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ABSTRACT

This PhD thesis describes the Au-catalysed alkylation of amines using alcohols (AAA). The
work was broadly divided into two parts: (i) developing mechanistic and kinetic models for

the reaction; and (ii) further catalyst development.

The introductory Chapter provides and overview of reported homogeneous and
heterogeneous catalysts for the AAA reaction, with a comparison of their scope and

limitations.

Chapter 2 begins with a summary of a previously reported mechanistic model using Au/TiO»
to catalyse the model reaction of aniline with benzyl alcohol in flow. The Chapter proceeds
by comparing the effects of O2 and the use of different H>O concentrations when performing
the model reaction. Additionally, the stability and possible deactivation routes of the catalyst

is interrogated.

In Chapter 3, the results from the mechanistic studies are used to further develop the

previously reported kinetic model.

The effects of using different preparation techniques and supports on the catalyst structure
and activity of Au/TiO; are detailed in Chapter 4 and 5, respectively. Chapter 6 presents the

activities of different metal catalysts for the model reaction.

Chapter 7 contains experimental procedures for reactions and catalyst preparation methods.
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CHAPTER 1. Introduction

As the global population continues to increase, so do the demands on the chemical

industry, making current processes that are often hazardous to the environment
unsustainable.! The key challenge is to create methods that limit the detrimental effects to the
environment for future generations, yet allow for the needs of our current population to be
met. This is the underlying theme of sustainable development, which the chemical industry
has been working towards through employing ‘green chemistry’ strategies.’
In 1998, Anastas and Kirchoff developed a list of 12 green chemistry principles,” * with the
basic message following, that methods should be designed which limit the use and generation
of hazardous reagents in the manufacture and application of chemical products. In order to
catalyse the integration of green chemistry and engineering, the American Chemical Society
(ACS) Green Chemistry Institute (GCI) was established.’ The Institute identified a list of key
research areas were improvements are required, with the activation of alcohols for
nucleophilic substitution being voted as the second most important topic.

Using alcohols as a feedstock is desirable as they are readily available and inexpensive,
however, OH is a poor leaving group, and is generally replaced by a better one through
methods such as protonation or halogenation (Scheme 1.1).° However, protonation can cause
the incoming nucleophile to be deactivated in the acidic environment, and use of reagents

such as PCls leads to the generation of hazardous waste materials.

+
A ROH+H" ROH,

B ROH +PCl; — > RCI + POCI, + HCI

SCHEME 1.1. Activating alcohols by A) protonation, B) halogenation.

A ‘green alternative’ for the activation of alcohols is the hydrogen borrowing method
(also known as the hydrogen auto transfer process).
This project aims to study the alkylation of amines using alcohols (AAA) employing this
strategy. A background of common synthetic methods for the alkylation of amines is
discussed next (Section 1.1) with the details of the hydrogen borrowing method presented in

the following section (1.2).
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1.1 Synthetic methods for the alkylation of amines

It has been estimated that roughly 64% of all nitrogen substitutions are alkylations in the
pharmaceutical industry.® Indeed, the amine functionality brings essential activity to a wide
range of pharmaceutical drugs (Figure 1.1).” Venlafaxine is used in the treatment of
depression and generalised anxiety disorder, Chlorpheniramine is an alkylamine
antihistamine used for relieving allergies, while Piribedil is used in the treatment of
Parkinson’s disease.®!® Nitrogen containing compounds also find applications in epoxy
hardeners, vulcanising agents and in the preparation of detergents, fabric softeners and dyes.’
For example, pH indicator Methyl orange and Lauryldimethylamine oxide, which is a

detergent, emulsifier, foaming agent, softener and dyeing auxiliary.!! 12

/111 Cl IlI

OH > 0
Wsae Sy T,
0 X

N
N
N~
(£)-Venlafaxine (£)- Chlorpheniramine Piribedil
Q
\ ..N‘Q‘Sf 0 \ /
N N O-Na N+
/ A P O-
Methyl orange Lauryldimethylamine oxide

FIGURE 1.1. Important pharmaceutical drugs containing amine functionalities.

Amines and ammonia are nucleophilic species that readily undergo Sn2 substitutions with
alkyl halides to generate newly alkylated amine compounds (Scheme 1.2).!3 The toxic nature
of alkyl halides and the overalkylation commonly found makes this process unfavourable,
especially in the pharmaceutical industry where there is strict control of residual impurities. '
A way of avoiding overalkylation is to use an excess of amine, however this generates large

amounts of waste.

- - - - +
NH; RX. pnp, REES pvn RS pon REXL (g,

SCHEME 1.2. SN2 substitution of amines using alkyl halides.

An alternate strategy is the use of reductive amination of aldehydes and ketones (Scheme
1.3).1> 16 Condensation of amine with the carbonyl species affords a carbinol amine (Step 1)

which eliminates H>O to yield imine (Step 2). The imine species is subsequently reduced to
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give the alkylated amine product (Step 3). Common hydride reducing agents are NaCNBH3
or Na(OAc);:BH, a more economical and effective method is to employ a catalyst, usually Pt,

Ni or Pd based, with molecular H».!>

3 3 3
Step 1 R'N‘H Step 2 R'N Step 3 R'N‘H
lei\ ) -H,0 RlU\RZ reduction RlJi\Rz

(6] H

0
I, + R3-NH,

R "R2

SCHEME 1.3. Reductive amination of carbonyl species to afford amine products.

Overalkylation remains an issue with this technique and the use of reducing agents and
hazardous molecular H>, which requires containment, is disadvantageous. Furthermore, when
employing reagents that contain multiple C-C bonds (double and triple) and other functional
groups prone to reduction, the hydrogenation of imine is limited.

A more efficient process is hydroamination, which involves the addition of an amine to
an unsaturated C-C multiple bond.!”!” Nitrogen containing compounds are produced in one
step, without the formation of side-products (Scheme 1.4). Hydroamination is widely used in
industry,> yet reactions are hindered by the high activation barrier arising from the
electrostatic repulsion of the electron pair on the nitrogen atom and the electron rich m-bond.
The high reaction temperatures required to overcome the barrier shifts the equilibrium over to
the starting materials, due to the negative reaction entropy AS°.!” It is this combination that
makes the design of catalysts for this reaction essential. Still the majority of the reported
systems able to facilitate this process are difficult to synthesise, expensive, sensitive to air

and moisture and/or are highly toxic.!”

RS
RI R’ RS R! N-R
Z:< , THN R3
R R R R2 R4

SCHEME 1.4. Hydroamination of amines across C-C double bonds.
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1.2 The hydrogen borrowing method for the AAA reaction

In a hydrogen borrowing system, a catalyst (M) acts as both a hydrogen donor and
acceptor (Scheme 1.5).2° Hydrogen is abstracted from the alcohol to yield the more reactive
carbonyl intermediate and metal hydride species (Step 1). The carbonyl compound then
condenses with the amine to produce an imine intermediate (Step 2), to which the catalyst

returns hydrogen forming the newly alkylated amine product (Step 3).

R? R3
RINHz + J\ M, J\ + H,0
R? “OH R? "NHR!
Step 1 [M] A Step 3
oxidation :C D reduction
H, [M]H, ' +H,
R’ R'NH, 3

SCHEME 1.5. The hydrogen borrowing method for the alkylation of amines using alcohols.

The overall process involves two redox steps, but performed in one operation. This concept
of hydrogen shuttling is clearly superior to the aforementioned protocols for activating
alcohols and for forming amine compounds. Extreme pH conditions can be avoided, H>O is
generated as the only stoichiometric by-product, it is a ‘one-pot’ process and the use of
molecular Hz is not necessary. There are numerous reports of catalysts facilitating the

formation of amines using this technique, which will be introduced in the following Sections.

1.2.1 Homogeneous catalysts for the AAA reaction

Homogeneous processes, where the catalyst is in the same phase as the reactants
(typically dissolved in a solvent) are advantageous as catalyst sites are generally single well-
defined entities. Thus selectivity can be achieved by ‘tuning’ electronic and steric properties.

Grigg and Watanabe reported the first homogeneous catalysts for the AAA reaction in
1981, independently, using Ru and Ir based complexes.?!* 2 Early reports of the AAA
reaction using Ru complexes, namely [RuCl>(PPhs)s] (1.1, Figure 1.2), suffered from the high
reaction temperatures required (typically between 180-200 °C) and poor selectivity to the
amine product.?’?* The nature of the ligand may have contributed to the low selectivity of

this catalyst. Certainly, it was shown that by employing [Ru(COD)(COT)] (1.2, Figure 1.2)
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for the mono-alkylation of aminopyridines (relevant in the application of medicinally active
compounds), an increased selectivity and yield could be obtained, compared to using 1.1

under the same reaction conditions (Scheme 1.6).%

/

Cl }u
Ph3Pt Rlu/PPhs { \
1.1 1.2

FIGURE 1.2. Structures of [RuCl>;(PPhs)3] (1.1) and [Ru(COD)(COT)] (1.2).

@ . ~op _RUCL(PPhy);] .1 (5 mol%)_ @ N @
z 180 °C,5h NG N~

N~ "NH, Excess NHEt NEt,
(4 mmol) (5 mL) 57% 11%

N Ru(COD)(COT)] 1.2 (5 mol%) [ X
(L, on Mucopiemizenmn (3 (L

N7 NH,  pxcess 180 °C, 5h N~ “NHEt N~ "NEt,

(4 mmol) (5mL) 85% 1%
Yields determined by GLC.
SCHEME 1.6. Mono and dialkylation of aminopyridine using [RuCIl>(PPhs)s3](1.1) and

[Ru(COD)(COT)] (1.2).

The increased selectivity afforded by complex 1.2 was ascribed to two causes, the first being
the absence of phosphine ligands. Indeed when 1.2 was employed in the presence of various
phosphine ligands (at 180 °C, for 5 h), the di-alkylated product was obtained.>* The origin of
this effect was not discussed in the study. However, in a separate report investigating the
AAA reaction catalysed by 1.1, it was suggested that phosphine might act to displace
complexed aldehyde and facilitate its reaction in solution with amine.? The second cause was
attributed to steric hindrance in the nucleophilic attack of aldehyde by the monoalkylated
amine species, when employing 1.2, leading to the monoalkylated amine being the major

product (Scheme 1.7).
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(2
.
N NHEt

\ / H
L,-Ru=~— o=
HH Et

SCHEME 1.7. Hindered nucleophilic attack of coordinated aldehyde by monoalkylated
heteroaromatic amine, using [Ru(COD)(COT)](1.2).

Overall, as well as the high reaction temperatures required, both 1.1 and 1.2 complexes have
limited scope with regards to using less reactive secondary alcohols as substrates. Carbonyl
compounds generated from secondary alcohols are generally less electrophilic and are more
sterically hindered than primary carbonyl species, meaning more forcing conditions are often
required.

In this regard, [Ru3(CO)i2] (1.3) and [Ru(p-cymene)Cl2]> (1.4) (Figure 1.3), reported
independently by Beller and Williams,?*2® respectively, showed that these complexes can be

used to catalyse reactions between secondary alcohols and amines under mild conditions.

oc 9 co $%o

Ru ‘—R'uf Cl_ ¢l
0oC éO\R/CI?d:O Ru_ Ru
0C~ 1 CO Cr I
Co
1.3 1.4

FIGURE 1.3. Structures of [Ru3(CO);2] (1.3) and [Ru(p-cymene)Cl;] > (1.4).

In these examples, the presence of phosphine ligands were required (Figure 1.4). Using the
Ru carbonyl complex 1.3, pyrrole phosphine (1.5) was shown to give the highest reactivity.
On the other hand, bidentate phosphines, 1, 1’-Bis (diphenylphosphino)ferrocene (dppf) or
Bis-[2-(diphenylphosphino)phenyl]ether (DPEphos) (1.6 and 1.7, respectively) were

employed in combination with Ru cymene complex 1.4.

L —PPhy ©\ Q
O & :
@ —PPh, PPh,  PPh,
1.5 1.6 1.7

FIGURE 1.4. Phosphine ligands used in combination with [Ru3(CO);2] (1.3) and [Ru(p-
cymene)Cl>] > (1.4).
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In contrast to complexes 1.1 and 1.2 mentioned above, the combination of Ru complex
1.3 and phosphine ligand 1.5 was able to catalyse the alkylation of secondary aliphatic
alcohols with n-hexylamine (Table 1.1, entries 1 and 2), as well as a variety of aliphatic
amines with 1-phenylethanol, in excellent yields (Table 1.1, entry 3).2® Amines containing
long alkyl chains are particularly interesting as they are important in the detergent industry.?’

However, the activity decreased as more hindered aliphatic amines were employed (Table
1.1, entry 3 vs. entry 4). The reaction also failed for poorly nucleophilic aniline (Table 1.1,

entry 5), even ones containing electron-donating substituents.?®

TABLE 1.1. N-alkylation of amines with secondary alcohols using [Ru3(CO);2] (1.3) and
phosphine 1.5.

2
R2 R4 [Ruz(CO);,] 1.3 (2 mol%) R
J_ +HN . A R* +H,0
R 0OH R3 Phosphine 1.5 (6 mol%) R N
110 °C, 24 h, under Ar R3
5 mmol 1 mmol
Entry Amine Alcohol Yield (%)*
16 /\/\/\NH2 /WY 98
OH
NH,
3 90
OH
H;C
NH,
4 58
OH
H;C
; o ;
OH
H;C

“ Determined by GC, ® amine (I mmol), alcohol (2 mmol),c 100 °C.

The reaction scope of 1.3/1.5 is interesting compared to catalyst 1.1, which was able to
facilitate the reaction of aniline and aliphatic amines with long chain aliphatic alcohols to
afford tertiary amines (Scheme 1.8). In this case, aromatic amines were more active than
aliphatic ones (47-52% yield vs. 14-28% yield). This is notable as reactions between anilines
and aliphatic alcohols are typically challenging in AAA catalysis, due to the low

nucleophilicity of the amine and poor reactivity of the alcohol. In contrast to complex 1.3,
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primary aliphatic alcohols were employed in these reactions which could explain the
increased activity of this system. Indeed when secondary alcohols were used, the reaction

failed.?> %

CH3(CH2)nOH + HN_R2 [RUC12(PPh3)3] 1.1 (05 mOl%) CH3(CH2)nNR2 + HzO
R= Me, Et, Pr and Ph

“ Determined by GC-MS

SCHEME 1.8. N-alkylation of secondary amines using primary aliphatic alcohols and
[RuCl>(PPhs)s] (1.1).

The application of catalyst 1.3/1.5 can be extended to allow the formation of primary amines
from secondary alcohols using ammonia.*® The production of primary amines is of significant
importance, as they are useful intermediates for further derivitisation reactions.

Using 1.3/1.5, modest to excellent yields were obtained employing aliphatic and aromatic
alcohols (Table 1.2, entries 1-4); lower yields were observed for sterically hindered 2-

adamantanol (Table 1.2, entry 5).

TABLE 1.2. Formation of primary amines from aliphatic and aromatic alcohols using
[Ru3(CO)2] (1.3) and phosphine 1.5.

?\H [Rus(CO);,] 1.3 (2 mol%) R?

NH; + RI™R2  phosphine 1.5 (6 mol%) R?_ NH, +H,0

l'g 1Tmmol  150°C,20h, under Ar

Entry Alcohol Yield (%)*
1 e d 76
OH

25 E>70H 69

OH
3 O/ 87

OH
4 ©)\ 62

OH
50 @ 45

“ Determined by GC, 0.6 g NH;
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In comparison, [Ru(p-cymene)Clz]> (1.4), in combination with phosphine ligands 1.6 or
1.7, demonstrated a wider substrate scope than the other Ru catalysts (1.1, 1.2 and 1.3),
predominantly with reactions between unbranched primary alcohols and unhindered
amines.?’” The formation of cyclic tertiary amines from secondary alcohols was also
accomplished using this system (Table 1.3), with non-benzylic alcohols giving higher yields
(Table 1.3, entry 1 vs. entries 2 and 3).

TABLE 1.3. Formation of tertiary amines using secondary alcohols and [Ru(p-cymene)Cl] >
(1.4) in combination with phosphine 1.7.

2
R? R* [Ru(p-cymene)Cl,], 1.4 (2.5 mol%) R 4
1+ HN AR 41,0
R!"SOH R3 Phosphine 1.7 (5 mol%) R N3 2
xylene, reflux, 24 h R
Amine
0] NH
\_/
Entry Alcohol Isolated yield (%)
1 i 65
Me)\OH
CH,Ph
2 86
Me~ OH
5 n-Pr -
Me)\OH

Reactions with enantiomerically pure amines proceeded with retention of configuration
(Scheme 1.9), which is imperative in the pharmaceutical industry as enantiomers can have
different and even adverse physiological effects.>! To the best of our knowledge, this is the
only Ru catalytic system which was tested for its applicability in retaining stereochemical

purity during the course of alkylation (compared to catalysts 1.1, 1.2 and 1.3).

M
Me  [Ru(p-cymene)Cl,], 1.4 (2.5 mol% £ e

Ph._~ + : )~ Ph_~ + H,O0
OH ™ HN">Ph Phosphinc 1.6 (5 mol%) §omo
toluene, reflux, 24 h >08% ce
70% isolated yield

SCHEME 1.9. Formation of enantiomerically pure amine using [Ru(p-cymene)Cl]> (1.4)
and phosphine 1.6.
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The preparation of active pharmaceutical ingredients (API’s), including Piribedil and anti-
inflammatory agents Antergan, Tripelennamine, Pheniramine and Chlorpheniramine, was
also demonstrated using Ru cymene complex 1.4 with phosphine ligands 1.6 or 1.7 and

excellent yields were afforded (75-87%) (Scheme 1.10).

(X

HO ~

SN NTONTY

f/)\ (i) NN

NTONTY — +H,0 Piribedil:
N

H O 87% isolated yield
0

Ar=Ph

(Antergan)
Ar\N/\/OH (i1) Ar\N/\/NMez 75% isolated yield
Ph Ph (Tripelennamine)

75% isolated yield

Ar=Ph
Ar OH Ar NMe, (Pheniramine)
+ HNMe, ~1) 0 B4%isolated yield

N N Ar=p-CIC¢H,
= =

(Chlorpheniramine)
81% isolated yield

(1) [Ru(p-cymene)Cl,], 1.4 (1.25 mol%), 1.6 (2.5 mol%), toluene, reflux, 24 h
(i1) [Ru(p-cymene)Cl,], 1.4 (2.5 mol%), 1.7 (5 mol%), toluene, reflux, 24 h

SCHEME 1.10. The preparation of pharmaceuticals using [Ru(p-cymene)Clz]> (1.4) and
phosphine ligands 1.6 or 1.7.

The presence of phosphine ligands are essential for the activity of most of the Ru based
catalysts discussed thus far (1.1, 1.3 and 1.4). More recently, a Ru cymene complex
containing a benzimidazole ligand (1.8, Figure 1.5) has been reported to have certain catalytic

activity).*

10
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FIGURE 1.5. Structure of Ru cymene complex (1.8).

However, the reaction scope was rather limited to benzyl alcohol and aniline derivatives
(Scheme 1.11). Long reaction times (15 hours) and the inclusion of 100 mol% base (KOBu")

was required, presumably to expedite the dehydrogenation of alcohol to the carbonyl species.

R2
N E\/<j/
O/ JijA Ru complex 1.8 (1 mol%) || o

KOBu’ (100 mol%), toluene Rl// +H0
Rlz 2,4-(CH,), R?>= p-CH o
) (C 3)’ p C 3 150 °C, 15 h, under Ar 67 to >99% isolated yleld

SCHEME 1.11. N-alkylation of aniline with benzyl alcohol derivatives using [Ru(p-
cymene)Cly] > bearing a benzimidazole moiety (1.8).

In terms of the broad reaction scope and the mild conditions employed, [Ru(p-
cymene)Clz]2 (1.4) used in combination with bidentate phosphines (1.6 and 1.7) appears to
offer the best performance. This conclusion was also made in a study investigating various
Ru based complexes for the amination of aliphatic and aromatic amines with benzyl
alcohol.** Even so, the main limitation of Ru catalysts is their poor reactivity towards
secondary alcohols and with aniline derivatives.

In this light, an Ir based complex, [Cp*IrCl2]> (1.9, Table 1.4), was found to catalyse
numerous AAA reactions employing aliphatic amines and anilines with primary and
secondary alcohols (Table 1.4).>* A moderate yield was achieved for the alkylation of 2-
octanol with aniline (Table 1.4, entry 1) and better yields were generated for cyclic secondary
alcohols (Table 1.4, entry 1 vs. entries 2 and 3). This is most likely due to the increased
electrophilicity of the carbonyl compounds afforded from the dehydrogenation of the starting
alcohols. Long chain aliphatic amine aminated by primary aliphatic alcohol gave a moderate

yield and required a long reaction time (Table 1.4, entry 4).
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TABLE 1.4. N-alkylation of amines with primary and secondary alcohols using [Cp*IrCl;] .

(1.9).
R? R4 [Cp*IrCl,], 1.9 (5 mol% ) R2 /%\ cl

Ir I
HN A o
RIJ\OH + R3 K2C03 (5 mOl%) Rl N»R + Hzo y
toluene, 110 °C R3
Entry Amine Alcohol Time (h) Isolated yield (%)

NH2 /\/\/Y
40 69

OH

J
2 @ o E>70H 17 85
o

NH, OH
O/ 17 92
OH
4 /\/\/\/\NH2 ©/\/ 43 61

Although the system generated good to moderate yields for these challenging

1

transformations, the reaction times were long, and base was required.

Employing H>O as a solvent has benefits over using organic solvents, as H>O is non-
flammable and inexpensive. Thus recent developments of a [Cp*Ir(NH3)3][1]2 complex (1.10,
Table 1.5) has allowed for the preparation of secondary and tertiary amines using H>O as a
reaction medium and without the need for base.

Reactions involving aniline proceeded with lower amounts of catalyst compared to
equivalent reactions using Ir complex 1.9 (Table 1.5, entries 1 and 2 vs. Table 1.4, entries 2
and 3), and in the case of employing cyclohexanol along with aniline, higher TOF’s (turnover
frequencies. Calculated by: turnover number/time, in this Chapter) were afforded (15.5 h! vs
1.1 hh.

This system has obvious advantages over the earlier Ru catalysts discussed not only due to
the higher TOF’s, but also because of its ability to facilitate reactions using secondary
alcohols. For instance, 100 mol% (1 equivalent) of KOBu’ was required for the amination of
aniline with benzyl alcohol derivatives using 1.8 at 150 °C for 15 hours (Scheme 1.11).
Whereas the same reactions can be achieved with excellent yields in 6-14 hours, in the
absence of base, using catalyst 1.10 (Table 1.5, entry 3). Aliphatic amines were also well

tolerated (Table 1.5, entry 4).
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TABLE 1.5. N-alkylation of amines with primary and secondary alcohols using
[Cp*Ir(NH3)3][1] 2 (1.10).

_\2+2I_
R?  [Cp*Ir(NH;)5] [1],1.10 (1 mol%) Il : |<

1 ’N R3 Ir—
R'NH, + R2 SOH H,O0, reflux, under air R Y +H0 H3N/ \ NH;
R? NH;
1.10
Entry Amine Alcohol Time (h) Isolated yield (%)

NH,

1 @ E>70H 24 82
NH, OH

NG R
NH, OH

3 @ 6 93

MeO
4 /\/\/\/\NH2 ©/\OH 14 22

@2 mol% of catalyst.

In contrast to Ru complex 1.4, the ability of 1.10 to catalyse the construction of API’s and/or
to retain the chirality of enantiomerically pure species was not demonstrated.
In this respect, [Cp*Irl2]2 (1.11, Figure 1.6) was employed in the synthesis of Fentanyl, an

analgesic with approximately 100 times greater potency than morphine (Scheme 1.12).%

%@g L
Ir\I/Ir

/

I
1.11

FIGURE 1.6. Structure of [Cp*Irl>]> (1.11).

Ph Ph
' [Cp*Irl,], 1.11 (2 mol%) '

N
/\W \O +HO\/\Ph H,0, 24 h, 115 °C i /WN\O
O NH 2 >
O N\/\Ph

68% isolated yield

SCHEME 1.12. Synthesis of Fentanyl using [Cp*Irl>]> (1.11).

Other pharmaceutical drugs were not synthesised in this study, but compared to the Ru

catalyst (1.4), the use of ligands was not necessary and the reaction was conducted in H,O
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instead of toluene (Scheme 1.12 vs. Scheme 1.10). Furthermore, the formation of structurally
similar tertiary amines occurred with significantly higher TOF’s using complex 1.11

compared to the Ru catalyst (1.4) (28.3 h'lvs. 1.1 h'!, Scheme 1.13).

0) Cp*Irl,], 1.11 (1 mol%
K//\NHJF HO > Ph [Cp*IrLy], ( 0) K/N
110 °C, 3 h, Ionic liquid ((BMIM]PFy)
85% isolated yield

+ H,0

Me  [Ru(p-cymene)Cl,], 1.4 (2.5 mol%) O

xylene, reflux, 24 h Me

65% isolated yield

SCHEME 1.13. Formation of tertiary amines using secondary alcohols catalysed by
[Cp*IrDy]: (1.11) and [Ru(p-cymene)Cl] > (1.4).

The use of more challenging substrates, such as secondary alcohols, was not demonstrated in
this study.

More recently, an enantioselective Ir catalyst (1.12) in combination with chiral
phosphoric acid (1.13) (Figure 1.7) was reported for the synthesis of chiral amines starting
from racemic mixtures of alcohol and amines.>’ Enantioselectivity was achieved in the

hydrogenation of the imine, by a chiral Ir hydride intermediate.

908
o ¥e)
ol
HN)‘ph R
Ph R=2,4,6- iPr;C¢H,
1.12 1.13

FIGURE 1.7. Structures of enantioselective Ir catalyst 1.12 and chiral phosphoric acid 1.13.

Using this catalytic system, secondary alcohols bearing linear as well as aryl substituents
reacted with aniline derivatives, to generate substituted amines in good to excellent yields and
enantioselectivity (ee) (Table 1.6). Products containing electron-donating substituents were
obtained with higher ee values (Table 1.6, entry 1 vs. entry 2). Substituted anilines containing
electron withdrawing and donating groups afforded high yields (Table 1.6, entries 3 and 4),
and notably the heterocyclic amine, 5-aminoindole, was successfully coupled with 2-hexanol

(Table 1.6, entry 5).
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TABLE 1.6. Enantioselective animation using an Ir based catalyst (1.12) in combination

with chiral phosphoric acid 1.13.

(S,8)-Ir catalyst 1.12 (5 mol%) R3
j)\H  HN-R? Phosphoric acid 1.13 (10 mol%) 1 +H.O
R'"R? 2 tert-amyl alcohol, reflux R!I""R? 2
* 24 h, 4 A MS
Entry Amine Alcohol Isolated Yield (%) ee (%)

72 96

OH
OH
2 MeO—@NHZ Q)\ 69 83
Br
OH
o~ 97 88
\/\)Oi_l
\/\)Oi{

81 83

84 81

Although the majority of homogeneous catalysts reported for the AAA reaction are based
on Ru and Ir complexes, several groups have reported the use of other metals, for instance,
Cu, Pd, Fe and Au.*** Cu and Fe based catalysts are particularly attractive due to the ready
availability of the metals and they allow for cost effective alternatives.

Ramon and co-workers demonstrated that Cu(OAc), (1.14) was able to couple aromatic
amines with primary and secondary alcohols.*® Benzyl alcohol derivatives react with aniline
to afford excellent yields (Table 1.7, entry 1 and 2). Yet compared to analogous reactions
catalysed by the Ir complex 1.10, much lower TOF values were generated, for example the
alkylation of aniline by p-methoxy benzyl alcohol (1.8 h™' vs. 15.5 h™!). The amination of
aliphatic alcohols with aniline gave lower yields contrasted to using aromatic ones, likely due
to the decreased electrophilic nature of the carbonyl species afforded (Table 1.7, entry 3 vs.
entries 1 and 2). The use of highly electron rich fert-butylamine as a reagent failed, even after
6 days, presumably due to steric hindrance (Table 1.7, entry 4). When secondary alcohols
were employed with electron poor pyridine-2-amine, the yields were low, more base (200

mol%) and longer reaction times were required (Table 1.7, entries 5 and 6).*8
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TABLE 1.7. N-alkylation of amines using primary and secondary alcohols and Cu(OAc)2
(1.14).

R3 R3
1.14 (1 mol®
RINH, ¢ b, CUOAR LM Amal) ] g
R "OH KOBu' (100 mol%), R? "NHR
0
130 mol% dioxane, 130 °C, 48 h
Entry Amine Alcohol Isolated Yield (%)

NH,
S S
NH, OH

2 @ 85
MeO

NH,
3 SN N"0H 40
40 —*—NHZ gOH 0
“ OH
5t w» 40
N”NH,
N OH
¢ | Z W\ 25
N”NH,

6 days reaction time, ® 4 days reaction time and 200 mol% of KOBu'.

A mild approach for the synthesis of amines by secondary aromatic and aliphatic alcohols

was demonstrated using PdCl, (1.15).%

A lower mol% of base (required to generate the
catalytically active Pd alkoxide precursor) was used and larger TOF’s using the same
substrates as catalyst 1.14 were yielded (Scheme 1.14 vs. Table 1.7, entries 5 and 6). For
instance the alkylation of 2-aminopyridine with 1-phenylethanol proceeded with a value of
2.9 h! vs. 0.8 h'! obtained by complex 1.14.

Although the system was more active than catalyst 1.14, the addition of phosphine ligand
(dppe, 1.16, Scheme 1.14) was necessary (2 mol%). Also, compared to reactions catalysed by

the Ir based complex (1.9) (Table 1.4), harsher reaction conditions were required (20 mol%

of base instead of 5 mol%).
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N__NH, gr! PdCL LIS (1 mol%)

H
N > N\ N Rl + H,0
. V)
| D N )\ Phosphine 1.16 (2 mol%) U T 2

OH 100-130 °C, 24 h, neat
LiOH (20 mol%)

2 mmol 6 mmol
PhZP/\/Pth

R'=Ph, 70% isolated yield 1.16
R!= (C5H,,)CH;, 68% isolated yield
SCHEME 1.14. N-alkylation of aromatic amines using secondary alcohols and PdCl> (1.15)

and phosphine 1.16.

In terms of finding an inexpensive yet effective catalytic system, promising results for the
alkylation of functionalised anilines with primary aliphatic alcohols were generated using an
Fe complex (1.17) and MesNO (Table 1.8, entry 1 and 2).** However poor selectivities were
obtained when secondary alcohols were used as alkylating agents (Table 1.8, entry 3 and 4)

and the amination of secondary amines with alcohols gave modest results (Table 1.8, entry

5).

TABLE 1.8. N-alkylation of amines with alcohols using an Fe based complex (1.17).

TMS
2
R? .R* Fe complex 1.17 (5 mol%) R C@O
J_ +HN A R* + H,0 | ‘T™S
Rl OH R3 Me3NO (10 mol%) R N Fe,
CPME, 100-130 °C, 4-62 h R3 0c 180
1.17
Entry Amine Alcohol Yield (%)*

1 MeOONHZ ~~_OH 91
2 FONHz ~~_OH 77
3° MeO—@NHZ >70H 12
4° MeO—@NHz QOH 14
5¢ O\IH (j/V o 53

@ Isolated yields, ® GC-FID selectivity, © Molecular sieves were used.

The synthesis of Piribedil was demonstrated using this Fe catalyst (Scheme 1.15), but the
system was less efficient for this transformation compared to using [Ru(p-cymene)Clz]> (1.4),

generating lower TOF values (0.3 h'! vs. 2.9 h'!).
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HO
fN Fe complex 1.17 (5 mol%)
N/)\N/\ . Me;NO (10 mol%) Piribedil (Figure 1.1)
_NH O CPME, 130 °C, 42 h 54% isolated yield
0

SCHEME 1.15. Synthesis of Piribedil using an Fe complex (1.17).

Au complex [(PhsP)AuCI]*' (1.18) was shown to catalyse the reaction between benzyl
alcohol and aniline derivatives (64-90% isolated yield, with electron withdrawing and
donating groups). However, modest results were obtained using long chain aliphatic alcohols,
(58-64% isolated yield) and the use of a secondary alcohols failed. Although a relatively low
reaction temperature was used (100 °C), the inclusion of base (KOBU, 1 equivalent), large
amounts of catalyst (10 mol%), long reaction times (up to 4 days) and additive AgOTf was
necessary (to generate the active catalytic species).

In summary, the synthetic utility of most homogeneous catalysts reported for the AAA
reaction are limited by the need for co-catalyst and base. The synthesis of organic ligands can
be challenging and there are difficulties in the recovery process, which makes the use of these
catalysts uneconomical. Even though it was shown that catalyst [Cp*Irl>]» (1.11) can be used
along with ionic liquids or H>O, without the use of co-catalyst and base, separation
techniques (liquid-liquid extraction and/or column chromatography) are still required. In this
context there has been much effort made in trying to immobilise organic ligands or metal
complexes onto a solid support through chemical bonds.*> ** Such catalysts combine the
advantages of both homogeneous and heterogeneous systems in that well-defined catalysts
can be created which are easily separated from the reactants.

A recent example is a pyrimidine-substituted N-heterocyclic carbene Ir complex

supported on mesoporous silica (SBA-15) (1.19) (Figure 1.8).%

& |

|

\O\ )l\ ~
—0-Si "N NN
O' \—/

_—
1.19

FIGURE 1.8. Structure of the silica supported Ir complex (1.19).
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Mesoporous silica functions as an excellent support due to its high surface area, ordered
structure and uniform pore diameter. In its absence, the obtained yield for the alkylation of
aniline with benzyl alcohol decreased (~10%). Mild reaction temperatures of 110 ‘C were
employed and even after 12 runs, the catalyst (1.19) was shown to retain its activity. On the
other hand, the reaction scope was poor, as the majority of reactions described employed
aniline and benzyl alcohol derivatives. Reaction times of 48 hours were necessary, as well as
the inclusion of base (50 mol%, NaHCO3). The activity of the system is comparable to the
poorly active Cu(OAc), catalyst (1.14), where the alkylation of aniline with benzyl alcohol
afforded TOF’s of 2.1 h™! and 1.3 h'! when using 1.14 and 1.19, respectively (Table 1.7, entry
1 vs. Table 1.9, entry 1). When more challenging reactions were performed, such as the
alkylation of aniline with secondary and aliphatic alcohols, or when heteroaromatic amines

were used as substrates, modest to good yields were obtained (Table 1.9, entries 2-4).

TABLE 1.9. N-alkylation of amines with alcohols using a supported Ir complex (1.19).

2 RY 1 lex 1.19 (1.5 mol% R?
5{\ N HNR r complex (1.5 mol%) N L R 4 0
R OH R3 toluene, 110 °C, 48 h,under N, R!" "N~ 2
1.0 mmol 1.1 mmol NaHCOj; (50 mol%) R
Entry Amine Alcohol Isolated Yield (%)
NH,
o S0
NH,
O e
OH
NH,
3 O 78
MeO
N._NH,
4 e Ohs "
_N

Alternatively, Ru complex 1.4 has been immobilised onto phosphine functionalised
polystyrene (1.20) (Table 1.10).** The alkylation of primary and secondary amines along with
alcohols proceeded in the absence of base using this system, yet the activity was generally
lower than the unsupported Ru complex (1.4). The alkylation of aniline with benzyl alcohol
generated a TOF of 1.6 h! for unsupported Ru (1.4), whereas 0.6 h'! was achieved by this
polymer bound system (Table 1.10, entry 1). Similarly, the TOF for the alkylation of
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morpholine with benzyl alcohol (Table 1.10, entry 2) was larger for the homogeneous Ru
catalyst (1.4) (2.8 h'lvs. 1.0 h'!).

Sterically challenging long chain aliphatic amines were tolerated well (Table 1.10, entry
3) as was the use of aniline with long chain aliphatic alcohols (Table 1.10, entry 4). However,
the use of secondary alcohols gave poor yields (<30%) and the synthesis of Piribedil
proceeded with a lower TOF than that afforded by the homogeneous Ru catalyst (1.4) (0.4 h'!
vs. 2.9 h™).

TABLE 1.10. N-alkylation of amines with alcohols using a supported Ru complex (1.20).

4
f N HN'R Ru complex 1.4/1.20 (5 mol%) 5{\2 )
R "OH R’ toluene, 120 °C R! N,R + H,0
1.2 mmol 1.0 mmol R3
B0 om,
PS= polystyrene
1.20
Entry Amine Alcohol Time (h) Isolated Yield (%)

24 69

S8
2 @\IH gOH I8 87
o

24 73

NHZ NN T
4 @ OH 54 88

In spite of the decreased activity of this catalyst, an interesting aspect of this work was the
use of a flow reactor for the alkylation of piperidine with benzyl alcohol (Figure 1.9). In a
typical procedure, reagents were pre-mixed with toluene and the resulting solution was
pumped into a packed bed reactor (PBR) at 30 uL min™!, giving a long residence times of
~ 90 minutes (the average contact time of substrates with the catalyst surface). This single
pass set-up, where substrates are passed through the reaction zone once, allows for the
generation of a time-on-line profiles, as shown in Figure 1.9 (product yield % plotted against
time). Catalyst stability can be interrogated using this experimental set-up. In this study, the
reaction proceeded smoothly for 6 hours until the yield decreased to 59% (Figure 1.9). No

leached Ru species were detected by ICP analysis, thus the decrease in activity may be
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ascribed to other deactivation routes, *° for example by thermal degradation and/or poisoning

of active sites by substrates and/or products.

OH
A Ru complex 1.4/1.20 (5.8
G\IH * g P C28 & + H0

toluene, 2 bar, 120 °C

031 M 0.37M 90 min residence time
Catalyst L
T -
- T T
Calumn _,f' Pressure Automated
Pump reactor / controfler collector
a4, *\ 3{1 pimin I r L {J-
| L | | (1] ] ! 1
benzyl alcohol f0.3? M) 120°C 2 bar 1,71 %
+ piperidine (0.31 M)
80
B
70
T 80
=
Z &0
T 40
=
7]
+ 30
20
10
a
1] 5 10 15 20
tth —>

FIGURE 1.9. A) Set-up for the alkylation of piperidine using a continuous flow system. B)
Time-on-line profile monitoring product formation over time (% yield). Reproduced from
reference *.

Catalyst deactivation was observed in a separate study using homogeneous Ru complex
1.4 supported on a phosphine bound polymer (1.21) using a flow reactor.** A mixture of
morpholine and benzyl alcohol in toluene (pre-mixed with toluene) was pumped into the PBR
at flow rates between 0.1 and 0.25 mL min'. Leached Ru species were detected (by ICP
analysis) when operating the reactor under pressure (5 bar), instead of using atmospheric
conditions. As pressure is required to keep the solvent in the liquid phase, this reduces the
functionality of the catalyst in terms of employing higher temperatures, which are frequently
required for more challenging transformations. It was observed that by using slower flow

rates at higher temperatures and under atmospheric pressure (110 °C at 0.25 cm® min™! vs.
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150 °C at 0.1 cm® min™); increased conversions were yielded (15% vs. 98%). The facility to
enhance conversion through altering the residence time is an attractive feature of using flow
chemistry; however, the use of immobilised homogeneous complexes in flow is questionable.
This is due to the low activities and catalyst deactivation observed and the scale-up for
industrial applications is not trivial because of the enormous complexity in the ligand
preparation and immobilisation. A more beneficial system is the use of a simple metal
supported catalyst that could be employed in flow.

There is an increasing demand for processes to move towards using flow reactors particularly
for continuous processing.*® This is exemplified in an article in the Wall Street Journal, which

stated that:

“The pharmaceutical industry has a little secret: Even as it invents futuristic new drugs, its

manufacturing techniques lag far behind those of potato chip and laundry-soap makers...”"

There are numerous reports where the transition from batch processes to flow is encouraged,
and the benefits are plentiful:
e [t is easier to control reaction parameters such as heating and mixing.
e Catalysts are held in closed cartridges, which facilitates catalyst-product separation.
e [t allows for a safer containment of materials when dealing with hazardous reactions,
because smaller quantities are generated at a given time.
e [t allows for improved reaction profiling meaning that a better understanding of the
reaction mechanism can be achieved.
e An increased reaction space is afforded due to the increase in reagent: catalyst ratio.
e By-product formation can be prevented by moving reagents away from the reaction
zone after they have formed the desired product.
e Conversion and selectivity can be controlled through altering the residence time.
e Inline analysis and purification is possible to follow the reaction progress, which is
particular useful in multistep processes.
There are challenges to be overcome when introducing such processes into industry. In
particular, once approval is given to produce a pharmaceutical drug that was developed in
batch, it can be difficult to argue the need for a flow process due to concerns over producing
any unwanted side reactions.*®
Heterogeneous catalysts for the AAA reaction, employing both batch and flow processes,

are discussed in the following section (1.2.2).
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1.2.2 Heterogeneous catalysts for the AAA reaction

Heterogeneous processes are often favoured over homogeneous ones for their practicality,
namely, the ease of product separation. This is very important, especially in the
pharmaceutical industry, where the product is highly regulated for metal contamination.!*
Heterogeneous catalysts are scarcely used in industry for the AAA reaction as many systems
suffer from poor product selectivity, limited substrate scope and the harsh reaction conditions
required, especially when using zeolite, silica and alumina structures (temperatures up to
400 °C are required).*8!

Catalysts using cost effective metals such as Ni and Cu have been investigated for the
AAA reaction.’>>” A recent report using a Raney Ni catalyst (1.22), prepared from a Ni and
Al alloy, has shown promising results.>® Although reactions proceeded in the absence of base,
a large amount of catalyst was required (100 mol%). Aliphatic alcohols were generally more
reactive than aromatic ones (Table 1.11, entry 1 vs. 2 and 3) and there were no examples of
using more challenging secondary alcohols. When employing 2-ethylhexanol with amine,
lower yields were generated contrasted to using n-heptanol, likely due to steric hindrance

(Table 1.11, entry 2 vs. 3). Heteroaromatic and secondary amines generated good to modest

yields, but required long reactions times (up to 32 hours) (Table 1.11, entries 4 and 5).

TABLE 1.11. N-alkylation of amines with alcohols using a Raney Ni catalyst (1.22).

R® L R¢_Raney nickel 122 (100 mol%) R
- 4
RIJ\OH + R3 xylene, reflux R! N,R + H,0
3
16 mmol 4 mmol R
Entry Amine Alcohol Time (h) Isolated Yield (%)

NH,

1 @ g OH 24 90
NH,

? /© SN0 12 78

12 67

/\/>/\OH
X
4 B gOH 24 84
N~ NH,
gOH

32 65
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The synthesis of Piribedil was demonstrated using the same conditions outlined in Table
1.11, yielding 85% product in 24 hours. This system is much less efficient (TOF value of
0.04 h") compared to the notable homogeneous Ru complex (1.4) which has a TOF value of
2.9 h'l. The process is further limited by the necessity for large amounts of catalyst and
increased reaction times when using less activated substrates.

In this light, two separate reports (both by Shimizu and co-workers) using Ni/6-Al,O3
(1.23)° and Ni/CaSiOs (1.24)%°, demonstrate that the selective formation of primary,
secondary and tertiary amines can be achieved under mild conditions and with higher TOF’s
than the excellent homogeneous Ir and Ru catalysts (1.9 and 1.4, respectively).

Ni/6-AlLO3 (1.23) was active for the formation of secondary and tertiary amines using a

wide range of primary and secondary alcohols along with aromatic and aliphatic amines,
affording good to excellent yields (74-99%) (Table 1.12). A TOF value of 33 h'! was
achieved for the formation of N-phenylbenzylamine (Table 1.12, entry 1) which is much
larger than the value generated by the Ir complex 1.9 (1.5 h'!). The same TOF was realised
for the reaction of aniline with n-octanol (Table 1.12, entry 2), which is impressive because
many catalytic systems are unsuccessful for reactions between anilines and aliphatic alcohols.
Indeed TOF values of 0.7 and 0.8 h! were achieved when employing n-heptanol with aniline
using Ir (1.19) and Cu (1.14) based catalysts, respectively.
Longer reaction times were necessary when employing aliphatic secondary alcohols with
aniline (Table 1.12, entries 3 and 4), yet the TOF values achieved were still better than that of
the homogeneous Ir catalyst (1.9). The coupling of cyclohexanol with aniline proceeded with
a TOF of 3.9 h'!, which is compared to 1.1 h™! afforded by 1.9. Aliphatic amines along with
benzyl alcohol were also well tolerated (Table 1.12, entry 5).
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TABLE 1.12. N-alkylation of amines with alcohols using Ni/ 0-A1>0;3 (1.23).

R2 R* Ni/ALLO;1.23 (1 mol%)  R2
J\ + HN S >~ J_ p4 tHO
R 0oH R3 o-xylene, 144 °C RIN
1.2mmol 1 mmol UnderN, R’
Entry Amine Alcohol Time (h) Yield (%)
NH,
ot o
NH,
2 @ A0l 3 99
, NH, OH
3 @ o~ 24 81
NH, OH
4 @ O 24 94
NH

¢ Determined by GC, based on aniline, ® 130 °C, ¢ amine (0.5 mmol), alcohol (2.0 mmol), catalyst (2 mol%).

This system was not tested for its ability in producing API’s or chiral amines, and the catalyst
required a pre-reduction step (at 500 °C under H> for 30 minutes). The alkylation reaction of
aniline with 1-octanol was annihilated in the absence of this treatment, indicating that
metallic Ni is the active species in the reaction.

The same observation was found in the study using Ni supported on CaSiOs (1.24).%° The
alkylation of 2-octanol with ammonia did not occur when 1.24 was exposed to air, which was
ascribed to O, generating inactive Ni** species. Following the activation procedure (600 °C
under H> for 30 minutes), 1.24 was shown to catalyse the amination of ammonia with
aliphatic and aromatic alcohols to yield primary amines in good to high yields (70-80%). As
previously discussed, the selective formation of primary amines by the hydrogen borrowing
method is rarely reported. Thus, a cost effective system that is active for this reaction is
particularly noteworthy.

The amination of 2-adamantanol has a TOF of 4.4 h'! (Table 1.13, entry 1), which is higher
than the value achieved for the analogous reaction using the homogeneous Ru complex (1.3)
(1.1 h'!). Although increased reaction temperatures were required compared to using catalyst
1.3 (150 °C vs. 170 °C), an order of a magnitude lower amount of ammonia was employed
(2.2 vs. 35-59 equivalents). Reactions using less sterically hindered alcohols were performed

at lower temperatures (140 °C) (Table 1.13, entries 2 and 3). The scope of the catalyst was

25



Chapter 1 Introduction

also demonstrated using aliphatic and aromatic alcohols with aniline, generating good to
excellent yields (77- 96%) (Table 1.13, entries 4 and 5). However, the TOF for the reaction of
aniline with n-octanol was considerably lower than that of the other Ni catalyst (1.23)
reported by the group (2.4 h! vs. 33 h'!). This highlights the effect that changing the support
can have, and suggests that it plays an active role in tuning the activity of the catalyst. Higher
activities were found when using supports that are amphoteric in nature, such as A,03.> In a
study investigating the oxidation of alcohols, it was postulated that both acidic and basic sites
were required to facilitate the reaction: A basic site to abstract the hydroxyl hydrogen from
the alcohol to form the alkoxide species, and an acid site to remove hydrogen from the

alkoxide as a hydride.%! 62

TABLE 1.13. N-alkylation of amines with alcohols using Ni/CaSiO3 (1.24).

R? R4 Ni/CaSiO 1.24 (1-2 mol% 2
o+ HN R or NH; it (1-2 mo Ol i 4 +H,0
R SOH R3 o-xylene, 20 h R! N,R
1.2-3mmol 1 mmol 0.4 MPa UnderN, R3
Entry Amine Alcohol Temp (°C) Yield (%)*
OH
1 NH; @ 170 88
OH
2 NH; 140 71
30 NH; ©)\OH 140 74
NH,
4 ©/ NN N0H 155 96
NH,
5 @ ©AOH 155 78

¢ Determined by GC, based on alcohol, ® catalyst (5 mol%), ¢ 17 hours.

Both of these Ni catalysts exhibit excellent generality for the AAA reaction, but operate using
batch processes meaning that product separation is not as facile as it could be.

In this regard a bimetallic Ni,Cu/FeOx (1.25) catalyst enabled the alkylation of ammonia
or amines with primary and secondary alcohols. The catalyst has the advantage of being
easily removed from the reaction mixture, using a magnet.> It was suggested that the

synergism between the Ni, Cu and Fe species was crucial for the AAA reactions; therefore
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the mol% values were calculated taking into account all three species. By doing this, it can be
seen that an excessive amount of catalyst was employed in the reactions (up to 936 mol%),
resulting in a very inefficient system. The TOF value of 33 h'! for the formation of N-
phenylbenzylamine by Ni/6-Al,O3 (1.23) was significantly larger than that yielded by this
bimetallic system (7.0 x 10~ h!). Even so, the generality of the catalyst was good. Ammonia
was coupled with various primary and secondary alcohols, and although the di-alkylated
product was obtained for many of the reactions (Table 1.14, entry 1), primary amines were
formed by using an excess of ammonia (40 mmol) (Table 1.14, entries 2 and 3). Other
amines, including morpholine and long chain aliphatic amines reacted smoothly with
aliphatic and aromatic primary or secondary alcohols (Table 1.14, entries 4 and 5). Dimethyl
amine was also tested (which is a structure found extensively in functional compounds, such
as Venlafaxine, Figure 1.1) along with benzyl alcohol derivatives and aliphatic alcohols with

yields of 65 to 92% (Table 1.14, entry 6).

TABLE 1.14. N-alkylation of amines with alcohols using Ni,Cu/FeOx (1.25).

R? R* Ni,Cu/FeOx 1.25 (560 mol%) R?
J\ + HN or NH3 J\ 4 + Hzo
RY SOH R3 xylene, 24 h, reflux R! N'R
1.0 mmol 1.0 mmol 40 mmol Under Ar (or NH;) R’
Entry Amine Alcohol Yield (%)“
OH
14 NH;3 \/\)\ 76
20 NH3 OAOH 77
30 NH;3 M\OH 59
O OH
4 K/NH ()A 89
H OH
6 _N_ ©ﬁ 83

¢ Catalyst (936 mol%), ammonia (1.2 mmol), 12 hours

The synthesis of a variety of API’s (using the general conditions outline in Table 1.14) was
demonstrated, including Piribedil, Pheniramine and N-methyl-2-(pyridin-2-yl)-ethanamine, a

drug used in the treatment of Meniere’s disease and vertigo (Scheme 1.16).
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H ) H
N Ni,Cu/FeO, 1.25 (560 mol%) N N
| N + CH;0H Xylene, 24 h, reflux '| N + H0

Under Ar
79% isolated yield

SCHEME 1.16. Synthesis of N-methyl-2-(pyridin-2-yl)-ethanamine using Ni,Cu/FeOx (1.25).

The use of a magnet for catalyst recovery is novel, but what would be even better is the
use of a PBR, where the catalyst is held in a closed cartridge allowing for effortless product
separation. This has been demonstrated using inexpensive Raney Ni (1.26) for the amination
of aniline with various long chain aliphatic amines as the reaction solvent.** High yields were
afforded by using a flow reactor (in single pass) (Table 1.15), however the reaction mixture
was passed through the catalyst cartridge twice, leading to a rather inefficient system.
Reactions with more sterically encumbered alcohols did not afford any products (Table 1.15,

entries 1 and 2 vs. entry 3).

TABLE 1.15. N-alkylation of amines with alcohols in flow using Raney Ni in flow (1.26).

R? R*  Raney Ni 1.26 (1.75 R?
1+ HN Y 758 1 g *HO
1 3 o -1 1 R
R' OH R 200 °C, 80 bar, 0.5 mL min™ R' N
1.0M 0.9 min residence time R?
Entry Amine Alcohol Yield (%)*

NH,
AN0H 87

NH,
U o ”
NH, 2
Y X 0
OH

3

@ Determined by GC-MS.

Other heterogeneous catalysts using noble metals such as Ag and Pd have been reported
for the AAA reaction, but many suffer from poor generality and reaction selectivity.5>7°
Some of the studies using Ag catalysts (1.27-1.29) are highlighted in Table 1.16, which
shows the general reaction conditions employed in the AAA reactions, the substrate scope

and TOF values achieved for the alkylation of benzyl alcohol with aniline. The reaction scope
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for all of these catalysts was mostly limited to the use of primary alcohols with aniline
derivatives, with the need for large amounts of base (Table 1.16, entries 1-3).

Poor selectivity towards the amine product was found for many of the reactions catalysed by
the Ag/Al,03-Gax03 system (1.29) (Table 1.16, entry 3), where the formation of imine as
well amide was detected. Compared to the cost effective Ni/f-Al,O3 catalyst (1.23), the
TOF’s for the generation of N-phenylbenzylamine were considerably lower for the Ag based

systems (33 h''vs. 0.4-2.2 h'!) (Table 1.16, entries 1-3).

TABLE 1.16. The general reaction conditions, substrate scope and TOF for the formation of
N-phenylbenzylamine using Ag based catalysts (1.27-1.29).

Entry  Catalyst Conditions Substrate scope TOF (h)

20 mol% catalyst, 20-40 L rmary ~amines - (mostly

L erKom i pimay diphae md
) 160 °C, 12-20 hours |mlonEley/ BT
benzylic alcohols
24 more co 0 I X, o
o o
2 AgaLOs  mole CxC0s, 120 °C, coupled  with  primary 2.2

(1.28)% 19 hours, under N or

He (1 atm) aliphatic  and  benzylic

alcohols

Primary  aliphatic  and
aromatic amines (mostly
aniline derivatives, one
example using morpholine)
coupled with benzylic and
aliphatic primary alcohols

Ag/AlbO3- 3 mol% catalyst, 28
3 Gax0s3 mol% NaH, 110 °C, 26-
(1.29) ¢ 48 hours, under Ar

1.1

Catalyst pre-reduction in a hydrogen flow (at 300 “C for 30 minutes) was required for the
Ag/AlO3 (1.28) catalyst to generate active metallic Ag species. Without this step the
conversion and selectivity towards the formation of N-phenylbenzylamine was reduced.
Similarly, reduction of Ag in the Ag/Al>03-Ga03 system was necessary for catalytic activity
(1.29).

Pd supported on MgO and Fe>O; (1.30 and 1.31, respectively),’® 7° were shown to be
amongst the most active materials for the alkylation of aniline with benzyl alcohol. Much
larger TOF values were obtained than those generated by the excellent Ru, Ir and Ni

catalysts, although higher temperatures were required (Table 1.17, entries 1 and 2 vs. 3-5).
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TABLE 1.17. Comparison of catalysts for the N-alkylation of aniline with benzyl alcohol.

Entry Catalyst Cat. (mol%) T(C) Time (h) Yield (%) TOF (h')
1 Pd/MgO (1.30) 0.8 180 0.25 79 421
2 Pd/Fe;05 (1.31) 0.4 160 2 90 105
3 Ni/6-Al,03 (1.23) 1.0 144 3 99 33
4 Ru Complex (1.4) 2.5 110 17 95 2.9
5 Ir complex (1.9)“ 2.0 110 17 97 1.5
“NaHCOj3 (2 mol%,)

Toluene was formed as a side product in the amination of aniline along with benzyl alcohol
(7% vyield) in the reaction catalysed by Pd/MgO (1.30), and greater amounts (up to 16%
yield) were detected when higher Pd loadings were employed (1 wt.% vs. 2-10 wt.%). A
possible route for its generation is the disproportionation of benzyl alcohol. This was reported
in a separate study investigating the oxidation of benzyl alcohol over Au,Pd/TiO,, Scheme

1.17 shows the two mechanisms that were proposed.’?

/\ 0
. /‘ k/>\ H
2 PhCH,OH

6\

SCHEME 1.17. Possible mechanisms for toluene formation over a Au,Pd/TiO: catalyst for

the oxidation of benzyl alcohol.

The scope of the Pd/MgO catalyst (1.30) was limited to using aniline along with long chain
primary aliphatic alcohols.®® Even though this is a challenging reaction and good conversions
were achieved (65-99%), the selectivities to the alkylated amine product were low to
moderate (8-79%), long reaction times were necessary (up to 24 hours) and less reactive
secondary alcohols were not tested. The system also required activation under H» (for 2 hours
at 250 °C) prior to its use in reactions to generate active Pd’ species.

Pd/Fe>03" (1.31) exhibited a larger reaction scope than Pd/MgO (1.30), aniline as well as
heteroaromatic and aliphatic amines undergo reactions with primary aliphatic alcohols, to
furnish very good yields (72-99%) but the reaction times were long (up to 28 hours) and no

examples of secondary alcohol substrates were provided.
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Overall, the pre-reduction of the Ni, Pd and Ag containing catalysts is a significant
hindrance in terms of practicality. In this regard, the use of Au heterogeneous catalysts has
demonstrated to be a very effective protocol as catalyst pre-activation is not necessary.

Au is an interesting catalyst material as it is relatively inert in its bulk form, yet displays
excellent activity for a range of reactions when dispersed onto a solid support as
nanoparticles in dimensions less than 10 nm.” It is well known that the activity of Au

catalysts are strongly dependant on the size of the particles, with smaller ones generally being

3 74, 75 68

more active.”” Haruta and Corma *° studied a variety of Au supported catalysts
(including Au supported on MgO, NiO, ZrO,, TiO;) for the formation of N-
phenylbenzylamine from benzyl alcohol and aniline, however the major product obtained in
most of these systems was the imine intermediate.

A broader reaction scope using Au/TiO> with very small Au particles (1.32) (mean

particles size ~1.8 nm) has been reported (Table 1.18).7°

The system was able to operate
under base free conditions, catalysing the reaction of various amines with alcohols. Although
the TOF for the generation of N-phenylbenzylamine was lower than that of the Pd and Ni
catalysts (1.23, 1.30 and 1.31) (13.1 h'! vs. 33-421 h'!), lower reaction temperatures were
employed (120 °C vs. 144-180 °C).

In comparison to the Pd systems (1.30 and 1.31), challenging substrates such as
secondary aromatic and aliphatic alcohols generated excellent yields with aniline (Table 1.18,
entries 1 and 2). Aliphatic amines, which were reluctant to react in previous systems,
proceeded smoothly using an increased amount of catalyst and reaction temperature (5 mol%
and 140 °C) (Table 1.18, entries 3 and 4). The reaction of pyrolidine, which is a structure

found in many natural products and pharmaceuticals,’® gave the desired tertiary amine when

used along with benzyl alcohol (Table 1.18, entry 5).
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TABLE 1.18. N-alkylation of amines with alcohols using Au/TiO> (1.32).

R? R*  Auw/TiO, 1.32 (0.5 mol® 2
N + HN R u/TiO, (0.5 mo A>)= 5{\ o+ H,0
R SOH R3 120 °C, toluene RN’
1.5mmol  1.5mmol  Under N, (5 atm) &
Entry Amine Alcohol Time (h) Yield (%)*
NH,
1 @ OH 36 93
NH,
2 ©/ AN N0H 40 94
NH,
3 O A on 55 53
4 NN, M\OH 63 50
5¢ E:NH gOH 50 97

¢ Determined by GC, ®amine (0.15 mmol), alcohol (0.15 mmol), catalyst (5 mol%), 140 °C, € catalyst (I mol%),
140 °C.

The main limitation of this system is the use of very long reaction times (up to 63 hours). By
expanding the reaction space (higher temperature and pressure), afforded by employing a
flow reactor, it has previously been shown that selective direct alkylation of a range of
amines can be achieved in very good selectivity by using commercial Au/TiO; catalyst (Strem
AUROIlite™) (1.33).”7

In this work, reactions were operated in batch-recycle mode, which involves the continual
recycling of products through the reaction zone. Scheme 1.18 shows the configurations of
single pass and batch-recycle modes and Table 1.19 highlights the general differences of

these methods.
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@ pressure
sensor

@ pressure B
sensor pump

_________ : @

back pressure

A Reaction Zone:
pump up to 100 bar, 200 °C

@ catalyst bed
70 x 4 mm

Reaction Zone:
up to 100 bars, 200 °C
catalyst bed
70 x 4 mm

back pressure

regulator regulator
Reservoir:ambient Reservoir:ambient
substrates + b
roduct(s substrates )
product(s) analysis
analysis

SCHEME 1.18. Configuration of the flow reactor showing A) Batch-recycle mode and B)

Single pass mode.

TABLE 1.19. Advantages and disadvantages of using batch-recycle and single pass modes.

Reactor Set-up Advantages Disadvantages
Batch-recycle Reaction progress can be Does not give information
mode monitored over time, regarding catalyst deactivation

allowing for changes in
selectivity and/or conversion

easily.
Aliquots are collected manually.

to be studied. e Products may require separation
from substrates contained in the
reaction reservoir.
Single pass | e Catalyst stability can be e Changes in selectivity and
mode monitored over time. conversion over the course of a
° Samp]es can be collected reaction cannot be monitored.
automatically using a
fraction collector.

Using this system the alkylation of aromatic, aliphatic and chiral amines was achieved
with excellent selectivity using a number of primary and secondary alcohols (Table 1.20).
Primary and secondary aliphatic alcohols reacted smoothly, but required longer reaction
times and when using phenylethanol as a reagent, lower conversions were afforded (Table
1.20, entries 2 and 3).

The reaction of benzyl alcohol and optically active a-methylbenzylamine gave the desired
product with complete retention of stereochemistry (Table 1.10, entry 4) and secondary
amines were well tolerated (Table 1.10, entry 5). The applicability of the system was further
demonstrated by employing long chain aliphatic amines with secondary alcohols (Table 1.20,

entry 6).
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TABLE 1.20. N-alkylation of amines with alcohols using Au/TiO> (1.33).

RZ ,R4 . . 0 R2

1 + HN Au/TiO, 1.33 (1.8 mol%) T s tHO
R SOH R?> 180 °C, toluene, under N, (50 bar) R!" "N~
0.5M 0.5M 27 s residence time R3

Conversion Selectivity
(Y0)* (%)

NH,
O ©ﬁ0H g 99 97

NH, OH

2 O O/ 7 85 100

Entry Amine Alcohol Time (h)

lc,d

NH, OH
3 (j/V 7 59 >99
4 (j%NH2 ©AOH 7 91 08
5 O\IH ©AOH 6 98 100
6 |~ >"""NH, ©)\OH 7 85 >99

“ Determined by GC, b determined by 'H NMR, ° catalyst (0.9 mol%,), ¢ 180 °C.

Additionally, the synthesis of Piribedil can be achieved using this system (77% isolated yield)
and occurred with a TOF of 1.8 h'.”” This is slightly lower than that achieved by the
homogeneous Ru complex (1.4) (2.9 h'), however the reaction methodology is much more
advantageous as product purification can be easily achieved. Compared to the Raney Ni

catalyst used in flow (1.26) a much broader reaction scope was demonstrated.

34



Chapter 1 Introduction

1.3 Conclusion

In summary, it was found that homogeneous systems using noble metals, Ru and Ir, were
more active than those bearing base metals, such as Cu and Fe. In particular, [Ru(p-
cymene)Clh]> (1.4) demonstrated a wide substrate scope and was applicable for the
production of API’s. However, the use of phosphine ligands was essential for this catalyst as
well as for the majority of the other systems. Generally, the synthetic utility of homogeneous
catalysts for the AAA reaction is limited by the need for organic ligands, the addition of base
and the requirement for product separation techniques.

Immobilising homogeneous Ru and Ir complexes onto solid supports, allows for easier
product separation. However, catalysts were found to deactivate under more forcing
conditions, which are generally required for more challenging reactions, and the synthesis of
complex ligands remains an issue. A highlight from the work was the demonstration of using
immobilised Ru catalysts (1.4/1.20 and 1.4/1.21) in flow. Flow chemistry has many
advantages over using batch processes, mainly conversion and selectivity can be fine-tuned
by altering the residence time and it allows for greener and safer protocols. Moreover,
product separation is very facile as the catalyst is held in a closed cartridge.

By using simple metal supported catalysts, the issues of product separation and complex
ligand synthesis can be overcome. A drawback of using heterogeneous catalysts is the
difficulty in achieving well-defined catalyst sites. Thus the majority of the heterogeneous
catalysts were not tested for their ability in retaining enantioselectivity. This is not a major
issue as there have also been very few homogeneous systems reported to facilitate these
transformations for the AAA reaction; the only recent example being a homogeneous Ir based
catalyst (1.12) in combination with chiral phosphoric acid (1.13). A clear disadvantage of the
heterogeneous systems lies in the harsh reaction conditions required, with temperatures up to
400 °C reported and for some of the Ni based catalysts (1.22 and 1.25) a large excess of
catalyst was required.

Ni supported on AlbO3 and CaSiO3 (1.23 and 1.24) were shown to operate with low
catalyst loadings (1-2 mol%) and displayed excellent reaction generality, with higher
activities than analogous reactions performed by notable homogeneous Ru and Ir complexes
(1.4 and 1.9). However, these materials required a pre-reduction step, which was also
necessary for Ag and Pd based catalysts, and reactions were only performed in batch reactors.

In this regard, it has been shown that Au/TiO; has remarkable activity for the AAA

reaction and does not require a time consuming pre-reduction step.”” A flow reactor was
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employed in the studies allowing for a wider reaction scope, a greener system than previously
reported catalysts and the synthesis of Piribedil was demonstrated.

Fundamentally, reactions performed using batch methods are limited by the size of the
reactor, due to their inability to recycle reagents efficiently.*® In a flow process the turnover
of the catalyst is only restricted by its lifetime, as a continuous feed of reagents over the
catalyst surface can be realised. Therefore, by adopting a flow reactor, the formation of
amines can be realised in a safer and sustainable manner compared to using batch techniques.
One of the major challenges in this field is the development of a non-noble catalyst that is
able to operate in flow with high activity and the development of a kinetic model, which

would support in the understanding of the reaction mechanism.
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1.4 Project aims

This project is divided into two main topics, namely mechanistic and catalyst

development studies.

Mechanistic studies

It has previously been demonstrated that Au/TiO> (using toluene as a solvent) is a very
active system for the AAA reaction in flow (Section 1.2.2).”” However, there is little known
regarding the mechanism occurring over the catalyst surface. Following on from the previous
work, commercial Au/TiO2 (Strem AUROIite™) will be used to investigate the effects of
changing reaction parameters on catalyst activity (conversion and selectivity), with the aim of
gaining a better understanding of the mechanism. The reaction of benzyl alcohol and aniline
will be used for these studies, employing a flow reactor (X-Cube Thales Nano, as described
in Chapter 7). Benzyl alcohol and aniline were chosen as the model substrates because
Au/TiO2 can catalyse the coupling of these species in a relatively short period of time (Table
1.20, entry 1); and as this is commonly reported in literature, it will allow direct comparisons
to be made.

The effects of H2O and O; will be studied in batch-recycle mode and the reaction progress
monitored over time. These two parameters have been selected as it has previously been
demonstrated that the AAA reaction is affected by H>O when using this catalyst (discussed in
Chapter 2) and it is anticipated that the reaction atmosphere may also influence activity.
2-Methyl-2-butanol will replace toluene in these studies as it allows for increased H>O
solubility (120 g L' vs. 0.5 g L), and it is a greener solvent.”®

It 1s hoped that these results will aid in the development of the previously reported kinetic

model,”’

and lead to the formation of a predictive model using the new solvent system
(Chapter 3). A predictive model for the AAA reaction will enable future reactions, using
Au/TiOz, to be designed as to achieve the maximum output and capability of the catalyst.
Additionally, the stability and possible deactivation modes of the catalyst will be interrogated
by performing the model reaction in single pass mode (Scheme 1.18). It is important to know
the catalyst lifetime and possible degradation pathways for industrial applications, as
solutions may be engineered to try to reduce the effects of deactivation and increase catalytic

performance.
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Catalyst development studies

In this part of the project (described in Chapters 4, 5 and 6) a variety of different catalysts
will be prepared and tested for their activity towards the AAA reaction in a batch reactor. Au
supported on TiO2 will be prepared using numerous well-established techniques in order to
identify the effects that this has on the activity and structure of the catalyst. By gaining a
better knowledge of any influences that preparation techniques may invoke, the development
of an overall more active system can be realised.

Different Au supported catalysts will be synthesised to understand whether the support
plays an active role in the reaction and to distinguish the effects that changing the support has
on the particle structure.

To discover if there are any systems more active, selective and/or cost effective compared
to using Au based systems, different metal supported catalysts will be prepared, including Au

bimetallic catalysts.
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CHAPTER 2. Mechanistic studies using Au/TiO: in flow

The main objective of the work described in this Chapter was to achieve a deeper
understanding of the reaction occurring over 1 wt.% Au/TiO, (Strem AUROIite™), using the
model reaction between 2.1 and 2.2, conducted using a ThalesNano X-cube™ flow reactor

(Scheme 2.1).

OH
NH2 H
ITi N ITi N
N AWTIO, @ AWTIO, © + 00
2.1 2.2

NS
23 2.4
SCHEME 2.1. The alkylation of 2.2 with 2.1 catalysed by Au/TiO.

The precise mechanism for the AAA reaction using Au/TiO> remains largely unknown. It is
important to understand how the reaction occurs over Au/TiO., as it will allow a
comprehensive model to be constructed (Chapter 3). Additionally, the stability and possible
deactivation modes of the catalyst were interrogated because by understanding the cause(s) of
degradation, solutions may be engineered to try to reduce any detrimental effects.”

Kinetic and mechanistic models for the alkylation of 2.2 with 2.1 have been proposed.’”’
The details of these are discussed in the following Section (2.1), which provides a

background for the studies performed in this work.
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2.1 Background

Previous studies’’ investigated the effects of temperature (130-180 °C) and pressure (5-
50 bar) for the alkylation of 2.2 with 2.1 using the X-cube flow reactor in batch-recycle mode
(Scheme 1.18). No effect of pressure on conversion or selectivity was detected, suggesting
that H, was not generated during the process, and that it was adsorbed hydrides (from the
oxidation of 2.1) which were responsible for the reduction of 2.3 to 2.4. Concurrently, a
substantial influence of temperature on the selectivity of the reaction was discovered. At low
temperatures (130 °C) the formation of the oxidised species (imine (2.3) and PhCHO) was
found to accumulate over the course of the reaction, whereas at high temperatures (150-
180 °C) this effect was avoided and imine behaved as a reaction intermediate, leading to
higher selectivities for 2.4 (from 65% at 130 "C vs. ~94% at 150-180 °C). This can be
observed in Figure 2.1, where the formation of imine (2.3) is plotted against time for the three
different reaction temperatures investigated (130, 150 and 180 °C). Note that the conversions
achieved were 65% and >99% for reactions conducted at 130 °C and 150-180 °C,

respectively.

0.035

0.03 <&

o
o
N
0
&

Imine formation/M

0 100 200 300 400 500
Time/min

¢ 130 degrees ©150degrees A 180degrees

FIGURE 2.1. Effect of temperature on the evolution of imine (2.3) over the course of the
reaction. Reaction conditions: A mixture of 2.1 (0.29 M) and 2.2 (0.16 M) in toluene (10 mL)
was re-circulated through a cartridge of Aw/TiO: (2.7 mol% Au) at a flow rate of

1.5 mL min™" and 50 bar pressure.”

Based on these observations, the following catalytic cycle and rate equations were

constructed (Scheme 2.2):
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Mechanistic Studies using Au/TiQ; in flow

Au/TiO, Rate Equations
k
2.1 Ph 11— —n
N K
Ph” “NHPh S 1l PhCHO
4 (0) H
%o\ W0, PhCHO +2.2=—" 2.3 +H,0
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SCHEME 2.2. Previously reported catalytic cycle and associated rate equations.’

7

Step A: Oxidation/dehydrogenation of alcohol: The first step in the model, involves the

reversible binding of alcohol to generate the alkoxide intermediate (I). An irreversible

scission of the C-H alkoxide bond affords bound aldehyde (II) and metal hydride on the

catalyst surface. The formation of this species was identified to be the rate determining step

(k7), with a measured rate of 4.5 x 10* s! and an activation energy of 93.7 kJ mol™! (Table

2.1, entry 1).”7 The calculated activation energy is comparable to that of a later study

investigating the amination of myrtenol, a natural terpene alcohol, over Au/ZrO:

(87.7 kJ mol™) (Table 2

.1, entry 2).%0

TABLE 2.1. Previously derived rates and activation energies for the dehydrogenation of 2.1.

Entry Catalyst Conditions Rate (s7')  Euo (kJ mol!)
. 2.1 and 2.2 (1:1, 0.5 M)
0 s )
o] (V()Vté/ron ‘;‘321792 180 °C, 50 bar (in flow), 4.5 x 10 93.7
' i toluene
myrtenol and 2.2 (1:1,
3wt.% Au/ZrO;  1mM), 180 °C, under N> (9 2
2 (1.4 mol%) % bar) in a stainless steel 74x10 87.7
reactor, toluene
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Step B: Formation of imine: As highlighted earlier, it was only at high temperatures
(>150 °C) where imine begins to behave as a reactive intermediate. Therefore it was proposed
that the bound aldehyde species (II) can desorb from the surface and condense with aniline
(2.2) in solution to form ‘free’ imine (2.3), and that only bound aldehyde (II) can react with
2.2 to generate 2.4, and H,O as a by-product. Data fitting results showed that at low
temperatures (130 °C) the formation of 2.4 (k2) was sufficiently slow (5.7 x 102 M's™") such
that the formation of 2.3 (K4°K3) became competitive (1.46). At higher temperatures, the
formation of 2.3 becomes disfavoured. The consequence of this is to increase the amount of
reactive bound aldehyde (II) in the system, which enhances the selectivity for 2.4. The large

reaction space afforded by using a flow reactor allows for excellent catalyst efficiency.

Step C: Formation of the amine product: The cycle completes with the reduction of bound
imine to generate 2.4. To the best of our knowledge, there are no known reports of
heterogeneous Au catalysts facilitating the hydrogenation of imines. However, there has been
a report of a homogeneous Au complex catalysing the hydrogenation of anti-N-benzyl(1-

phenylethylidene)imine in the presence of H> (Scheme 2.3), with comparable TOF’s to that

Au complex (0.1 mol%) P\Au\Cl
—N 20 °C, under H, (4 at
gy P oy (L
p
TOF= 1005 mmol h'! —O

Au complex

of Ir and Pt analogues (11365 and 1118 mmol h'!, respectively).’!

SCHEME 2.3. Hydrogenation of imine using a homogeneous Au complex.

In addition to the temperature affecting the reaction, it was previously demonstrated that
the alkylation of 2.1 with 2.2 was curtailed by employing a desiccant cartridge fitted to the

outlet of the reactor (Figure 2.2).”’
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FIGURE 2.2. Alkylation of 2.1 with 2.2 under anhydrous conditions. (m=2.1, A=2.4, »=2.3,
0=PhCHO, #=2.2). Reaction conditions: A mixture of 2.1 (0.5 M) and 2.2 (0.5 M) in toluene
(10 mL) was re-circulated through a cartridge of Au/TiO: (1 mol% Au) at a flow rate of
1.5 mL/ min at 180 °C and 50 bar pressure.””

This result is surprising given that H>O is formed as a by-product in the reaction (from the
condensation of 2.3 with PhACHO) and hence it is expected that its removal would give rise to
an increase in conversion to maintain the reaction equilibrium. The loss of catalytic activity,
however, signified that the presence of H.O was crucial for the activity of Au/Ti0x.

The interaction of H>O with TiO» has been extensively studied, due to the central role it plays
in many important applications such as solar-hydrogen production.®? H,O is known to adsorb
molecularly and to dissociate over TiO; to generate OH and H functionalities, which greatly
influence the chemistry of the catalyst surface. Indeed, theoretical calculations have shown
that surface OH species promote catalytic activity by participating directly in the catalytic
pathway and by reducing the overall activation barrier in the oxidation of methanol and
isopropanol using Pt/C.** Similarly, it was demonstrated in a separate study that adsorbed OH
species lower the barrier of activation for the scission of alcohol C-H bonds in the oxidation
of alcohols over Au.3* As the first step in the AAA reaction involves the oxidation of alcohol
to the carbonyl species, it can be hypothesised that surface OH groups may be involved in
catalysing this step. H2O is found to exert important effects in many catalytic reactions other
than the oxidation of alcohols, such as CO oxidations and hydrogenation reactions.3-%7

In this Chapter, a more detailed study of the mechanism was performed by changing

reaction conditions and analysing their effect, on conversion and/or selectivity.
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The effect of HoO in 2-methyl-2-butanol was not particularly well understood at the
beginning of the project because previous studies used toluene as a reaction medium. To
investigate the effect of H>O in the reaction, experiments were designed specifically using a
range of different H>O concentrations (2-200 mM), including the use of a desiccant cartridge,
and reaction progress monitored by sampling aliquots during the course of the reaction. The
motivation for assessing a series of concentrations was because earlier work only interrogated
the removal of H,O from the system (Figure 2.2). Thus, more detailed investigations were
important to enable the effect of moisture to be elucidated fully. Experiments were conducted
in batch-recycle mode as it allows changes in selectivity and conversion through the course of
a reaction to be monitored (Scheme 1.18 and Table 1.19).

In the presence of O, the metal hydrides generated on the catalyst surface (Scheme 2.2,
step A) can be removed by the formation of H>O as a by-product. Hence, the AAA reaction is
generally performed under de-oxygenated (N2-purged) conditions, to suppress the formation
of oxidised by-products. Thus, in order to interrogate the effect of Oz on catalytic activity,
experiments were performed either under air or N2, by purging the reaction mixture with the
respective gas.

To study the stability of Au/TiO2 and to understand whether any species may deactivate
the catalyst, the flow reactor was operated in single pass mode to generate time-on-line
profiles (Scheme 1.18). Intermediates and products (2.3, 2.4 and H>O) were introduced
separately (after 2 hours) into the reaction vessel containing 2.2 and 2.1, and the
concentration of 2.1 was monitored. An experiment conducted without the introduction of
species into the vessel, containing 2.1 and 2.2, was used to compare against these
experiments. If species are involved in deactivating Au/Ti0O,, perhaps via blocking active
sites, an increase in the concentration of 2.1 over time is expected, as less will be converted to
products and/or intermediates. The time-on-line profile conducted without the introduction of
species into the vessel will also allow for the stability and lifetime of Au/TiO; to be
monitored.

All of the studies were performed with commercially available 1 wt.% Au/TiO> (Strem
AUROIite™) catalyst. The characterisation data of this system is presented next (Section

2.2), followed by the mechanistic (Section 2.3) and catalyst stability studies (Section 2.4).
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2.2 Characterisation of Au/TiO;

Note that all characterisation of the Au/TiO, (Strem AUROlite™) catalyst was conducted
at Imperial College London. The catalyst was thermally pre-treated at 150 °C for 24 hours
prior to its use in all reactions. This was to ensure that comparisons between experiments
conducted using anhydrous conditions (i.e. dried catalyst, solvent and desiccant) could be
made against reactions involving the addition of H>O.

TEM analysis was performed on untreated Au/TiO: as received from the supplier, dried
Au/TiO; (at 150 °C in static air for 24 hours) and catalyst that was employed in a reaction (a
mixture of 2.1 and 2.2 recycled over Au/TiOz at flow rate of 1.5 mL min™!, 180 °C, 50 bar, 3
hours). This was done in order to assess whether the thermal treatment of the catalyst caused
growth in particle size and to evaluate if the particle sizes changed during the reaction.

The drying of the catalyst did not significantly increase the Au particle size (Figure 2.3, and
Table 2.2, entry 1 vs. entry 2). However, the average Au particle size did increase following
the reaction (Figure 2.3 C and Table 2.2, entry 3), likely due to the combination of high

pressure and temperature causing particle agglomeration.

TABLE 2.2. Mean Au particle sizes of Au/TiO: under various conditions (~200 particles

counted,).
Entry Conditions Average particle size (nm)
1 \ As-supplied 32+0.1
2| Dried 3.4+0.1
3 Used 42+0.1

160

120

0 —m .-I‘lllll.-l—— I — —
1 2 3 4 5 6 7 8

9 10 11

No. of Au particles
B [ee)
S (e

Au particle size (nm)

FIGURE 2.3. Particle distribution graphs of Au/TiO> showing mean Au particle sizes
(m=As-supplied, m= Dried (at 150 °C for 24 hours), m=Used (180 °C, 50 bar, batch-recycle

mode, 3 hours).
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The surface area of Au/TiO> was measured using the BET method by physisorption of

N>. A surface area of 47 m? g'! was revealed, which is in good agreement with our previously

reported value for the Au/TiO; catalyst (40 m? g!).”’

As-supplied and dried (150 °C for 24 hours) Au/TiO; was analysed by Fourier transform
infrared (FTIR) spectroscopy in order to determine whether the temperature pre-treatment
was effective in removing H,O species. A similar investigation has been reported in the
literature where FTIR analysis showed that pre-treating Au/TiO> under varying thermal

conditions (150-350 °C, using various mixtures of O» and H») resulted in H>O desorption

from the surface.?®

In this work it was found that the vibration band for adsorbed H,O (1600 cm™) and the
OH stretching region (3800-2500 cm™) both decreased following the drying procedure
(Figure 2.4 A vs. B). These changes are attributed to the loss of adsorbed H>O and surface
hydroxyl groups on Au/TiO,.%® Thus it can be concluded that the temperature pre-treatment

was effective in surface dehydroxylation and dehydration.
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FIGURE 2.4. FTIR analysis of A) Dried (150 °C for 24 hours) Au/TiO>, B) As-supplied
Auw/TiO>.
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2.3 Results of the mechanistic studies using Au/TiO;

To study the effect of H,O on the reaction, a desired amount of H>O was added to the
solvent, before it was used to condition the catalyst and flow reactor up to the chosen
temperature and pressure (180 “C at 50 bar). The same solvent mixture was used to prepare
the reaction mixture, which was subsequently delivered into the reactor at a flow rate of
1.5 mL min™!. For experiments conducted under anhydrous conditions, dry solvent was used
to condition Au/TiO2 and the reactor, and a desiccant line was fitted to the outlet of the
reactor.

It should be noted that the residual concentration of H>O in anhydrous 2-methyl-2-butanol
was 2 mM. The H>O content was determined using a Karl Fischer titrator, prior to the
addition of 2.1 and 2.2. Although batch-recycle mode was used for the majority of
experiments detailed in this Chapter, single pass mode was used to validate the results of

reactions, with sample fractions collected at set time intervals using a fraction collector.

2.3.1 The effect of H2O on the AAA reaction using 2-methyl-2-butanol

The model system of 2.1 with 2.2 was chosen to test the activity of the Au/TiO: catalyst
using the same reaction conditions adopted in previous studies,”’ (purging the reaction

mixture with N>) to allow for a direct comparison of results (Scheme 2.4).

OH
NH, u
1 wt.% Au/Ti0, (0.8 mol%) N N H
R +
+ 180 °C, 50 bar, under N,, ©/ ©/ 20
2.1 2.2

.|
1.5 mL min 2.3 2.4

0,5. M O.S'M (30 s residence time)

SCHEME 2.4. The alkylation of 2.2 with 2.1 for the mechanistic studies of Au/TiO:, using a

flow reactor.

Initial H>O concentrations of 2, 45, 180 and 200 mM in 2-methyl-2-butanol were used. Note
that conversion of 2.1 was based on the generation of products. Under these conditions, the
conversion of 2.1 to products and intermediates (2.4, 2.3, PhCHO) was shown to be
dependent on the concentration of H2O in the system, with increasing H>O content (>2 mM)
leading to reductions in conversion (Figure 2.5). However, the rate of consumption of 2.1
remained the same for all of the experiments (Table 2.3) (calculated by linear regression of

2.1 vs. time). A consistent rate of 2.1 depletion should generate the same conversion to
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products over time; therefore, the results imply that the mass balances did not close fully for
the reactions. Indeed, the mass balances for experiments conducted with HoO concentrations
higher than 2 mM did not close to 100% and became gradually worse when employing higher
levels of H>O in the solvent (Table 2.3, entry 1 vs. entry 4).

% Conv. of 2.1
—_ [\S] (98] N W N ~J
S (] (e} (e (] () S
T T T T T T 1
» x
X
°
| |
»
X
»

L

0 50 100 150 200
Time/min

X2 mM of water A 45 mM of water © 180 mM of water =200 mM of water

FIGURE 2.5. Time conversion profile for the % Conversion of 2.1 to products,

demonstrating the effect of using different initial H>O concentrations in 2-methyl-2-butanol.

TABLE 2.3. Rate of 2.1 disappearance for experiments conducted using different H>O

concentrations in 2-methyl-2-butanol and the mass balances achieved.

Entry  H:20 conc. (mM) Mass balance (%) d[1]/dt (M s1)“
1 2 100 -1.3x 107
2 45 81 -1.3x 107
3 180 78 14x 107
4 200 67 -1.2x 1073

@ Conversion rate of 2.1 (M s7), calculated by linear regression of the concentration of 2.1 over the reaction

time.

When the concentration of 2.4 is plotted against time, it can be seen that lower amounts of the
amine product 2.4 were detected for experiments using increased H>O concentrations
(>2 mM) (Figure 2.6). The decreased amounts of 2.4 found for these reactions accounts for
the incomplete mass balances (Table 2.3, entries 2-4); however, it does not explain why
lesser amounts of 2.4 were detected. As the rate of 2.1 disappearance remained unchanged for

all of the reactions, it can be expected that products were generated at the same rate.
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Therefore 2.4 was presumably lost in the system for reactions conducted with high H>O
concentrations. Indeed, 2.4 is insoluble in H>O and thus it can be postulated that an emulsion
and/or precipitation of 2.4 was formed with H>O in the solvent, which subsequently was
deposited within the reactor. Certainly, the reaction reservoir turned cloudy for experiments
conducted with high H>O concentrations. To elucidate this fully, further experiments are

required to determine the solubility of 2.4 in 2-methyl-2-butanol/H>O mixtures.
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O ‘ i | | | J
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X 2 mM of water A 45 mM of water ® 180 mM of water ® 200 mM of water

FIGURE 2.6. Concentration of 2.4 over time for experiments using different initial H>O

concentrations in 2-methyl-2-butanol.

Removing H>O from the reaction, using a desiccant cartridge fitted to the outlet, resulted
in a decreased conversion (by ~20%) and formation of 2.4 compared to the experiment using
the same initial H,O concentration, but without the use of a desiccant (Figure 2.7 A and B).
Furthermore, an induction period of around 20 minutes was observed (highlighted in Figure
2.7 A). This result is similar to that previously reported by our group where the removal of
H>O resulted in the annihilation of the reaction (Figure 2.2). However, in this experiment, a
mass balance of 73% was found, in contrast to the full mass balance achieved for the
experiment conducted without desiccant (Table 2.3, entry 1). Yet the rate of 2.1
disappearance was comparable for both of the reactions (1.4 x 10° M s and 1.3 x 10> M 57!,
with and without desiccant, respectively) implying that products were formed at the same
rate. As a lower amount of 2.4 was detected when removing H>O from the system with
desiccant, it can be suggested that any residual H>O held in the desiccant could have acted to

trap 2.4. This conclusion is similar to that drawn above where it was postulated that increased
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H>O concentrations in the solvent precipitated and/or formed an emulsion of 2.4, due to the

poor solubility of this species in H>O.
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FIGURE 22.7. The effect of removing H>O using a desiccant (compared against an
experiment using the same initial H>O concentration but without the use of desiccant),

A) % Conversion of 2.1 to products and B) Concentration of 2.4 over time.

Although increased H>O concentrations led to a loss of 2.4 (Figure 2.6), it was found that
the selectivity for this species was enhanced by using higher levels of H>O in the solvent
(Figure 2.8). While this effect was small (2% increase in the selectivity for 2.4 by using
200 mM of H;O, compared to 2 mM of H20), the results suggest that H>O was able to

facilitate the formation of 2.4, perhaps by acting as a reductant.
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FIGURE 2.8. Graph showing the % Selectivity for 2.4, demonstrating the effect of using
different H>O concentrations in 2-methyl-2-butanol.

In the hydrogen borrowing mechanism, it is understood that hydride generated from the

initial dehydrogenation of 2.1 is used to reduce 2.3 to 2.4 (Scheme 2.5).

R? R?
RINH, + | ML L+ HO

2.2 R% JOH R, ,NHR

: f
oxidation + reduction

-H, V i +H,
3 3
i R'NH, R

R? 0 RZJ“NR1
2.

SCHEME 2.5. The hydrogen borrowing mechanism.

As H20 is known to dissociate on the TiO> surface into OH and H species (Section 2.1), it
is possible that it is able to act as a reductant in the reaction via these dissociated species.
Indeed, the hydrogenation activity of PhCHO over Au supported on TiO2, AL,O3 and ZrO;
was shown to increase in the presence of H>O, which was attributed to the increased
availability of dissociated hydrogen species.®’

In order to study this, separate experiments were devised using mixtures of:
1. 2.3 (0.2 M) and H>O (2 mM) in 2-methyl-2-butanol (under N>)
and

2. 2.3(0.2 M) and H>0 (200 mM) in 2-methyl-2-butanol (under N»)
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The solutions were passed over Au/TiO: (0.8 mol%) in batch-recycle mode at 1.5 mL min™,
180 °C and 50 bar for 2.5 hours (Scheme 2.6). It was predicted that if H>O is able to act as a

reductant, increased amounts of 2.4 would be generated in the second reaction, where a
Starting substrates

higher amount of HO was employed (200 mM vs. 2 mM of H>0).
P g g
@ i é @N £ H,0 Au/TiO, ©/\H

SCHEME 2.6. Experiment designed to assess whether H>O is able to act as a reductant.

In the previously reported kinetic cycle, an equilibrium constant value of 1.46 was derived for
the reversible formation of 2.3 from the condensation of desorbed PhCHO with 2.2 (at
180 °C, 50 bar, 1.5 mL min™! using toluene as a solvent). As similar reaction conditions were
employed to test for the formation of 2.4 from 2.3 and H>O, it was anticipated that 2.2 and
PhCHO would also be generated (Scheme 2.6).

As expected, Ph\CHO and 2.2 were produced through the hydrolysis of 2.3 in the second
reaction, where 200 mM of H,O was employed (Figure 2.9), confirming the reversibility of

this process under the conditions employed.
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FIGURE 2.9. Graph showing the % Selectivity for PhCHO and 2.2 when starting with 2.3
and H>O (200 mM) in 2-methyl-2-butanol.

Gratifyingly, the formation of 2.4 was detected in higher amounts for the experiment which
employed 200 mM of H>O compared to that using 2mM of H>O (Figure 2.10). This shows

that in the presence of high H>O content, H>O is able to act as a reductant.
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FIGURE 2.10. Graph showing the percentage of 2.4 formed when starting with 2.3 in the
presence of 2 mM and 200 mM of H20 in 2-methyl-2-butanol.

The key observations and conclusions made so far are listed below:

Increased H>O concentrations (>2 mM) led to decreased detection of 2.4. The mass
balances of reactions were incomplete for these reactions, yet the rate of 2.1
disappearance remained constant.

H>0 was likely inducing an emulsion with 2.4 and/or a precipitate (due to the poor
solubility of this species in H>0) with the species becoming trapped in the system, leading
to a lower detection of 2.4 and subsequent reduction in conversion.

An induction period was found using a desiccant cartridge during the reaction and the
detection 2.4 was lower (with an incomplete mass balance) compared to a reaction using
the same initial H>O concentration, but without a desiccant.

2.4 was likely being trapped by residual H>O in the desiccant line. Thus leading to a
lower detection of 2.4 and subsequent reduction in conversion.

In the presence of high H>O content (>2 mM), the selectivity for 2.4 was enhanced. By
starting with 2.3 in the presence of high H>O levels (200 mM), 2.4 was formed (and
correspondingly 2.3 and PhCHO).

H>0 was able to act as a reductant, likely through dissociated hydrogen species on the
catalyst surface, enhancing the selectivities when in high concentrations in the system.
Overall, there appears to be two main functions of H>O, namely acting to precipitate
and/or form an emulsion with 2.4 when present in high levels (>2 mM) and as a reductant

for the formation of 2.4 from 2.3.
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2.3.2 The effect of H2O and O: on the AAA reaction using 2-methyl-2-

butanol

The effects of HoO and O on conversion and selectivity were analysed using the same
conditions employed in the previous studies, but purging the reaction mixture with air

(Scheme 2.7).

OH
NH, 0
1 wt.% Au/TiO, (0.8 mol%) Na N
5 . — + H,0
+ 180 °C, 50 bar, under air,
2.1 2.2

.
1.5 mL min 2.3 2.4

0,5. M O.S.M (30 s residence time)

SCHEME 2.7. The alkylation of 2.2 with 2.1 for the mechanistic studies of Au/TiO:, using a

flow reactor.

Experiments were performed using 2, 100 and 180 mM of H20, and interestingly, there
appeared to be no influence on the conversion by increasing the moisture in the reaction
(Figure 2.11). Under these three different H>O concentrations used, the conversion of 2.1
remained essentially unchanged with closing mass balances for all reactions.
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FIGURE 2.11. Time conversion profile for the % Conversion of 2.1 to products,
demonstrating the effect of different initial H>O concentrations in 2-methyl-2-butanol under

aerobic conditions.
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This result is in stark contrast to experiments performed under N>, where the detection of
amine product was decreased upon increasing the H>O level, presumed to be due to the poor
solubility of 2.4 at high H>O concentrations (Figure 2.6). A reasonable explanation for this
observation could be that O facilitates in the solubility of 2.4 at higher H,O concentrations,
resulting in a complete mass balance.

In terms of the effect of H>O content on reaction selectivity, it was shown that by using
180 mM of H>O in the system, the selectivity for 2.4 was enhanced by 6% (at 90 minutes)
compared to using 2 mM of H>O (Figure 2.12).
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FIGURE 2.12. Graph showing the % Selectivity for 2.4, demonstrating the effect of different

initial H>O concentrations in 2-methyl-2-butanol under aerobic conditions.

This is the same effect witnessed when reactions were performed under N> (Figure 2.8),
where it was shown that H>O is able to act as a reductant. However, there are differences in
the magnitude of the influence of H>O between reactions performed under air and N». Firstly,
the effect of H,O acting as a reductant was more prominent with reactions performed under
air, compared to reactions performed under N> (Table 2.4, entry 1 vs. entry 2). There was a
higher difference in the % selectivity for 2.4 between using 2 mM and 180 mM of H>O for

experiments performed under air compared to reactions conducted under N> (Table 2.4, entry

1 vs. entry 2).
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TABLE 2.4. Differences in the % Selectivity for 2.4 between experiments using 2 mM and
180 mM of H>0, performed under air and N-.

% Selectivity for % Selectivity for = Difference between

24 24 2 mM and 180 mM
Entry Reaction atm. (2 mM of H20) (180 mM of H20) of H20 (%)
1 | Under air* 87 93 6
2 | Under Np? 97 99 2

“at 90 min,  at 85 min.

Secondly, the selectivity for 2.4 was significantly lower over the course of the reaction when
employing aerobic conditions, compared to reactions using the same H>O concentration

(2 mM) but under N> (Table 2.4, entry 1 vs. entry 2 and Figure 2.13).
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FIGURE 2.13. Graph showing the differences in % Selectivity for 2.4 over the course of
reactions performed under air and N> (using 2 mM of H20).

To clarify, the overall selectivity for 2.4 was higher over the course of the reaction for
experiments performed under N2 compared to reactions conducted under air using the same
H>0 concentrations. However, the ability of H20 to function as a reductant when using high
H>O contents (>2 mM) was increased when air was present in the reaction mixture. This
suggests that O, promotes the ability of H>O to act as a reductant; however, at the same time
it interferes with the overall reduction of 2.3 to 2.4 by oxidising 2.4 to 2.3. An explanation for
the increased ability of H>O to act as a reductant under air, could be that adsorbed O> species
aid in the dissociation of molecular H,O into OH and H species, resulting in more surface
hydrogen species available to reduce 2.3 to 2.4. Indeed, it is known that on certain metals,

such as Cu and Au, pre-adsorbed O; has a promotional effect in the cleavage of O-H H>O
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bonds.?”> ?° The concerted mechanism proposed in the study using Cu, which has also been

89, 90

proposed to occur on Au, proceeds such that Cu atoms act as Lewis acid sites and

adsorbed O» species as Bronsted base sites for proton abstraction from H>O (Scheme 2.8).

I|{ H
O——H O----H OH H
® /o T Lo
M O M O M 0%
Acid Base

SCHEME 2.8. Schematic for the dissociation of H>O via an acid-base interaction.®’

In terms of the decrease in the overall selectivity to 2.4 when performing reactions under
air, it has been demonstrated in the literature that by using an atmosphere of O», bulk Au
powder and Au supported on alumina are active for the aerobic oxidative dehydrogenation of
2.4 t0 2.3 (Scheme 2.9).”! Therefore it would not be unreasonable to suggest that this reaction

could have occurred in the experiments presented above.

©\ Au cat, 1 atm O ©\ =z
N +(1/2)0 d 2 N +H,0
H/\© (172) O toluene, 100 °C 2

24h 5% Au/Alumina = 18% yield
Au powder = 9% yield

SCHEME 2.9. Au catalysed aerobic oxidation of N-phenylbenzylamine to the corresponding

imine.

Additionally, in the previous model,”” the generation of 2.4 (reduction step) was presumed to
be irreversible (Section 2.1). If this step was reversible under the conditions used in these
studies, it can be hypothesised that the surface hydrides formed on generating 2.3 from 2.4
could be removed by O> (Scheme 2.10), thus making them inaccessible for the reduction of

2.3 and leading to lower selectivity for 2.4.
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OH Cat NHR!
RINH, + polps R2Ngs + H0
2.2 2.1 2.4
Cat Cat
H2 Hz + 02 — H,0
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Cat HQOJ Cat +
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1
?L RINH, IE\R
2 3 2 3
RZ°R3 T N R 5 3R

H,O
SCHEME 2.10. Hydrogen borrowing scheme showing the removal of surface hydrides by O:
to generate H>O.

To interrogate whether O; interferes in the formation of 2.4, the following experiments were
devised:

1. 2.4 (0.5 M) in 2-methyl-2-butanol (2 mM of H>0) in the presence of O

2. 2.4 (0.5 M) in 2-methyl-2-butanol (2 mM of H>0) in the absence of O ( reaction
mixture purged with N»)
The solutions were passed over Au/TiOz (0.8 mol%) in batch-recycle mode at 1.5 mL min™,
180 °C and 50 bar for 3 hours. It was predicted that if O> is able to oxidise 2.4 to 2.3 and/or if
02 removes hydride species from the catalyst surface, 2.3 will be detected in the reaction
performed in the presence of O> (Scheme 2.11 A), while under inert conditions 2.4 will

remain unreacted (Scheme 2.11 B). If 2.3 is formed, the generation of PhACHO and 2.2 is also

N under air (1/2) O, ©\N/
H batch-recycle mode +H,0
2.4 2.3

under Ny No reaction
H/\© batch-recycle mode
2.4

SCHEME 2.11. Experiments to assess whether O: is able to oxidise 2.4 in batch-recycle

anticipated.

mode.
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Chapter 2 Mechanistic Studies using Au/TiQ; in flow

In addition to these experiments, single pass reactions (Scheme 1.18) were designed
starting with 2.1 and 2.2 (0.5 M) under air and N> at 180 °C, 50 bar and 0.2 mL min™
(Scheme 2.12). By operating the reactor in this manner, the amine product (2.4) formed is not
recycled through the catalyst cartridge. Thus any interferences of O, i.e. whether it acts to

remove surface hydride species and/or oxidises 2.4 to 2.3 may be avoided.

OH
NH2 H\/@
1 wt.% Auw/TiO N
N wt.% Au/TiO, . ©/ + H,0
Single pass 2.4
2.1 2.2

1. In the presence of Ny oo .

0.5M  05M | 0 presence of air (O,) | 120,  Inthe

presence .

of air
Na

SCHEME 2.12. Experiments to assess whether O: interferes with the reduction step (2.3 to
2.4) in single pass mode.

As expected, the batch-recycle experiments showed an increasing conversion of 2.4 (12%
at 180 min) and formation to 2.3 over time when passing 2.4 over Au/TiO2 under aerobic
conditions (Figure 2.14 A and B). This is in contrast to the same experiment conducted under
inert conditions, which afforded 1% of 2.4 at 180 minutes. 2.4 was converted to 2.3, with 2.2
and PhCHO also being detected in the reaction conducted in air (5% and 3% formed,
respectively at 180 minutes). The results demonstrate that O, is able to oxidise 2.4 to 2.3.
Additionally, it highlights the reversibility of the formation of 2.4 as small amounts of 2.3,
PhCHO and 2.2 were generated when passing 2.4 over Au/TiO; under inert conditions.
Therefore, it was confirmed that O> might be acting to remove surface hydride species upon

the reversible formation of 2.3 from 2.4, as well as oxidising 2.4 to 2.3.
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FIGURE 2.14. Graphs showing that under aerobic conditions 2.4 is converted to 2.3,
A) % Conversion of 2.4 and B) Formation of 2.3 (M) over time.

Notably, the selectivity for 2.4 remained unaltered when Oz was introduced into the
system in single pass mode. This can be seen by comparing the selectivity of reactions
performed under N> and aerobic conditions using this experimental set-up (Figure 2.15). This
result supports the proposal that it is the recycling of 2.4 through Au/TiO: in the presence of
O: that leads to the decrease in overall selectivity (due to removal of surface hydride species
and/or oxidation of 2.4). In single pass mode, Oz does not have an effect on the selectivity

because 2.4 does not re-enter the reaction space.
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FIGURE 2.15. Time-on-line profile showing the % Selectivity for 2.4 under air and N using
2-methyl-2-butanol.

In summary, the following key observations and conclusions have been made:

In contrast to experiments performed under N>, there was no effect on the detection of 2.4
upon increasing the H>O content in the reaction. However the selectivity for 2.4 was
increased with H>O concentrations higher than 2 mM due to H2O acting as a reductant.
Under inert conditions it was hypothesised molecular H>O serves to precipitate and/or
form an emulsion with 2.4 at high moisture levels. Under air, it can be suggested that O:
facilitates in the solubility of 2.4, thus no apparent effect of increased H>O concentration
is detected.

The ability of H,O to act as a reductant was more prominent when reactions were
performed under air, compared to reactions performed under Na.

In the presence of O, if H>O dissociation is increased, it follows that there will be more
surface hydrogen species available to reduce 2.3 to 2.4 compared to reactions performed
under N>,

The overall selectivity for 2.4 was significantly lower over the course of the reaction,
when aerobic conditions were employed in batch-recycle mode, compared to reactions
using the same H>O concentration (2 mM) under No.

O: interferes with the reduction of 2.3 to 2.4 most likely due to oxidation of 2.4 to 2.3
and/or the removal of surface hydride species. By performing reactions in single pass

mode, this can be avoided as 2.4 is not recycled through the catalyst bed.
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Chapter 2 Mechanistic Studies using Au/TiQ; in flow

2.4 Results of the Au/TiO; deactivation and stability studies

Four different time-on-line single pass experiments (Scheme 1.18) were performed to
investigate the stability and possible deactivation routes of Au/TiO, (Strem AUROIlite™)
using dry 2-methyl-2-butanol as the solvent (2 mM of H>0). The first reaction was performed
using 2.1 and 2.2 as model reagents. This experiment enables the stability of the catalyst to be
assessed over time, and allows for comparisons against experiments where products and/or
intermediates are introduced into the reaction. More specifically, in the following three

studies, the amination of 2.2 with 2.1 was conducted and after 2 hours, intermediate or

product (2.3, 2.4 or H,O) was introduced into the reaction vessel (Scheme 2.13).

16 mM of 2.3, 2.4 or H,O were introduced into the reaction vessel after 2 hours

OH
NH2 H\/@
. © I wt.% AwTiO, (0.8 g cat.) N
2.1 22

+ H,O0
180 °C, 50 bar, under N,

0.3 mL min™! 2.4
0.5 M 0.5 M

SCHEME 2.13. Reaction parameters used for interrogating the stability of Au/TiO> and the

possible deactivation modes.

The concentration of 2.1 was monitored over the course of ~10 hours to study whether the
introduction of the species into the mixture had an adverse effect on catalytic activity. If
species are involved in deactivating Au/Ti10», perhaps via blocking active sites, a decrease in
the conversion of 2.1 is expected, which correlates to a decrease in activity. Note that the
characterisation of Au/TiO> was presented in Section 2.2.

2.3, 2.4 and H2O are known products and intermediates in the alkylation of 2.2 with 2.1,
therefore analysing the effects that an excess of these components have on activity is
essential. It has been demonstrated that increased H>O concentrations in 2-methyl-2-butanol
(>2 mM) results in the loss of 2.4 (Section 2.3.1), however it is not known whether it also
functions to deactivate Au/TiO2. PhCHO is a known intermediate in the AAA reaction;
however, introduction of this species into a vessel containing 2.2 will result in generation of
2.3 and H>O through a condensation reaction.

Species were introduced in concentrations of 16 mM, as this was the approximate
concentration calculated, based on the dimensions of 2.1, to produce a monolayer over

Au/TiO; (Full details can be found in Chapter 7). As higher residence times increase the
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Chapter 2 Mechanistic Studies using Au/TiQ; in flow

amount of intermediates and products being formed, a flow rate that allowed for low
conversions of 2.1 ~30% (0.3 mL min') was used. This is because if all of the reaction
species are involved in deactivating the catalyst, it makes it difficult to isolate deactivation
induced by species that are introduced into the reaction.

The time-on-line profile for the alkylation of 2.2 with 2.1, without the introduction of
products or intermediates into the vessel, is presented below (Figure 2.16). Note that the
increase in concentration of 2.1 at 40 minutes (breakthrough) is due to the time taken for
substrates and products to flow through the internal volume of the reactor (~4 mL). The
concentration of 2.1 remains reasonably steady with minor deactivation observed over the
course of the reaction. A slow deactivation rate of 7 x 10° M min™' was calculated, by linear
regression of the concentration over the reaction time, confirming the excellent lifetime

characteristics of Au/TiO».

1
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FIGURE 2.16. Time-on-line profile showing the alkylation of 2.2 with 2.1 using Au/TiO: in
2-methyl-2-butanol.

ICP and TEM analysis was conducted on the catalyst following this reaction. The results
revealed that the Au loading remained unaltered (1 wt.% Au) and an increase of ~2 nm in Au
particle size occurred (from 3 to 5 nm). The increase in particle size could be the cause for
the gradual catalyst degradation, as small particles are known to be more active in the AAA
reaction,”® but to eliminate deactivation from products and/or intermediates, the experiments
presented below were conducted.

There was no difference in the rate of deactivation when amine product (2.4) was

introduced in the reaction vessel. This can be observed by comparing the profile for the
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experiment shown in Figure 2.16, where no products or intermediates have been introduced
into the reaction, against the same reaction where 2.4 has been added in the mixture after 2
hours (Figure 2.17)

1

R2=10.2068

Concentration of 2.1 (M)
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Time/min

FIGURE 2.17. Time-on-line profile showing the alkylation of 2.2 with 2.1 using Au/TiO: in

2-methyl-2-butanol. X = no intermediate or product introduction, m= introduction of 2.4.

Similarly, there was no difference in the concentration of 2.1 or the rate of catalyst

deactivation in the presence of H>O (Figure 2.18).
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FIGURE 2.18. Time-on-line profile showing the alkylation of 2.2 with 2.1 using Au/TiO: in

2-methyl-2-butanol. X= no intermediate or product introduction, ®= introduction of H>O.
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Employing high H>O concentrations in 2-methyl-2-butanol (>2 mM), resulted in incomplete
mass balances for the alkylation of 2.2 with 2.1 in batch-recycle mode (Section 2.3.1). In this
experiment, a complete mass balance was achieved and the concentration of 2.4 remained

constant over time (Figure 2.19).
1 -

Concentration of 2.4 (M)
(e
(9]

..-!‘ll ® Y ° o o o ° ® °
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FIGURE 2.19. Time-on-line profile showing the concentration of 2.4 following the

introduction of H>O into the reaction mixture after 2 hours.

This could be due to the fact that in batch-recycle mode, the reaction mixture has the
opportunity to cool in the reaction reservoir (held at room temperature) before being re-
introduced into the catalyst cartridge, whereas in single pass mode the mixture is consistently
heated. The drop in temperature may have induced precipitation of 2.4; indeed the reaction
mixture did turn cloudy in appearance after exiting the reactor in the batch-recycle
experiments.

The introduction of 2.3 had no effect on the alkylation of 2.1 with 2.2 (Figure 2.20). It has
been proposed in the literature that deposits of imine over catalytic sites results in the
deactivation of Au/ZrO: during the amination of myrtenol.® However, these studies cannot
be fairly compared because a different support and reaction substrates (myrtenol and 2.2)

were employed.
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FIGURE 2.20. Time-on-line profile showing the alkylation of 2.2 with 2.1 using Au/TiO: in

2-methyl-2-butanol. X = no intermediate or product introduction, A = introduction of 2.3.

Overall, the results suggest that 2.4, 2.3 and H>O do not deactivate Au/TiO: in single pass

mode and that the minor and gradual loss of activity observed is most likely due to increases

in Au particle size.
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2.5 Conclusion

In summary, the results demonstrate that the careful control of reaction conditions during
the AAA reaction is necessary for achieving good yields of the amine product. It was shown
that H,O, O> and even the way the reaction is performed (single pass vs. batch-recycle) can
affect the selectivity and conversion of the reaction. It was hypothesised that high H>O
contents, when employing 2-methyl-2-butanol as a solvent, may induce precipitation of 2.4
and/or formation of an emulsion, causing incomplete mass balances. In order to fully
elucidate this, further experiments are required to investigate the solubility of 2.4 in H,O/2-
methyl-2-butanol mixtures.

Even though H>O is detrimental for the solubility of 2.4, it is able to function as a
reductant in the reaction when present in large amounts (45, 180 and 200 mM), presumably
through hydrogen species generated by the dissociation of H>O. Although the effect of this
was small under inert conditions (2% increase in the selectivity for 2.4 by using initial H.O
concentrations of 200 mM instead of 2 mM), by using aerobic conditions the ability of H2O
to act as reductant was increased, which was attributed to O, facilitating in the dissociation of
H»O.

Oz was also shown to have a secondary effect on reactions in batch-recycle mode. The
overall selectivities for 2.4 were lower in the presence of O2 compared to reactions performed
under anaerobic conditions. This was attributed to O interfering in the reduction step (2.3 to
2.4), presumably by removing surface hydride species and/or oxidising 2.4 to 2.3. However,
by operating the reactor in single pass mode, the selectivity for 2.4 remained unaffected in the
presence of Oa.

Au/TiO> displayed very good stability over the course of the reaction between 2.1 and 2.2
in single pass mode, showing a slow deactivation rate over time. The gradual decrease in
activity over time was attributed to increases in Au particle size, as there was no effect on
catalytic activity when introducing reaction intermediates and product into the system.

Overall, the observations are crucial as they have not only allowed for a better insight into
the mechanism, but they have also provided a basis for designing experiments in terms of
optimising product selectivity and yields. The concepts learnt can be incorporated into an

existing kinetic model, to allow a predictive model to be formed (Chapter 3).
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reaction

The objective of this Chapter is to develop a kinetic model using Berkeley Madonna
software™ (Section 3.1) to describe the reaction profiles of the Au/TiO> catalysed alkylation

of 2.2 with 2.1 (Scheme 3.1).

OH
NH, H
. Ns . N
N AWTIO, AWTIO,
2.1 2.2

Y Shadt”

2.3 2.4
SCHEME 3.1. The alkylation of 2.2 with 2.1 catalysed by Au/TiO:.

Preliminary kinetic and mechanistic models for the amination of 2.2 with 2.1 had been
previously produced using toluene as a solvent (described in Chapter 2).”” In this project, the
kinetic model was developed further, using data obtained from reactions performed in
2-methyl-2-butanol under N> (Chapter 2). It was hoped that a predictive model could be
produced that may be used in the design of future experiments to yield the best selectivity and
conversion possible.

The summary below gives a background of the key steps from the previously reported
kinetic model compared to relevant literature and the main conclusions derived from the

mechanistic studies from the work described in Chapter 2.
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3.1 Background

There are very few reports of kinetic models for the AAA reaction using heterogeneous
catalysts. Since the paper describing the kinetic and mechanistic model (described in Chapter
2),”7 to the best of our knowledge, there has only been one other kinetic model reported using
a Au-based heterogeneous catalyst. Au/ZrO, was employed for the amination of myrtenol
(a natural terpene alcohol) with aniline (2).%° The details of this work and the key steps from

the previously derived kinetic model (Figure 3.1) are discussed below.

Benzyl Alcohol ky Bound Aldehyde

K
Bound Aldehyde =—2== Free Aldehyde

K;

Free Aldehyde + Aniline Imine + H,O

Bound Aldehyde + Aniline Amine product + H,O

FIGURE 3.1. Our previously reported kinetic model.

ki: k; describes the irreversible formation of bound aldehyde species to the catalyst surface.
This step was shown to be the slowest step of the catalytic cycle with a value of 4.5 x 10 s™!

at 180 °C.

K>eK3: The formation of imine (2.3) from the condensation of amine (2.2) with free aldehyde
(generated from desorption of bound aldehyde) is represented by the combination of the two
equilibrium constants, K> and K3. Bound and free aldehyde terms were required in the kinetic
model as it was demonstrated that, at low temperatures (130 °C), the formation of 2.3 steadily
increases during the reaction. However, by using higher temperatures (150 and 180 °C) the
formation of 2.3 becomes an intermediate process, i.e. the concentration increases initially
but then decreases subsequently. Thus an equilibrium term was required to account for the
free aldehyde species re-entering the catalytic cycle. An equilibrium constant of 1.5 was

found for this step at 180 °C.

ky: k4 describes the rate for the formation of 2.4 and H>O from the condensation of bound
aldehyde species with 2.2 (5.7 x102 M!s! at 180 °C). This incorporates more than one
transformation (formation of imine from the bound aldehyde and its reduction to amine). The
high selectivity for 2.4 (97%) was attributed to the high temperature and large reaction space
afforded by adopting a flow reactor.
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The same assumption that only bound aldehyde species generate the amine product was
also made in the Au/ZrO; catalysed reaction of myrtenol with 2.2.3° The following kinetic
and mechanistic model was formulated using the key steps outlined in the paper (Figure 3.2
and Scheme 3.2). The model also accounted for the adsorption of substrates and products to
the catalyst surface (alcohol, amine, aldehyde, imine and amine product). However, it also
includes a hemiaminal intermediate, which was proposed to be the species that undergoes

hydrogen transfer (as opposed to the imine).

Alcohol ki Bound Aldehyde + Bound H,
Bound Aldehyde + Bound Amine ks Hemiaminal
Bound Aldehyde ~L;‘ Free Aldehdye
Free Aldehyde + Amine ‘L;~ Imine + H,O

Hemiaminal + Bound H, ks Amine product + H,O

FIGURE 3.2. Kinetic model for the amination of myrtenol with 2.2 using Au/ZrQO.
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OH R!
J\ AU/ZI'OZ ZJ\ R3
R! "R? step 1 step 5 R EI +H,0
Oxidation Aw/Zr0, Reduction
-H, Bound H, +H,
OH
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Q< > RSN
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ﬂ ﬂ H,0
(J)j\ +RENH 1}\1 Catal
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R "R? = 1.0 R¥NR deactivation
(free) 2
step 3 step 4

Step 1: Alcohol is oxidised to form bound aldehyde and hydride species.

Step 2: Bound aldehyde reacts with bound amine to produce hemiaminal.

Step 3: Free aldehyde reacts with amine to produce imine and H>O.

Step 4: Imine can react with active sites and H>O to produce hemiaminal.

Step 5: Hemiaminal undergoes hydrogen transfer, using the adsorbed hydride species, to
form the amine product and H>O. The amine product can be liberated from the catalyst to

regenerate free active sites.

SCHEME 3.2. Keys steps of the mechanistic and kinetic cycle for the amination of myrtenol
with 2.2.

Similar to the previous study, the formation of bound aldehyde species from the oxidation of
alcohol was postulated to be an irreversible process and the calculated rate for its formation
was one of the slowest steps in the reaction (k;) (7.4 x 102 s’! at 180 °C). The activation
energy for this transformation was comparable to that derived in the former study, with values
of 87.7 and 93.7 kJ mol™!, respectively.”” The equilibrium constants K3 and K, were combined
to give an overall value of 9.5 x 10° M, which describes the formation of imine from
desorbed aldehyde. This is two orders of magnitude larger than the previously calculated
values, where the equilibrium value for the formation of imine (K>°K3) was shown to be 1.5
at 180 °C. Additionally, it was demonstrated that imine acts to irreversibly deactivate

Au/ZrO;, through polymerisation on active catalyst sites. However, in this study the addition
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of imine had no effect on the activity of Au/TiO; (Chapter 2). Thus these deactivation terms
were not considered in the model.

The key findings from the mechanistic studies using Au/TiO: in 2-methyl-2-butanol
under Ny (detailed in Chapter 2) are highlighted below:

1. H20 is able to act as a reductant:
It was shown that the selectivity for 2.4 was slightly enhanced by 2% when using high
H>O concentrations (200 mM) in the solvent compared to using lower amounts (2 mM).
This enhancement was attributed to H>O acting as a reductant, presumably through
dissociated H,O species. As this effect was minimal, a term to account for it in the model
was not essential.

2. High H20 concentrations in the solvent induces precipitation of 2.4:
It was shown that in the presence of high H>O content (45, 180 and 200 mM), the mass
balances for reactions was incomplete due to a deficiency of the amine product. However,
the rate of disappearance of 2.1 remained consistent for these reactions. The decreased
detection of amine product was assigned to the precipitation of 2.4 and/or the formation

of an emulsion with H2O, with the species becoming captured elsewhere in the system.

Berkeley Madonna™ software was used to model and analyse the reaction data working
by numerically solving differential equations. Berkeley Madonna uses mathematical
equations to model complex systems to:

e Allow for the prediction of reaction profiles of future experiments.

e Support in the explanation of reaction results.

e Support in the understanding of the reaction mechanism.

The software is able to generate reaction models by applying the appropriate rate law and
formulating kinetic equations following the manual input of proposed reaction steps. Once
reaction data has been entered, the values of one or more parameters can be automatically
found through a curve-fitting feature. This works to minimise the deviation between the
models output and experimental data and allows for the simulation of reaction data, which

can be viewed in graphical form.
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3.2 Kinetic modelling of reaction data

The concentration-time profiles for experiments conducted with 2, 45, 180 and 200 mM
of H>0 in 2-methyl-2-butanol were subjected to data modelling (Table 3.1). Although, 0.5 M
of 2.1 and 2.2 were initially present in the reaction vessel, on starting the experiments, the
internal volume of solvent present in the reactor (~4 mL) diluted the reaction mixtures to

0.4 M upon entering the reservoir.

TABLE 3.1. Reactions modelled in this study showing the reaction conditions, mass balances

and the rate of 2.1 disappearance.

OH
NH, .
I Wt.% Au/TiO, (0.8 mol%) Na L N ‘o
+ 180 °C, 50 bar, under N,, @ @ 2
2.1 2.2

1.5 mL min’! 2.3 2.4

05M  05M

Solvent H20 concentration

Entry (mM) Mass balance (%) d[1]/dt M s1)”
1 2 100 -1.3x 107
2 45 81 -1.3x 107
30 180 78 1.4x 107
4 200 67 1.2x 107

@ Conversion rate of 2.1 (M s), calculated by linear regression of the concentration of 2.1 over the reaction

time.

The previously derived kinetic equations (Figure 3.1) were used to determine whether good
fits were achievable when the toluene solvent (used for the reported kinetic model) was
replaced with 2-methyl-2-butanol. The initial concentrations of reactants 2.1, 2.2 and H,O
present in 2-methyl-2-butanol were entered as fixed values for each experiment and the
curve-fitting feature used to find values for the rate equations.

It is generally accepted that the formation of aldehyde is irreversible and is the rate-
limiting step in the AAA reaction; 77> 8% %2 therefore only the forward rate was considered (k).
Two equilibria K> and K3 were included for the formation of free aldehyde and imine, based
on previous models.”” 8 The generation of 2.4 (reduction step) was presumed to be
irreversible in the previous model. However, it was shown in this work that when passing 2.4

over Au/Ti0; in the presence of O2, 2.3 and correspondingly PhCHO and 2.2 were formed
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(Chapter 2). This was presumed to be due to the oxidation of 2.4 by O; and it was
hypothesised that if the formation of 2.4 was reversible, the surface hydrides formed on
generating 2.3 from 2.4 could be removed by O (Scheme 2.10), thus making them
inaccessible for the reduction of 2.3. When the same experiment was performed under N»,
only small amounts of 2.3, 2.2 and PhCHO were detected (1% total over 180 minutes), likely
due to the insufficient purging of the system, and/or residual O, left on the catalyst surface.
Therefore, the formation of 2.4 (k4) was deemed to be essentially irreversible under N».

A good correlation between experimental and simulated data was produced for the
reaction performed with 2 mM of H>O in the solvent (Figure 3.3). Similar to the previous
study, k; was found to be the rate-determining step with a value of 5.0 x 102 s™!. This is
faster than the value derived from the previous model, 4.5 x 10 s™!, using the same reaction
temperature of 180 °C. A different solvent system was used in this work (2-methyl-2-butanol
vs. toluene) which could explain this result. In contrast, the value for k; in this study was
slower compared to the rate reported for the amination of 2.2 with myrtenol (7.4 x 10" 2 s! at
180 °C).% This is most likely attributed to the different catalyst and reagents used (Au/TiO:
vs. Au/ZrQO;) as well as the larger amount of catalyst employed (1.4 mol% vs. 0.8 mol%). A
large equilibrium value was calculated for the formation of 2.3 from desorbed PhCHO
(K2¢K3) (6.8 x 107) and the rate of the hydrogenation step was roughly two orders of the

magnitude faster than the dehydrogenation of alcohol (7.0 x 10! M s vs. 5.0 103 s7).
0.5

S04
,§ 03
g
=02
54
2 0.1
Q .
0
0 20 40 60 80 100 120 140 160
Time (min)
ki/s! K>+ K3 ky M s7!
50x 1073 6.8 x 107 7.0x 10!

FIGURE 3.3. Simulated graph and derived kinetic parameters, Table 3.1, entry 1. Legend:
4= benzyl alcohol 2.1, (4 x10°%), m = aniline 2.2, (3 x10°), A= substituted amine 2.4,
(2 x107), @= imine 2.3, (3 x107), = PhCHO (2 x1073). Solid black lines= simulated reaction

curves.
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The relative mean square (RMS) values for each reaction component are presented in the
legend under the figure in parenthesis. This is a measure of the goodness-of-fit between the
actual data and that predicted by the model and so gives an indication of how good the fits
are. The closer the value is to 0, the smaller the error is. Overall, small error values were
generated, however, errors were greater for products and intermediates (2.3, 2.4 and PhCHO).
This can be ascribed to the involved equilibrium steps of these species. The model simulates
reactions occurring at 180 °C in the reactor, but in practice, aliquots were taken from the
vessel, which was held at room temperature. It is therefore reasonable to assume a difference
in equilibrium constants for these steps, hence the larger error values associated with these
components.

When the same rate and equilibrium constants were applied to experiments conducted
with H>O concentrations >2 mM (Table 3.1, entries 2-4), it was found that the model over

predicted the formation of 2.4 (Figure 3.4, 180 mM of H>O).

0.5
04 m
50.3
=
0.2
e
50.1
=
[=]
© 0
0 20 40 60 80 100 120 140
Time (min)
ki/s! K>+ K3 ky M1 7!
5.0x 1073 6.8 x 107 7.0x 107!

FIGURE 3.4. Simulated graph and derived kinetic parameters, Table 3.1, entry 3. Legend:
4= benzyl alcohol 2.1, (4 x10°%), m = aniline 2.2, (2 x107), A= substituted amine 2.4,
(2 x107?) ®= imine 2.3, (3 x107), ®= PhCHO (2 x107). Solid black lines= simulated reaction

curves.

The rate of disappearance of 2.1 was consistent for all experiments (Table 3.1, entries 1-4).
However, the mass balances of reactions conducted with HoO concentrations >2 mM were

not complete (Table 3.1, entries 2-4), and the shortfall appeared to correlate with the amount
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of H2O present in the system. This was attributed to the precipitation of 2.4 with H,O and/or
the formation of an emulsion leading to decreases in its detection (Chapter 2). An additional
term (ks) was included in the model with its purpose to solely account for the loss of 2.4
(Figure 3.5). This step was considered to be reversible as the species may fall back into

solution.

Benzyl Alcohol ky Bound Aldehyde
K
Bound Aldehyde ==—=2== Free Aldehyde

K
Free Aldehyde + Aniline <~=3—= Imine + H,0

Bound Aldehyde + Aniline ke Amine product + H,O

ks

Amine product + H,O Precipitated Amine product

FIGURE 3.5. Derived kinetic equations with an additional term to account for the loss of
2.4.

The reactions employing 45, 180 and 200 mM of H>O (Table 3.1, entries 2-4) were able to
fit to this model by changing only the initial H>O, 2.1 and 2.2 concentrations and keeping all
other values constant (Figure 3.6 A-C). RMS values for these fits are presented in Table 3.2.
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FIGURE 3.6. Simulated graph and derived kinetic parameters, A) 45 mM, B) 180 mM, C)
200 mM of H>O (Table 3.1, entries 2-4). Legend: 4= benzyl alcohol 2.1, m = aniline 2.2, A=
substituted amine 2.4, = imine 2.3, = PhCHO. Solid black lines= simulated reaction

curves.
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TABLE 3.2. RMS values for the data fits of reactions performed with 45, 180 and 200 mM of
H>0.

Initial concentration of H20 2.1 2.2 2.3 2.4 Plfgla-(lao
45 mM ‘ 3x10%® 3x10%® 7x 107 5x 107 5x107
180 mM ‘ 3x10%® 3x 10 7x 107 5x 107 5x 107
200 mM ‘ 3x10%® 3x10%® 7x 107 5x 107 5x 107

The model is able to predict good fits to the reaction data and similar to the previous fits, the
RMS values are higher for the intermediates (2.3 and PhCHO) and 2.4. As the rate constant
and equilibrium values have remained unchanged (k;, K>®K3 and k4) it is unlikely that the
precipitate and/or emulsion of 2.4 is deactivating Au/TiO2, and is instead lost in the system.
Indeed the reaction mixture was found to be cloudy in appearance when conducting these
experiments, which could have been precipitated 2.4.

The updated model was used to fit data from the reaction performed with 2 mM of H>O in
2-methyl-2-butanol, which achieved a complete mass balance (Table 3.1, entry 1). A poor fit
was initially observed as the formation of 2.4 was under predicted, due to the fast forward
rate of ks (4.6 M! 1), but by allowing the software to generate appropriate values for ks, a
better fit was achieved (Figure 3.7). The forward and reverse values derived for ks were fairly
comparable, making ks a redundant term for this system. This is reasonable as we know that a
complete mass balance is achieved when relatively dry solvent (2 mM of H>O) was used
(Table 3.1, entry 1). Fundamentally, ks is only acting to account for the loss of product, which

is not observed when employing dry conditions.
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FIGURE 3.7. Simulated graph and derived kinetic parameters, Table 3.1, entry 1. Legend:
¢= benzyl alcohol 2.1, (4 x10'8), m = aniline 2.2, (3 x]0'8), A = substituted amine 2.4,
(2 x1073), @= imine 2.3, (3 x107), e= PhCHO (2 x107). Solid black lines= simulated reaction

curves.

To test the ability of the model to predict reaction profiles under dry conditions, an
experiment conducted with 2.1 and 2.2 (1 M) using 2 mol% Au at 180 °C and 50 bar pressure
(2 mM of H,0 2-methyl-2-butanol) was modelled (Figure 3.8). Pleasingly, reaction curves
with very good fits between simulated lines and the data points was found, demonstrating the
models applicability for predicting reaction profiles with different initial H>O concentrations

in 2-methyl-2-butanol under No.
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+ H,0

OH
g H\/@
. @ 1 wt.% AwTiO, (0.8 mol % Au) ON

180 °C, 50 bar, under N,
1 2.4
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FIGURE 3.8. Simulated graph and derived kinetic parameters using IM 2.1 and 2.2.
Legend: 4= benzyl alcohol 2.1, (4 x10°), m = aniline 2.2, (4 x10°), A= substituted amine
2.4, (4 x107), ®= imine 2.3, (5 x107), = PhCHO (4 x107). Solid black lines= simulated

reaction curves.

Overall a very simple model has been formulated which allows for the prediction of
reaction profiles. Terms to account for mass transfer were not incorporated into the model;
however, studies were performed to distinguish whether the system was under mass transfer
limitations. Ultimately, the reaction rate is reliant on the effective mass transfer and diffusion
between reagents and the catalyst surface. There are two fundamental types of diffusion that
the reaction could be limited by, namely internal and external mass transfer. A catalytic
reaction takes place following the diffusion of reagents through the fluid layer surrounding
the catalyst particles (external mass transfer) and once they have passed into the pores within

the particle (internal mass transfer) (Figure 3.9).%
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Internal
diffusion

External Fluid layer

diffusion

FIGURE 3.9. Internal and external mass transfer in a porous catalyst.

In this work, the flow rate could influence the effective transfer of reagents to the outer
surface of the particles, and the size of the catalyst particles could affect the diffusion of
reagents into the pores. Thus to investigate whether the system was limited by external and/or

internal diffusion, the following experiments were devised:

External mass transfer:

A series of single pass reactions (Scheme 1.18) were performed using the model reaction
of 2.1 with 2.2 at 5 different flow rates, giving 5 residence times (the average contact time of
substrates with the catalyst surface) between 30 and 300 seconds (Scheme 3.3). Note that
reactions which were subjected to kinetic modelling were performed with residence times of
30 seconds.

If the system is limited by external mass transfer, a dependency on the rate of 2.1 conversion

is expected when plotted against the residence time.

OH
NH2 H\/@
0 : N
s @ 1 wt.% Au/TiO, (0.8 g) O F 10
180 °C, 50 bar, under N,
2.1 2.2

24

05M  05M

Performed in single pass mode at 5 different residence times:
30, 38, 60, 100 and 300 and seconds

SCHEME 3.3. Experiments designed to assess whether reactions are limited by external

mass transfer.
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Internal mass transfer:

A series of 3 single pass experiments using the model reaction of 2.1 with 2.2 were
performed using the same flow rate (0.5 mL min’, residence time of 90 seconds) but
employing different catalyst particle sizes (achieved by grinding and sieving the catalyst)
(Scheme 3.4). These studies were performed at a slow flow rate in order to minimise any
external mass transfer effects. Additionally, a lower pressure and catalyst loading was used
(0.6 g vs. 0.8 g) compared to the studies investigating external mass transfer effects, as small
catalyst particle sizes were found to increase the back pressure of the system. In our previous
studies, we demonstrated that there are no effects on the catalytic reactivity of Au/TiO2 when
varying the pressure for the AAA reaction.”” Note that reactions which were subjected to
kinetic modelling were performed with an average catalyst particle size of (190 um).

If the system is limited by internal mass transfer, a dependency on the rate of 2.1 conversion

when plotted against the average particle size employed in the experiment is expected.

OH
e
0 : N
. @ I wt.% AwTiO, (06g) @ - B0
180 °C, 50 bar, under N,
2.1 2.2

1 2.4

05M sy O°mbmin

Performed in single pass with three different catalyst particle sizes:
70, 100 and 190 pm (average particle sizes)

SCHEME 3.4. Experiments designed to assess whether reactions are limited by internal

mass transfer.

When the rate of 2.1 conversion is plotted against residence time, at first glance, there
does not seem to be a dependency on the flow rate (Figure 3.10). However, on closer
inspection it appears that there is a slight deviation between the residence times of 30 to 60
seconds (highlighted in Figure 3.10) As experiments were conducted using a residence time
of 30 seconds, it can be suggested that the reactions are on the boundary of being limited by
external mass transfer effects. If this is the case, the calculated rates may be slower than the

inherent rates that would be achieved if the system was not influenced by diffusional effects.
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FIGURE 3.10. Results of the external mass transfer studies showing the rate of 2.1

conversion against residence time.

There does not appear to be any influence on the rate of 2.1 conversion when altering the
catalyst particle size (Figure 3.11), indicating that the system is not limited by internal mass

transfer effects.
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Rate of 2.1 conversion
M s
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=
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Average catalyst particle size (um)

FIGURE 3.11. Results of the internal mass transfer studies showing the rate of 2.1

conversion against the average catalyst particle size.
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3.3 Conclusion

A kinetic model was developed based on the rate equations previously derived’’ and the
mechanistic findings detailed in this work (Chapter 2). Berkeley Madonna™ software was
used to simulate rate constants for discreet steps of the catalytic cycle and the resulting model
was able to predict concentration-time trends well with low RMS values, giving confidence
in its accuracy. The formation of aldehyde was found to be the rate-determining step in the
reaction, which is in line with what has previously been reported.

To account for the decreased detection of amine product (2.4) with experiments using
H>O concentrations higher than 2 mM, an additional term was included in the model (ks).
Essentially the term simulates a decreased formation of amine product, which is reliant on the
amount of H>O present in the system. The constant was redundant for experiments performed
with dry solvent (2 mM of H>O) as full mass balances were achieved for these reactions. The
values of the other constants (k;, K>#K3 and ky) did not change upon introducing this term
into the model, which highlights that the presumed amine precipitate and/or emulsion is not
deactivating Au/TiO> but is instead being captured elsewhere in the system.

It was shown in Chapter 2 that H>O is able to act as a reductant, however a term was not
included in the model as the effects of this under N> were small (2% increase in the
selectivity for 2.4 by using 200 mM of H2O instead of 2 mM). Although mass transfer studies
were performed, these terms were not included in the model. The studies demonstrated that
the reactions are not limited by internal mass transfer effects but are likely to be on the
boundary of external mass transfer influences. This means that the calculated rates may be
slower than the true rates that could be achieved if such diffusion limitations were not in
operation. Terms to account for the adsorption of species to the catalyst surface were not
incorporated which could also influence the derived rates, as the adsorption of species is
essential for catalytic activity. Nevertheless, the model is able to provide approximate
predictions of the effects of using different initial HoO and substrate (2.1 and 2.2)
concentrations in 2-methyl-2-butanol (under N>).

The simple model formulated may be used for the design of future experiments, for
instance, to simulate the length of time a reaction requires to complete based on the starting
concentrations of substrates. Future work could involve the incorporation of terms to account
for the effects of mass transfer and the influence that O; has on the reaction (Chapter 2). This

would allow for experiments conducted under aerobic conditions to be modelled. To test the
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applicability of the model for the AAA reaction, the kinetic analysis of reactions using

substrates other than 2.1 and 2.2 is necessary.
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CHAPTER 4. Preparation, characterisation and catalytic

screening of Au/TiO:

It has previously been demonstrated that Au/Ti0O> is active and selective towards the AAA
reaction.”” The aim of this Chapter is to establish which catalyst preparation and calcination
methods produce the most active catalysts for further catalyst development studies.
Additionally, it is desirable to gain a deeper understanding of the influences that different
techniques have on the structure and activity of Au/TiOx. It is generally accepted that small
Au particles (<10 nm) are most active in the AAA reaction,”” however their size and
distribution across the support are deeply affected by how they are prepared.®® 7> %7 To
analyse this, Au/TiO2 was prepared using different synthetic and calcination methods and
their structures characterised using a variety of techniques. The catalysts were assessed for

their performance towards the alkylation of 2.2 by 2.1, using a batch reactor (described in

Section 4.3) (Scheme 4.1).

OH
NH2 H
. N | N
N AWTIO, @ AWTIO, @ . B0
2.1 2.2

NS
23 24
SCHEME 4.1. The alkylation of 2.2 with 2.1 for the screening of Au/TiO: prepared by

various techniques, using a batch reactor.

To provide a background for the studies described in this Chapter, catalyst preparation
methods are presented in the following Section (4.1). The effects of using different
preparation techniques on the structure of Au/Ti10; will be analysed subsequently in Section

4.2.
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4.1 Background

There are numerous preparation methods reported for the synthesis of heterogeneous
catalysts.”® * Throughout this study some of these were employed to prepare Au/TiOa,
including impregnation (Section 4.1.1), deposition-precipitation (Section 4.1.2) and colloidal
synthesis (Section 4.1.3). Additionally, spray drying (Section 4.1.4) was used for the
preparation of Cu/TiO> (deployed in Chapter 6).

Each of these methods will be discussed, with a particular emphasis towards Au-based
catalysts. The effects of thermal treatment on the structure of the catalyst will be discussed in

Section 4.1.5.
4.1.1 Impregnation (IMP)

IMP is commonly used to prepare catalysts on a variety of supports. There are two ways
that IMP can be performed; by incipient wetness impregnation (IWI) or wet impregnation
(WI). The former involves the addition of the minimal amount of metal precursor solution to
fill the support pores,'? whereas the WI method involves the addition of an excess of metal
precursor solution to the support, followed by evaporation so the concentrated solution
remains in the pores.!? In both cases, after the addition of the metal precursor to the support,
the material is dried and calcined.

Both techniques generally lead to large particles; however the IWI method commonly
leads to smaller metal particles compared to WI because of the close contact that is achieved
between the metal precursor and support.'” The metal precursor can reside on the outer
surface of the support particles, consequently forming large crystals when the WI method is
employed.'” For Au catalysts, it was commonly found that systems prepared by the IMP
method had poor activity when Au chloride complexes, e.g. HAuCls, AuClz and
[Au(en)2]Cls, were used as precursors.!?"1% This was attributed to the mobility of chloride
ions, which promotes the agglomeration of Au particles during thermal treatment, leading to
the formation of large particles sizes (10-35 nm) that limits the number of accessible catalytic
sites.”® 1°7 In certain cases, chloride ions can be removed as HCI through thermal treatment
under reducing conditions, but this was shown to lead to large Au particle sizes (10-30 nm)

when Au/Fe,Os was treated this way.!%®
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4.1.2 Deposition- Precipitation (DP)

Haruta and co-workers have demonstrated that IMP techniques are unsuitable for
producing highly dispersed Au systems, and that by using the DP method, highly active
materials can be obtained.!? 1% There are numerous variations of the DP method reported in
the literature. A general procedure involves the addition of support to an aqueous solution of
metal precursor, raising the pH to a fixed value by addition of base, washing the material to
remove residual precursor (deionised H»0), then drying and calcining the sample.!’ The
washing of Au catalysts is very important for the removal of chloride ions to prevent particle
agglomeration during thermal treatment, this commonly occurs with Au catalysts prepared by
the IMP method where there is no washing step involved (Section 4.1.1).

There are many factors that can affect the final structure of the catalyst, such as the
calcination conditions and the pH of the mixture during precipitation. For the preparation of
Au/TiO; catalysts, it has been found that the loading of Au and the size of the particles
decreases by using a high pH (8-10).°> % It was shown that a maximum loading of Au is
achieved at pH 6, thus to achieve good loadings without compromising particle size, careful

consideration is required when choosing the pH.
4.1.3 Colloidal Synthesis (COL)

Colloidal synthesis involves the deposition of pre-formed metal nanoparticles of a defined
size (stabilised by ligand or surfactant) onto a solid support.!'! The excellent control of
particle shape and size (with narrow particle distributions) that can be achieved by the choice
of stabiliser or ligand and the reducing agent are the main advantages of this technique. By
fine-tuning these various parameters, reproducible preparations of catalysts can be
achieved.!?

There are some drawbacks to this technique, however, namely in the removal of ligands
or surfactants, which are essential in preventing particle agglomeration. This is often carried
out by thermal treatment, which can cause agglomeration of particles.'!* Nevertheless, it has
been shown that this can be avoided by washing material in hot water (90 “C) for a short time

period.'!?
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4.1.4 Spray Drying (SD)

The SD procedure is similar to the WI IMP method, in that the metal precursor and
support are mixed to form a slurry and there is no washing step involved. The main
difference between the techniques resides in the procedure for drying the material. The SD
method involves atomisation of the slurry, which is subsequently dried in a furnace to convert
droplets to particles.!'* !> By combining the straightforward principles of IMP with fast
drying, agglomeration of catalyst particles may be reduced and catalyst can be prepared in a
more controlled manner.!'® The SD method has been used to form catalysts with various
nanoparticle morphologies including doughnut, spherical and hollow shapes.!'* The key

parameters that affect particle morphology are the carrier gas flow rate and the temperature of

drying.l 14, 115

4.1.5 Effect of thermal treatment conditions on particle size

It is well known that thermal treatment conditions (temperature, calcination atmosphere
and gas flow rate) are important for determining the sizes of metal particles.'” The
combination of temperature and atmosphere used to dry and calcine Au/TiO> catalysts have
been shown to have interesting effects on their particle sizes. When heating ‘as-prepared’
Au/TiOz under H, at 120 °C, complete reduction to Au’ was achieved with small particle
sizes (2 nm). Conversely, when Au/TiO; was heated in air at 125-170 °C, larger particles
were formed (3 nm).'” The explanations for this were that the H, could have removed
residual chloride as HCI, whereas in air, chloride is still present which could have caused
agglomeration.'”’ Additionally, the lower temperature used in the former case could have
initiated the reduction of the precursor to start at a lower temperature, inducing a stronger
interaction between the particle and support, reducing the likelihood of Au agglomeration.

In terms of the flow rate, it has been shown that by employing faster rates during

calcination (under air) larger Au particles were formed in the preparation of Au/Fe>03.!7
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4.2 The effect of the preparation technique on the structure of Au//TiO:

The aim of this study was to prepare Au/TiO> using different methods and to assess the
effect this has on catalyst structure and performance in the alkylation of 2.2 by 2.1. Table 4.1
gives a summary of the catalysts obtained from different preparation and calcination
methods. Note that TEM images were recorded at Imperial College London and all other
catalyst characterisation and calcination was performed by Johnson Matthey Plc, unless
stated otherwise. Three methods (DP, IMP and COL) were used to synthesise as-prepared
catalysts (oven dried only), and to understand the influence of calcination treatments,
different thermal treatment conditions were applied to samples of each of the as-prepared
catalysts. Both the as-prepared catalysts and thermally treated samples were characterised and
screened for their activity (Section 4.3).

The DP method was chosen to assess the effects of using different temperatures (under air
at 300, 500 and 800 °C) and not the IMP method (Table 4.1, entry 1). This is because there is
no washing step involved in the IMP method and residual chloride from the metal precursor
is known to cause agglomeration of Au particles, which is promoted by high temperatures
(Section 4.1.1). To allow for comparisons of the IMP and DP methods, a sample of the
catalyst prepared by the DP method was treated at 300 °C under a reducing atmosphere of
H2/N» (Table 4.1, entries 1 and 3).

The Au/TiO: catalyst prepared by the IMP method (employing the IWI technique) was
calcined under different atmospheres to assess the effects this had on activity (Table 4.1,
entry 3).

To avoid undesired agglomeration, the catalysts prepared using the COL method were
treated with a hot washing step (refluxed at 90 °C for 2 hours) then oven dried at 100 °C for
24 hours (as-prepared). Additional samples were also calcined at a low temperature (200 °C)
under a reducing atmosphere to understand whether thermal treatment is necessary for
activity (Table 4.1, entry 4).

From this point forward, catalysts will be denoted as ‘Au/TiO> (method of preparation)’ for

example, Au/TiO2 (DP).
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TABLE 4.1. Au/TiO: catalysts synthesised using the COL, IMP and DP methods showing the

metal loadings (wt.%) and the thermal treatments employed.

Calcination atmosphere (for 2 hours)

Catalyst Metal As-
Entry loading prepared Air (°C) Ar (°C) H2/N2(°C)
(wt.%)  catalyst
1 Au/TiO2 (DP) 0.3 Yes? 300, 500, 800 - 300
2 Au/TiO; (DP2) 0.6 No - - 300
3 Au/TiO; (IMP) 0.9 Yes* 300 300 300
4 Au/TiO; (COL) 0.9 Yes” - - 200

 Dried in the oven at 100 °C for 24 hours, ® Refluxed at 90 °C for 2 hours then oven dried at 100 °C for 24

hours.

The aim was to prepare catalysts with 1 wt.% loading of Au. It can be seen that the metal
loading for the Au/TiO; (DP) system was much lower than expected (Table 4.1, entry 1). For
this catalyst, a pH of 9 was employed in its synthesis, and it is known that using higher pH
values can cause lower metal loadings (Section 4.1.2).°> 10 Therefore, the procedure was
repeated using a pH of 8, leading to a higher loading of 0.6 wt.% (Au/TiO> (DP2)) (Table 4.1,
entry 2). Catalyst screening was performed using both Au/TiO; (DP) and Au/TiO2 (DP2). As-
prepared Au/TiO; (DP2) was thermally treated under one set of conditions (300 °C under
H2/N;) because as-prepared Au/TiO, (DP) had already been calcined under varying
conditions, and therefore could be used to assess the effects of different thermal treatments.

Au/TiO; prepared by the IMP and COL methods had much higher Au loadings compared
to Au/TiO2 (DP) and Au/TiO, (DP2) (Table 4.1, entries 3 and 4 vs. 1 and 2). Unlike the DP
method there is no washing step involved with these techniques (Section 4.1.1 and 4.1.3)
which could have facilitated in the removal of Au from catalysts prepared by the DP method.
Although direct comparisons between methods cannot be made due to the different Au
loadings and calcination treatments, the effect of thermal treatment and the effect of the
preparation method on the catalyst structure can be made.

TEM images of as-prepared Au/TiO> (DP) and samples treated under the various
conditions (300, 500, 800 °C (air) and 300 °C (H2/N2)) were recorded. Due to the low Au
loading (0.2 wt.%), it was difficult to locate Au particles in samples calcined at temperatures
<500 °C (Figure 4.1 A). However Au/TiO; (DP) treated at 800 °C, revealed significant
sintering of Au particles (Figure 4.1 B), which may be attributed to the high temperature
inducing mobility of the Au particles.
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FIGURE 4.1. TEM images of Au/TiO:> (DP) A) As-prepared (oven dried at 100 °C), B)
Calcined at 800 °C under air for 2 hours.

To gauge if there were any differences in the size of Au nanoparticles for the Au/TiO>
(DP) samples treated under the various calcination conditions, UV-Visible spectroscopy was
performed.

Au nanoparticles exhibit a strong broad absorption band between 400-800 nm in the
UV/Visible region. This originates from surface plasmon resonances (SPR) induced by the
electromagnetic field as a result of the in-phase oscillations caused by the excitation of free
electrons within the conduction band.!'® An absorption band results when the incident photon
frequency is resonant with the collective oscillation of the conduction band electrons.
Changes in Au nanoparticle sizes cause the absorption maxima to shift. As the Au
nanoparticle diameter increases, the light can no longer polarise the nanoparticles
homogeneously, causing a red shift of the plasmon maxima and a broadening of the band.''8
There appears to be no difference in the plasmon band shape and position for the as-prepared
catalyst compared to the samples heated at 300 “C under H2/N; and air (Figure 4.2). It seems
that calcination under reducing conditions makes little difference to the Au particle size. In
contrast, materials calcined at temperatures >300 °C under air have a slight red-shift and
broadening of the plasmon maxima. This corresponds to an increase in the diameter of the Au
nanoparticles, and highlights the importance of keeping calcination temperature <300 °C, for
producing small Au particle sizes. The peak observed for the Au/TiO, (DP) sample calcined
at 800 °C shows a significant red shift and broadening, this agrees with the results from TEM
analysis where large agglomerated particles where found (Figure 4.1 B).
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FIGURE 4.2. UV-Visible spectra of Au/TiO: (DP) samples calcined under different

conditions.

TEM images of Au/TiO2 (DP2) revealed small nanoparticles (mean size of 3.4 nm)
following calcination at 300 °C under Ho/N> (Figure 4.3).
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FIGURE 4.3. TEM image of Au/TiO> (DP2) after calcination (at 300 °C) and the particle
distribution graph showing a mean Au particle size of 3.4 nm (£0.2) (~200 Au particles were

measured).

TEM imaging of the as-prepared Au/TiO> (IMP) catalyst showed that some of the Au
particles did not adhere to TiO», but were found on the TEM microscopy grid (Figure 4.4).
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FIGURE 4.4. TEM images of Au/TiO> (IMP). Red arrows pointing to Au particles.

TEM images of the Au/TiO> (IMP) samples that were calcined under varying conditions
(under Ar, H2/N2 and air for 2 hours at 300 °C) were also recorded, where drastic increases in
Au particle sizes was observed (Figure 4.5 A-C). This was expected due to the poor adhesion
of Au particles in the as-prepared catalyst (Figure 4.4) and the known issues of mobile
chloride species inducing agglomeration of Au particles during thermal treatment (Section
4.1.1).
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FIGURE 4.5. TEM images of Au/TiO> (IMP) calcined under A) Argon, B) H»/N>, C) Air at
300 °C for 2 hours.
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As-prepared Au/TiO2 (COL) exhibited particles with a mean diameter of 2.9 nm (Figure
4.6 A), however growth of the Au particles (mean size of 4.2 nm) was revealed following
calcination at 200 °C (under H»/N>) (Figure 4.6 B). This was anticipated as it has previously
been reported that thermal treatment of Au/TiO2 prepared by the COL synthesis induces Au
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FIGURE 4.6. Particle distribution graphs of Au/TiO: (COL) showing mean Au particle sizes
for A) As-prepared sample (2.9 nm (£0.1)), B) Sample calcined at 200 °C under H2/N: (4.2
nm (£0.1)). (~200 Au particles were measured).

XRD analysis revealed the presence of anatase and rutile TiO» phases in all of the
Au/TiO; catalysts prepared and confirms that calcination treatment has not invoked any
major phase changes from anatase to rutile in the TiO2 support employed (P25-Degussa TiO»,
25% anatase and 75% rutile). This is a common phenomenon associated with TiO> usually
occurring at temperatures from 500 °C.!" 120 There were no diffraction lines for Au species
in any of the patterns, which is most likely because the metal loadings were below the

detection limit for the XRD.
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4.3 Catalyst screening results and analysis

Reactions were performed using an Endeavor® catalyst screening system where up to 8
pressurised reactions can be run in parallel. The batch reactor automatically controls and
maintains the temperature, gas flow and pressure of the 8 individual reactor vessels and ends
the reactions by purging, venting or quenching. The reactor vessels are designed to maintain
an inert seal up to 200 ° C and 34 bar pressure.

In this study, the model system of 2.1 with 2.2 was chosen to test the activity of the Au/TiO2

catalysts (Scheme 4.2) using 2-methyl-2-butanol as the solvent and the conditions outlined in
the scheme below:
NH,
Au/TiO, (0.9 mol%) N

—— N : + H,0
180 °C, 30 min

2.1 22 Under N, 15 bar 23 2.4
05M 05M

OH

SCHEME 4.2. The alkylation of 2.2 with 2.1 for the screening of Au/TiO: catalysts prepared
by the DP, COL and IMP techniques, using a batch reactor.

A reaction temperature of 180 °C was employed in this work as we have previously
demonstrated that this allows for good selectivity.”” As conversion and selectivity was shown
to be independent of pressure, 15 bar pressure was applied so that the mixture remained in the
liquid phase. A Au loading of 0.9 mol% was used in all reactions and 30 minute reaction
times, as preliminary investigations using Au/TiO2 (Strem AUROIlite™) showed that good
conversion and selectivities could be achieved using these conditions (71% conversion of 2.1,
95% selectivity for 2.4).

As a control experiment, TiO> (P25-Degussa) was tested for its activity towards the
reaction. Very low conversion of 2.1 (1%) was achieved, indicating that the presence of metal
is necessary for catalytic activity. The catalyst screening results of the Au/TiO> systems
prepared via the different routes and using different calcination treatments will now be

discussed in turn.
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4.3.1 Au/TiO: prepared by the DP method

As-prepared Au/TiO> has a low TOF and moderate selectivity for amine (2.4) (Table 4.2,
entry 1), which was enhanced following thermal treatment at 300 °C under air (Table 4.2,

entry 2).

TABLE 4.2. Results for the conversion of 2.1 to products for Au/TiO> (DP) and (DP2)

catalysts.
Selectivity (%)
Calcination Conversion TOF
Entry Conditions (%)e (hly? 24 23 PhCHO Toluene
1 As prepared 7 15 67 31 3 0
2 Under air (300 °C) 29 62 8 14 1 0
3 Under air (500 °C) 13 28 84 15 1 0
4 Under air (800 °C) 5 11 75 24 1 0
5 Under H2/N» (300 °C) 32 69 83 16 1 0
6 Au/TiO2 (DP2)° 89 192 95 2 0 3

“ Determined by GC using 4-tert-butylphenol as an external standard, based on 2.1. Results are an average of 2
runs (error = 2%).° TOF (') (moles of benzyl alcohol converted/moles of Au), ¢ Treated under H»/N> at 300 °C
for 2 hours.

This increase in activity could be due to reduction of Au (which is known to occur at
temperatures as low as 100 °C) to form active metallic species. Indeed metallic Ni and Ag
species are known to be essential for activity in the AAA reaction (Chapter 1), 60 66. 67
Using calcination temperatures >300 °C results in a reduction in activity and for material
calcined at 800 °C, a decrease in the selectivity for 2.4 (Table 4.2, entry 2 vs. entries 3 and 4).
This indicates that small Au particles are more active towards the reaction, certainly TEM
and UV-Visible analysis revealed large Au particles for Au/TiO2 (DP) calcined at 800 °C
(Section 4.2).

There does not appear to be any effects of using different thermal atmospheres on
catalytic activity (Table 4.2, entry 2 vs. entry 5), which suggests that the temperature at which
material is calcined is the more important parameter to control.

Overall, the activity of Au/TiO2 (DP) is not impressive, however, Au/TiO, (DP2)
prepared using a lower pH (8), has a very high TOF and selectivity towards the alkylation of
2.2 by 2.1 (Table 4.2, entry 6). In fact, the activity is greater than that of commercially
available Au/TiO: (Strem AUROIite™) tested under the same conditions (71% conversion of
2.1, 95% selectivity for 2.4). The main difference between Au/TiO; (DP) and Au/Ti10; (DP2)
is the Au loading, whereby there is a higher loading of Au in the Au/TiO> (DP2) catalyst (0.6
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wt.% vs. 0.3 wt.%) (Section 4.2). Lower metal loadings result in a higher free TiO; surface
with Au particles sparsely populated on the support and although the same Au mol% was
used in the experiments, the result suggests that close proximity of well dispersed Au atoms
is essential for activity.

It is well known that small Au particles (<5 nm) supported on oxides are very active
catalysts for converting CO to CO2, even below room temperature,'? with the conversion-
temperature plots often referred to as ‘light-off” curves. For an active catalyst, a sudden
increase in activity on heating is observed, due to the exponential dependence of the rate
constant on temperature, followed by a slowing down of the reaction due to depletion of the

t.121

reactan With this in mind, CO oxidation was performed on Au/TiO> (DP) samples to

compare the effect of particle size towards the activity of CO oxidation (Figure 4.7).
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FIGURE 4.7. CO conversion (%) for Au/TiO: catalysts (DP).

Au/TiO2 (DP) calcined at higher temperatures (>300 °C) shows decreased activity, indicated
by the reduction in CO conversion. This is the same trend observed for the alkylation of 2.2
with 2.1 (Table 4.2) and may be ascribed to the larger Au particle sizes found in these
systems (Section 4.2).

As-prepared Au/TiO2 (DP) is the most active catalyst at the onset of the reaction (~50 °C),
however the conversion decreases from 200 °C onwards. This may be due to sintering of Au
particles as higher reaction temperatures were reached. Indeed the slower onset of activity
observed for the calcined catalysts could be due to larger Au particles sizes. Although these

systems are less active than the as-prepared catalyst, samples calcined at 300 °C under air and
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H2/N> show a steady conversion from ~200 °C onwards. It can be postulated that the
calcination treatment has increased the adhesion and stability of Au particles to TiO, thus
reducing the effects of sintering.

Overall, the results highlight the necessity of small Au particles sizes for the AAA
reaction and choosing a suitable pH for the preparation of Au/TiO2 by the DP method.

4.3.2 Au/TiO; prepared the IMP method

In general, the Au/TiO> (IMP) catalysts calcined under varying conditions at 300 °C,
exhibit very poor activity towards the conversion of 2.1 (Table 4.3, entries 1-4). This may be
due to the poor adhesion of Au to TiOz and the large agglomerated Au particles found during
TEM analysis (Section 4.2).

TABLE 4.3. Results for the conversion of 2.1 to products for Au/TiO> (IMP) catalysts.

Selectivity (%)
Entry ((j;:)l;g;:it(:zg COI::,;?);:IOH ;l;g)li 24 2.3 PhCHO Toluene
1 As prepared 5 11 75 24 1 0
2 Under air (300 °C) 3 6 91 9 0 0
3 Under argon (300 °C) 4 9 92 8 0 0
4 Under H2/N2 (300 °C) 2 4 82 18 0 0

¢ Determined by GC using 4-tert-butylphenol as an external standard, based on 2.1. Results are an average of 2

runs (error = 3%)." TOF (h'!) (moles of benzyl alcohol converted/moles of Au).

The as-prepared sample shows comparable conversion to the calcined catalysts but affords
the lowest selectivity for 2.4 (Table 4.3, entry 1 vs. entries 2-4). Increases in selectivity
following calcination at 300 °C (under air and H2/N;) was also observed for Au/TiO:
prepared by the DP method, and was attributed to the formation of active metallic Au species
(Section 4.3.1).

There does not appear to be any differences in activity between samples calcined under
air and argon (Table 4.3, entries 2 and 3), however thermal treatment under a reducing
atmosphere (H2/N>) resulted in a decreased selectivity for 2.4 (Table 4.3, entry 4). A logical
explanation for this is that slightly larger Au particles were present in this sample. This is
supported by the reduction in the selectivity for 2.4 observed for Au/TiO> (DP) calcined at
800 °C (Table 4.2, entry 4), which was shown to have large Au particle sizes present (Section
4.2).
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CO-oxidation experiments were performed; however all of the Au/TiO> (IMP) catalysts
were found to be inactive, which is not surprising given the large Au particles present.

In summary, the IMP method is not a suitable technique for the preparation of active
materials for the AAA reaction, due to the poor adhesion of Au to TiO; and the tendency for

particles to agglomerate during calcination.

4.3.3 Au/TiO: prepared by the COL method

The activity of as-prepared Au/TiO2 (COL) is practically identical to that of Au/TiO»
(DP2), showing excellent activity towards the formation of 2.4 (Table 4.4, entry 1 vs. Table
4.2, entry 6). This is perhaps not surprising given that the average Au particle sizes were

shown to be ~3 nm for both of these systems (Section 4.2).

TABLE 4.4. Results for the conversion of 2.1 to products for Au/TiO> (COL) catalysts.

Selectivity (%)
Calcination Conversion TOF
Entry Conditions (%) (b1 24 23 PhCHO Toluene
1 As prepared 80 172 96 3 0 1
2 Under H2/N2(200 °C) 66 142 95 3 0 2

® Determined by GC using 4-tert-butylphenol as an external standard, based on 2.1. Results are an average of 2

runs (error = 3%).» TOF (') (moles of benzyl alcohol converted/moles of Au).

To determine whether the reaction conditions induced any changes in Au particle size for the
as-prepared Au/TiO2 (COL), TEM imaging was conducted following a typical reaction
(alkylation of 2.2 by 2.1 at 180 °C for 30 minutes under 15 bar N»). It was shown that on

average Au particle sizes remained to be ~3.4 nm in diameter (Figure 4.8).
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FIGURE 4.8. TEM image of Au/TiO2 (COL) after reaction and the particle distribution

graph showing a mean Au particle size of 3.4 nm (£0.1) (~200 Au particles were measured).
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The TOF decreased substantially from 172 h™! to 142 h™! upon calcining the catalyst
(Table 4.4, entry 2). The detrimental effect of the thermal treatment can be attributed to
increases in Au particle size (4.2 nm), which was confirmed by TEM analysis (Section 4.2).
The enhanced growth in Au particle size obtained during calcination, compared to Au/TiO2
(COL) that had been used in a reaction, could be due to the increased time and temperature
that the sample was subjected to heat for (2 hours at 200 °C vs. 30 minutes at 180 °C).

Overall, the use of a thermal treatment was unnecessary for producing active material by
the COL method and catalysts exhibited comparable activity to analogous systems prepared

by the DP technique.
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4.4 Conclusion

Au/TiO; was prepared using the impregnation (IMP), deposition-precipitation (DP) or
colloidal (COL) methods with samples of these catalysts thermally treated under various
conditions and characterised using a range of techniques.

It was established through ICP analysis that by using a high pH in the DP method low Au

loadings result (0.3 wt.%) but by using a lower pH (8), the Au loading and activity increased.
In fact, one of the most active catalysts was generated in these studies using this method
(Au/TiO2 (DP2)). The Au/TiO2 system prepared by the COL method had comparable Au
particle sizes and activity to that of Au/TiO> (DP2), and although the Au particles exhibited
good stability under the conditions employed, it was suggested that prolonged reaction times
might induce particle sintering. Indeed calcination of this catalyst under reducing conditions
resulted in particles size increases and a reduction in activity. Particle size was also shown to
govern the activity of Au/TiO2 (DP) systems, where high thermal treatment temperatures
(>300 °C) resulted in increased Au particle sizes and reductions in activity and selectivity.
Similarly, TEM analysis revealed significant agglomeration of Au particles in the Au/TiO>
(IMP) catalysts and poor adhesion of Au to TiO>. The as-prepared and calcined systems
(under air, H»/N; and argon) were poorly active in both the CO-oxidation experiments and
the alkylation of 2.2 by 2.1.
While calcination invoked increases in particle size, enhancements in activity was observed
for Au/TiO2 (IMP) and Au/TiO, (DP) catalysts that were treated at 300 °C, when contrasted
against the as-prepared systems. This was attributed to the formation of active metallic Au
species. In general, the calcination atmosphere did not influence catalytic activity.

The studies have highlighted the importance of employing appropriate reaction
conditions, namely pH, when performing the DP procedure and using suitable calcination
temperatures to allow for the formation of small Au particles. Both the DP and COL methods
produced active systems, however future studies could compare the lifetime of Au/TiO»

prepared by the COL and DP methods.
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CHAPTER 5. Investigation of Au supported catalysts for the
AAA reaction

The performance and stability of Au catalysts is known to be greatly dependent on the
structure and interactions between Au and the support.”> *>°7 However there have been only
been a few attempts reported thus far to delineate the role of the support for Au based
catalysts in the AAA reaction (discussed in Section 5.1).

The aims of this Chapter are to synthesise and characterise a variety of Au supported
catalysts and to examine their activity towards the alkylation of 2.2 by 2.1 using the

Endeavor® batch reactor (Section 4.3) (Scheme 5.1).

OH
g \/@ H\Q
Na N
N © Au/Support ©/ Au/Support ©/ + H0
2.1 2.2 2.3

24

SCHEME 5.1. The alkylation of 2.2 with 2.1 for the screening of Au supported catalysts
prepared by the COL and DP techniques, using a batch reactor.

By establishing whether the support contributes to and/or influences catalytic reactivity, the
design of new catalysts will be aided, particularly for more active systems that can operate
under mild conditions. At the same time, it will allow for a better understanding of what
parameters may be important for activity, such as particle size. It was demonstrated in
Chapter 4 that Au/TiOz catalysts prepared by the deposition- precipitation (DP) and colloidal
(COL) methods exhibit very good activity towards the AAA reaction. Therefore, both of
these methods were employed to prepare the various Au supported catalysts in this study.

To provide a background for the studies described in this Chapter, literature reports
investigating the role of the support are discussed (Section 5.1) and following this, the effect

of the support on catalyst structure will be presented (Section 5.2).

103



Chapter 5 Investigation of Au supported catalysts for the AAA reaction

5.1 Background

It is known that small particle sizes are important for catalyst activity in the AAA
reaction.’”® The catalyst support can influence the size of particles generated by reducing the
mobility of metal nanoparticles and the tendency of agglomeration, thus changes in activity
upon altering the support are often ascribed to the particle size effect.'”> However, supports
have been shown to influence the intrinsic activity and selectivity of catalysts by strong-metal
support interactions (SMSI).”> SMSI’s arise when atomic layers of support form across the
surface of metal particles, which can lead to detrimental outcomes on activity due to the
blockage of active sites.”® Yet activity can be enhanced by the presence of special sites at the
perimeter of metal particles, where electronic properties of both the metal and support atoms
can influence the adsorbed species.” '?* Although C and SiO; are commonly used in industry
because of their high surface area, they are considered to afford weak metal support
interactions.!?* In recent years there has been increasing shift towards replacing these
supports with the likes of porous TiO, CeO; and ZrO,, which are believed to lead to stronger
metal-support interactions allowing for increases in activity, selectivity and the lifetime of the
deposited metal particles.!*

Catalyst preparation and calcination methods can invoke variations in Au particle size
when using different supports, especially ones with weak metal-support interactions such as
SiO and C, which often contain aggregated metal particles.'*® Thus the role of the support is
difficult to isolate as it is intertwined with the influence of the metal particle size. Haruta and
co-workers have reported on different Au supported catalysts for the alkylation of 2.2 by 2.1,
where it was found that the selectivity for 2.4 and conversion of 2.1 changed depending on
the support employed.” This was attributed to the hydrogen bonding ability of catalysts,
which was postulated to be important for the adsorption of 2.2, and to differences in the
adsorption of substrates and intermediates on to the catalyst surface. The acid and base
properties of the metal oxide support was thought to be important for the adsorption of
species on the catalyst, which was uncovered by plotting the conversion against the
electronegativity of the metal ions (xi) in the support (Figure 5.1). xi is expressed as
xi=(1+2z) o, where Yo is the Pauling’s electronegativity of the metal element and z is the
valence of metal ions.””> The surface of metal oxides comprises of acidic and basic species,
where the cationic metal centres act as Lewis acid sites and anionic oxygen centres as Lewis
base sites.!?® It was hypothesised that alcohol dehydrogenation requires the presence of basic

sites to abstract the hydroxyl hydrogen from alcohol to form the alkoxide species, and an
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acidic site is needed to remove hydrogen from the alkoxide as a hydride.®" > The plot shows
that the conversion of 2.1 (to products and intermediates from the reaction with 2.2), is
highest for Au supported catalysts with a balance of acidic and basic sites. This suggests that
there is a necessity for a balance of acid-base sites to facilitate the formation of the amine
product and for the adsorption of substrates onto the catalyst surface. It can be suggested that
SMSTI’s have also influenced the capacity for the adsorption of species in these studies due to

the possible migration of support oxide over metal particles.
100 -
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FIGURE 5.1. Relationship between the electronegativity of metal ions (yi) in metal oxide

supports and the conversion of 2.1.7

A direct correlation between the electronegativity of the metal oxide support ions and
alcohol conversion was observed in a separate study investigating the amination of natural
terpene myrtenol with 2.2 on different Au supported systems.!'?” The conversion of myrtenol
was shown to be higher for Au/ZrO> compared to Au/MgO and Au/Al>,Os3, much the same as

in the study presented above.
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5.2 The effect of the support on catalyst structure

Table 5.1 shows the Au supported catalysts synthesised in this study by the COL and DP
methods along with the thermal treatments employed and Au loading results (wt.%). Note
that BET and TEM analysis was conducted at Imperial College London and all other catalyst
characterisation was performed by Johnson Matthey Plc. The Au/TiO> catalysts (Table 5.1,
entry 1), are the Au/TiO> (DP2) and Au/TiO> (COL) systems which have previously been
described in Chapter 4. Catalysts will be denoted as ‘Au/Support (preparation technique)’
from this point forward and the Au/TiO; catalyst prepared by the DP technique as Au/TiO>
(DP2).

TABLE 5.1. Au supported catalysts synthesised by the COL and DP methods showing the

thermal treatments employed and metal loading results.

Deposition-precipitation Colloidal

Thermal Metal Thermal Metal

Entry  Catalyst Treatment Loading Trez:tment Loading

(°C) (Wt.%) (O (Wt.%)
1 Au/TiO; 300¢ 0.6 2004, 100” 0.9
2 Au/C 100? 1.0 100° 0.9
3 Au/HFeO, 300¢ 0.9 2004, 100° 1.0
4 Au/CeO; 300¢ 1.0 200, 100° 0.8
5 Au/a-AlO3 - - 100” 0.3
6 Au/y-AlO3 - - 200, 100° 0.6
7 Au/Si0; - - 100” 0.0

¢ Under Ho/N> for 2 h, ® Oven dried for 24 hours (as-prepared).

Additional catalysts were synthesised using the COL method as opposed to employing the
DP technique (Table 5.1, entries 5-7) due to the greater control of Au particle size by
depositing pre-formed particles (Section 4.1.3). The COL method is commonly employed as
aggregate growth can be avoided by depositing pre-reduced Au.'?® The DP technique does
not work well for the synthesis of SiO2 supported catalysts, because the high pH conditions
required to hydrolyse HAuCls induces weak interactions between the negatively charged
SiO; surface and [Au(OH),Clsn]” species, which remain in solution.'?® Likewise, it is not the
most effective route for the preparation of small Au particles sizes on carbon due to the
hydrophobic nature of the support and low density of surface OH groups.'?? In this study both
the DP and COL were employed for synthesis of Au/C catalysts for comparison purposes
(Table 5.1, entry 2).
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The aim was to prepare catalysts with 1 wt.% loading of Au. Apart from Au/TiO. (DP2),
Au/a-Al,O3 (COL), Au/y-Al,O3 (COL) and Au/SiO2 (COL), (Table 5.1, entries 1, 5, 6 and 7),
the metal loadings achieved were close to the expected value. It is known that Au loadings
can be increased by using a higher pH in the preparation of Au/TiO2, by the DP method,
however this also results in larger Au particle sizes (Section 4.1.2). The low Au loading for
Au/SiO; (COL), Au/a-AlO3 (COL) and Au/y-Al,O3 (COL) (Table 5.1, entries 5, 6 and 7) can
be explained by the choice of surfactant (1 wt.% poly vinyl alcohol, PVA).!** PVA has been
shown to be an unsuitable surfactant for SiO, and Al,O3 supported catalysts in a previous
study, with the primary problem being the strong dependency on the concentration of Au for
efficient immobilisation.!?® Due to the absence of Au on SiO», studies were not progressed
further with this catalyst.

The COL method employed relies on a washing step (refluxing material at 90 °C for 2
hours) to remove PVA. In order to determine whether the surfactant had been removed,
elemental analysis (carbon, hydrogen and nitrogen) was conducted (performed by London

Metropolitan University analytical department) (Table 5.2).

TABLE 5.2. CHN analysis of Au supported catalysts synthesised using the COL method.

Entry Catalyst Carbon (wt.%)
1 Au/TiO2 (COL) <0.1
2 Au/a-AlO3 (COL) <0.1
3 Au/y-AlO3 (COL) <0.1
4 Au/C (COL) N/A
5 Au/HFeO, (COL) 0.4
6 Au/Ce0O, (COL) 0.5

Very low amounts of carbon was present in the Au/TiO; (COL) and Au/ALOs (y and o)
(COL) catalysts (Table 5.2, entries 1-3), which implies that the reflux method has been
successful in removing PVA from these systems. For Au supported on HFeO> and CeO; it
was found that roughly 50% of carbon was still present (Table 5.2, entries 5 and 6), due to
residual PVA. As a result, these catalysts were calcined (under H»/N> at 200 °C for 2 hours),
as this has been demonstrated to be an effective technique for the removal of PVA.!!?
However, it can also cause increases in Au particle size, as demonstrated by Au/TiO2 (COL)
(Section 4.2). In order to compare differences in activity between calcined and as-prepared
(oven dried only) catalysts, Au/y-AlbO3 (COL) was also calcined under the same conditions
and tested for its activity (Table 5.1, entry 6). As-prepared Au/C (COL), Au/a-Al,O3 (COL)
and Au/Si0; (COL) (Table 5.1, entries 2, 5 and 7) were not thermally treated because of the
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known difficulties in the preparation of small Au particle sizes using these supports and the
particle growth that high temperatures can induce. Similarly, Au/C (DP) was not calcined for
the same reasons. The other catalysts prepared by the DP method were calcined under
reducing conditions at 300 °C, (Table 5.1, entries 1, 3 and 4) as this was shown to produce the
most active Au/Ti0; catalyst in Chapter 4.

BET analysis was conducted on the as-prepared catalysts synthesised by the COL method
(Table 5.3, entries 1-6). The surface area of Au/TiO2 (COL) is in good agreement with
commercially available Au/TiO> (Strem AUROIlite™) (47 m? g!) (Table 5.3, entry 1).”
Likewise the values obtained for Au/Al,Os (y and o) (COL), Au/CeO> (COL) and Au/HFeO»
(COL) are close to values reported in the literature (Table 5.3, entries 2-5).'*!"1** The surface
area of Au/C (COL) was lower than expected (Table 5.3, entry 6); activated charcoal
generally has surface areas in the region of 700-1600 (m? g).13%13¢ It can be suggested that
PVA has adhered to the support resulting in a lower than expected value or the charcoal

support used (GSX) has an inherently low surface area.

TABLE 5.3. BET surface area measurements of Au supported catalysts prepared by the COL

method.
Entry Catalyst BET surface area (m? g!)
1 AWTiO; (COL) 55 (20.20)
2 Au/HFeO; (COL) 16 (£0.03)
3 Auw/CeO; (COL) 242 (£1.25)
4 Aw/a-ALO; (COL) 13 (20.01)
5 Au/y-ALOs (COL) 141 (£0.20)
6 Au/C (COL) 689 (+7.00)

TEM imaging and particle size measurements of the as-prepared Au/TiO2 (COL), Au/C
(COL), Au/y-AlLO3 (COL) and Au/HFeO, (COL) catalysts revealed small mean Au particle
sizes between 3-4 nm (Figure 5.2 A-D) compared to the Au/a-Al,O3; (COL) system (6.5 nm)
(Figure 5.2 E). Small Au particles (3-4 nm) as well as very large aggregated Au species (up
to 34 nm) where found on Au/a-Al,O3; (COL), which is contrast to the narrow size
distribution observed for Au/y-Al,O3z (COL) (mean Au particles size of 2.6 nm). The
differences can be attributed to the much smaller surface area of a-Al,O3; compared to -
ALO; (Table 5.3, entry 4 vs. entry 5). This is supported by the same observation and

conclusion being reached in a separate study for the preparation Au supported on a-Al,03.'*’
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It was difficult to observe Au particles in the Au/CeO> (COL) sample due to the poor contrast

between the dense support and Au species, and therefore particle size measurements were not

possible.
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FIGURE 5.2. Particle size distribution graphs of as- prepared A) Au/TiO> (COL), B) Au/C
(COL), C) Au/y-Al,0O3 (COL), D) Au/HFeO: (COL), E) Au/a-Al>0;3 (COL). (~200 Au particles

were measured)
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Small and evenly distributed Au particles were found in the Au/TiO> (DP2) sample (mean
size of 3.4 nm) (Figure 5.3 A). Large (up to 13 nm) and small (2-3 nm) Au particles were
observed in the Au/HFeO, (DP) catalyst with a mean Au particle size of 4.8 nm (Figure 3 B).
TEM imaging of Au/C (DP) revealed the presence of large (up to 39 nm) and small Au
particles with a mean particle size of 15.4 nm (Figure 5.3 C). The formation of large Au
species on this support is not unexpected, because as highlighted earlier, the DP method is
not the most effective technique for the preparation of Au/C due to the hydrophobic nature of
this support. Compared to the DP method, the COL method allowed for better control of
particle size for this system, likely due to the deposition of pre-formed reduced Au particles.

Similar to the Au/CeO; catalyst prepared via the COL method, it was very difficult to
observe Au particles in the Au/CeO> (DP) system due to the poor contrast between the dense

support and Au species, and therefore particle size measurements were not possible.
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FIGURE 5.3. Particle size distribution graphs of A) Au/TiO> (DP2), B) Au/HFeQO: (DP), C)
Au/C (DP) (~200 Au particles were measured).
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5.3 Catalyst screening results and analysis

The model system of 2.1 with 2.2 was chosen to test the activity of the Au supported

catalysts using the Endeavor® batch reactor using the same conditions as those employed in
Chapter 4 to allow for the comparison of results (Scheme 5.2).
NH,
Au/Support (0.9 mol%) N

HNQ
- H,0
180 °C, 30 min

2.1 9.5 Under Ny, 15 bar 2.3 2.4
05M  05M

OH

SCHEME 5.2. The alkylation of 2.2 with 2.1 for the screening of Au supported catalysts
prepared by the COL and DP techniques, using a batch reactor.

As a control experiment, supports were tested for their activity towards the reaction in the
absence of Au. Very low conversions of 2.1 (1-2%) was achieved for TiO>, HFeO; and C,
whereas CeO; gave a slightly higher conversion of 2.1 (7%) to 2.3 and 2.4. The acid-base

properties and abundance of oxygen lattice vacancies in CeQ5!*

may have been factors
which enhanced the conversion of 2.1, particularly for the first step in the reaction whereby
the alcohol is oxidised to the carbonyl species. Overall, the results indicate that the presence

of metal is integral for catalytic activity.
5.3.1 Au supported catalysts prepared by the DP method

Catalytic screening of the Au supported catalysts prepared by the DP method revealed
that the TOF and selectivity is significantly varied upon altering the catalyst support (Table
5.4).
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TABLE 5.4. Results for the conversion of 2.1 to products for Au supported catalyst prepared
by the DP method.

Selectivity (%)

Conversion TOF

Entry Catalyst (%) (hlyp 24 2.3 PhCHO Toluene
(1]
1 | AWTiO: (DP2) 89 192 95 2 0 3
2 | AwHFeO; (DP) 47 101 90 9 1 0
3 | Au/C (DP) 1 2 19 58 23 0
4 | Au/CeO; (DP) 15 32 86 12 2 0

¢ Determined by GC using 4-tert-butylphenol as an external standard, based on 2.1. Results are an average of 2

runs (error £ 2%).» TOF (') (moles of benzyl alcohol converted/moles of Au).

Au/TiO2 (DP2) was the most active and selective system tested, followed by Au/HFeO> (DP)
which showed good selectivity but a moderate TOF (Table 5.4, entries 1 and 2). Au/TiO2
(DP2) had a mean Au particle size of 3.4 nm and a narrow particle size distribution; whereas
Au/HFeO: (DP) had both large and small Au particle sizes present (Section 5.2). The mixture
of particle sizes could explain the lower TOF afforded compared to the Au/TiO> (DP2)
catalyst, as small particle sizes are known to be more active in the AAA reaction.”” This is
supported by the low activity obtained for Au/C (DP) (Table 5.4, entry 3) which had a mean
Au particle size of 15.4 nm (Section 5.2). The selectivity for 2.4 achieved by Au/C (DP) was
very low, which may highlight the necessity of having small particle sizes to facilitate the
reduction of 2.3. Indeed, the decrease in selectivity for 2.4 of the Au/TiO; catalyst (prepared
by the DP method) following calcination at 800 °C (described in Chapter 4) was attributed to
increases in Au particle size.

Justifying the low TOF value afforded by Au/CeO; (DP) (Table 5.4, entry 4), i.e. whether
a support or particle size influence is in effect, was not possible due to the fact that the Au
particle sizes could not be determined (Section 5.2). Given that the trend observed thus far
shows that small particle sizes lead to higher selectivities and conversions, it is not
unreasonable to assume that a mixture of small and large Au particles were present in the
Au/CeO; (DP) catalyst. As the bare CeO: support was shown to convert 2.1 to products and
intermediates (7%) it can be suggested that the support plays a role in catalysing the reaction
perhaps through SMSI’s. Apart from Au/CeO; (DP), it was difficult to comment on whether
SMSTI’s were involved in catalysing the reaction for the other Au supported materials due to
the varied Au particle sizes. To distinguish whether the differences in conversion could be
attributed to changes in Au particle size, the TOF was plotted against the mean Au particle
size for Au/TiO, (DP2), Au/HFeO, (DP) and Au/C (DP) (Figure 5.4).
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TOF (h!) vs. mean Au particle size (nm)
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FIGURE 5.4. TOF versus mean Au particle size for the Au supported catalysts. Note that the

trend line is a guide and does not have any quantitative significance.

A relationship of decreasing TOF with increasing particle size was revealed, indicating that
variations in activity was influenced by changes in Au particle size. This implies that the

main function of the support is to prevent Au agglomeration.
5.3.2 Au supported catalysts prepared by the COL method

As-prepared (oven dried at 100 °C for 24 hours) and calcined catalysts (under H2/N at
200 °C for 2 hours) were screened for their activity towards the amination of 2.2 with 2.1, the
results for calcined catalysts are shown in parenthesis.

It was found that conversion and selectivity varies significantly upon changing the catalyst

support for the as-prepared systems (Table 5.5)
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TABLE 5.5. Results for the conversion of 2.1 to products for Au supported catalyst prepared
by the COL method.

Selectivity (%)
Conversion TOF
Entry Catal?/sts (%) (b 2.4 2.3 PhCHO Toluene
: o, 80 69 1 12 9% 99 3 3 0 O 1 ()
) A‘l(/(Vj‘(;AL%O} 84 (7)) 181 (153 95 (93 4 (9 1 (D 1 (2
3 | AWC(COL) 1 ; 2 - 8 - 64 - 0 S
Au/a-Al O3
4 (coL) 6 - 13 - @2 - - 1 - 1 -
s Al(lél‘(l)Ff)Oz 41 (54 88 (116) 19 (81) 16 (12) 2 () 3 (6)
6 oy ey W @0 % (7 2 a4y 2 (W 0 @

¢ Determined by GC using 4-tert-butylphenol as an external standard, based on 2.1. Results are an average of 2
runs (error = 3%).” TOF (h'!) (moles of benzyl alcohol converted/moles of Au). Calcined catalyst results shown

in parenthesis.

As-prepared Au/y-AlO; (COL) and Au/TiO; (COL) afforded the largest TOF’s and
selectivities with similar activities (Table 5.5, entries 1 and 2). This can be attributed to the
small mean Au particle sizes (~3 nm) in these samples. Following calcination, the conversion
of these two systems decreased (Table 5.5, entries 1 and 2); however, the selectivity for 2.4
remained constant. In previous work in Chapter 4 the decrease in activity of the Au/TiO>
(COL) after calcination was attributed to increases in the mean Au particle size (from 2.9 nm
to 4.2 nm) and thus it can be postulated that sintering has also occurred in the Au/y-Al,Os
(COL) catalyst.

As-prepared Au/C (COL) had a mean Au particle size of 3.4 nm; however, it did not
exhibit comparable activities to that achieved by Au/y-AlbO3 (COL) and Au/TiO> (COL)
(Table 5.5, entry 3 vs. entries 1 and 2). Agglomeration of Au particles could have occurred
during the alkylation of 2.2 with 2.1, which could explain this result. Therefore, TEM
analysis was conducted of Au/C (COL) and the other as-prepared catalysts following the
reaction (Table 5.6 and Figure 5.5). The mean Au particle size remained stable for Au/y-
ALO; (COL), Au/TiO2 (COL), and Au/HFeO, (COL) (Table 5.6, entries 1-3) with a slight
increase in particle size for Au/a-Al,O3 (COL) (Table 5.6, entry 4). However, substantial
growth of Au was revealed for the Au/C (COL) catalyst following the reaction (Table 5.6,
entry 5). This may be attributed to the hydrophobic nature of the support and the known weak

metal support interactions of carbon.'?% 13
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TABLE 5.6. Mean Au particle sizes (nm) before and after the reaction of 2.1 with 2.2 for as-

prepared colloidal catalysts.

Entry Catalyst Before reaction (nm)  After reaction (nm)
1 Au/y-ALO3 (COL) 2.6 (£0.1) 3.2(x0.1)
2 Au/TiO; (COL) 29(x0.1) 3.4 (+0.1)
3 Au/HFeO; (COL) 3.7(=0.1) 43 (£0.2)
4 Av/a-Al,O3 (COL) 6.5(+0.3) 8.4 (+0.5)
5 Au/C (COL) 34(£0.2) 8.7 (£0.1)
6 Au/CeO; (COL)* - -

* Particle size measurements were not possible due to the poor contrast between Au and the support.
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FIGURE 5.5. Particle size distribution graphs of A) Au/y-Al>O3 (COL), B) Au/TiO: (COL),
C) Au/HFeO:> (COL), D) Au/C (COL), E) Au/a-Al:O3 (COL), following the alkylation of 2.1
with 2.2 (180 °C, 15 bar, under N> for 30 min). (~200 Au particles were measured).
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The low TOF and selectivity generated by Au/a-AlbO3 (COL) (Table 5.5, entry 4) is not
surprising given the large aggregates of Au observed by TEM analysis (mean particle size 6.5
nm) (Section 5.2).

Although small Au particle sizes were present in the as-prepared Au/HFeO, (COL)
catalyst (3.7 nm), with no increases in size following the reaction (Table 5.6, entry 3), the
selectivity for 2.4 was reduced compared to the same system synthesised by the DP method
(79% vs. 90%) (Table 5.5, entry 5 vs. Table 5.4, entry 2), which had a mean particle size of
4.8 nm. The lower conversion afforded by Au/HFeO> (COL) could be due to residual PVA
covering active sites. Indeed it was shown by CHN analysis that ~50% of carbon, was still
present following the catalyst washing step (Section 5.2). Calcination was conducted to help
facilitate the removal of PVA, which appears to have been successful as the conversion and
selectivity for 2.4 increased (Table 5.5, entry 5).

Au/CeO3 also had ~50% carbon present following the washing step, however the calcined
sample generated a lower conversion and selectivity for 2.4 (Table 5.5, entry 6), which could
be due to the sintering of Au particles. Overall the activity of Au/CeO> (COL) was much
higher in contrast to the analogous system made by the DP method (Table 5.5, entry 6 vs.
Table 5.4, entry 4), thus it can be suggested that larger Au particle sizes were present in the
Au/CeO; (DP) catalyst. Certainly, the TOF decreases as the mean Au particle size increases
(prior to the reaction) (Figure 5.6). Note that significant agglomeration of particles was found

following the reaction using Au/C (COL), hence the low TOF (Figure 5.6).
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FIGURE 5.6. TOF versus mean Au particle size for the Au supported catalysts. Note that the

trend line is a guide and does not have any quantitative significance.
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As well as small particle sizes being integral for catalytic activity, it was postulated that a
balance of acid-base support sites is important for the adsorption of substrates and formation
of amine product in the AAA reaction (described in Section 5.1).”” A volcano type
relationship between the electronegativity of the metal support and conversion of alcohol was
observed in these studies. In order to see whether the same trend is found in this study, the
conversion of 2.1 afforded by as-prepared COL systems was plotted against the
electronegativity of the metal support metal (yi) (Figure 5.7).
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FIGURE 5.7. Relationship between the electronegativity of metal ions (yi) in metal oxide

supports and the conversion of 2.1.

A strong volcano type relationship was not observed in this work, and the activity seems to
be mainly as a result of the Au particle size rather than the acid-base properties of the
support. This is because the highest conversion was achieved using Au/TiO, (COL) and
Au/y-AlO3 (COL), both of which had the smallest mean Au particle sizes (~3 nm) and
appear at the top of the chart and Au/HFeO, (COL) which had slightly larger Au particles (~4
nm) appears in the middle of the chart. The acid-base sites could potentially be facilitating the
reaction, however working alongside Au, because it was shown that in the absence of metal,
the majority of the supports were inactive for the alkylation of 2.2 with 2.1 (Section 5.3).

The selectivity of the catalysts also seems to be a function of Au particle size, with
smaller particles being more selective for 2.4. Hydrogen temperature programmed desorption
(H-TPD) was conducted (by Johnson Matthey Plc analytical department) to compare whether
there were any differences in the binding of H» to the different as-prepared Au supported
COL catalysts. The binding strength of H> on the catalyst surface is an important parameter to
take into consideration for the reduction of imine in the AAA reaction. It can be imagined

that decreases in the selectivity for 2.4 could arise for catalysts that bind H> too weakly or
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strongly. In order to produce a crude binding energy, the peak integration values from H-TPD
analysis were multiplied by the peak desorption temperatures, this was then compared against

the selectivity for 2.4 (Figure 5.8, Table 5.7).
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FIGURE 5.8. Comparison of binding energy versus selectivity for 2.4 for the Au supported

catalysts.

TABLE 5.7. Comparison of binding energy versus selectivity for 2.4 for the Au supported

catalysts.
Entry Catalyst Binding energy (uV K) % Selectivity for 2.4

1 Au/TiO2 (COL) 36136 96
2 Au/y-ALO3 (COL) 29610 95
3 Au/C (COL) 0 8

4 Avu/a-AlLO3 (COL) 928 74
5 Au/HFeO; (COL) 4108 79
6 Au/Ce0O; (COL) 11231 96

As the selectivity for 2.4 increases, so the Hz binding strength. The Au/TiO2 (COL) and
Au/y-AlbO3 (COL) catalysts, both of which had the smallest mean Au particle sizes (~3 nm)
and highest selectivities for 2.4 (Table 5.7, entries 1 and 2), displayed the strongest affinity
for Ho. Whereas Au/C (COL), which exhibited agglomeration of particles following the
reaction (mean particle size of 8.7 nm), and Au/a-Al,O; (COL), which had large particle
sizes prior to the reaction (mean particle size of 6.5 nm), afforded the lowest H> binding
strengths and selectivities for 2.4 (Table 5.7, entries 3 and 4). Overall, the results suggest that

the selectivity is a function of H> binding efficiency, which seems to be inherently related to
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the Au particle size. Indeed, a Au particle size dependency has been reported for H>
chemisorption, where it was suggested that only Au surface atoms of low coordination
number form Au-H complexes. !4

Au/HFeO, (COL), which had a mixture of small and large Au particles (Section 5.2), shows a
fairly low H; binding strength (Table 5.7, entry 5). Even though Au/CeO, (COL) had
comparable selectivity for 2.4 to that of Au/TiO, (COL) and Au/y-Al,O3; (COL) (Table 5.7
entry 6 vs. entries 1 and 2), the H> binding strength was significantly lower. Particle
measurements were not possible with this system; however, a high selectivity indicates that
small particles were present. CHN analysis did indicate that PVA was still present in this
sample, which could be the reason for the reduced binding strength.

In order to assess the stability of Au particles on the support, as-prepared catalysts were
used for the alkylation of 2.1 with 2.2 (180 °C, 30 minutes, 15 bar under N2, 0.9 mol% Au),
the catalyst was then filtered and the resulting solution subjected to ICP analysis.

Very low levels of Au was detected for all the systems analysed (Table 5.8, entries 1-6), if all
Au species leached into the solution a value of 100% would be expected. This confirms the

stability of Au to the various supports during the reaction.

TABLE 5.8. ICP results showing the % of Au leached for as-prepared Au supported catalysts
following the alkylation of 2.1 with 2.2.

Entry Catalyst Au that was found in solution (%) ppm
1 Au/TiO; (COL) 0.1 0.02
2 Au/C (COL) 0.1 0.03
3 Au/HFeO; (COL) 0.2 0.04
4 Au/CeO; (COL) 0.3 0.05
5 Au/0-Al,03 (COL) 0.2 0.03
6 Au/y-AlLOs (COL) 0.1 0.02

Similar to the conclusion drawn for the catalytic screening of materials prepared by the
DP method, the variations in activity seem to be influenced by changes in Au particle size;

implying that the main function of the support was to prevent Au agglomeration.
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5.4 Conclusion

Overall, the differences in activity of the various catalysts synthesised by the DP and
COL method was attributed to variations in Au particle size. It was shown that the larger the
Au particles were, the lower the conversion and selectivity for 2.4. The reduction in
selectivity for catalysts prepared by the COL method was shown to be correlated to the H»
binding efficiency, which was postulated to be inherently related to the Au particle size. This
is because catalysts exhibiting larger Au particles showed a decreased affinity for H> and a
lower selectivity for 2.4. Thus, the results indicate that small Au particles are important for
the binding of H» and accordingly, the reduction of 2.3.

Due to the differences in particle size, it was difficult to establish whether the support was
influencing catalytic activity as it is by nature interlinked with controlling the Au particle
size. There was no correlation between alcohol conversion and the metal ion support
electronegativity (which is a function of support acidity) observed for catalysts prepared by
the COL method. It can be suggested that that the acid-base sites of the supports facilitate the
reaction but working alongside Au (basic sites for the dehydrogenation of 2.1 and acid sites
for the formation of 2.4) because in the absence of metal, the majority of the supports were
inactive for the alkylation of 2.2 with 2.1. CeO: was active to a degree for the conversion of
2.1 (7 %) confirming that in some cases the support can take an active role in the reaction,
perhaps through SMSI’s, rather than acting as an inert particle stabiliser.

The DP method was unsuitable for forming small Au particles on carbon resulting in an
inactive catalyst. The COL method was successful in preparing small Au particles with
similar sizes for the majority of the systems, including Au/C. However, sintering of Au
particles occurred during the reaction for this system. Similarly, it was found that Au
agglomerated on 0-AlOs, likely due to the low surface area of this support. Thus in terms of
designing a suitable catalyst for the AAA reaction, a support that prevents agglomeration of
Au particles during the reaction and catalyst synthesis is important. In this context, Au/Ti10>
(prepared by the COL and DP method) and Au/y-Al,Os (prepared by the COL method) were
shown to be the most active systems tested for the formation of 2.4 with stable Au particles,
therefore TiO2 and y-Al>O3 are suitable supports for preparing Au catalysts to employ in the
AAA reaction.
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CHAPTER 6. Investigation of Au bimetallic and metal titania
catalysts for the AAA reaction

As described in Chapter 1, there have been numerous heterogeneous catalysts reported for

the AAA reaction. However, many of these processes are limited by their poor selectivity and
high temperatures required (up to 400 °C) which can prevent their application for the
synthesis of thermally-sensitive molecules (Chapter 1).
Previously, it has been demonstrated that Au/TiO; catalyses the selective transformations of a
variety of amines and alcohols.”” In this Chapter, other catalysts were examined, with the aim
to discover if there is an alternative that may be more active and/or more cost effective.
Bimetallic catalysts containing Au, as well as other metal catalysts supported on TiO>, were
synthesised and characterised. Their ability to facilitate the formation of C-N bonds in the
alkylation of 2.2 by 2.1 was subsequently assessed in parallel using the Endeavor® batch
reactor (Section 4.3) (Scheme 6.1).

NH2 \/@ H\/@
Na N
MITiO, @ M/TiO, @ + H,0
Au M/T102 Au M/T102

24

SCHEME 6.1. The alkylation of 2.2 with 2.1 for the screening of M/TiO> and Au.M/TiO:

catalysts, using a batch reactor.

A background for the choice of the metals, preparation technique and support selected is
presented next, with the following Sections showing results from the characterisation and

catalytic screening of the M/TiOz and Au,M/TiO> systems.
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6.1 Background

The hydrogen borrowing mechanism constitutes two redox transformations. Namely, the
oxidation of alcohol to form the carbonyl species and the reduction of imine to afford the
amine product. Therefore, it is essential to select a metal that can facilitate both of these
transformations in the design of a new catalytic system. In light of the broad applicability of
Au/TiO; for the AAA reaction, other metals supported on TiO> from Group 11 (Cu and Ag)
were chosen to be synthesised in this study to determine if they also exhibited activity for this
reaction. Metals from Group 10 were selected (Pt, Pd and Ni) as they are known to be active
towards oxidation and hydrogenation reactions,”” 41150 both of which are vital steps in the
AAA reaction. Group 9 metals are already known to be active in the AAA reaction in the
homogeneous form (Ru, Rh and Ir) (Chapter 1), and therefore were included in this study.
Trends in periodicity are well known and metals from the d-block are widely employed in
heterogeneous catalysis due to the range of oxidation states that can be achieved. It is of
interest to analyse whether trends in activity are found, for example, whether increases in
activity and metal stability are observed on descending a group due to the higher melting
points and stability of oxidation states.

Au bimetallic catalysts, incorporating metals from Group 9, 10 and 11 were also
supported on TiO; in order to see if the catalyst performance could be enhanced by
introducing an additional metal. Indeed, there have been numerous investigations where Au
bimetallic catalysts have been employed as a means of improving results. It was found that
the addition of a second metal enables intrinsic problems related to Au to be overcome, such
as the aggregation and sintering of nanoparticles at high temperatures. !

The selection of an appropriate support and method of synthesis are also fundamental
considerations when designing a catalyst. In this study, catalysts were supported on TiO> and
prepared primarily using the deposition-precipitation (DP) method. Spray drying (SD) was
deployed for the synthesis of additional Cu/TiO> catalysts (Section 6.4), because Au
supported systems made by this technique were shown to be active and selective for the
formation of 2.4 (Chapter 4 and 5). Furthermore, there exists a strong metal-support

interaction (SMSI) between TiO> and many metals (Chapter 5).!%% 153
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6.2 M/TiO: catalyst characterisation

Note that all catalyst characterisation and calcination was performed by Johnson Matthey
Plc unless stated otherwise. Table 6.1 shows the M/TiO; catalysts prepared in this study by
the DP method and their metal loading. The aim was to prepare systems with a 1 wt.% metal
loading and it can be seen that for all catalysts synthesised the loadings reached the expected

value or were close to it (Table 6.1, entries 1-8).

TABLE 6.1. M/TiO: catalysts synthesised showing the metal loading results.

Entry Catalyst Metal loading (wt.%)
1 Cu/TiO2 1.0
2 Ni/TiO2 1.0
3 Co/Ti0, 1.0
4 Ag/TiO2 0.8
5 Rh/TiO; 1.0
6 Pd/TiO> 0.9
7 Pt/TiO2 1.0
8 Ir/TiO, 1.1

It was shown in Chapter 4 that high calcination temperatures (>300 °C) can cause particle
sintering in Au/TiO», thus choosing a suitable pre-treatment is essential. The catalysts were
calcined at 300 °C under a H2/N; atmosphere to reduce the effects of particle agglomeration.
As-prepared (dried in the oven at 100 °C for 24 hours) catalysts were also assessed for any
differences in conversion and/or selectivity.

TEM images of calcined catalysts were recorded and for several systems, images of the
as-prepared materials were taken to determine whether the calcination treatment invoked any
changes in particle size. However, for all of the catalysts it was difficult to differentiate
between the support and metal nanoparticles due to the low contrast. This was observed for
the calcined Ir/Ti0; catalyst in particular (Figure 6.1 A), where the Ir particles are highlighted
in red, confirmed by elemental dispersive x-ray analysis (EDX). This has been reported
previously for Ir/TiO2, where it was concluded that, as a consequence of the SMSI’s, the
calcination procedure invoked partially reduced TiO2 moieties to cover Ir particles causing
difficulties in distinguishing metal species.!>*

The large dark structures highlighted by yellow arrows are likely to be TiO> crystals. This is
supported by a TEM image of TiO, (P25 Degussa) presented in the literature, showing

regions of dense TiO: crystal structures (Figure 6.1 B).!>®
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FIGURE 6.1. A) Calcined Ir/TiO: and B) TEM photograph of TiO: (P25-Degussa) from the

literature.’>>

In contrast, TEM imaging of the calcined Ag/TiO: catalyst showed that a considerable
amount of Ag particles did not adhere to TiO2, but were instead found deposited on the TEM
microscopy grid (Figure 6.2). This result can be explained by the TEM sample preparation
method, whereby the catalyst is initially suspended in solvent before being transferred onto
the microscopy grid. This slight washing effect may have freed any loosely bound Ag
particles from the support.

FIGURE 6.2. TEM photograph of calcined Ag/TiO> showing leached Ag species on the TEM
grid.

XRD analysis revealed the presence of anatase and rutile TiO2 phases in the calcined
forms of all catalysts, confirming that calcination treatment has not invoked any major phase
changes (from anatase to rutile) in the TiO support employed (P25-Degussa TiO2, 25%
anatase and 75% rutile). This is a common phenomenon associated with TiO2, usually
occurring at temperatures from 500 °C.!'% 20 There were no diffraction lines observed for
metal species in any of the patterns, which is most likely because the metal loadings were

below the detection limit for the XRD.
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6.3 M/TiO: screening results and analysis

The model system of 2.1 with 2.2 was chosen to test the activity of the metal supported
catalysts employing the Endeavor® batch reactor and using the same general conditions as
those employed in Chapter 4 and 5 to allow for the comparison of results (Scheme 6.2).

0.2 wt.% of metal was used in the experiments, thus turnover frequencies (TOF, h'') based on

normalise the results.

the moles of benzyl alcohol converted by per mole of metal have been calculated to
NH,
Metal/TiO, (0.2 wt.%) N

—_— N : + H,0
180 °C, 30 min

2.1 22 Under N,, 15 bar 23 2.4
05M 0.5M

OH

SCHEME 6.2. The alkylation of 2.2 with 2.1 for the screening of M/TiO: catalysts prepared
by the DP technique, using a batch reactor.

As mentioned in Chapter 4, bare TiO; exhibited very low conversion of 2.1 (1-2%) under
these conditions. The Au/TiO; catalyst prepared by the DP method in Chapter 4 (Au/TiO>
(DP2)) was used as a benchmark to compare the activity of the M/TiO; catalysts against.
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6.3.1 Group 9: M/TiO: screening results

It can be seen that Au/Ti0, was the most active catalyst in terms of its selectivity for 2.4

and turn over frequency (TOF) (Table 6.2, entry 1 vs. entries 2-7).

TABLE 6.2. Results for the conversion of 2.1 to products for the calcined and as-prepared
M/TiO: catalysts.

Selectivity (%)
Entry Catalyst CO‘;ZZ‘;"’“ (Th(f)lf, 2.4 23  PhCHO Toluene
1 Au/TiOz 89 192 95 2 0 3
2 Rh/TiO; 97 109 39 18 0 41
3 Rh/Ti0; calc. 97 109 39 15 0 46
4 Co/TiOs 2 1 52 39 0 9
5 Co/TiO; calc. 1 0 22 28 0 50
6 Ir/TiO; 5 11 18 80 1 0
7 Ir/Ti07 calc. 47 99 76 19 1 4

¢ Determined by GC using 4-tert-butylphenol as an external standard, based on 2.1. Results are an average of 2

runs (error = 2%).> TOF (h'!) (moles of benzyl alcohol converted/moles of metal).

Although both the as-prepared and calcined forms of Rh/Ti0O: exhibited excellent TOF’s
(Table 6.2, entries 2 and 3), the selectivity for 2.4 was poor and toluene was formed as a by-
product in significant quantities (by the disproportionation of 2.1, described in Chapter 1).
There was no effect on the overall activity following calcination of this system, which is in
contrast to Co/Ti0O2, which had a high selectivity for toluene after thermal treatment (Table
6.2, entry 4 vs. 5). It has been reported that the metal-support interface is important for the
disproportionation reaction'*® thus it can be postulated that calcination has invoked changes
in the metal-surface interface and/or increased the size of Co particles making toluene
formation favourable.

Similarly, the conversion and selectivity for 2.4 was substantially increased after Ir/TiO-
had been thermally treated (Table 6.2, entries 6 and 7). This effect has been reported
previously in the oxidation of alcohols reaction, where it was suggested that the high
temperature catalyst pre-treatment (450 °C) of Ir/TiO, formed oxygen vacancies that allowed
for the adsorption and/or activation of alcohol by bringing it within close proximity to the Ir
metal centre.** Although Ir/TiO> was not reduced at temperatures as high as 450 °C in this
study, it is likely that calcination had a similar effect on the catalyst structure based on the

increase in activity observed.
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There appears to be no trend in TOF or selectivity within this group. The low activity of
the supported Ir and Rh systems in comparison to Au/Ti0; is surprising given the widespread
use and activity of the homogeneous analogues using these metals in the AAA reaction
(Chapter 1). Different supports could be tested to see if this enhances the activity, for
example, it has been shown that toluene formation can be ‘switched off’ for Pd based
catalysts by using MgO instead of TiO, during 2.1 oxidation.”> %7 This was attributed to
differences in the mode of adsorption of 2.1 on the metal-support interface due to the higher

basicity of the MgO support.
6.3.2 Group 10: M/TiO: screening results

There were no improvements in activity by using Group 10 metals supported on TiO>

(Table 3, entries 2-6) compared to the Au/TiO; catalyst (Table 6.3, entry 1 vs. entries 2-6).

TABLE 6.3. Results for the conversion of 2.1 to products for the calcined and as-prepared
M/TiO:; catalysts.

Selectivity (%)
Entry Catalyst COI;Z;e;:lon ;l;g)lz 2.4 2.3 PhCHO Toluene
(1]
1 Au/TiOz 89 192 95 2 0 3
2 Pd/TiO, 100 116 17 20 0 63
3 Pt/T10; 66 140 54 11 0 35
4 Pt/TiO; calc. 58 124 61 12 0 27
5 Ni/TiO2 3 2 32 65 2 0
6 Ni1/TiO; calc. 4 3 67 32 1 0

® Determined by GC using 4-tert-butylphenol as an external standard, based on 2.1. Results are an average of 2

runs (ervor £ 2%)." TOF (h'') (moles of benzyl alcohol converted/moles of metal).

Although the TOF’s of Pd and Pt supported on TiO2 were high (Table 6.3, entries 2, 3 and
4), large amounts of toluene were produced. As mentioned above (Section 6.3.1) basic
supports have shown to suppress toluene formation, which could be tried for these systems.
Even so, the selectivity for 2.3 afforded by these catalysts was still higher than that of
Au/TiO; (Table 6.3, entries 2-4 vs. entry 1). Thus, it can be suggested that the hydrogenation
of 2.3 is slow for these catalysts. The calcination treatment did not invoke any significant
changes in activity for the Pt/TiO; catalyst (Table 6.3, entry 3 vs. entry 4).

The low TOF generated for both the as-prepared and calcined Ni catalysts could be due to
the absence of a high temperature catalyst pre-treatment, which has been reported to

important for the activity of heterogeneous Ni catalysts in the AAA reaction (Chapter 1).> ¢
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Given that unsupported TiO: can catalyse this reaction with a comparable result (1-2%
conversion of 2.1), these catalysts are effectively inactive.

There does not seem to be a trend in activity within this group, however it can be
observed that the TOF’s of the base metal systems prepared (Ni and Co supported on TiO»)
are considerably lower than the catalysts synthesised using metals from periods 5 and 6 (Rh,
Ir, Au, Pd and Pt). As mentioned above, this could be due to the absence of high temperature
catalyst pre-treatment, but could also be due to sintering of Ni and Co particles due to their

lower melting points when contrasted to the other metals within their respective groups.
6.3.3 Group 11: M/TiO: screening results

Au/Ti0O; remained the most active catalyst, when compared to the catalysts synthesised

using Group 11 metals (Table 6.4, entry 1 vs. entries 2-5).

TABLE 6.4. Results for the conversion of 2.1 to products for the calcined and as-prepared
M/TiO:; catalysts.

Selectivity (%)
24 2.3 PhCHO Toluene

Conversion TOF

Entry Catalyst (%)" (hly?

2 Ag/TiO 2 1 17 83 0 0
3 | ATIO; calc. 3 2 2575 0 0
4 Cu/TiO; 29 20 80 17 I 2
5 | CwTiO; calc. 14 10 61 36 2 1

* Determined by GC using 4-tert-butylphenol as an external standard, based on 2.1. Results are an average of 2

runs (ervor £ 2%).> TOF (h') (moles of benzyl alcohol converted/moles of metal).

As-prepared and calcined Ag/TiO; displayed very poor performance in the reaction
(Table 6.4, entries 2 and 3). TEM analysis revealed that Ag particles were found on the
microscopy grid (Section 6.2), thus the low activity could be explained by the poor adhesion
of Ag on the TiO,. It may also be due to the absence of a pre-reduction treatment before the
start of the reaction. Certainly, reduction of Ag to form metallic Ag species was essential for
the activity of other Ag based catalysts reported for the AAA reaction (Chapter 1).7 7!
Thermal treatment of as-prepared Ag/Ti0O; did increase the selectivity for 2.4 slightly (Table
6.4, entry 2 vs. entry 3) but the overall conversion remained low. Similar to the conclusion

drawn for the Ni1/TiO> catalyst, Ag/TiO> is practically inactive as unsupported TiO> achieved

1-2 % conversion of 2.1.
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Although Au/TiO> remains to be the most active system tested, among the cheaper metal
catalysts prepared (Co, Ni and Cu), Cu/Ti0> displayed the best selectivity for 2.4 (Table 6.4,
entry 4 and 5). While the TOF afforded by this catalyst was modest, it was decided that
additional studies of Cu/TiO2 would be carried out, as Cu is substantially cheaper than Au.
Further probing of Cu/TiO, began with an experiment to prove the heterogeneity of the
catalyst, starting with a preliminary investigation of the as-prepared Cu/Ti0O; system (Table
6.4, entry 4). The catalyst was reacted with 2.1 and 2.2 at 180 °C, 15 bar under N, for 20
minutes, yielding 13% conversion of 2.1. The catalyst was then filtered off and the
supernatant solution placed back into the reactor under the same reaction conditions. It was
found that a further 15% of 2.1 was converted in the absence of Cu/TiO,. This indicates
leaching of active catalyst into the solution, and that unsupported Cu species are catalytically
active. Leaching of a Cu catalyst supported on magnetite has previously been observed in the
synthesis of aromatic imines using alcohols and amines (or nitroarenes), where it was found
that 17-18% of metal was lost to the liquid phase after quinoline and aniline were used in the
reaction mixture.!*® In the study it was found that when the catalyst was subjected to 2.1 and
NaOH (at 100 °C for 4 days under Ar) leaching was reduced to 10% (identified by ICP-MS).
Thus, it was concluded that nitrogen-containing species facilitated in the leaching of Cu.

In light of this, the Cu/Ti0; catalysts synthesised in this study were subjected to solutions of:

2-methyl-2-butanol and N-phenylbenzylamine (2.4) (0.5 M)
and

2-methyl-2-butanol only

at 180 °C, 15 bar under N> for 1h 30 minutes, with the resulting solutions analysed by ICP
analysis (Table 6.5).

TABLE 6.5. Leaching studies of Cu/TiO: catalysts (calcined and as-prepared) subjected to
solutions of 2.4 and 2-methyl-2-butanol.

Entry Experimental conditions Cu/TiO: Cu/TiO; calc.
(% of Cu detected)” (% of Cu detected)”
1| 2-methyl-2-butanol 0.04 0.01
2 | 2.4in2-methyl-2-butanol 0.99 0.73

* % of Cu detected in the solution following filtration of the reaction mixtures.

Negligible leaching was detected overall. If all Cu species leached into solution, a value of

100% would be expected. However, the presence of 2.4 was shown to result in increased
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amounts of Cu being detected (Table 6.5, entry 1 vs. entry 2), which indicates that amine
facilitates the leaching of Cu.
In an attempt to increase the overall activity of the Cu/TiO> catalysts, additional systems

were prepared using different preparation and calcination methods (Section 6.4).
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6.4 Preparation, characterisation and catalytic screening of additional

Cu/TiO; catalysts

The DP and SD methods were used for the preparation of additional Cu systems
(described in Chapter 4). Furthermore, two different calcination atmospheres (under Ho/N»
and under air) at high temperatures (500 °C for 4 hours) were employed to gauge whether the
calcination procedure invoked any changes in particle size. Note that all catalyst
characterisation and calcination was performed by Johnson Matthey Plc unless stated
otherwise

To assess the effects of metal loading, for each method 5 wt.% and 1 wt.% Cu catalysts
were made. For all systems, the metal loadings were close to, or achieved the expected
values. From this point forward, catalysts will be denoted as ‘metal loading % Cu/TiO>
(preparation method)’ e.g. 1% Cu/TiO2 (DP).

The metal nanoparticles and overall catalyst structures were determined by XRD and
TEM analysis and compared against the 1% Cu/TiO2 (DP) catalysts prepared earlier (Section
6.3.3). As there was poor contrast between Cu and support, particle size distribution graphs
were not possible. However, the measurement of particles that could be observed for the 1%
Cu/TiO (DP) calcined under H»/N; showed that there were small Cu particles present 1-2 nm
(Figure 6.3 A). Particles in the 4% Cu/TiO> (DP) (calcined under H»/N>) contained slightly
larger particles (2-3 nm) (Figure 6.3 B), likely due to agglomeration of Cu because of the
increased metal loading and high calcination temperatures. Certainly, it is known that
calcination of Cu based catalysts exceeding temperatures of 300-350 °C leads to sintering.!>’

Cu particle sizes between 1-5 nm were found in the 5% Cu/TiO2 (SD) sample (calcined
under H2/Nz), with the 1% Cu/Ti0: (SD) (calcined under H2/N2) containing slightly smaller
particles (2-3 nm) (Figure 6.3 C and D, respectively). Therefore, it seems that the SD method
has produced larger Cu particles in comparison to the DP method. This result is not
unexpected given that the SD technique is similar to the impregnation method, which is
known for forming large particle sizes (Chapter 4).

In terms of the effect of the calcination atmosphere, from the particles that could be
observed there did not seem to be a significant variation in Cu particle sizes for the 5%

Cu/Ti02 samples (SD) calcined under air and H2/N> (Figure 6.3 C vs. E).
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FIGURE 6.3. TEM photographs of the various Cu/TiO: catalysts prepared by the DP and
SD methods, A) Cu/TiO: (1% DP, calc. under H»/Nz), B) Cu/TiO> (4% DP, calc. under
H>/N>), C) Cu/TiO> (5% SD calc. under H»/N3z), D) Cu/TiO: (1% SD, calc. under H2/N>),
E) Cu/TiO: (5% SD calc. under air).

Diffraction lines for Cu species were not identifiable in the XRD patterns for both of the
1% Cu/TiO; catalysts made by the DP and SD procedures. This is most likely due to the
metal loading being below the detection limit for XRD. However, CuO crystallites were
detected in samples of the 4% Cu/T102 (DP) and 5% Cu/Ti0; (SD) (Figure 6.4, CuO peaks
highlighted in the red boxes). Not surprisingly, the CuO crystallite sizes were larger for
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catalysts calcined under air (determined by Rietveld analysis by Johnson Matthey Plc

analytical department) (Table 6.6, entries 1 and 2 vs. 3 and 4).
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FIGURE 6.4. Comparison of XRD patterns for Cu/TiO: catalysts calcined under air and
H>/N>, prepared by DP and SD.

TABLE 6.6. CuO crystallite sizes of the 4% and 5% Cu/TiO2 made by DP and SD methods,

respectively.
Entry Catalyst Calcination atmosphere (500 °C)  CuO size (nm)
1 5 % Cu/TiO; (SD) air 24
2 | 4% Cu/TiO; (DP) air 17
3 | 5% Cu/TiO: (SD) Ho/N» 11
4 | 4% CuTiO, (DP) Ha/N, 14

6.4.1 Cu/TiO: screening results

In general, the activity and selectivity of the newly prepared Cu/TiO; catalysts were low

(Table 6.7, entries 3-8), compared to the original Cu/TiO> systems described in Section 6.3

(Table 6.7, entries 1 and 2).
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TABLE 6.7. Results for the conversion of 2.1 to products for the Cu/TiO: catalysts.

OH
NH,
Cu/TiO, (3 mol% Cu) N
. - . X e + H,0
180 °C, 30 min

2.1 95  Under Ny, 15 bar 23
0.5M 0.5M
Selectivity (%)
Entry Catalyst and calcination  Conversion TOF 2.4 23 PhCHO Toluene
atmosphere (%)" (b’

1 1% Cu/TiO; DP (as.prep) 1

2 1% Cu/TiO; DP (H/N») 2

3 4% Cu/TiO; (DP) (air) 6 4 15 73 1 10
4 4% Cu/Ti0, (DP) (H2/N2) 10 7 32 61 1 6
5 5% Cu/Ti0, (SD) (air) 6 4 13 77 1 10
6 5% Cu/Ti0, (SD) (Ha2/N2) 6 4 10 79 1 9
7 1% Cu/Ti0; (SD) (air) 6 4 11 78 1 10
8 1% Cu/Ti0, (SD) (H2/N2) 5 3 13 72 1 14

“ Determined by GC using 4-tert-butylphenol as an external standard, based on 2.1. Results are an average of 2

runs (ervor £ 2%)." TOF (k') (moles of benzyl alcohol converted/moles of Cu).

All of the newly synthesised catalysts exhibited similar TOF’s and selectivities regardless
of the preparation method employed and metal loading. The lower activity of the systems
could be due to the larger Cu particle sizes present in these systems, as confirmed by TEM
analysis (Section 6.4). Indeed, it was demonstrated that Au/TiO; catalysts that had larger Au
particles present, afforded decreased selectivities for 2.4 (Chapter 4). The larger Cu particles
may also be the cause for the increased selectivity for toluene and/or the higher calcination
temperature used (500 °C vs. 300 °C) may have invoked changes to the metal-support
interface making toluene formation more favourable. There was no significant influence on
catalytic activity by using different calcination atmospheres (Table 6.7, entries 2, 4, 6 and 8
vs. entries 3, 5 and 7).

To understand whether the preparation and calcination procedures enhanced the adhesion
of Cu to TiOy, systems were subjected to the same solutions and reaction conditions
employed in the previous leaching experiments for testing the 1% Cu/TiO: (DP) catalyst
(Section 6.3.3). Namely, 2-methyl-2-butanol and N-phenylbenzylamine (2.4) (0.5 M) and 2-
methyl-2-butanol only at 180 °C, 15 bar under N> for 1h 30 minutes, with the resulting
solutions analysed by ICP analysis. Note that if all Cu species leached into solution a value of
100% would be expected. In the previous studies it was found that solutions of 2.4 induced
higher levels of leaching compared to using solvent only, 0.99% and 0.73% of Cu was

detected for the as-prepared and calcined samples, respectively. Compared to the 1% Cu/TiO>

134



Chapter 6 Investigation of Au bimetallic and metal titania catalysts for the AAA reaction

(DP) system, leaching was reduced when the systems are subjected to solutions of 2.4 (Table
6.8, entries 1-6). This could be due to the higher calcination temperatures used for these

systems (500 °C vs. 300 °C) invoking better adhesion of Cu to the support.

TABLE 6.8. Leaching studies of Cu/TiO: catalysts subjected to solutions of 2.4 and
2-methyl-2-butanol.

ICP (% of Cu)  ICP (% of Cu)

Entry Catalyst and calcination atmosphere solvent” 2.4 in solvent’
1 4% Cu/Ti02 (DP) (H2/N2) 0.01 0.26
2 4% Cu/Ti02 (DP) (air) 0.09 0.54
3 5% Cu/Ti102 (SD) (H2/N2) 0.01 0.22
4 5% Cu/Ti0O2 (SD) (air) 0.11 0.63
5 1% Cu/Ti02 (SD) (H2/N2) 0.06 0.26
6 1% Cu/Ti02 (SD) (air) 0.22 0.35

“ 9% of Cu detected in the solution following filtration of the reaction mixtures.

On the whole, increased levels of Cu were detected for materials calcined under air compared
to under Ho/N> (Table 6.8, entries 1, 3 and 5 vs. 2, 4 and 6). The stability of catalysts calcined
under H2/N> could be attributed to the increased formation of metallic Cu species, which may
form stronger bonds to TiO2 compared to CuO species. Although larger particle sizes were
observed for catalysts prepared by the SD technique, compared to systems made by the DP
method, this does not seem to have had an influence in the adhesion of Cu particles to the
support (Table 6.8, entries 1 and 2 vs. 3 and 4).
Attempts to improve the activity of Cu/TiO2 did not prove to be successful; nonetheless,
enhancements in Cu stability were achieved. The higher activity observed for the original 1%
Cu/TiO2 (DP) catalysts prepared could be due to a homogeneous reaction of the leached
species being more catalytically active and/or due to the small Cu particle sizes.

So far, the discussion has been focussed on the use of monometallic catalysts in the AAA.
It has been shown that the introduction of a second metal often allows for more active and
selective systems. Furthermore, they are less prone to deactivation, a problem that is
frequently highlighted in the oxidation of alcohols.!'#”> 160 161 Improvements in activity and
stability are understood to arise from a combination of ensemble effects, whereby additional
components may act as spacers, isolating active sites, or as electronic modifiers due to the

vicinity of the active atoms.'>!- 162
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6.5 Au,M/TiO; catalyst characterisation

In this part of the work, various Au bimetallic catalysts supported on TiO, synthesised by
the DP method are examined (Table 6.9). Note that all catalyst characterisation and
calcination was performed by Johnson Matthey Plc unless stated otherwise.

The catalysts were calcined at 300 °C under a H/N»> atmosphere and as-prepared (dried in
the oven at 100 °C for 24 hours) catalysts were also screened for their activity to assess if
there was any differences in conversion and/or selectivity.

A total metal loading of 1 wt.% with a 1:1 molar ratio of each metal was aimed for when
preparing the systems. Half the desired metal loading was found for Au,Pd/TiO> and
Au,Cu/TiO; (Table 6.9, entries 1 and 2), while the other catalysts afforded metal loading
slightly lower than 1 wt.% (Table 6.9, entries 2-5). The deposition of two metals onto TiO>
may have been a factor that resulted in the lower loadings; however, it is known that higher
metal loadings can be achieved by increasing the pH when preparing Au/TiOz, but this can
lead to larger particle sizes (demonstrated in Chapter 4). The metal: Au ratio for the
Au,Ag/TiO; and Au,Cu/TiO; systems was higher than expected (Table 6.9, entries 2 and 3).
To avoid the precipitation of silver chloride when preparing Au,Ag/TiO> (HAuCls was used
as the Au precursor), Au was deposited onto the support first, and after a washing step, Ag
was deposited. Thus it can be suggested that leaching of Au occurred during the washing
step, before the addition of Ag. This was previously observed in the synthesis of a
Au,Ag/Ti0; catalyst in the literature, where it was found that up to 50% less of the expected
Ag was deposited, in this case Ag was deposited first and then Au.'®® In the case of the
Au,Cu/TiOz the results suggest that under the preparation conditions employed (deposition of

both metals simultaneously, Chapter 7), Cu had a stronger affinity to TiO».

TABLE 6.9. Au,M/TiO: catalysts synthesised showing the metal loading results and metal:

Au molar ratio.

Entry Catalyst Metal loading (wt.%) M:Au ratio
1 Au,Pd/TiO2 0.6 1
2 Au,Cu/TiOs 0.6 3
3 Au,Ag/TiO> 0.7 4
4 Au,Ni/TiO 0.9 1
5 Au,Co/Ti0, 0.7 2

TEM imaging of the calcined catalysts (conducted at Johnson Matthey Plc and Imperial

College London), showed that in general the particles sizes fell in the range between 5-10
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nm, with larger particles found on the Au,Ni/TiO> (mean particle size of 8.5 nm) and
Au,Ag/TiO; catalysts (mean particle size of 6.8 nm) (Figure 6.5 A and B). The Au,Pd and
Au,Co TiO> supported catalysts contained slightly smaller metal sizes; both materials had a
mean particle size of 5.5 nm (Figure 6.5 C and D). Note that the production of a particle size
distribution graph for the Au,Cu/TiO> system was not possible due to the limited number of
species that could be found. There was a larger amount of Cu present in this catalyst, which
could be the reason for this (Table 6.9, entry 2). Indeed, there was poor contrast between Cu

and TiO», when analysing the Cu/TiO> catalysts (Section 6.4).
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FIGURE 6.5 Particle size distribution graphs of A) Au,Ni/TiO>, B) Au,Ag/TiO:,
C) Au,Pd/TiO>, D) Au,Co/TiO:>.

To determine the nanostructure compositions, i.e. whether alloys and/or monodispersed
particles were present, EDX (elemental dispersive x-ray) analysis was performed. It was
difficult to determine the exact structure, as individual nanoparticles that were assessed
showed the presence of both metals. This could be due to the close vicinity of monodispersed
particles or alloy formation. For example, Figure 6.6 shows the EDX analysis of particles in
the calcined Au,Ni/TiO> catalyst. The highlighted particles in the red boxes were examined,

which correspond to areas 1-3 in the graphs under the image. All three areas show the
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presence of both Ni and Au. Cu was also detected which is most likely due to the holey
carbon Cu coated TEM microscopy grid.
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FIGURE 6.6. EDX analysis of calcined Au,Ni/TiO.

XRD analysis was performed on the calcined catalysts, where the presence of anatase and
rutile TiO2 was confirmed in all samples, indicating that a phase change of anatase to rutile
had not occurred (P25-Degussa TiO; employed, anatase -25% and rutile -75%). However,

there were no diffraction peaks for metal species in any of the samples.
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6.6 Au,M/TiO: screening results and analysis

The model system of 2.1 with 2.2 was chosen to test the activity of the bimetallic
supported catalysts employing the Endeavor® batch reactor and using the same conditions as

those employed in Sections 6.3 (Scheme 6.2) to allow for the comparison of results.
6.6.1 Group 9: Au,M/TiO: screening results

The addition of Co to Au/Ti0O has not made any enhancements towards the activity of the

catalyst (Table 6.10, entries 2 and 3 vs. entry 1).

TABLE 6.10. Results for the conversion of 2.1 to products for the calcined and as-prepared
Au,M/TiO: catalysts.

Selectivity %

Entry Catalyst Cm;z/e;’: ton ;1;3)12 24 23 PhCHO Toluene
0
1 Au/TiO2 89 192 95 2 0 3
2 Au,Co/TiO2 51 62 9 7 0 3
3 Au,Co/Ti0; calc. 52 62 92 5 0 2

¢ Determined by GC using 4-tert-butylphenol as an external standard, based on 2.1. Results are an average of 2

runs (error = 4%).> TOF (') (moles of benzyl alcohol converted/moles of total metal).

Improvements in TOF and selectivity were observed for the bimetallic version of the Co
system compared to the monometallic catalysts (Table 6.2, entries 4 and 5). However, this
could mainly be due to the presence of Au rather than a cooperative effect between the two
metals. This is supported by the observation that there is no effect on the selectivity following
calcination of Au,Co/TiO2 (Table 6.10, entry 2 vs. entry 3), whereas for the monometallic
Co/Ti02 systems the selectivity for toluene increased after thermal treatment. This suggests

that Au was the dominant species during the reaction, controlling the selectivity.
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6.6.2 Group 10: Au,M/TiO: screening results

Au/TiO; remained the most active catalyst in terms of its conversion and selectivity for

2.4 (Table 6.11, entry 1).

TABLE 6.11. Results for the conversion of 2.1 to products for the calcined and as-prepared
Au,M/TiO: catalysts.

Selectivity %

Entry Catalyst C"‘;X/e;f“’“ (Th?)F,, 24 23 PhCHO  Toluene
0
1 Aw/TiO: 89 192 95 2 0 3
2 Au,Ni/TiO, 38 49 90 8 0 2
3 Au,Ni/TiO; calc. 71 92 95 3 0 2
4 | AuPd/TiO; calc. 98 126 24 28 0 48

¢ Determined by GC using 4-tert-butylphenol as an external standard, based on 2.1. Results are an average of 2

runs (error = 4%).> TOF (') (moles of benzyl alcohol converted/moles of total metal).

Particularly notable was the substantial enhancement in TOF when the as-prepared
Au,Ni/TiO> catalyst was calcined (Table 6.11, entry 2 vs. entry 3). This may be ascribed to
the formation of active metallic Ni species, which are known to be important for the activity
of heterogeneous Ni catalysts in the AAA reaction (Chapter 1).°> ® The increase in
conversion following thermal treatment implies that Au and Ni may have been working
together to catalyse the reaction.

Significant toluene formation was observed when employing the calcined Au,Pd/TiO>
catalyst (Table 6.11, entry 4). This was not unexpected due to the known formation of this
species (by the disproportionation of 2.1) when using Pd based systems (Chapter 1). The
drastic change in selectivity for this catalyst compared to using Au only (Table 6.11, entry 4
vs. entry 1) implies that Pd is governing the activity in the reaction. As previously mentioned,
(Section 6.3.1) basic supports have shown to suppress toluene formation which could be tried

for this bimetallic system.
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6.6.3 Group 11: Au,M/TiO: screening results

Similarly, Au,M/TiO> systems using Group 11 metals were screened for their activity in
the alkylation of 2.2 by 2.1. Yet again, Au/TiO> remained the most active in terms of its
conversion and selectivity for 2.4 (Table 6.12, entry 1).

TABLE 6.12. Results for the conversion of 2.1 to products for the calcined and as-prepared
Au,M/TiO: catalysts.

Selectivity %

Entry Catalyst Conversion  TOF —, \ 23 PhCHO Toluene
(%)* (h)
1 Au/TiO; 89 192 95 2 0 3
2 Au,Ag/TiOs 7 10 42 57 1 0
3 Au,Ag/TiO; calc. 7 10 35 64 1 0
4 Au,Cu/TiOs 13 14 71 28 1 0
5 | Au,CwTiO; calc. 13 14 75 24 1 0

* Determined by GC using 4-tert-butylphenol as an external standard, based on 2.1. Results are an average of 2

runs (error = 4%).> TOF (') (moles of benzyl alcohol converted/moles of total metal).

The low activity of the as-prepared and calcined Au,Ag/TiO> systems (Table 6.12, entry 3)
was most likely due to the decreased molar ratio of Au compared to Ag (Section 6.5). Indeed
monometallic Ag/TiO; displayed very poor activity in this reaction (Table 6.4, entries 2 and
3). Similarly, the low molar ratio of Au in the Au,Cu/TiO> catalysts may explain the poor
activity observed, certainly the monometallic Cu/Ti02 materials displayed similar conversion
and selectivities to the Au,Cu/Ti0; materials (Table 6.12, entries 4 and 5 vs. Table 6.4,
entries 4 and 5). There was no influence on activity following calcination of both of the
Au,Ag and Au,Cu supported systems (Table 6.12, entries 2 and 4 vs. entries 4 and 5).
Although Au/TiO; was the most active system it was of interest to determine whether
there were any correlations in activity by including a second metal. Thus data from hydrogen
temperature programmed desorption (H-TPD) of several calcined bimetallic catalysts was

compared against the catalyst screening results (Section 6.6.4).
6.6.4 Comparison of H-TPD data and screening results

The reduction of imine is a key step in the AAA in order to produce amine product, thus
the ability of the catalyst to bind H> may be critical for its selectivity. To identify whether this

was true, the peak integration values from H-TPD analysis were multiplied by the peak
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desorption temperatures to get a crude binding energy, this was then compared against the

selectivity for 2.4 (Figure 6.7 and Table 6.13).
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FIGURE 6.7. Comparison of binding energy versus selectivity for 2.4 for the Au,M/TiO:

catalysts.

TABLE 6.13. Comparison of binding energy versus selectivity for 2.4 for the Au,M/TiO:

catalysts.
Entry Catalyst Binding energy (uV K') % Selectivity for 2.4
1 . Au,Co/TiO; 2758 92
2 . AuNV/TiO; 2612 95
3 . Au,Cuw/TiO; 1814 75
4 . AuAg/TIO; 1287 35

A relationship between the H» binding energy and selectivity for 2.4 was observed, where
catalysts that bind H> more strongly show an increase in selectivity (Table 6.13, entry 1 and 2
vs. entries 3 and 4). Indeed, Au,Co/TiO2 and Au,Ni/TiO; display similar binding strengths
and selectivities for 2.4, indicating that catalysts which have stronger affinities for H> are
more selective in the AAA reaction. This trend was established earlier in Chapter 5 for the
Au supported catalysts, where the H» binding affinity was postulated to be inherently related
to Au particle size. Given that the production of individual size particle distribution graphs
for the Au and metal species was not possible and due to the difficulties in determining
whether the metals were acting cooperatively to facilitate the reaction, it was not possible to

delineate whether the particle size was influencing the H» binding strengths in this study.
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6.7 Conclusion

In this Chapter, 13 metal catalysts using Group 9, 10 and 11 metals were prepared and
tested in the AAA reaction. Overall, Au/TiO> remained the most active and selective system
than all of the M/TiO; and Au,M/TiO; catalysts prepared. Although the bimetallic systems
exhibited higher activity than the monometallic catalysts, the inclusion of a second metal was
shown to be detrimental to catalytic activity (Section 6.6). The increased activity for Au,Co
and Au,Ni supported on TiO> was proposed to be due mainly to the presence of Au and the
decreases in activity for Au,Ag and Au,Cu catalysts due to the low molar ratio of Au. H-TPD
analysis highlighted that the ability of catalysts to bind H> was important for the selectivity of
the catalysts, with systems showing a lower H; affinity affording lower selectivities for 2.4.

It was surprising that Group 9 metals on TiO2 (Ir, Rh) did not prove to be successful
alternatives to using Au/TiO; given the known activity of homogeneous systems using these
metals in the AAA reaction (Chapter 1). This could be due to large metal particles, which
were difficult to determine using TEM because of the poor metal-support contrast. There
were no noticeable trends in activity within the monometallic Group 9, 10 and 11 metal
catalysts prepared, however in general systems using base metals (Cu, Ni and Co on TiO»)
showed lower TOF’s contrasted to the period 5 and 6 transition metal catalysts synthesised
(Ir, Rh, Pd and Pt on TiO>). This was attributed to the increased likelihood of these metals to
sinter because of the lower melting points and/or due to catalyst pre-reduction being
necessary.

Although these studies did not lead directly to a better catalyst, many important
parameters for catalyst activity and stability have been identified, which may be helpful for
further design of catalysts. In particular, the choice of catalytic loading, calcination treatment
and atmosphere were shown to be important for the catalyst stability of Cu-based systems. It
was demonstrated that by employing a reducing atmosphere, metal leaching can be
decreased.

Future experiments could involve the synthesis of metals on supports other than TiO; as it
has been demonstrated for Pd based catalysts in the oxidation of alcohols that toluene
formation can be avoided by using basic supports. This would be particularly interesting for
Pd and Rh systems, which afforded significant amounts toluene formation but high TOF’s in

this study.
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6.8 Project summary and Future work

The AAA reaction is used to synthesise a wide range of products for the pharmaceutical
and agrochemical industries, as well as finding applications in the formation of household
products. Consequently, the field receives great interest, with the current focus being on ways
to achieve these transformations with greener and safer methods. Indeed many reported
systems for this reaction operate at high temperatures with the inclusion of base and have
poor substrate scope and selectivity. In this light, a previously reported system using Au/TiO>
in flow with toluene as a solvent is able to catalyse the AAA reaction in the absence of
base.”’ The use of a flow reactor enables reactions to be performed safely, as small quantities
of reagents are reacted at a given time, and by operating the reactor in single pass mode, there
is greater control over the selectivity of the reaction.

In this project, further studies of Au/TiO> were undertaken using the flow reactor and the
model reaction between benzyl alcohol (2.1) and aniline (2.2) in a greener solvent system
(2-methyl-2-butanol vs. toluene). Studies were designed to interrogate the influence of H>O.
Additionally, as reactions are commonly performed under anaerobic conditions, the effect of
O on the model reaction was investigated. It was found that H>O is able to act as a reductant
for the formation of N-phenylbenzylamine (2.4) from N-benzylideneaniline (2.3). A
secondary role of H>O was uncovered when experiments were performed under Nz. The
detection of 2.4 decreased as higher H,O concentrations were employed in 2-methyl-2-
butanol, and was attributed to the precipitation of 2.4 with H>O and/or the formation of an
emulsion. Surprisingly, when performing reactions under aerobic conditions this effect was
negated, which was attributed to an increased solubility of 2.4. In order to fully delineate the
influence of H>O under inert conditions, the solubility of 2.4 in 2-methyl-2-butanol/H>O
mixtures needs to be investigated.

The selectivity for the amine product (2.4) was lower when reactions were conducted in
the presence of O, which was ascribed to the oxidation of 2.4 to 2.3, and/or the removal of
surface of hydride species that are required for the reduction of 2.3.

The stability and possible deactivation routes of Au/TiO2 was explored were it was found
that reaction intermediates and products (2.3, 2.4 and H,O) had no influence in deactivating
the catalyst. Au/TiO2 showed excellent stability when using the model reaction, with slow
deactivation observed over the course of 10 hours. Increases in Au particle size were the

likely cause for the gradual deactivation.
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One of the aims of this project was to develop a kinetic model by using the conversion-
time data from the mechanistic studies performed under N>. A predicative model was
generated using previously derived kinetic equations, but introducing a term to account for
the loss of 2.4 at high H>O concentrations in 2-methyl-2-butanol. Mass transfer studies
indicated that the system was not under the influence of internal diffusion, however it may be
on the limit of external mass transfer effects. Even so, the model was able to simulate
reaction profiles, with low RMS values generated. In terms of future work, the inclusion of
terms for mass transfer effects and adsorption of species could be incorporated, as well as
equations to account for the effect of O2, so that experiments performed under aerobic
conditions can be modelled.

A key challenge in the AAA reaction is the use of non-noble metal catalysts that are able
to perform under mild conditions with high activity. The exploration of a new catalytic
system began with examining the influence that different preparation and calcination
treatments had on Au/TiO.. Catalysts made by the impregnation method (IMP) were shown
to be inactive, which was attributed to the large Au particle sizes present. In the AAA
reaction, small particle sizes are known to be more active.”” The deposition-precipitation
(DP) and colloidal method (COL) produced active catalysts with small Au particle sizes
(2 nm). Calcination at 300 °C resulted in more active and selective systems for Au/TiO>
prepared by the DP method, presumed to be due to the formation of metallic Au. Yet,
temperatures >300 °“C resulted in decreases in activity, likely due to the increases in Au
particle size. The calcination atmosphere had no significant effect on the activity of the
catalysts.

In order to study the effect that changing the support has on the activity of the system, a
range of Au supported catalysts were made by the DP and COL method. The differences in
activity were found to be correlated with the Au particle size. The larger the Au particles
were, the lower the conversion and selectivity for 2.4, which was concluded to be related to a
decreased affinity for H> from the results of H-TPD analysis. It was difficult to delineate the
exact role of the support, as it is interlinked with controlling the particle size.

Au/TiO; (prepared by the COL and DP method) and Au/y-ALO;3 (prepared by the COL
method) were the most selective and active catalysts tested, and the Au particles remained
stable following reactions. Further studies could test the stability of the Au particles over a
longer time in flow (single pass) and the applicability of the systems to catalyse

transformations other than the model reaction could be carried out.
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Other metal and Au bimetallic catalysts supported on TiO, were synthesised to explore
whether a better catalyst, in terms of activity and cost, could be prepared rather than using Au
based systems. Cu/TiO2 showed promising results in terms of its selectivity and it is lower in
cost than Au, however the TOF was modest. Attempts to increase the activity of the system
by using other preparation techniques, catalyst loading and calcination treatments proved
unsuccessful. Although the activities of the Au bimetallic catalysts were good, this was
attributed to the presence of Au.

Similar to the study of the Au/Supported catalysts, H-TPD analysis revealed that the
ability of the systems to bind H» is important for the selectivity for 2.4. Further studies could
interrogate metals anchored on supports other than TiO».

Overall, the studies have highlighted the importance of the careful control and choice of
reaction conditions, the catalyst preparation and calcination method, as all three parameters
greatly affect the activity of the catalyst. Even though Au/TiO: remained to be the most
active system, the studies have led to a better understanding of factors that are important for
AAA reaction, such as particle size and H» binding affinity. Thus, the studies can be used in

the design of future catalyst for the AAA reaction.
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CHAPTER 7. Experimental

7.1 General

All reagents were sourced commercially and used without further purification (Aldrich).
Au/TiO, employed in Chapters 1-3 was sourced from Strem (AUROIlite™). All other metal
salts and catalyst supports were procured from Johnson Matthey Plc. Reactions were
performed in anhydrous 2-methyl-2-butanol. The conversion of substrates to products was
monitored using a HP 6890 Gas Chromatograph equipped with a H> flame ionisation detector
and an HP5 Agilent column (30 m x 320 pm X 0.25 um). A Mettler Toledo DL38 Karl
Fischer Titrator was used to determine the H>O content in 2-methyl-2-butanol. 'H NMR were

obtained on a Bruker Avace at 400 MHz.

7.1.1 GC method

The percentage of conversion and selectivity was determined by comparison with known

standards, using calibration plots and 4-tert-butylphenol (50 mM in methanol) as an external
standard.
1.0 uL of analyte solution was injected into the inlet, which was heated to 250 “C with a split
ratio of 25:1. The system was operated under a constant pressure of 15 psi with an initial
column temperature of 50 °C, which was held for 30 s and then heated at 70 °C per min to
300 °C and held for a further two min.

Table 7.1, shows the retention times of the reaction components.

TABLE 7.1. Retention times of reaction components.

Components Retention time (min)
Benzyl alcohol (2.1) 23
Aniline (2.2) 2.1
Benzaldehyde 1.9
N-benzylideneaniline (2.3) 3.8
N-phenylbenzylamine (2.4) 4.0
Toluene 1.4
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7.1.2 '"H NMR characterisation of N-phenylbenzylamine (2.4)

The 'H NMR spectra of a commercial sample of 2.4 was ran, and the signals used to

confirm the presence of 2.4 in reaction samples.

Commercial N-phenylbenzylamine:

'H NMR (400 MHz, CDCls): & 7.39-7.25 (m, 5H, 1-3), 7.20 (t, J=8 Hz, 2 H, 2), 6.77 (t, J=7
Hz, 1 H, 1), 6.64 (d, /=8 Hz, 2 H, 3), 4.35 (s, 2 H, 4), 4.09 (br, 1 H, 8).
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7.2 Catalyst characterisation

TEM photographs were obtained either on a JEOL 2010 TEM instrument at Imperial
College London or at Johnson Matthey Plc using a Tecanai F20 TEM instrument. A UV-Vis-
Unicam UV4 instrument was used for UV-Visible analysis at Johnson Matthey Plc. The CO-
oxidation experiments were performed on home-made apparatus at Johnson Matthey Plc.
Calcinations were conducted at Johnson Matthey Plc using a Carbolite STF tube furnace with
a flow rate of 200 mL min™! of Ar or 5% Ha/Nj; other calcinations were performed in static
air in a Carbolite RHF1400 furnace at Johnson Matthey Plc. XRD analysis was conducted at
Johnson Matthey Plc by using a Bruker AXS D8 diffractometer. The BET surface area and
mean pore size of the catalysts was obtained by low temperature N> adsorption studies at 77
K using a Micromeritics Tristar 3000 instrument at Imperial College London. ICP analysis
was conducted at Johnson Matthey Plc using a Perkin Elmer Optima instrument. H-TPD was
performed at Johnson Matthey Plc using Altamira AMI-200 apparatus. CHN microanalysis
was performed at London Metropolitan University using a Thermo Scientific (Carlo Erba)
Flash 2000 Elemental Analyser, configured for %CHN. FTIR analysis was performed using a
Perkin-Elmer Spectrum 100 FTIR Spectrometer.
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7.3 Catalytic reactions

Experiments were performed using either a ThalesNano X-cube™ flow reactor (Chapters
2 and 3) or an Endeavor® batch reactor (Argonaut) (Chapter 4, 5 and 6). All reactions
conducted in flow employed dried (at 150 C, for 24 hours under static air) 1 wt.% Au/TiO>
(Strem AUROIlite™) catalyst.

7.3.1 Components of the Thalesnano X-CUBE™ flow reactor

Figure 7.1 shows the general features of the flow reactor employed in these studies. In
general the catalyst was loaded into a cylindrical cartridge (measuring 4 mm x 70 mm, up to
two catalyst cartridges can be used in tandem) and then heated and pressurised up to the
desired reaction conditions (Figure 7.1 A) with the reaction mixture being delivered by a
piston pump (Figure 7.1 B and C). Two reaction mixtures can be delivered at the same time
(at flow rates between 0.1 to 3 mL min!), however, in this work, only one pump was

employed. The reactor allows for reactions to be conducted with temperatures and pressures

up to 200 °C and 100 bar, respectively.
A: Heating units
B: Piston pumps

af U Sl s C: Pressure sensors

| : D: Mixing units

E: Injection port

F: System valve

G: Touch screen control panel

FIGURE 7.1. Components of the ThalesNano X-cube™ flow reactor.
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7.3.1.1 Typical procedure for the alkylation of aniline (2.2) with benzyl alcohol (2.1)

using the flow reactor in batch-recycle mode

Either anhydrous 2-methyl-2-butanol (2 mM of H>O) or 2-methyl-2-butanol with added
deionised H>O was used to condition the flow reactor up to the desired temperature and
pressure (180 °C at 50 bar). For reactions performed with a H,O content >2 mM, the desired
amount of HO was added to the solvent and the concentration of H>O determined using a
Karl Fischer titrator (Section 7.1). The same solvent (10 mL) was used to generate a reaction
mixture of alcohol (0.5 M) and amine (0.5 M), which was purged with either air or N> (prior
to and during the reaction) and (re)circulated through the heated cartridge containing 1 wt.%
Au/TiO; (Strem AUROIlite™) (0.8 g, 190 pm average particle size) at a flow rate of 1.5 mL
min!. The progress of the reaction was monitored by GC using 4-tert-butylphenol (50 mM in

methanol) as an external standard.

7.3.1.2 Typical procedure for the alkylation of aniline (2.2) with benzyl alcohol (2.1)

using the flow reactor in single pass mode

Anhydrous 2-methyl-2-butanol (2 mM of H>O) was used to condition the flow reactor up
to the desired temperature and pressure (180 °C at 50 bar). The same solvent (200 mL) was
used to generate a solution of alcohol (0.5 M) and amine (0.5 M), which was purged with
either air or N» (prior to and during the reaction) and was passed through the heated cartridge
containing 1 wt.% Au/TiO: (Strem AUROlite™, 190 pm average particle size) (0.8 g) at a
flow rate of 0.2 mL min'!. Collected fractions were analysed by GC using 4-tert-butylphenol
(50 mM in methanol) as an external standard.

Note that the same procedure was followed for the external and internal mass transfer
experiments (Chapter 3), however different flow rates (0.1-1.5 mL min™') and different
particle sizes (70, 100 and 190 pm average particle sizes) using a flow rate of 0.5 mL min’!

were employed for the external and internal mass transfer studies, respectively.

7.3.1.3 Method for the experiment conducted with N-benzylideneaniline (2.3) in flow

using batch-recycle mode

Either anhydrous 2-methyl-2-butanol (2 mM of H>0O) or 2-methyl-2-butanol with the
addition of deionised H>O (200 mM) was used to condition the flow reactor up to the desired

temperature and pressure (180 °C at 50 bar). The same solvent (10 mL) was used to generate
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a solution of the imine (0.2 M), which was purged with N> (prior to and during the reaction)
and (re)circulated through the heated cartridge containing 1 wt.% Auw/TiO2 (Strem
AUROIite™) (0.8 g, 190 pm average particle size) at a flow rate of 1.5 mL min™'. The
progress of the reaction was monitored by GC using 4-tert-butylphenol (50 mM in methanol)

as an external standard.

7.3.1.4 Method for the experiment conducted with N-phenylbenzylamine (2.4) in flow

using batch-recycle mode

Anhydrous 2-methyl-2-butanol (2 mM of H>O) was used to condition the flow reactor up
to the desired temperature and pressure (180 °C at 50 bar). The same solvent (10 mL) was
used to generate a solution of N-phenylbenzylamine (0.5 M), which was purged with either
air or N> (prior to and during the reaction) and (re)circulated through the heated cartridge
containing 1 wt.% Au/TiO, (Strem AUROIlite™ 190 pm average particle size) (0.8 g) at a
flow rate of 1.5 mL min™'. The progress of the reaction was monitored by GC using 4-tert-

butylphenol (50 mM in methanol) as an external standard.
7.3.1.5 Method for catalyst deactivation studies in flow using single pass mode

Anhydrous 2-methyl-2-butanol (2 mM of H>O) was used to condition the flow reactor up
to the desired temperature and pressure (180 °C at 50 bar). The same solvent (500 mL) was
used to generate a solution of benzyl alcohol (2.1) (0.5 M) and aniline (2.2) (0.5 M), which
was purged with Na (prior to and during the reaction) and was passed through the heated
cartridge containing 1 wt.% Au/TiO> (Strem AUROIlite™, 190 pm average particle size) (0.8
g) at a flow rate of 0.3 mL min™. After 2 hours either H>O, N-phenylbenzylamine (2.4) or
N-benzylideneaniline (2.3) (all 16 mM) was added to the reaction vessel. The progress of the
reaction was monitored by GC using 4-tert-butylphenol (50 mM in methanol) as an external
standard.

16 mM of species (H20, 2.3 and 2.4) was added to the starting solution based on
calculations performed to determine the concentration required to cover a monolayer of
Au/TiOx:

Using average bond lengths, the rough area of a molecule of alcohol (2.1) was calculated to

be 7.4 x 102" m?.
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531x10"%m

OH 10
1.4x107" m

Area = width x length
=1.4x10"°x53x101°=74x102 m?

The BET surface area of Au/TiO2 was 47 m? g!, thus to cover this area, 6.3 x 10?° molecules
of 2.1 are required:

=47+74x102°=6.3 x 10*°molecules of 2.1

In 1 mole there is 6 x 10%* molecules, therefore to cover the surface area of 0.8 grams of
Au/TiOz, 0.8 mmol are required. As 500 mL of solvent was used in experiments with the
reactor operated in single pass mode, 16 mM of 2.1 was used in the experiment to ensure a
constant coverage of 2.1 over the catalyst surface:

=(0.8+6.0x 10%) x 6.3 x 10°°= 0.8 mmol of 2.1

7.3.2 Typical procedure for the alkylation of aniline (2.2) with benzyl

alcohol (2.1) using the Endeavor® batch reactor

The Endeavor® batch reactor allows for up to 8 reactions to be conducted with
temperatures and pressures up to 200 °C and 34 bar, respectively. Experimental parameters
can be entered using the Endeavor® software. Reactions can be stirred by disposable
impellers in the overhead stirrer system, with adjustable speeds up to 1000 rpm.

In general, catalyst (0.2 wt.%, mol% shown in Table 7.2, 190 um average particle size) or
support (0.3 g) was loaded into a glass reaction vessel (15 mL total volume, with a working
volume of 5 mL), which were then placed inside the stainless steel reactor. Anhydrous 2-
methyl-2-butanol (2 mL) was used to make a solution of aniline (2.2) (0.5 M) and alcohol
(2.1) (0.5 M), which was then added to the catalyst contained in the glass reaction vessel. The
overhead stirrer system was then clamped into position and the desired programme for
performing reactions selected and started.

The following programme was used in this work:
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Reactions were purged with N> (3 cycles), the mixtures were then heated up to 180 °C under a

pressure of 15 bar (N2) under continuous stirring at 250 rpm for 30 min. The reactions were

allowed to cool to 25 °C and were subsequently vented. Reaction mixtures were analysed by

GC using 4-tert-butylphenol (50 mM in methanol) as an external standard.

TABLE 7.2. Mol% of catalyst employed in the Endeavor® batch reactions.

Catalyst mol%
Au/TiOz 0.9
Au/CeO2 0.9
Au/HFeO; 0.9
Au/C 0.9
Au/a-Al,O3 0.9
Au/y-AlLO3 0.9
Cu/TiOz 3.0
Ni/TiO, 3.0
Co/TiOz 3.0
Ag/TiO, 2.0
Rh/TiO2 2.0
Pd/TiO; 2.0
Pt/TiO2 0.9
Ir/TiO> 0.8
Au,Ni/TiO; 2.0
Au,Co/TiO2 2.0
Au,Pd/TiO; 1.0
Au,Cu/Ti02 2.0

7.3.2.1 Leaching study of Cu/TiO: catalysts using the Endeavor® batch reactor

Two portions of Cu/TiOz (3 mol% Cu) were loaded into separate glass reaction vessel,

which were then placed inside the stainless steel reactor. Anhydrous 2-methyl-2-butanol (2

mL) was added to one of the glass vessels containing Cu/TiO», to the other a solution of N-

phenylbenzylamine (0.5 M) in 2-methyl-2-butanol (2 mL). Reactions were then started using

the programme described in Section 7.3.2, but with a reaction time of 1 h 30 min. Following

the cooling and venting of the reaction, the mixture was filtered and the solutions analysed by

ICP analysis (Section 7.2).
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7.4 Catalyst synthesis and calcination

This section details the catalyst preparation and calcination methods employed for the

materials described in Chapters 4, 5 and 6.

7.4.1 Preparation of Au/TiO: by the incipient wetness impregnation

method (IMP)

A solution of HAuCls.3H20 (41.2% Au assay, 1.21 g HAuCls.3H>0, 2.5 mmol of Au)
made in 26 mL of deionised H>O was added to TiO2 (Degussa P25, 50 g), stirring the mixture
with a glass rod until all the liquid was absorbed onto the support. The catalyst was then dried
in an oven at 100 °C for 24 hours before samples were calcined under air, H2/N> and argon at

300 °C (see Section 7.4.5).

7.4.2 Preparation of Au supported, metal and Au bimetallic catalysts

using the deposition-precipitation method (DP) ¢
7.4.2.1 Preparation of Au supported catalysts

Deionised H>O (1 L) was added to a beaker containing support (50 g). The mixture was
vigorously stirred (500 rpm) and heated to 75 °C. The pH was adjusted to 8 (in the case of
Au/TiO; two catalysts were prepared, using pH values of 8 and 9, see Chapter 4) by the
addition of a NaOH solution (2.5 g in 100 mL of deionised H20, 63 mmol of NaOH). A
solution of HAuCls.3H20 (41.2% assay, 1.21 g, 2.6 mmol of Au) made in 100 mL of
deionised HoO was then added drop-wise along with the NaOH solution (63 mM) to
maintain a pH of 8 (or 9). After the addition of all the HAuCl4.3H2O solution, the slurry was
left under vigorous stirring (500 rpm) for 30 min at 75 °C. The Au catalyst was then collected
by filtration and exhaustively washed with deionised H>O. The catalyst was then dried in an
oven at 100 °C for 24 hours before calcination under air, H»/N> and argon at temperatures

between 300-800 °C (see Section 7.4.5 and Tables 4.1 and 5.1). Au/C was oven dried only.

155



Chapter 7 Experimental

7.4.2.2 Preparation of Cu/TiO:

Deionised H>O (400 L) was added to a beaker containing TiO> (Degussa P25, 19 g). The
mixture was vigorously stirred (500 rpm) and heated to 75 °C. The pH was adjusted to 8 by
the addition of a NaOH solution (2.5 g in 100 mL of deionised H>O, 63 mmol of NaOH). A
solution of Cu(NO3)2.3H20 (26.3% assay, 3.80 g and 0.76 g for a 5 and 1 wt.% loading,
respectively) in 40 mL of deionised H>O was then added drop-wise along with the NaOH
solution (63 mM) to maintain a pH of 8. After the addition of all the Cu(NO3)2.3H>O
solution, the slurry was left under vigorous stirring (500 rpm) for 30 min at 75 °C. The
resulting mixture was filtered and exhaustively washed with deionised H>O (1 L). The
catalyst was then dried in an oven at 100 °C for 24 h before samples were calcined under air

and Ho/N> at 300 and 500 °C between 2 and 4 h (see Section 7.4.5 and 6.4).
7.4.2.3 Preparation of other monometallic catalysts

The same procedure used for preparing the Cu/TiO: catalysts (Section 7.4.2.2) was
employed for the synthesis of other monometallic systems (M/TiOz), where loadings of 1
wt.% were aimed for. Table 7.3 shows the amount of metal salts employed. Samples of all

systems were calcined at 300 “C under H2/N> for 2 hours (Section 7.4.5).

TABLE 7.3. Weights of metal salts employed in the synthesis of the M/TiO: catalysts.

Catalyst Metal Salt Metal assay (%) Grams Mmol
Ni/Ti0O2 Ni(NOs3)2.6H.0 20.2 0.99 34
Co/Ti02 Co(NOs3)2.6H0 20.3 0.99 3.4
Ag/TiO; AgNO; 63.5 0.31 1.8
Rh/Ti0O2 Rh(NOs)3 12.3 1.63 1.9
Pd/TiO> PdCL 23.8 0.84 1.9
Pt/TiO2 Pt(NO3)2 16.5 1.22 1.0
Ir/Ti0O: IrCl; 52.1 0.38 1.0

7.4.2.4 Preparation of the Au bimetallic catalysts

The same procedure used for preparing Cu/TiO> (Section 7.4.2.2) was employed for the
synthesis of the majority of the bimetallic catalysts (Au,M/Ti10>), where a total metal loading
of 1 wt.% and a 1:1 molar ratio of each metal was aimed for. Au,Ag/TiO> was prepared
following the procedure outlined in Section 7.4.2.5 and Au,Pd/TiO2 was made in a 50 g batch

using the same procedure outlined in Section 7.4.2.1 (at pH 8). Table 7.4 shows the amount
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of metal salts employed. In all cases, HAuCl4.3H20O was used as the Au precursor (41.2%
assay). Samples of all systems were calcined at 300 °C under H»/N> for 2 hours (Section

74.5).

TABLE 7.4. Weights of metal salts employed in the synthesis of Au,M/TiO: catalysts.

Metal Grams Mmol Grams Mmol

Catalyst Metal Salt assay (%) (metal) (metal) (Au) (Au)
Au,Ni/TiO; \ Ni(NO3)2.6H20 20.2 0.23 0.79 0.37 0.79
Au,Co/TiOz \ Co(NO3)2.6H20 20.3 0.23 0.79 0.37 0.79
Au,Pd/TiO; \ PdClI, 23.8 0.73 1.60 0.79 1.60
Au,Cu/TiOz \ Cu(NO3)2.3H20 26.3 0.19 0.79 0.37 0.79

7.4.2.5 Preparation of Au,Ag/TiO:

Deionised H>O (400 L) was added to a beaker containing TiO» (Degussa P25, 19 g). The
mixture was vigorously stirred (500 rpm) and heated to 75 °C. The pH was adjusted to 8 by
the addition of a NaOH solution (2.5 g in 100 mL of deionised H>O, 63 mmol of NaOH). A
solution of the HAuCls.3H20 (41.2% assay, 0.31 g, 0.65 mmol of Au) made in 40 mL of
deionised H>O was then added drop-wise along with the NaOH solution (63 mM) to maintain
a pH of 8. After the addition of all the HAuCl4.3H2O solution, the slurry was left under
vigorous stirring (500 rpm) for 30 min at 75 °C. The resulting mixture was filtrated and
exhaustively washed with deionised H>O (1 L). The catalyst was then dried in an oven at 100
°C for 24 h. The procedure was repeated, using the same pH but adding a solution of AgNO3
(63.5% assay, 0.11 g, 0.65 mmol of Au) to the Au/TiO> catalyst to form the bimetallic
Au,Ag/TiO; system. A sample was calcined under air and Hz/N> at 300 °C for 2 hours (see
Section 7.4.5).

7.4.3 Preparation of Au supported catalysts by the colloidal method
(COL) 112

A solution of poly(vinyl alcohol) (PVA) (0.12 g in 12 mL H>O) was added to a solution
of HAuCl4.3H>O (41.2% assay, 0.24 g, 0.50 mmol of Au) made in 500 mL of H>O. A freshly
prepared solution of NaBH4 (13 mM) was added to the PVA-Au mixture to form a dark-
brown sol. After 30 min, the colloid was added to the support (10 g, TiO2, CeO,, ALO3, C,

HFeO;) under vigorous stirring (500 rpm). The resulting mixture was filtered and
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exhaustively washed with deionised H,O (1 L). The catalyst was then dried in an oven at 100
°C for 24 h. Following the drying step, catalysts were refluxed in deionised H>O in a round
bottomed flask at 90 °C, under vigorous stirring (500 rpm) for 2 h. The resulting slurry was
filtered, washed thoroughly with deionised H>O (1 L) and dried at 100 °C for 24 h. Samples
of Au/TiO2, Au/CeO,, Au/HFeO; and Au/y-Al,O3 were subjected to calcination under Ha/N>
at 200 °C for 2 h (See Sections 5.2 and 7.4.5).

7.4.4 Preparation of Cu/TiO: by the spray drying method (SD)

Cu(NOs3)2.3H20 (26.3% assay, 3.80 g and 0.76 g for 5 and 1 wt.% loading, respectively)
was added to a mixture of TiO (19 g) suspended in 100 mL of deionised H>O. The mixture
was stirred to form a slurry and then introduced into a Biichi B-290 spray dryer using a
peristaltic pump. The nozzle temperature was 200 °C. Samples of the resulting catalyst

precursor were calcined under flowing 5% H2/N; in a tube furnace or under static air at 500

°C for 4 h (See Section 6.4 and Section 7.4.5).
7.4.5 Typical procedure for catalyst calcination

A ramp rate of 10 °C min™! up to 300 or 500 °C either under air, argon or H2/N> was used
for the prepared catalysts. The temperature was then held for 2 h (4 hours when using 500 °C)

and cooled down back to room temperature.
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