with D20 as solvent. The following abbreviations are

used to describe spin multiplicity: s (singlet), d (doublet), t (triplet), q (quartet), rn

(unresolved multiplet), dd (doublet of doublets), b (broad).

Chapter 2

Cyclization of L-lysine in the presence of A1203

Conversion of L-lysine 17 to (Jr-amino e-caprolactam 18: A stirred mixture of

lysine-HCI (55 g, 300 mmol), NaOH (12 g, 300 mmol) and A1203 (275 g, 2700 mmol) in

1.2 L hexanol was heated up to reflux with a Dean-Stark trap used to remove H20. The

suspension was refluxed for 8 h until all starting material was consumed (determined by

1H NMR). The suspension was then cooled and filtered to remove byproduct NaCl and

A1203. The filtrate was concentrated to give crude or-amino e—caprolactam.

Cyclization of L-lysine without A1203

Conversion of L-lysine 17 to a-amino s-caprolactam 18: A stirred mixture of

lysine-HCI (55 g, 300 mmol) and NaOH (12 g, 300 mmol) in 1.2 L 1,2-propanediol was

heated up to reflux. The suspension was refluxed for 8 h until all starting material was

consumed (determined by 1H NMR). The suspension was then cooled and filtered to
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remove byproduct NaCl. The filtrate was concentrated and resulting crude (ll-amino s-

caprolactam was dissolved in water. After acidification to pH 6 and partial concentration,

crystal formed at rt to afford (at-amino s-caprolactam-HCI (37 g) in 75% yield.

Synthesis of 2,7-diaminoheptanoic acid monohydrochloride (homolysine) 25l

Conversion of phthalic anhydride to 5-bromopentylphthalimide 21 : A mixture of

phthalic anhydride (43.0 g, 290 mmol) and 5-aminopentanol (29.9 g, 290 mmol) in 250 ml

dry toluene (dried over 4 A sieves) was heated to reflux (in 120 °C oil bath) with a Dean-

Stark trap to remove water. After TLC confirmation of complete of the reaction,

phosphorous tribromide (18.2 ml, 190 mmol) in 20 ml dry toluene was added dropwise to

the hot reaction mixture. The mixture was stirred for about 1.5 h at 100 °C. After

removal of an orange precipitation by filtration through a pad of Celite, the filtrate was

concentrated by rotary evaporation. The resulting oil was crystallized from absolute

ethanol as white plates (60.1 g, 70%).

Synthesis of Diethyl 2-acetamido-2-(5—phthalimidopentyl) malonate 24: To a 

suspension of sodium hydride ( 1.55 g of 60% NaH/oil dispersion washed free of oil with

hexane, 38.7 mmol) in 30 ml DMF, diethyl acetamidomalnonate (8.4 g, 38.7 mmol) in 30

ml DMF (dried over 4 A sieves) was added dropwise over 30 minutes while maintaining

the reaction temperature < 10 °C. After the reaction mixture was warmed slowly to rt over

1 hour, a solution of S-phthalimidopentyl bromide (12.72 g, 42.9 mmol) in 30 ml DMF

was added in four portions at rt while keeping the internal temperature < 40 °C. The

mixture was stirred for 24 h until completion of reaction confirmed by TLCl(product Rf:

0.43, starting material Rf: 0.32, CHCl3/i-PrOH = 20:1). Then pH of the reaction mixture
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was adjusted to 6 (with moistened ColorpHast indicator strips, E Merck) with 4 N HCI.

The reaction mixture was concentrated by rotary evaporation to give an oil, followed by

purification with flash column chromatography (silica gel, CHCl3 elutant). The desired

fractions were concentrated and further purified by crystallization from mixture of ethyl

acetate and cyclohexane (1:3) to give 24 (9.0 g, 54%).

Synthesis of ZJ-diaminohepanoic acid monomdrochloridg mL-homolysine oHCl)

25: A mixture of diethyl 2-acetamido-2—(5-phthalimidopentyl) malonate 24 (7.32 g, 170

mmol) and 6 N HCl (100 mL) was refluxed for 5 hrs. The reaction mixture was then

cooled to precipitate the resulting phthalic acid, which was removed by filtration. The

filtrate was concentrated by rotary evaporation, and the resulting residue was redissolved

in 200 ml water and concentrated again to remove excess HCl. The residue was

precipitated from absolute ethanol/acetone (1:1) as oil. The oil was dissolved in 40 ml

water and charged to the top of a strong cation exchange column, AGl-X8. Three column

volumes of water was use to wash column followed by elution with an ammonium

hydroxide gradient (0-0.5 N). The column effluent was concentrated, neutralize to pH 6

and crystallized from aqueous ethanol to afford the monhydrochloride of DL-homolysine

as white solid 25 (4.56 g, 84%).

Deamination of a-amino-e-caprolactam with hydroxylamine-O-sulfonic acid

a-Amino e-caprolactam (2.56 g, 20 mmol) was dissolved in 100 mL water and the

solution cooled to —5 °C. After addition of KOH (4.48 g, 80 mmol) followed by

NHZOSO3H (4.52 g, 40 mmol), the reaction was stirred at —5 °C for 1 h. The reaction

solution was then heated up to 70-75 °C and stirred at this temperature for 1 h. The

solution was stirred again cooled to —5 °C followed by addition of more KOH (4.48 g, 80
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mmol) followed by NH20S03H (4.52 g, 40 mmol). After stirring —5 °C for 1 h, the

reaction solution was heated to 70-75 °C and stirred at this temperature for another 1 h.

After concentration, the crude product was purified by sublimation (90 °C, 0.5 mmHg) to

give 1.70 g of colorless, crystalline e-caprolactam in 75% yield.

Deamination of L-lysine in water

L-Lysine hydrochloride (1.83 g, 10 mmol), water (100 mL) and Raney Ni (0.58 g,

10 mmol) were added to the reaction chamber of a Parr high-pressure reactor and the

vessel was assembled. The reaction chamber was flushed for 10 min with Ar and then

pressurized with H2 to 100 psi. The reaction chamber outlet valve was then opened to the

atmosphere. This process was repeated two additional times. After repressurizing the

reaction vessel with 100 psi of H2, the temperature of the stirred reaction vessel was

increased to 200 °C. The reaction was held at 200 °C for 8 h. Upon cooling to rt, the

pressurized reaction vessel’s H2 was vented in a fume hood. Pipecolinic acid 30 yield was

determined by 1H NMR.

Deamination of a-amino-e-caprolactam in water

a-Amino-e-caprolactam (1.28 g, 10 mmol), water (100 mL) and 5 wt% Ru/C (1.01

g, 0.5 mmol) were added to the reaction chamber of a Parr high-pressure reactor and the

vessel was assembled. The reaction chamber was flushed for 10 min with Ar and then

pressurized with H2 to 100 psi. The reaction chamber outlet valve was then opened to the

atmosphere. This process was repeated two additional times. After repressurizing the

reaction vessel with 100 psi of H2, the temperature of the stirred reaction vessel was
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increased to 200 °C. The reaction was held at 200 °C for 8 h. Upon cooling to rt, the

pressurized reaction vessel’s H2 was vented in a fume hood. Reaction yield was

determined by 1H NMR.

Preparation of 40% Pt/SiOz2

To a solution of HthClé-6H20 (2.1 g, 5.1 mmol) in distilled, deionized H20

(60 mL) was added 1.5 g of silica gel (100-200 mesh). The water was removed

under reduced pressure and the catalyst mixture was dried in a LAB-LINE HEET-

CAB oven (Model No 3515) at 80 °C overnight (about 10 h). The resulting orange

powder was ground into fine powder with pestle and mortar, transferred to a quartz

reactor in a temperature programmable Barnstead Thermolyne Furnace (Model No

F6020C), heated from rt to 130 °C (heating rate = 5°C min") under a flow of He

(100 mL min") and kept at this temperature for l h. The gas was then switched to

H2 (100 mL min") with the temperature increased up to 400 °C (heating rate: 5 °C

min") and held for 2 h. The reactor was cooled down to rt under He. The catalyst

was kept under Ar and ready to use for hydrodenitrogenation of a-amino—e-

caprolactam.

Deamination of a-amino-e-caprolactam of 40% Pt/SiO2

Hydrodenitrogenation was conducted in a flow apparatus consisting of two U-

tubes. or-Amino-e-caprolactam ( 1.28 g, 10 mmol) was places in the first U-tube, which

was mixed with reduced 40% Pt/SiO2 (1.28 g, 2.6 mmol). The second U-tube served as a

product chamber and was maintained at -78 °C with dry ice-acetone cooling. Substrate

and catalyst U-tubes were heated to 250 °C while H2 was allowed to flow through the U-
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tubes. The resulting product was trapped in the second U-tube. After about 8 hrs, the

sand bath heating was removed. The resulting residue was collected and analyzed by 1H

NMR.

Catalytic HDN of a-amino-e-caprolactam with Pt/C and H2

Under Ar, a-amino-e-caprolactam ( 1.28 g, 10 mmol), THF (100 mL) and 5 wt%

Pt/C (0.4 g, 0.1 mmol) were added to the reaction chamber of a Parr high-pressure reactor

and the vessel was assembled. The reaction chamber was flushed for 10 min with Ar and

then pressurized with H2 to 100 psi. The reaction chamber outlet valve was then opened to

the atmosphere. This process was repeated two additional times. After repressurizing the

reaction vessel with H2 to 50 psi, the temperature of the stirred reaction vessel was

increased to 300 °C, which resulted in a reaction pressure of 1000 psi. The stirred reaction

vessel was held at to 300 °C for 4 h. The reaction mixture was cooled to rt. Yields were

determined relative to a calibration curve based on the ratios of integrated resonances at 6

2.46 ppm (2 H) corresponding to TSP (6 0.0 ppm).

Synthesis of B-lysine 293

Protection of N-N’-Cbz;protected diazo ketone 2_7__: The N-N’-Cbz-protected

ornithine 26 (7.32 g, 20 mmol) was dissolved in THF (60 mL) under Ar and cooled to -20

°C. After addition of i-BuOCOCl (2.88 g, 21 mmol) and N-methylmorpholine (2.3 mL,

21 mmol), the mixture was stirred at -20 °C for 20 min. The resulting white suspension

was allowed to warm up to -5 °C, and a solution of CHZN2 was added dropwise until the

rich yellow color persisted while keeping the internal temperature < 0 °C. The solution
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was then stirred at 4 h as the mixture was allowed to warm to rt. Excess CHZN2 was

destroyed by addition of a few drops of HOAc. The mixture was then diluted with EtZO

and washed with sat. NaHCO3 solution, 1 N HCI and sat. NaCl solution. The organic

phase was dried (by MgSO4) and evaporated. Purification by flash column afforded the

pure diazo ketone 27 as pale yellow solid (4.59 g, 78%).

Homologated carboxylicacid 28: The diazo ketone 27 (4.29 g, 15.6 mmol) was

dissolved in aqueous THF (70 mL) containing 10% H20 and then cooled to 0 °C. All

subsequent reactions were run under Ar with the exclusion of light (in the dark room). A

solution of silver benzoate (0.86 g, 4.50 mmol) in Et3N (15 mL) was added while

maintaining the internal temperature at 0 °C, the reaction mixture was stirred for 1 h until

the second part of silver benzoate solution (0.86 g in 15 mL Et3N) was introduced. The

resulting mixture was allowed to warm from 0 °C to rt in 4-5 h in the dark. The mixture

was then concentrated, diluted with sat. aq. NaHCO3 solution and extracted with E90.

The aqueous phase was then carefully adjusted to pH 3 at 0 °C with 1 N HCl and extracted

with EtOAc. The organic phase was dried (MgSO4) and evaporated. Purification with

recrystallization (EtOAct/hexane) afforded the pure N-N’-Cbz-B-lysine-HCI 28 (2.22 g,

45%).

Chapter 3

Catalyst preparation4

The catalysts were prepared by impregnation of active carbon with HthClé,

'RuCl3-H20, RhCl3- 3H20, PdClz, NH4ReO4, or (NH4)21rCl6. The loading was 0.83 mmol of

metal per gram of catalyst and corresponded to the typical content of Mo in commercial
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catalysts. The contents of metals in wt% was: Ru 8.3, Rh 8.5, Pd 8.8, Ir 15.9, Re 15.7 and

Pt 16.3. The activated carbon (Norit RX3 Extra, Norit Americas Inc; BET surface area

1370 ng"), which is not active under our reaction conditions, was chosen not only to

mechanically stabilize the catalyst but also to minimize direct support interaction. The

slurry of the support with the solution of catalyst precursor was dried under vacuum in a

rotary evaporator. The catalyst mixture was crushed and sieved to 200 mesh. The

resulting catalyst precursors were either reduced with H2 (400 °C, 2 h) to afford carbon-

support metal catalysts or presulfided by a H28/H2 (10:90) mixture (400 °C, 2 h) to give

carbon-supported metal sulfide catalysts.

Preparation of 16 wt% Pt/C

Activated C (8.37 g, 698 mmol) was mixed with HthCl6-6H20 (4.30 g, 8.3 mmol)

and water (200 mL) and heated for 1 h at 90 °C. The water was then removed under

reduced pressure. The resulting solid was dried in an oven for 12 h at 80 °C. After

transferring to a quartz U-tube reactor in a temperature programmable furnace, the catalyst

was heated from rt to 130 °C (heating rate: 5 °C min“) under He (flow rate: 100 mL min“)

and heated at this temperature for 1 h. The gas entering the quartz U-tube reactor was

switched to H2 (flow rate: 100 mL min") and the temperature increased to 400 °C (heating

rate: 5°C min") and held at 400 °C for 2 h. The reactor was subsequently cooled to rt

under He (flow rate: 100 mL min“) and the reduced catalyst (Pt/C) stored under Ar.

Preparation of 16 wt% Pt—S/C

Activated C (8.37 g, 698 mmol) was mixed with H2PtCl6-6HZO (4.30 g, 8.3 mmol)

and water (200 mL) and heated for 1 h at 90 °C. The water was then removed under
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reduced pressure. The resulting solid was dried in an oven for 12 h at 80 °C. After

transferring to a quartz U-tube reactor in a temperature programmable furnace, the catalyst

was heated from rt to 130 °C (heating rate: 5 °C min") under He (flow rate: 100 mL min")

and heated at this temperature for 1 h. The gas entering the quartz U—tube reactor was

switched to HZS/H2 (10:90) (flow rate: 100 mL min") and the temperature increased to 400

°C (heating rate: 5°C min") and held at 400 °C for 2 h. The reactor was subsequently

cooled to rt under He (flow rate: 100 mL min“) and the sulfided catalyst (Pt-SIC) stored

under Ar. During the presulfiding process, the gas outlet of the quartz U—tube reactor was

bubbled through a bleach solution to quench the HZS in a fume hood.

Preparation of bimetallic Pt-Re—S/C catalysts5

Bimetallic Pt-Re catalysts were prepared either by coimpregnation or by catalytic

reduction and then activated by either directly presulfidation or first calcinations and then

presulfidation.

Preparation of bimetallic Pt-Re—S/C catalysts by coimpregnation

A given amount of carbon support was immersed in a 0.2 M HCl solution. After

addition of Pt and Re precursors (HthCl6 and NH4ReO4), water was evaporated in a

reduced pressure. The resulting solid was dried in an oven for 12 h at 80 °C. After

transferring to a quartz U-tube reactor in a temperature programmable furnace, the catalyst

was heated from rt to 130 °C (heating rate: 5 °C min") under He (flow rate: 100 mL min“)

and heated at this temperature for 1 h. The sample was activated either by direct

presulfidation (HZS/H2 (10:90), 2 h, 400 °C) or was calcined (air, 2 h, 450 °C) and then

presulfided ((HZS/H2 ( 10:90), 2 h, 400 °C).
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Preparation of bimetallic Pt-Re-S/C catalysts by catalytic reduction

A given amount of the prereduced ‘parent’ Pt/C catalyst was suspended in a

solution of 0.2 M HCl in a vessel. The solution was purged by a N2 stream in order to

eliminate the dissolved O2 and H2 was bubbled for 2 h. The solution of NH4ReO4 was

introduced into another vessel, purged by bubbling N2 and transferred to the first one and

left to react for an hour under H2 flow. Catalysts were then filtered and washed with

water. The resulting solid was dried in an oven for 12 h at 80 °C. After transferring to a

quartz U-tube reactor in a temperature programmable furnace, the catalyst was heated

from rt to 130 °C (heating rate: 5 °C min") under He (flow rate: 100 mL min") and heated

at this temperature for 1 h. The sample was activated either by direct presulfidation

(H2S/H2 (10:90), 2 h, 400 °C) or was calcined (air, 2 h, 450 °C) and then presulfided

((H28/H2 (10:90), 2 h, 400 °C).

Preparation of 8 wt% Pt-Cs-S/C catalysts9

The Pt—Cs-S/C (PtzCs = 1:1) catalyst was prepared as follows: HthCl6-6H20 (2.15.

g, 4.2 mmol), CsOH (1.25 g, 4.2 mmol) and water (200 mL) were introduced into a 500

mL reactor. After the mixture was stirred for 1 h, activated carbon (8.65 g) was added

into the obtained solution, which was stirred for another 2 h. The water was removed

under reduced pressure. The resulting solid was dried in an oven for 12 h at 80 °C. After

transferring to a quartz U-tube reactor in a temperature programmable furnace, the catalyst

was heated from rt to 130 °C (heating rate: 5 °C min") under He (flow rate: 100 mL min")

149



and heated at this temperature for 1 h. The gas entering the quartz U-tube reactor was

switched to HZS/H2 (10:90) (flow rate: 100 mL min") and the temperature increased to 400

°C (heating rate: 5°C min") and held at 400 °C for 2 h. The reactor was subsequently

cooled to rt under He (flow rate: 100 mL min") and the sulfided catalyst (Pt-Cs—S/C)

stored under Ar. During the presulfiding process, the gas outlet of the quartz U-tube

reactor was bubbled through a bleach solution to quench the HZS in a fume hood.

Preparation of Pt-S/C-x catalysts with oxidated activated carbon1

Activated carbon was oxidized by treating with different concentrations (0.5, 1.0

and 6.0 M) of boiling HNO3 for 8 h, followed by extensive washing with distilled water,

filtered and dried at 80 °C overnight. The resulting supports (denoted as C-0.5, C-1 and C-

6) were impregnated with HthC16-6H20 solution. The water was then removed under

reduced pressure. The resulting solid was dried in an oven for 12 h at 80 °C. After

transferring to a quartz U-tube reactor in a temperature programmable furnace, the catalyst

was heated from rt to 130 °C (heating rate: 5 °C min") under He (flow rate: 100 mL min“)

and heated at this temperature for 1 h. The gas entering the quartz U-tube reactor was

switched to HZS/H2 (10:90) (flow rate: 100 mL min“) and the temperature increased to 400

°C (heating rate: 5°C min") and held at 400 °C for 2 h. The reactor was subsequently

cooled to rt under He (flow rate: 100 mL min") and the sulfided catalyst (Pt-S/C) stored

under Ar. During the presulfiding process, the gas outlet of the quartz U-tube reactor was

bubbled through a bleach solution to quench the H28 in a fume hood.
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Catalytic HDN of a-amino-e-caprolactam

General Chemistry: The hydrodenitrogenation of a—amino-s-caprolactam was run

in a Parr high-pressure, stainless steel reaction vessel (Model No. 4575) with a working

volume of 450 mL. The reactor was heated in a heating mantle. Heating was controlled

by a Parr 4842 temperature controller. 1H NMR spectra were recorded at 300 MHz on a

Varian Gemini-300 spectrometer. Chemical shift for 1H NMR are reported (in part per

million) relative to internal sodium 3-(trimethylsilyl) propionate-2,2,3,3-d4 (TSP, 6 0.0

ppm) with D20 as solvent. To determine the concentration of caprolactam in the reaction

solution, a portion (lmL) of the solution was concentrated to dryness, concentrated again

to dryness from D20, and then redissolved in 1 mL D20 containing 10 mM TSP. Yields

were determined relative to a calibration curve based on the ratios of integrated resonances

at 6 2.46 ppm (2 H) corresponding to TSP (6 0.0 ppm).

Catalytic HDN of a-amino-e-caprolactam with Pt/C and H2

Under Ar, a-amino-e-caprolactam (1.28 g, 10 mmol), THF (100 mL) and 16 wt%

Pt/C (0.97g, 0.8 mmol) were added to the reaction chamber of a Parr high-pressure reactor

and the vessel was assembled. The reaction chamber was flushed for 10 min with Ar and

then pressurized with H2 to 100 psi. The reaction chamber outlet valve was then opened to

the atmosphere. This process was repeated two additional times. After repressurizing the

reaction vessel with H2 to 100 psi, the temperature of the stirred reaction vessel was

increased to 250 °C, which resulted in a reaction pressure of 650 psi. The stirred reaction

vessel was held at to 250 °C for 8 h. The reaction mixture was cooled to rt. After

filtration, the reaction solution was concentrated, and the residue dissolved in EtOAc. The

EtOAc solution was extracted with water followed by stirring the aqueous layer with
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activated carbon. Filtration and concentration of the aqueous layer afforded crude

caprolactam.

Catalytic HDN ofa-amino-e-caprolactam with Pt/C and H25

Under Ar, a-amino-s-caprolactam (1.28 g, 10 mmol), THF (100 mL) and 16.3

wt% Pt/C (0.8 mmol) were added to the reaction chamber of a Parr high-pressure reactor

and the vessel was assembled. The reaction chamber was flushed for 10 min with Ar and

then pressurized with Hz/HZS (5:1) to 100 psi. The reaction chamber outlet valve was then

opened to the atmosphere. This process was repeated two additional times. After

repressurizing the reaction vessel with H2/HZS (5:1) to 100 psi, the temperature of the

stirred reaction vessel was increased to 250 °C, which resulted in a reaction pressure of

650 psi. The stirred reaction vessel was held at to 250 °C for 8 h. Upon cooling to rt, the

pressurized reaction vessel’s HZ/HZS atmosphere was vented through a bleach solution in a

fume hood. After filtration, the reaction solution was concentrated, and the residue

dissolved in EtOAc. The EtOAc solution was extracted with water followed by stirring

the aqueous layer with activated carbon. Filtration and concentration of the aqueous layer

afforded crude caprolactam.

Catalytic hydrodenitrogenation of a-amino-e-caprolactam with Pt-S/C and H2

Under Ar, a-amino-e-caprolactam (1.28 g, 10 mmol), THF (100 mL) and 16.3

wt% Pt-S/C (0.97g, 0.8 mmol) were added to the reaction chamber of a Parr high-pressure

reactor and the vessel was assembled. The reaction chamber was flushed for 10 min with

Ar and then pressurized with H2 to 100 psi. The reaction chamber outlet valve was then

opened to the atmosphere. This process was repeated two additional times. After
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repressurizing the reaction vessel with H2 to 100 psi, the temperature of the stirred reaction

vessel was increased to 250 °C, which resulted in a reaction pressure of 650 psi. The

stirred reaction vessel was held at to 250 °C for 8 h. The reaction mixture was cooled to

rt. After filtration, the reaction solution was concentrated, and the residue dissolved in

EtOAc. The EtOAc solution was extracted with water followed by stirring the aqueous

layer with activated carbon. Filtration and concentration of the aqueous layer afforded

crude caprolactam.

Catalytic hydrodenitrogenation of a-amino-e-caprolactam with Pt-S/C and H28

Under Ar, a-amino-e-caprolactam ( 1.28 g, 10 mmol), THF (100 mL) and 16.3

wt% Pt/C (0.97 g, 0.8 mmol) were added to the reaction chamber of a Parr high-pressure

reactor and the vessel was assembled. The reaction chamber was flushed for 10 min with

Ar and then pressurized with HZS/H2 (20:80) to 100 psi. The reaction chamber outlet

valve was then opened to the atmosphere. This process was repeated two additional times.

After repressurizing the reaction vessel with HZS/H2 (20:80) to 100 psi, the temperature of

the stirred reaction vessel was increased to 250 °C, which resulted in a reaction pressure of

650 psi. The stirred reaction vessel was held at to 250 °C for 8 h. Upon cooling to rt, the

pressurized reaction vessel’s HZS/H2 atmosphere was vented through a bleach solution in a

fume hood. After filtration, the reaction solution was concentrated, and the residue

dissolved in EtOAc. The EtOAc solution was extracted with water followed by stirring

the aqueous layer with activated carbon. Filtration and concentration of the aqueous layer

afforded crude caprolactam.

153



Chapter 4

Preparation of 16 wt% Au—S/C by [MP

Activated carbon (4.18 g) was mixed in a solution of HAuCl4-3H20 (1.63 g) and

heated at 90 °C for 1 h. The water was then removed under reduced pressure. The

resulting solid was dried in an oven at 80 °C for 12 h. After transferring to a quartz U-

tube reactor in a temperature programmable furnace, the catalyst was heated from rt to 130

°C (heating rate: 5 °C min") under He (flow rate: 100 mL min") and heated at this

temperature for 1 h. The gas entering the quartz U-tube reactor was switched to HZS/H2

(10:90) (flow rate: 80 mL min") and the temperature increased to 400 °C (heating rate: 5

°C min") and held at 400 °C for 2 h. The reactor was subsequently cooled to rt under He

(flow rate: 80 mL min") and the sulfided catalyst (Au-S/C) stored under Ar. During the

presulfiding process, the gas outlet of the quartz U-tube reactor was bubbled through a

bleach solution to quench the H23 in a fume hood.

Preparation of 8 wt% Au/TiOz by ll)P8

TiO2 (6 g) was suspended in a 600 mL solution of HAuCl4-3H20 (1 g) and urea

(15.12 g). The mixture was heated at 80 °C for 4 h under stirring (final pH ~ 8) and

allowed to cool to rt. The precipitate was centrifuged (15000 g, 10 min), decanted and

washed thoroughly with water (600 mL). This water washing, centrifugation, decanting

process was repeated 4 times. The washed mixture of HAuCl4 and TiO2 was dried under

vacuum at 100 °C for 2 h and transferred to a quartz U-tube reactor in a temperature

programmable furnace and heated from rt to 100 °C (heating rate: 2 °C min") under He
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(flow rate: 80 mL min"). The gas was then switched to H2 (flow rate: 80 mL min") and

the temperature increased to 300 °C (heating rate: 2 °C min") and held at 300 °C for 2 h.

The reactor was cooled to rt under He (flow rate: 100 mL min") and the reduced catalyst

(Au/TiOz) stored under Ar.

Preparation of 8 wt% An/NiO by DP

The support NiO (6 g, 80 mmol) was added to a 600 mL aqueous solution of

HAuCl4-3H20 (l g) and urea (15.12 g, 252 mmol). The suspension was vigorously stirred

at 80 °C for 4 h resulting in the solution changing from pH 2 to pH 8. The mixture of

HAuCl4 and NiO was recovered by centrifugation (15000g for 10 min), resuspended in

600 mL water, and centrifuged again. This water wash followed by centrifugation was

repeated 4x. The washed mixture of HAuCl4 and NiO was dried under vacuum at 100 °C

for 2 h and transferred to a quartz U-tube reactor in a temperature programmable furnace

and heated from rt to 100°C (heating rate: 2°C min“) under He (flow rate: 80 mL min").

The gas was then switched to HZS/H2 (10:90) (flow rate: 80 mL min") and the temperature

increased to 300 °C (heating rate: 2°C min”) and held at 300 °C for 2 h. The reactor was

cooled to rt under He (flow rate: 100 mL min") and the reduced catalyst (Au/NiO) stored

away from light in a desiccator under Ar.

Preparation of 8 wt% Au-S/NiO

The support MO (6 g, 80 mmol) was added to a 600 mL aqueous solution of

HAuCl4o3H20 (1 g) and urea (15.12 g, 252 mmol). The suspension was vigorously stirred

at 80 °C for 4 h resulting in the solution changing from pH 2 to pH 8. The mixture of

HAuCl4 and NiO was recovered by centrifugation (15000g for 10 min), resuspended in
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600 mL water, and centrifuged again. This water wash followed by centrifugation was

repeated 4x. The washed mixture of HAuCl4 and NiO was dried under vacuum at 100 °C

for 2 h and transferred to a quartz U-tube reactor in a temperature programmable furnace

and heated from rt to 100°C (heating rate: 2°C min") under He (flow rate: 80 mL min").

The gas was then switched to H2 (flow rate: 80 mL min") and the temperature increased to

300 °C (heating rate: 2°C min") and held at 300 °C for 2 h. The reactor was cooled to rt

under He (flow rate: 100 mL min“) and the sulfided catalyst (Au—S/NiO) stored away from

light in a desiccator under Ar. During the presulfiding process, the gas outlet of the quartz

U-tube reactor was bubbled through a bleach solution to quench the H28 in a fume hood.

Catalyst characterization by transmission electron microscopy (TEM)

TEM measurements were performed using a JEOL 2200FS operated at 200 kV.

The sample was mounted on a carbon-supported copper grid by placing a few droplets of a

suspension of the ground sample in THF on the grid, followed by drying under ambient

conditions, all in a N2 atmosphere. The samples were transferred to the microscope in a

sealed plate under Ar. At least 5 representative micrographs were taken for each catalyst.

Catalytic HDN of a—amino-e-caprolactam with Au-S/NiO and HZS/Hz

Under Ar, a-amino-e-caprolactam (1.28 g, 10 mmol), THF (100 mL) and 8 wt%

Au-S/NiO (2.0 g, 0.8 mmol) were added to the reaction chamber of a Parr high-pressure

reactor and the vessel was assembled. The reaction chamber was flushed for 10 min with

Ar and then pressurized with HZS/H2 (10:90) to 100 psi. The reaction chamber outlet

valve was then opened to the atmosphere. This process was repeated two additional times.
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After repressurizing the reaction vessel with HZS/H2 (10:90) to 50 psi, the temperature of

the stirred reaction vessel was increased to 300 °C, which resulted in a reaction pressure of

1000 psi. The stirred reaction vessel was held at to 250 °C for 4 h. Upon cooling to rt, the

pressurized reaction vessel’s HZS/H2 atmosphere was vented through a bleach solution in a

fume hood. After filtration, the reaction solution was concentrated, and the residue

dissolved in EtOAc. The EtOAc solution was extracted with water followed by stirring

the aqueous layer with activated carbon. Filtration and concentration of the aqueous layer

afforded crude caprolactam.

Direct conversion of L-lysine to caprolactam.

Under Ar, L-lysine hydrochloride (1.83 g, 10 mmol), NaOH (0.4 g, 10 mmol),

EtOH (100 mL) and 16 wt% Pt-S/C (0.12 g, 0.1 mmol) were added to the reaction

chamber of a Parr high-pressure reactor and the vessel was assembled. The reaction

chamber was flushed for 10 min with Ar and then pressurized with HZS/H2 (10:90) to 100

psi. The reaction chamber outlet valve was then opened to the atmosphere. This process

was repeated two additional times. After repressurizing the reaction vessel with HZS/H2

(10:90) to 150 psi, the temperature of the stirred reaction vessel was increased to 250 °C,

which resulted in a reaction pressure of 1050 psi. The stirred reaction vessel was held at to

250 °C for 8 h. Upon cooling to rt, the pressurized reaction vessel’s H25/H2 (10:90)

atmosphere was vented through a bleach solution in a fume hood. After filtration, the

reaction solution was concentrated to afford crude caprolactam.
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