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Preface
This thesis presents the work conducted during my Ph.D. study at the Department of Chemistry,
the Technical University of Denmark under the supervision of Professor Robert Madsen as the
main supervisor and Professor Mads H. Clausen as the co-supervisor.
The project was supported from the funding of Robert’s group and the Chinese Scholarship
Council (CSC). The PhD program included courses for 31.5 ECTS and a minimum of 420 hours
spent on dissemination of knowledge, including teaching. Additionally, a two months’ external
stay at Haldor Topsøe A/S was conducted under the supervision of R&D director Dr. Esben
Taarning and R&D manager Dr. Søren Tolborg.
The dissertation includes two projects regarding the development of new catalysts based on Earthabundant transition metals for acceptorless dehydrogenation of alcohols. Two catalysts based on
chromium and vanadium have been described and studied, respectively.
So far, the work has resulted in one scientific publication. A full paper has been published in
Organometallics. The other manuscript has been submitted to my supervisor. Further applications
of the catalysts are currently under investigation.
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Abstract
Alcohols are a good energy source from biomass and can be converted to functional groups, such
as amides, amines, carboxylic acids, esters, and imines. One of the key transformations is the
dehydrogenation of alcohols. The common method is to use traditional oxidants, or use catalysts
based on precious metals. However, these two methods are either not “green” or sustainable. The
3d transition metals are cheap and relatively nontoxic, and they have a high abundance and a large
annual production. Catalysts based on these metals could have a good performance on the
dehydrogenation.
The acceptorless dehydrogenation of alcohols means that alcohol, catalyzed by metal complexes,
undergoes formal oxidation to the corresponding carbonyl compound accompanied by the removal
of H2 gas. The advantage of these dehydrogenative transformations is that alcohol oxidation occurs
in the absence of an oxidizing agent, which leads to less waste and more environmentally friendly
reaction conversions.
Two catalysts based on Earth-abundant transition metals for acceptorless alcohol dehydrogenation
are described in this Ph.D. thesis. Both catalysts mediate the dehydrogenative coupling of primary
alcohols and amines to form imines.
The first developed catalyst is chromium(III) tetraphenylporphyrin chloride (Cr(TPP)Cl). This is
the first time for Cr(TPP)Cl to be applied for acceptorless alcohol dehydrogenation. The catalyst
has a good performance on the dehydrogenation of alcohols with amines to form imines. The
reaction mechanism has been investigated by various practical experiments, and a metal-ligand
cooperative pathway has been proposed.

Scheme I: Dehydrogenative imine synthesis catalyzed by Cr(TPP)Cl.
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The second developed catalyst is vanadium(IV) salen chloride. The catalyst indeed has a good
performance on the dehydrogenation of alcohols, and the mechanism is believed to involve a
metal-ligand cooperation pathway.

Scheme II: Vanadium-catalyzed dehydrogenative coupling of primary alcohols and amines into imines.

The thesis begins with four short chapters regarding the aim of the project, introduction to alcohols,
imines, and acceptorless alcohol dehydrogenation. Subsequently, the development of the two
novel catalysts is described and discussed in two chapters, followed by a conclusion on the entire
project.
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Resumé (Danish)
Alkoholer er gode energikilder fra biomasse, og kan omdannes til mange funktionelle grupper,
som amider, aminer, carboxylsyrer, estere og iminer. En af nøgletransformationerne er
dehydrogenering af alkoholer. Den almindelige metode er at bruge traditionelle oxidanter eller
bruge katalysatorer baseret på ædel metaller. Disse to metoder er imidlertid enten ikke "grønne"
eller bæredygtige. 3d-overgangsmetaller er billige og forholdsvis ugiftige, og de har stor forekomst
og en stor årlig produktion. Katalysatorer baseret på disse metaller kan have en god indvirkning
på dehydrogeneringen.
Den acceptorfrie dehydrogenering af alkoholer betyder, at en alkohol katalyseret af
metalkomplekser gennemgår en formel oxidation til den tilsvarende carbonylforbindelse, der
medfører fjernelsen af H2 gas. Fordelen ved disse dehydrogenative transformationer er, at alkohol
oxidationen finder sted i fravær af et oxidationsmiddel, hvilket fører til mindre spild og mere
miljøvenlige reaktionsbetingelser.
To katalysatorer baseret på almindeligt forekommende overgangsmetaller til acceptorfri
alkoholdehydrogenering er beskrevet i denne ph.d. afhandling. Begge katalysatorer formidler en
dehydrogenativ kobling af primære alkoholer og aminer til at danne iminer.
Den første udviklede katalysator er chrom(III) tetraphenylporphyrinchlorid (Cr(TPP)Cl). Dette er
første gang, at Cr(TPP)Cl anvendes til acceptorfri alkoholdehydrogenering. Katalysatoren har en
god ydeevne ved dehydrogenering af alkoholer med aminer til dannelse af iminer.
Reaktionsmekanismen er blevet undersøgt ved forskellige praktiske eksperimenter, og en metalligand-kooperativ vej er blevet foreslået.

Skema I: Dehydrogenativ iminsyntese katalyseret af Cr (TPP) Cl.
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Den anden udviklede katalysator er vanadium (IV) salenchlorid. Katalysatoren har en god ydeevne
med hensyn til dehydrogenering af alkoholer, og mekanismen antages at gå gennem en metalligand-kooperativ vej.

Skema II: Vanadium-katalyseret dehydrogenativ kobling af primære alkoholer og aminer til dannelse af iminer.

Afhandlingen begynder med fire korte kapitler om projektets formål, som omhandler introduktion
til alkoholer, iminer og acceptorfri alkoholdehydrogenering. Derefter beskrives og diskuteres
udviklingen af de to nye katalysatorer i to kapitler efterfulgt af en konklusion på hele projektet.
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1. Aim of the project
An alcohol group is one of the main functional groups in organic chemistry. Chemical reactions
involving alcohols include oxidation to carbonyl compounds as well the formation of ethers and
olefins, which belong to the core of organic synthesis. Oxidation of alcohols in the presence of
some traditional inorganic oxidizing agents could give stoichiometric amounts of toxic waste.
Metal-catalyzed dehydrogenation of alcohols has received much interest, because of the current
challenge of sustainability. This has led to the development of dehydrogenative reactions, where a
metal catalyst removes hydrogen gas from an alcohol, producing the corresponding carbonyl group,
which can subsequently undergo a variety of transformations into other functional groups, such as
amides, amines, imines, esters, and carboxylic acids with the removal of hydrogen gas in the
absence of oxidants. Hydrogen gas as the only by-product is also a much valuable commodity.
Dehydrogenative reactions with the catalysts based on metals from the platinum group, such as
ruthenium, iridium and rhodium have been well established since the last century. However, these
precious metals suffer from toxic effects, high prices, and low global productions. As a result,
there has been a new trend and interest to focus on cheaper and more abundant metals with similar
catalytic activities (Scheme 1.1).
Hence, this project will focus on the development of catalysts based on Earth-abundant metals to
perform dehydrogenative reactions to convert inexpensive, simple and widely available alcohols
into more valuable compounds.

Scheme 1.1. Acceptorless dehydrogenation of primary alcohol catalyzed by Earth-abundant metals.

1

2. Alcohols and applications
Alcohols are good raw material for industrial processes. The source of the alcohols can be
petroleum, although, petroleum is a non-renewable fossil material. It can also come from biomass,1
which is renewable and continuously available in large amounts.
Wood, as the most abundant source of renewable carbon on the planet, is an accessible target for
catalytic conversion to liquid transportation fuels or platform industrial chemicals. Potential
sources of this “carbon-neutral” feedstock include forests and farms as well as municipal,
agricultural, and forest waste products. Lignocellulose constitutes the woody cell walls of dry plant
matter, which is composed of the biopolymers cellulose, hemicellulose, and lignin (Scheme 2.1),
and it can be converted to many high-value industrial compounds.2,3

Scheme 2.1. Main components of woody biomass and their chemical structures.3

There have been prepared many industrially important alcohols from lignocellulose (Scheme 2.2).
Ethanol and methanol, as simple and common industrial chemicals, are low boiling and volatile
alcohols, which are widely reported for the fractionation of lignocellulosic biomass in organosolv
processes as shown in Table 2.1. The fractionation processes are conducted at elevated
temperatures with or without the addition of catalysts.

Scheme 2.2. Industrially important alcohols available from lignocellulose.4
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Table 2.1. Different methods to use ethanol and methanol in the organosolv fractionation.5
Fractiona
-tion
process

Raw material

Fractionation conditions

Main results

16

Ethanol

Eucalyptus
globulus

Ethanol 60%, liquor/solid ratio
6/1(v/w), 180-200 oC and 30120 min

Glucose yields 69-77% after enzymatic hydrolysis (20 FPU/g
Celluclast 1.5 L and 20 CBU β-glucosidase (Novozymes, USA)),
and glucose to ethanol conversion 51% after fermentation
(Saccharomyces cerevisiae IR2-9a, Celluclast and β-glucosidase).

27

Ethanol

Wheat straw
(hydrothermal
ly treated)

Ethanol 60%, liquor/solid ratio
10/1(v/w), 220 oC and 60 min

Xylose yield 67% and glucose yield 93% after enzymatic
hydrolysis (20 FPU/g Celluclast Accellerase 1500).
Glucose yield of 75%, hemicelluloses to xylose conversion 60%,
and hemicelluloses to arabinose conversion 45% after enzymatic
hydrolysis (Cellulase (0.017 units/mg), endo-1,3(4) β-glucanase
(0.017 units/mg) and endo-1,4-β-xylanase (1 unit/mg) from
Trichoderma longibrachiatum (Sigma Aldrich)).

Entry

38

Ethanol

Wheat bran

Ethanol 30%, liquor/solid ratio
4/1(v/w), 180 oC and 30 min

49

Ethanol

Sweet
sorghum
stalks

Ethanol 50%, sulfuric acid 1%,
liquor/solid ratio 10/1(v/w),
140 oC and 30 min

Biomethane 92% theoretical yield after anaerobic digestion, and
sugar yield 77.0% after enzymatic hydrolysis (20 FPU/g cellulose
(Celluclast 1.5 L, Novozyme, Denmark) and 50 IU β-glucosidase
(Novozyme 188, Novozyme, Denmark)).

10

Ethanol/
H2SO4

Miscanthus
(enzyme
hydrolyzed)

Ethanol 80%, H2SO4 1%,
liquid/solid ratio 8/1, 170 oC and
60 min

Delignification 93% and enzymatic cellulose-to-glucose
conversion 75% (Celluclast R 1.5 L (E.C. 3.2.1.4) from T. Reesei
supplemented with β-glucosidase preparation (Novozyme 188 R,
E.C. 3.2.1.21)).

611

Ethanol/
H2SO4

Wheat straw

Ethanol 60%, H2SO4 30 mM,
liquid/solid ratio 10/1, 190 oC
and 60 min

Lignin yield 84% and glucose yield 86% after enzymatic
hydrolysis (20 FPU/g Accellerase 1500 (Leiden, NL)).

712

Ethanol/
H2SO4

Pine and elm

Ethanol 75%, H2SO4 1%,
liquor/solid ratio 8/1 (w/w),
150-180 oC and 30-60 min

Acetone-butanol-ethanol yield 14.2-87.9 g/per kg pine (25 FPU/g
cellulase and 40 IU β-glucosidase) and 70.1-121.2 g/kg of elm
after fermentation (growing culture (optical density of 1.2-1.6 at
610 nm)).

13

Ethanol/
H2SO4
or HCl

Willow wood
And
wheat
straw

Ethanol 55%, H2SO4 0.01 mol/L
or HCl 0.02 mol/L, liquor/solid
ratio 9.5/1 (w/w), 190 oC and
180 min

Cellulose to glucose conversion 87% (willow wood) and 99%
(wheat straw) after enzymatic hydrolysis (Accellerase 1500 and
62 FPU/g cellulase).

914

Ethanol/
HCl

Chamaecypar
isobtusa

Ethanol 50%, HCl 0.4%,
liquor/solid ratio 5.3/1
(v/w), 170 oC and 45 min

Glucose yield 70% after enzymatic hydrolysis (cellulases from
Trichoderma reesei ATCC 26921 (Celluclast 1.5 L) and βglucosidase (Novozyme 188) from Aspergillus niger (both
Novozymes, Bagsværd, Denmark)).

1015

Ethanol/a
cetic acid

Sugarcane
bagasse

Ethanol 60%, acetic acid 5%,
liquor/solid ratio 8/1(v/w), 190
o
C and 45 min

Xylose yield 11.83% and cellulose conversion 93.8% after
enzymatic hydrolysis (20 FPU/g cellulase mixture provided by
Genencor (Shanghai, China)).

1116

Ethnol/gr
een liquor

Sugarcane
bagasse

Ethanol 50%, green liquor 1.5
mL/g raw material, 0.01 g
anthraquinone, liquor/solid
ratio 10/1(v/w), 140 oC and 3 h

Lignin removal 77.9%, glucose yield 97.7%, and xylose yield
94.1% (cellulase (Celluclast 1.5 L, Sigma Co., St. Louis, MO,
USA), 18 FPU/g cellulose for cellulase and 27 CBU/g cellulose
for β-glucosidase).

17

Methanol

Pressed
pericarp
fibers

Methanol 65%, liquor/solid
ratio 8/1(v/w), 180 oC and 75
min

Lignin removal 44.6% and cellulose-to-glucose conversion 42.5%
after enzymatic hydrolysis (Celluclast 1.5 L (Novozymes,
Denmark), β-glucosidase (Novozyme 188, Novozymes), at
loadings of 60 FPU/g cellulose and 64 pNPGU/g cellulose,
respectively).

1318

Methanol
/H2SO4

Hemp hurds

Methanol 45%, H2SO4 3%,
liquor/solid ratio 25/1(v/w), 165
o
C and 20 min

Hemicellulose removal 75%, lignin removal 75%, and cellulosetoglucose conversion 60% after enzymatic hydrolysis (cellulose
enzyme Cellic CTec2 (Novozymes, Bagsværd, Denmark)).

1419

Methanol
/NaOH

Populus
tomentosa
Carr

Methanol 70%, NaOH 1%, 80
o
C and 5 h

Cellulosic fraction yield 80.3% and bioethanol concentration 5.09
g/L after fermentation (15 FPU/g Celluclast 1.5 L (cellulase) and
17.5 IU/g Novozyme 188 (β-glucosidase)).

5
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3

The production-scale synthesis of chemicals from plant extracts is usually limited for the chemical
industry. In contrast, the chain degradation of cellulose could open an avenue for sustainable largescale alcohol production (Scheme 2.1), and some have been extensively used in the chemical
industry as intermediates (Scheme 2.2).
The preparation of alcohols from biomass has been developed for many years, and the research
about biomass and alcohols is still a hot topic. There is a huge increase in the research area in past
30 years, in terms of published articles (Figure 2.1). Despite the fact that alcohols can be used as
a good fuel source, they can also be converted into different compounds, such as amides, amines,
imines, carboxylic acids, and esters. The key step during this transformation is the
dehydrogenation of alcohols (Scheme 2.3).
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Dehydrogenation of Alcohols

Figure 2.1. Evolution of published articles about biomass and alcohols, and dehydrogenation of alcohols per year
(data compiled through the web of science website on 22 April 2021, using “biomass and alcohols” and
“dehydrogenation of alcohols” respectively, as topics).

Scheme 2.3. Pathways for dehydrogenative reactions from alcohols.
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3. Synthesis of imines
3.1 Introduction to imines
Imines have the formula R1R2C=NR3, and the functionality is well known as a Schiff base. The
functionality was discovered and named by Hugo Schiff in 1864, if R3 is not a hydrogen atom.20
The N atom is easy to facilitate coordination to various metals, which can make molecules
containing the imine group feasible ligands in homogeneous catalysis, because of the presence of
a lone pair of electrons on the nitrogen atom of an imine group.21 Imines are important
intermediates. They are not only widely applied in the synthesis of active compounds, such as
pharmaceuticals, dyes, fragrances, fungicides, and agricultural chemicals,21,22 but also involved in
a variety of organic transformations, such as reduction, addition, condensation, cyclization, and
aziridination reactions in industrial synthetic processes.23 From Figure 3.1, it can be seen that
imines have been well studied in different fields.

Figure 3.1. Evolution of published articles about imines (data compiled through the web of science on 14 June 2021
using imine as topic from 1990-2021, and there are total 36590 records).

Schiff originally reported the preparation of imines by the condensation of amines with carbonyl
compounds (Scheme 3.1).23 This reaction proceeds by nucleophilic addition of the amine nitrogen
to the carbonyl carbon, and then gives a hemiaminal intermediate followed by elimination of water
to yield the imine. This procedure has been applied for the preparation of various imines, where
neither a catalyst, an additive nor a solvent is needed.24,25

5

Scheme 3.1. Traditional method to synthesize imines.

3.2 Synthesis of imines by catalytic oxidations of primary alcohols and/or
amines
However, there are some disadvantages for the traditional method: (a) it often involves unstable
aldehydes and the equilibrium usually favors the reverse reaction; (b) the reaction of aliphatic
aldehydes and amines does not necessarily lead to the desired imine; (c) ketones react with amines
slowly and often require harsh conditions. In general, it is limited for the traditional procedure to
react between highly nucleophilic amines and strongly electrophilic aldehydes/ketones.21
Therefore, it is necessary and highly appealing to develop an alternative, efficient and sustainable
procedure with a broad scope of imine products.
Different methods to prepare imines have been developed since Hugo Schiff’s discovery. These
methods include hydroamination of alkynes with amines,26 coupling of aldehydes with alkyl
bromides and ammonia,27 coupling of aldimines with boronates,28 addition of organometallic
reagents to nitriles,29 arylation of nitriles30, decarboxylative amine couplings,31 addition of arenes
or boronic acids to nitriles,32 reductive imination of nitro compounds,33 reduction of secondary
amides,34 coupling of aryl halides with isonitriles and organometallic reagents,35 hydrogen transfer
from amines to alkynes,36 addition of isocyanides to electron-rich arenes,37 and coupling of vinyl
bromide with amines.38
Although many methods have been reported, three approaches have obtained much attention, as
shown in Scheme 3.2: (a) oxidative dehydrogenation of secondary amines; (b) oxidative selfcoupling of primary amines; and (c) oxidative cross-coupling of alcohols with amines.
The oxidative dehydrogenation of secondary amines gives high selectivity, because the substrates
can not be further dehydrogenated into nitriles. Yet, the substrate conversion efficiency is affected
by the steric hindrance around the N-H bond and no new C-N bond is formed. In 1933, the Ritter
group reported the dehydrogenation of amines to form imines.39 For the homo-coupled imines
from the self-coupling of primary amines, they are easily obtained, whereas hetero-coupled imines
are less accessible. Additionally, there is a potential risk in the reaction for the transformation of
the primary amine into a nitrile, amide or azo compound as by-products, because of the possibility
of over-oxidation in the presence of an oxidant.
6

a) Oxidative dehydrogenation of secondary amines

b) Self-coupling of primary amines

c) Cross-coupling of alcohols with amine

Scheme 3.2. New approaches to synthesize imines.

In 1909, the direct N-alkylation of amines with alcohols to produce secondary amines as the final
products with imines as intermediates was reported by Sabatier.40,41 Later, this approach was
applied in the selective synthesis of the imine product. For the cross-coupling of alcohols with
amines, the advantage is that both symmetric and asymmetric imines can be readily synthesized
by choosing different starting materials. In addition, alcohols are desirable starting materials,
because they are inexpensive, easily available by various industrial processes as stated in Chapter
1. Therefore, it is considered to be of high importance to develop catalytic reactions for
synthesizing different compounds from alcohols, which can reduce CO2 emissions and prevent the
use of fossil carbon feedstock. Hence, “the use of renewable feedstocks” is also one of the
principles of green chemistry.42,43 Therefore, the cross-coupling of alcohols with amines is
regarded as an environmentally benign protocol.
The biggest problem with this approach is that alcohols are quite unreactive, because the hydroxy
group is a poor leaving group, which means that it often has to be converted into a better leaving
group by protonation, sulfonation or halogenation to be able to participate in different reactions.
However, these modifications usually require harsh reaction conditions. The acidic environment
that is required for the protonation of the alcohol may also protonate, and thereby deactivate the
incoming nucleophile (especially amines). Many alkyl sulfonates and alkyl halides are known to
be mutagenic.44 A potential solution to circumvent the problem is to oxidize the alcohol into the
corresponding and more reactive carbonyl group. In this case, the major challenge is the selective
oxidation of the alcohol into the corresponding aldehyde or ketone intermediate under mild
conditions. Traditional methods to oxidize alcohols into aldehydes are to use stoichiometric or
excess amounts of inorganic oxidants, such as CrO3Py2 (Collins reagent),45 Dess-Martin
Periodinane (DMP),46 activated DMSO (Swern oxidation),47 tetrapropylammonium perruthenate
(TPAP)/N-methylmorpholine
N-oxide
(NMO)
(Ley
oxidation),48
and
(2,2,6,67

tetramethylpiperidin-1-yl)oxyl (TEMPO)/NaOCl.49 However, these inorganic oxidants would lead
to the generation of a copious stoichiometric amount of toxic waste. Furthermore, they can also
oxidize the amine starting material,50–52 and lead to undesirable byproducts, as the case with the
self-coupling of amines.
Because of all these challenges mentioned above, a wide range of catalysts has been developed for
these transformations during the past years, which include transition metal, photo-, electro-, and
organo-catalysts. In the case of photo-,53–56 electro-,57,58 and organo-catalysts59–62, they have often
been achieved with a limitted substrate scope.55
Additionally, a catalyst based on transition metals has also been reported. Various transition metals
have been shown to catalyze the oxidative coupling of amines and alcohols in the presence of an
environmentally friendly and cheap oxidant (air/O2). Some examples are shown in Table 3.1.
Moreover, simple bases, such as NaOH (10 mol%), have been shown to catalyze the oxidative
coupling of amines and alcohols in the presence of air at 90-100 ⁰C.63 Coupling of primary amines
can be achieved by refluxing the amines in water under one atmosphere of oxygen pressure, the
so-called “on-water” reaction.64
Air and O2 are environmentally friendly oxidants, but they can not avoid the possibility of overoxidation of the substrates, leading to various possible byproducts. Furthermore, pressurized
oxygen could also give potential explosion hazards. Therefore, another solution is desired.
Reactions employing metal catalysts to catalyze the alcohol to aldehyde or ketone conversion with
the removal of hydrogen gas could be a better option, in comparison to the use of stoichiometric
reagents.
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Table 3.1. Various catalysts applied in the oxidative cross-coupling of alcohols with amines in the presence of mild
oxidants.

Entry

Catalyst

Oxidant

Additive

Solvent

T (oC)

t (h)

165

1 mol% Pd(OAc)2

air

4 % TEMPO
15 % NEt3
20 % tBuOK

neat

rt

72

266

0.3g γ-Fe2O3

air

-

toluene

80

8

367

5 mol% Cu(ClO4)2 6H2O

O2 (balloon)

150 mol% KOH

toluene

70

19

468

0.3 g/mmol CeO2 on
mesoporous carbon

air

-

toluene

80

2

569

20 mg/mmol FeCu@NPC
porous N-doped carbon

air

-

neat

120

4

670

5 mol% Ru nanoparticles
on carbon

O2

-

toluene

90

15-36

771

3 mol% ABNO
9-azabicyclo[3.3.1]
nonan-N-oxyl (ABNO)

air

30 mol% KOH

toluene

80

4-12

872

5.0 wt% MnOx/HAP
hydroxyapatite

air

-

toluene

80

24

973

1000 mol% MnO2

-

4Å MS (200 mg)

DCM

reflux

24-48

10

74

20 mol% CsOH·H2O

air

-

toluene

70

18

11

75

120 mol% KOH

air

-

toluene

90

20

12 76

50 mg/mmol Cs/MnOx

air

-

toluene

110

3

1377

0.02 % Au/TiO2

1 atm O2

10 % KOCH3

methanol

rt

24

1478

5 % Ag/Al2O3

air

-

toluene

100

24

0.3 % Pt-Sn/γ-Al2O3

0.1 MPa O2

-

ethylbenzene

138

24

1680

1 % CuI

air

2 % TEMPO
1 % Bipy

acetonitrile

rt

12

1781

2 % Pd/AlO(OH)

1 atm O2

-

heptane

90

20

1882

1 % Pd/ZrO2

air

10 % KOH

alcohol
substrate

30

6

1983

5 mol% La(NO3)3 6H2O

O2

KOH

toluene

90

19

2084

20 mg/CeO2

air

-

mesitylene

100-140

24-48

15

79

9
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4. Dehydrogenation of alcohols and imination from alcohols with
metal catalysts
4.1 Catalysis
The 9th principle of green chemistry that catalytic reagents are superior to stoichiometric reagents
is catalysis.42,43 A substance known as a catalyst can be used to accelerate the rate of a chemical
reaction by providing an alternative reaction pathway with lower activation energy, and without
affecting the overall Gibbs free energy of the reaction (Figure 4.1). The catalyst itself is not
consumed during the transformation and proceeds through a cyclic process consisting of different
steps called a catalytic cycle, which means that the catalyst can act repeatedly and be regenerated
after the end of the reaction. Hence, in contrast to the use of stoichiometric reagents, which are a
major source of waste, only a small amount of catalyst required for a reaction could have a similar
performance.42 In addition, catalytic reactions often have low E-factors,43,85 and are very atomeconomic and makes it possible to perform reactions efficiently that would maybe otherwise be
impossible or very expensive. Today, up to 90% of the production of all commercial products
relies on catalysts,86,87 which gives a clear prospect of the importance of catalysis.

Figure 4.1. Potential energy diagram showing the effect of a catalyst in a chemical reaction.

A catalytic cycle is a multistep reaction mechanism, which is used to describe the role of a catalyst
in the conversion of reactants into the desired product. Often a precursor to the catalyst, called a
pre-catalyst, is used in the reactions. In the reaction mixture, the pre-catalyst is converted to the
active catalyst. Pre-catalysts are normally more stable than the active catalysts, and therefore easier
to handle. The catalyst activation is not a part of the actual cycle. After activation, the catalyst can
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bind one or more reactants, followed by several steps, leading to the release of the desired product
and regeneration of the catalyst, as shown in Scheme 4.1.

Scheme 4.1. Catalytic cycle for conversion of reactant into product through intermediate I.

In 1812, Gottlieb Kirchhoff reported the first example of a catalyst applied in the field of chemistry,
where he discovered the acid-catalyzed conversion of starch into sugar moieties.88 The term
catalysis was first introduced by Jöns Jacob Bérzelius in 1836.89 The modern definition of catalysis,
as we know it today, was presented by Wilhelm Ostwald in 1895.90
Catalysts can be classified as either homogeneous or heterogeneous. A homogeneous catalyst is in
the same phase with the reactants, whereas a heterogeneous catalyst acts in different phases with
the reactants. One of the greatest advantages of heterogeneous catalysis is that they can be easily
separated from the reactions and then reused. However, heterogeneous catalysts often suffer from
limited activity and selectivity. Homogeneous catalysts are easy to access for the reactants and
promote high catalytic activity as well as selectivity towards the desired product.91 It is estimated
that 10-15% of the current catalytic processes in industry are homogeneous, and the development
of homogeneous catalysts is continuously growing.92 In addition, catalysts can also be classified
according to their structure. The most common types are organo-, photo- and electro-catalysts as
well as metal catalysts.

4.2 Coordination complex
In 1911, Werner first resolved the coordination complex hexol ([Co(Co(NH3)4(OH)2)3]6+(SO42-)3)
into optical isomers, overthrowing the theory that only carbon compounds could possess
chirality.93 Werner developed the basis for modern coordination chemistry and won the Nobel
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Prize in Chemistry for proposing the octahedral configuration of transition metal complexes in
1913.94
A coordination complex consists of a central atom or ion, which is usually metallic and is called
the coordination centre and a surrounding array of bound molecules or ions, that are in turn known
as ligands or complexing agents.95 Many metal-containing compounds are coordination complexes,
especially those of transition metals (d block elements).
Coordination complexes are so pervasive that their structures and reactions are described in many
ways. The atom within a ligand that is bonded to the central metal atom or ion is called the donor
atom. In a typical complex, a metal ion is bonded to several donor atoms, which can be the same
or different. A polydentate (multiple bonded) ligand is a molecule or ion that bonds to the central
atom through several of the ligand's atoms. Ligands with 2, 3, 4 or even 6 bonds to the central
atom are common. These complexes are called chelate complexes, and the formation of such
complexes is called chelation, complexation and coordination.
In coordination chemistry, a structure is first described by its coordination number, i.e. the number
of ligands attached to the metal (more specifically, the number of donor atoms). Coordination
numbers are normally between two and nine, but large numbers of ligands are common for the
lanthanides and actinides. The number of bonds depends on the size, charge, and electron
configuration of the metal ion and ligands. Metal ions may have more than one coordination
number.
Typically, the chemistry of transition metal complexes is dominated by interactions between s and
p molecular orbitals of the donor-atoms in the ligands and the d orbitals of the metal ions. The s,
p and d orbitals of the metal can accommodate 18 electrons.96,97 The maximum coordination
number for a certain metal is thus related to the electronic configuration of the metal ion (to be
more specific, the number of empty orbitals). Large metals and small ligands lead to high
coordination numbers, such as [Mo(CN)8]4−. Small metals with large ligands lead to low
coordination numbers, such as Pt[P(CMe3)]2. Due to their large size, lanthanides, and actinides
tend to have high coordination numbers.
Most structures follow the points on a sphere pattern (or, as if the central atom is in the middle of
a polyhedron where the corners of the shape are the locations of the ligands), where orbital overlap
(between ligand and metal orbitals) and ligand-ligand repulsion tend to lead to certain regular
geometries. The most observed geometries are listed below (Scheme 4.2). However, due to the use
of ligands of diverse types, the size of ligands, electronic effects, the geometries can be irregular.
Different structures and examples are given as shown as follows.95
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(a) Linear for two-coordination, such as AuCl(PPh3).
(b) Trigonal planar for three-coordination, such as Pt(PPh3)3.
(c) Tetrahedral for four-coordination, such as RhCl(PPh3)3.
(d) Square planar for four-coordination, such as Ni(CO)4.
(e) Trigonal bipyramidal for five-coordination, such as Fe(CO)5.
(f) Square pyramidal for five-coordination, such as [VOCl4]2-.
(g) Octahedral for six-coordination, such as Mo(CO)6.

Scheme 4.2. Common structures of coordinate complexes (M = metal, L = ligand).

The descriptions of 5-, 7-, 8-, and 9- coordination are often indistinct geometrically from
alternative structures with slightly differing L-M-L (ligand-metal-ligand) angles, as for example
the difference between square pyramidal and trigonal bipyramidal structures.95
In systems with low d electron count, due to special electronic effects, such as Jahn-Teller
stabilization,98 certain geometries (in which the coordination atoms do not follow a points-on-asphere pattern) are stabilized relative to the other possibilities, therefore for some compounds, the
trigonal prismatic geometry is stabilized relative to octahedral structures for six-coordination.
Coordinate complexes as homogeneous catalysts have been widely applied in the production of
organic substances. Processes include hydrogenation, hydroformylation, and oxidation. A
combination of titanium trichloride and triethylaluminium gives rise to Ziegler-Natta catalysts99
used for the polymerization of ethylene and propylene to give polymers of great commercial
importance as fibers, films, and plastics.
Nickel, cobalt, and copper can be extracted using hydrometallurgical processes involving complex
ions. They are extracted from their ores as ammine complexes. Metals can also be separated using
the selective precipitation and solubility of complex ions. Cyanide is used chiefly for the extraction
of gold and silver from their ores.100
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Many coupling reactions based on metal complexes have been developed in the past decades, such
as the Kumada coupling,101,102 the Mizoroki-Heck reaction,103–105 the Sonogashira coupling,106,107
the Negishi coupling,108–111 the Stille reaction,112 the Suzuki-Miyaura reaction,113–115 the Hiyama
coupling,116,117 and the Buchwald-Hartwig amination.118
In metal catalysis, the catalyst consists of at least one metal, usually, a transition metal, to which
organic and/or inorganic ligands often are coordinated. The transition metal can have multiple
oxidation states and coordination sites to the ligands, which makes them a good choice as metal
catalysts. During the catalytic cycle, the catalyst can undergo various transformations, such as
ligand exchange, oxidative addition, reductive elimination, migratory insertion, elimination and
transmetalation (Table 4.1).95
Table 4.1. Schematic presentation of common steps in a catalytic cycle.
Reaction type
Ligand
exchange

Examples

Remarks
Dissociative mechanism
Associative mechanism

Migration
insertion
Oxidative
addition

Reductive
elimination

β-Elimination

Relative rates: R2 = H > R2 ≥ alkyl or
aryl
For X = CH2, studied for R2 = H, alkyl,
Ar, OR, and Cl
For X = O or NR, studied for R2 = H and
aryl

α-Elimination

X = O, NR, CR2

Transmetalation

R = aryl, vinyl, alkyl
X = halide, pseudohalide
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To understand the common steps in a catalytic cycle, an example is shown in Scheme 4.3.119 This
is a common catalytic cycle for the Sonogashira reaction, and there are two cycles, i.e. the
palladium cycle and the copper cycle.
In the palladium cycle, the palladium pre-catalyst species is activated to form a reactive Pd0
complex 1. This [Pd(0)L2] complex can be formed from Pd(0) complexes, such as Pd(PPh3)4, or
can be created from Pd(II) complexes, such as PdCl2(PPh3)2, through the formation of a
[Pd(II)L2(C≡CR2)2] species.120 The active Pd0 catalyst is involved in the oxidative addition step
with the aryl or vinyl halide substrate to produce PdII species 2. This step is believed to be the ratelimiting step of the reaction. Complex 2 reacts with copper acetylide complex 6 in a
transmetalation step, yielding complex 3 and regenerating the copper catalyst 4. The structure of
complex 3 depends on the properties of the ligands. For the facile reductive elimination to occur,
the substrate motifs need to be in close vicinity, such as cis-orientation, therefore trans-cis
isomerization can be involved. In the reductive elimination step, the product is expelled from the
complex and the active Pd catalytic species is regenerated.
For the copper cycle, the details are poorly known. It is suggested that the presence of a base results
in the formation of a π-alkyne complex 5. This increases the acidity of terminal proton and leads
to the formation of the copper acetylide, complex 6, upon deprotonation. Acetylide 6 is then
involved in the transmetalation reaction with palladium intermediate 2.

Scheme 4.3. Catalytic cycle for the Sonogashira reaction.118
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4.3 Dehydrogenation of alcohols and imination from alcohols using metal
catalysts
4.3.1 Catalysts based on platinium group metals
One of the earliest dehydrogentation of alcohols was reported by Duson and Robinson.121 The
authors discovered that the complex was active in the dehydrogenation of a series of primary and
secondary alcohols.

Scheme 4.4. Early example of dehydrogenation of primary and secondary alcohols employing a metal catalyst and
the catalytic cycle.

In Scheme 4.4, the mechanism shows a detailed version of the outlined dehydrogenative reaction
including the stereochemical information. The initial step was thought to involve coordination of
the alcohol to form adduct 8, with a structure analogous to that found for the methanol solvate
[Ru(OCOCF3)2(MeOH)(CO)(PPh3)2].
The
crystal
structure
of
[Ru(OCOCF3)2(MeOH)(CO)(PPh3)2] also proved the hydrogen bonding between the CF3CO2 and
the OMe moieties,120 which pointed to a mechanism for facile interligand proton transfer (8 - 9).
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A similar finding was reported for a metal-assisted proton transfer between coordinated water and
amino acid ligands. The resulting alkoxide complex 9 presumably underwent a rapid elimination
step with the proton migrating to the coordination site vacated by the departing perfluorocarboxylic
acid ligand.122 Loss of the weakly coordinated aldehyde (or ketone) ligand, followed by a reverse
Berry pseudorotation (11 - 12) on the resultant five-coordinate square-pyramidal (d6) intermediate
and subsequent rechelation of a carboxylate group, could account for formation of the observed
hydride (13). The proposed form of a reverse Berry pseudorotation (11 - 12) minimizes steric
interactions between the bulky triphenylphosphine ligands. The course of the reaction leading to
regeneration of catalyst 7 is more difficult to elucidate. It was presumed that acid (RFCOOH) attack
on the hydrides [RuH(OCORF)(CO)(PPh3)2] occurred with retention of stereochemistry and led to
formation of dicarboxylato complexes [Ru(OCORF)2(CO)(PPh3)2] with mutual trans
triphenylphosphine ligands. Regeneration of the observed isomeric species 7 could then occur by
a further reverse Berry pseudorotation sequence (15 - 16). Alternatively, the conversion of the
hydrides [RuH(OCORF)(CO)(PPh3)2] to the dicarboxylate [Ru(OCORF)2(CO)(PPh3)2] with acid
RFCOOH may involve a protonation step leading to the formation of seven-coordinate
ruthenium(IV) species [RuH2(OCORF)(CO)(PPh3)2]+ or [RuH2(OCORF)2(CO)(PPh3)2], which can
undergo reductive elimination of dihydrogen to yield the observed isomer of
[Ru(OCORF)2(CO)(PPh3)2] directly.
The inhibitory effect of accumulated aldehyde (or ketone) was similar to what had previously been
observed in related alcohol dehydrogenation and hydrogen-transfer processes.123–125 It was
presumably attributable to competition between the alcohol and the carbonyl product in the initial
coordination step (7 - 8). Synthesis of ketone solvates supported this suggestion. The low
concentrations of dihydrogen should ensure that the reverse hydrogenation of the aldehyde or the
ketone did not play a significant role. The observed acid dependence of the catalyst system can be
explained, if the acid-promoted catalyst regeneration reaction (13 - 14) is superseded by the
solvolysis process (9 >> 10) as the rate-determining step at acid concentrations greater than about
12 mol/mol of catalyst. Weakly bound perfluorocarboxylate ligands of exceptional lability
appeared to be a characteristic and essential feature of the catalytic complex [Ru(OCORF)2(CO)(PPh3)2]. It was, therefore, useful to consider the origin of this phenomenon, and two plausible
explanations, trans influence and available sites for alcohol coordination, merited special
consideration.
In addition, there are some other catalysts based on Ru for dehydrogenation of alcohols in Scheme
4.5.126–130
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Scheme 4.5. Different catalysts based on Ru for dehydrogenation.

Scheme 4.6. Proposed mechanism for imine formation based on catalyst 19.

For the catalyst 19, the mechanistic transformation was likely to proceed via three steps128 in
Scheme 4.6 : (a) a ligand exchange step, leading to the arm-opened ruthenium alkoxide species 22;
(b) generation of the Ru-H species via β-hydride elimination with subsequent formation of the
hydride product 23; (c) a H2-forming step, leading to the formation of the catalytically active armclosed ruthenium species 24.131 Hydrogen formation was observed upon stoichiometric interaction
of 19 with 1-phenylethanol.

Scheme 4.7. Proposed mechanism for imine formation based on catalyst 20.
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For the catalyst 20, a bifunctional mechanism to account for the conversion of the alcohol into the
aldehyde was proposed.129 The alcohol was activated in a bifunctional manner to form an axial
diruthenium-alkoxide 25, causing the hydroxy arm to open up (Scheme 4.7). Subsequent β-hydride
elimination of the alkoxide produced the aldehyde and the [Ru-Ru]-H intermediate 26. In the
absence of the amine, the hydride intermediate was identified by a characteristic signal at δ = -7.37
ppm in the 1H-NMR spectrum. The active catalyst 20 was regenerated with the liberation of
hydrogen and the extruded aldehyde reacted with the amine to give the imine as the final
product.132–134

Scheme 4.8. Possible reaction pathway for the dehydrogenation of 1-phenylethanol.

The dearomatized species 27 shown in Scheme 4.8, which was formed via deprotonation of 21
with base, may play an important role to promote the catalytic transformations of alcohols.130 The
presence of arsine instead of phosphine (compared with complex 30) in the pincer ligand may
lower the reaction rate to form the dearomatized species 27, where the arsine attached to the
deprotonated methylene group unit may function as a weaker π-acceptor. Then an insertion
reaction occurred between 1-phenylethanol and species 27 to give species 28, where the pyridine
ring was formed again. Hydrogen abstraction happened through species 28, and then afforded
hydride species 29, from which hydrogen gas can be liberated to regenerate species 27.
Besides the Ru-based catalyst, there are also some reports about dehydrogenation of alcohols using
iridium catalysts.
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Scheme 4.9. Alkylation of alcohols with an iridium catalyst.

Scheme 4.10. Possible reaction mechanism.

In Scheme 4.9, the α-alkylations of nitriles were efficiently performed at 120 °C under solventfree conditions with a very low (0.1-0.01 mol%) catalyst loading.135 A plausible mechanism based
on the experimental evidence and previous reports was proposed in Scheme 4.10.136–143 Initially,
the alcohol interacted with the iridium dimer 31, and the O-H activation of the alcohol via proton
transfer to the pyrazolato moiety yielded an alkoxy intermediate 32. A similar example with a
nitrogen atom in the pyrazolato moiety abstracting a hydrogen atom was reported: a related
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iridium-pyrazolato complex activated the N-H bond of tosyl amine via proton transfer to the
pyrazolato moiety.144 Thereafter, the β-hydride elimination of intermediate 32 resulted in the
formation of the ketone and the hydride intermediate 33, which was isolated and fully
characterized. As β-hydride elimination requires a vacant site at the metal center, this second step
might also undergo a Cp ring slippage from η5 to η3 coordination. However, the proposed βhydride elimination in saturated complexes has also been reported.142,143,145,146 Thereafter, the
ketone and the arylnitrile underwent a Knoevenagel condensation in the presence of a base to form
the vinyl nitrile with the elimination of water. Finally, hydrogen transferred from the hydride
intermediate 33 to the vinyl nitrile yielding α-alkylated arylacetonitrile with the regeneration of
iridium complex 31.

Scheme 4.11. Dehydrogenation of alcohols and proposed mechanism.

An iridium catalyst for the acceptorless and base-free dehydrogenation of alcohols has also been
implemented (Scheme 4.11).147 The catalyst displayed high efficiency in a number of alcohol
dehydrogenation reactions. A possible reaction mechanism is presented in Scheme 4.11. The
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activity of catalyst was drastically improved when the dipyridylamine ligand was made into a
bridging tertiary amine in comparison to a secondary amine. A mechanism was proposed in which
the basicity of the bridging nitrogen was a key parameter. Similar to other bifunctional catalysts
based on pincer ligands, the bridging nitrogen would play the role of a base abstracting the acidic
proton of the alcohol, and thus leading to the possible intermediate 36. Subsequently, hydride
elimination would release the ketone product leading to 37, and hydrogen extrusion would then
regenerate catalyst 34. Another mechanism involving the decoordination of one of the pyridine
rings, which would act as a basic center, was also conceivable.
Other metals, such as Os,148–150 Pd,151,152 and Rh,153 also perform well on the dehydrogenation of
alcohols.

4.3.2 Comparison between platinium group metals and 3d transition metals
Although the platinium group metals have good performances on the dehydrogenation of alcohols,
they are all precious metals. From Figure 4.2,154 it can be seen that the prices of the platinium
group metals are very high. For the metal Rh, the price is about 70000 €/mol. Even though the
price of Pt is relatively low, it is still about 10000 €/mol. For the 3d transition metals, their prices
are very low, with Ni being the most expensive, but with a price lower than 1 €/mol.

Price(Euro/mol)

Price(Euro/mol)
1.00

80000.00

0.93 0.91

0.85

0.80
60000.00

0.50

0.60

40000.00

0.31

0.40

20000.00
0.00
V Cr Mn Fe Co Ni Cu Zn Ag Au Ru Pd Pt Ir Rh

0.15

0.14

0.20

0.01

0.00
V

Cr

Mn

Fe

Co

Ni

Cu

Zn

Figure 4.2. Prices of different transition metals.

In addition, the permitted daily oral exposure of 3d transition metals are magnitudes higher than
the values for the of platinium group metals as shown in Figure 4.3.154,155 Moreover, there is a
limited amount in the human body of 3d transition metals as shown in Table 4.2.156,157
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Figure 4.3. Permitted daily oral exposure of different transition metals.

Table 4.2. Concentrations of transition metals in the human plasma.
Element
Fe
Zn
Cu
Mo
Co
Cr
V
Mn
Ni

Human plasma (M) × 108
2230
1720
1650
1000
0.0025
5.5
17.7
10.9
4.4

Furthermore, the natural abundance in the Earth’s crust of the platinium group metals is very low
compared with that of the 3d transition metals as seen in Figure 4.4.154 3d Transition metals are
the most abundant transition metals in Earth’s crust and Fe is the most abundant metal among the
3d transition metals as seen from Figure 4.5.154
Therefore, the annual productions of 3d transition metals are thousands of times higher than that
of the platinium group metals as shown in Figure 4.6.158
Based on the facts introduced above, 3d transition metals have a low price, a high permitted daily
oral exposure, a high abundance and annual production, and therefore it is interesting to investigate
whether they can be applied into dehydrogenation reactions, and have similar performances as the
platinum group metals.
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4.3.3 3d Transition metals in dehydrogenation reactions
The catalytic dehydrogenative coupling of alcohols and amines to form imines represents an
environmentally benign methodology in organic chemistry. This has previously been mainly
accomplished with catalysts based on precious metals. However, 3d-transition-metal-based
catalysts have indeed made much progress in recent years, and they can also have good
performances. There have been many reports about manganese since the first Mn complex was
developed for dehydrogenation in the Milstein group in 2016.22

Scheme 4.12. Reaction with catalyst based on Mn and proposed mechanism.

The dehydrogenative coupling of alcohols and amines to form imines and H2 reported by Milstein
is shown in Scheme 4.12. This was the first catalyst with a complex composed of the Earthabundant Mn for the dehydrogenation of alcohols.
The proposed mechanism for the Mn-catalyzed process followed a pathway similar to that of the
PNP Ru-catalyzed reactions. The dehydrogenation of the alcohol likely proceeded through a
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bifunctional proton and hydride transfer step, illustrated as transition state species 40 (Scheme
4.12).159 Formation of the aldehyde by direct β-H elimination of the alkoxy ligand of
coordinatively saturated species 39 (reversibly formed under the reaction conditions) was less
likely. Complex 42 then underwent dehydrogenation under the catalytic conditions to regenerate
active complex 38, which then reentered into the catalytic cycle.
The crystal structure of the intermediate was determined and examined. Treating a saturated THF
solution of 38 with two equivalents of benzaldehyde, followed by exposure to pentane vapor,
yielded after 72 h at 25 °C single crystals of complex 41. The X-ray structure of complex 41
indicated the product of aldehyde binding to the ligand framework with formation of Mn-O and
C-O bonds. 31P-NMR of complex 41 in neat benzyl alcohol was found to be in accordance with
the NMR experiment. This eliminated the possibility of subsequent attack of the alcohol on
complex 41.
Moreover, there are multiple additional articles about dehydrogenation of alcohols based on Mn
in Milstein’s group. Another example is catalytic α-olefination of nitriles using primary alcohols
via dehydrogenative coupling of alcohols with nitriles (Scheme 4.13).160 The reaction was
catalyzed by a pincer complex of an Earth-abundant metal (manganese) in the absence of any
additives, base, or hydrogen acceptor, liberating dihydrogen gas and water as the only byproducts.

Scheme 4.13. α-Olefination of nitriles with catalyst based on Mn and proposed mechanism.
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Regarding the mechanism, it was believed that the amido complex 44 was involved in the catalytic
cycle.161 Indeed, when freshly prepared 44 was employed as a catalyst in the dehydrogenative
coupling of benzyl alcohol and benzyl cyanide, a 73% yield of 2,3-diphenylacrylonitrile was
obtained after 40 h, whereas complex 45 also catalyzed the reaction giving a slightly lower yield
(52%) compared to complex 43 or 44. To obtain more information about complex 44, NMR
experiments were performed. Treatment of 44 with 4-fluorophenylacetonitrile (1 equiv) in toluened8 at room temperature resulted in partial formation of a new complex, which exhibited two broad
31
P-NMR signals at δ = 59 and 91 ppm. Cooling to -40 °C resulted in sharpening of the broad
signals to form two doublet signals at δ = 59.8 (2JPP = 89 Hz) and 91.8 (2JPP = 89 Hz) ppm,
indicating reversibility of the reaction at room temperature.
This new complex was plausibly a cationic complex 47, in which abstraction of the acidic α-proton
from 4-fluorophenylacetonitrile by the basic amido moiety of complex 44 generated a nitrile
carbanion, which may be stabilized by coordination to the cationic metal center or remain as a
counteranion. In the 1H-NMR spectrum, a singlet signal at 4.3 ppm was likely due to a CH proton
of the nitrile carbanion. In the 19F-NMR spectrum, a signal at 133.6 ppm was observed for the
fluorine atom of the likely carbanion, along with the signal of 4-fluorophenylacetonitrile at 116
ppm.
To further support these assignments, 4-fluorophenylacetonitrile was reacted with KH in THF at
room temperature and the observed 1H-NMR (4.4 ppm) and 19F-NMR (133.7 ppm) signals were
in accordance with the suggested nitrile carbanion. Thus, these observations represented a rare
direct observation of a C-H activation of arylacetonitrile by an amido-amine metal-ligand
cooperation. In addition, the author has previously reported that the amido complex 44 reacted
with excess 4-methoxybenzyl alcohol to form the alkoxo complex 46 (Scheme 4.12) along with 4methoxybenzaldehyde at room temperature and the hydride complex 43 as revealed by 1H- and
31
P-NMR spectra.162
Based on recent mechanistic investigations of the Mn-catalyzed dehydrogenative coupling of
amines and methanol,161 and on deoxygenation of primary alcohols catalyzed by 43,162 the catalytic
cycle depicted in Scheme 4.13 was plausible. Initial dihydrogen liberation from complex 43 lead
to the amido complex 44, which underwent intramolecular C-H activation to form the
thermodynamically more stable C-metalated complex 45.161 O-H activation of the alcohol by
complex 44 or 45 via proton transfer, to either the amido nitrogen or benzylic carbon, resulted in
the formation of the alkoxo complex 46. The following β-hydride elimination step released the
aldehyde, unlike the dearomatized Mn(PNPtBu) system, which did not bind with the amido
complex 44.22 In a competitive pathway, the nitrile bearing α-hydrogen likely formed complex 47
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by ligand-based deprotonation, generating a nitrile carbanion. Intermediates 46 and 47 were
expected to be in equilibrium with the amido complex 44. Nucleophilic attack of the carbanion at
the aldehyde followed by water elimination lead to the α,β-unsaturated nitriles and regenerates the
amido complex 44, thus completing the catalytic cycle.
The Madsen group has also focused on dehydrogention of alcohols with catalysts based on Ir, Ru,
Mn and Mo for many years, leading to a number of publications.163–169 A catalyst based on Mn is
shown in Scheme 4.14.167 Different imines were prepared through dehydrogenation of different
alcohols with amines in the presence of catalyst 48.

Scheme 4.14. Dehydrogenation of alcohols with amines to form imines.

The catalyst 48 is a Mn(salen)Cl complex, and the activation of the catalyst is shown in Scheme
4.15. The initial idea was that complex 49 underwent β-hydride elimination. However, the
activation energy for this process was found to be prohibitively high (at 37.9 kcal mol-1 relative to
49), which was partly due to the lack of an available coordination site. Instead, an alternative
reaction was found, where the hydride was transferred from the benzylic carbon to the imine
carbon of the salen ligand. The activation energy was merely 17.6 kcal mol-1 and the product
complex 51 was at 6.6 kcal mol-1. A similar pathway has been identified in the activation of
(PNNP)Fe(II) eneamido complexes with isopropanol.170 The product benzaldehyde was then
replaced by benzyl alcohol, from which a proton was transferred to the amide nitrogen of the
reduced salen ligand. The resulting complex where one imine of the salen is hydrogenated was at
-5.2 kcal mol-1 relative to 49. The lowest activation energy found from the hydrogenated
intermediate was for another hydride transfer to the second imine of the salen ligand, with a
transition state at 14.5 kcal mol-1 (maximum ∆G act = 19.7 kcal mol-1).
After complete dissociation of benzaldehyde, a key species 53 was formed, where one imine was
hydrogenated to the amine and the other was reduced to an amide ligand. This species resembled
intermediates from alcohol dehydrogenations with (PNP)Ru(II), (PNP)Mn(I), (PNNP)Fe(II) and
(PNP)Ir(III) catalysts,171,172 which had an amide ligand that can act as a Brønsted base and a metal
that can serve as a hydride acceptor. They have all been proposed to react via an outer-sphere
hydrogen transfer mechanism.171,172 The main difference was the metal and the oxidation state,
which in the current case was manganese(III). The same outer-sphere hydrogen transfer was
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identified, and the activation energy was 26.7 kcal mol-1 relative to 53 and 27.2 kcal mol-1 relative
to 56, which corresponded to a TOF of 83 h-1 at the reaction conditions.

Scheme 4.15. Activation of Mn(III)(salen)OBn to form the active amido complex.

Scheme 4.16. Proposed catalytic cycle and relative Gibbs free energies.
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Scheme 4.17. Potential energy diagram of catalytic cycle.

The relative rates were calculated from the pre-reactive complex 55 and a good agreement was
found with the experimental results, giving a very similar ρ value. After the formation of the
manganese(III) hydride intermediate 57, benzaldehyde was assumed to react irreversibly with the
amine. From complex 57 the formation of hydrogen gas required an activation energy of 22.6 kcal
mol-1, in a step that regenerated the active catalyst as shown in Scheme 4.16. The potential energy
diagram is shown as Scheme 4.17, if the catalytic cycle is converted to reaction progress.
In addition, Matthias Beller,173 Karl Kirchner,174,175 and Rhett Kempe176,177 also reported different
catalysts based on Mn for dehydrogenation of alcohols.

Scheme 4.18. Dehydrogenation of alcohols with catalyst based on Fe.
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Scheme 4.19. Proposed catalytic mechanism.

Iron, as the cheapest metal, has also been well established as a common metal catalyst. As shown
in Scheme 4.18, an iron catalyst performs on different alcohols, including aliphatic alcohols and
diol substrates.178
A plausible homogeneous mechanism for the iron-catalyzed alcohol dehydrogenation is outlined
in Scheme 4.19. It was proposed that complex 60 was involved in the catalytic cycle.179,180
Previously, it was established that complex 60 reversibly added H2 to give mainly trans-dihydride
complex 61 and smaller amounts of cis-dihydride complex 62, which was in equilibrium with 61
in accordance with EXSY-NMR experiments.181 Minor quantities of free HN(CH2CH2PiPr2)2 and
iron(0) complex 63 (Fe(CO)2(HN(CH2CH2PiPr2)2) were also observed.179 The relevance of species
60 within the catalytic cycle of AAD was supported by a stoichiometric control reaction of species
60 with 2 equiv of 1-butanol at room temperature. Slow, selective substrate conversion to n-butylbutanoate was accompanied by formation of the same iron products (complex 61 - 63) and free
ligand as determined by a 31P-NMR spectra without detection of other intermediates. Hydrogen
transfer from the substrate to species 60 was conceivable either by a concerted pathway via 64 or
stepwise 65 through an alkoxide intermediate, which remained at this point unresolved on
experimental grounds. However, the computational results indicated low barriers for a concerted
mechanism. Comparison of the stoichiometric reactions of species 60 with H2 and 1-butanol,
respectively, indicated faster catalyst degradation to iron(0) and free ligand with the alcohol as the
hydrogen source. This observation suggested that formation of inactive 63 might be initiated by
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H2 reductive elimination from 62 at low H2 concentrations. In contrast, H2 elimination from 61 to
amide 60 was shown under vacuum180,181 and closed the cycle.

Scheme 4.20. Dehydrogenation of alcohols with catalyst based on Fe.

Scheme 4.20 shows another iron comples that also performed well on benzyl alcohols and aliphatic
alcohols with a low temperature and a short reaction time.182
Cobalt, as a common metal, has also been well established as a metal catalyst. As shown in Scheme
4.21, a cobalt catalyst performs on dehydrogenation of 1-phenylethanol with the liberation of
hydrogen gas.183
A reaction mechanism is proposed and shown in Scheme 4.22. In the proposed catalytic cycle, a
complex 67 was a resting state. Starting from 67, reductive elimination of acetophenone generated
a cobalt(I) intermediate 68 and allowed for ligand exchange at the cobalt center. Exchange of the
bound acetophenone-d8 in complex 67-d8 with free acetophenone occurred rapidly at 60 °C,
verifying the possibility of such a reductive elimination step. Replacement of the coordinated
acetophenone with 1-phenylethanol could occur by either associative or dissociative ligand
substitution (Scheme 4.22). Once 1-phenylethanol entered the cobalt(I) coordination sphere,
oxidative addition of the O-H bond generated a cobalt(III) alkoxide complex 70. The cobalt(III)
alkoxide complex 70 underwent β-hydride elimination to generate a cobalt(III) dihydride complex
69.184–188 Loss of hydrogen and coordination of acetophenone or 1-phenylethanol completed the
catalytic cycle. The overall reaction was reversible, as demonstrated experimentally.

Scheme 4.21. Dehydrogenation of 1-phenylethanol with catalyst based on Co.
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Scheme 4.22. Proposed mechanism for cobalt catalyzed dehydrogenation of 1-phenylethanol.

Scheme 4.23. Dehydrogenative reactions with catalyst based on Co.

In addition, the Co complexes can also be employed for dehydrogenation and alkylation reactions.
In Scheme 4.23a, a homogeneous cobalt-catalyzed β-alkylation of secondary alcohols with
primary alcohols to selectively synthesize ketones via acceptorless dehydrogenative coupling is
reported for the first time. Notably, this transformation only yielded water and hydrogen gas as the
byproducts.189 In Scheme 4.23b, the α-alkylation of nitriles with primary alcohols to selectively
synthesize nitriles by a well-defined molecular homogeneous cobalt catalyst is presented.190
Remarkably, this transformation was environmentally friendly and atom economical with water as
the only byproduct. In Scheme 4.23c, the dehydrogenation of alcohols with amines to form imines
is shown.191
Other groups also have made achievements on the dehydrogenation of alcohols with cobalt
catalysts, such as Kempe,192 Zhang,193 Kirchner,194 and Milstein.195,196
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Cu and Ni, as cheap 3d transition metals, have also been applied in the dehydrogenation of alcohols
with some examples shown in Scheme 4.24.197–199

Scheme 4.24. Different catalysts based on Cu and Ni.

4.4 The classical AAD reaction mechanism & metal-ligand cooperation (MLC)
Many AAD reactions are introduced above, and many of the early examples have turned out to be
operating through a Shrock-Osborn inner-sphere reaction mechanism,200 which is now divided into
a “monohydride” and a “dihydride” version201–203 (Scheme 4.25). The two reaction mechanisms
are different in various aspects, but the most obvious difference is that for the “dihydride”
mechanism, two hydrogens are transferred to the metal center (the O-H and Cα-H from the alcohol
substrate), whereas the metal only receives one hydride in the “monohydride” mechanism (the CαH from the alcohol substrate). In case of reversibility, scrambling between the two different
hydrogens is observed in the “dihydride” mechanism, whereas scrambling between the two
hydrogens will not occur in the “monohydride” mechanism, which makes it possible to distinguish
between the two pathways with the use of deuterium-labelled substrates. Another difference
between the two mechanisms is that the oxidation state of the metal is changing during the
“dihydride” cycle, whereas the oxidation state of the metal remains the same in the “monohydride”
pathway.

Scheme 4.25. Representation of dihydride pathway (on the left) and monohydride pathway (on the right).
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In the most recent examples of AAD reactions, a new concept of catalysis has turned up, where
the role of the ligands has changed. In contrast to “classical” transition metal catalysis, where all
key transformations take place at the metal center, and the ligand acts as a simple spectator, MLC,
also regarded as a bifunctional pathway, suggests that both the metal and the ligand participate in
the bond activation processes. In many examples of homogeneous catalysis, oxidative addition,
reductive elimination and β-hydride elimination occur at the metal center, while the ligand stays
unaltered throughout the reaction as shown above (Scheme 4.25). The introduced examples of Ru
complexes,129 Mn complexes22 and Fe complexes178 belong to the MLC.
The bifunctional pathway is possible for catalysts possessing a metal center as a Lewis acid and a
cooperative site in the ligand as a Brønsted base, enabling acid-base functionality. The most
common MLC systems are based on N-donor ligands, but also other donor atoms such as carbon,
oxygen, sulfur and boron have demonstrated a great potential for MLC reactivity. The classical
mechanism proceeds through direct participation of the ligand in the catalytic reaction by a
reversible proton transfer through cleavage/formation of one of its X-H bonds and the formation
of a metal-hydride complex. H-H and H-heteroatom bond activations are among the most well
studied and widely used in catalysis. Bifunctional catalysts can be classified as α, β or γfunctionalized, depending on the location of the cooperative site in the ligand framework with
respect to the metal center. Furthermore, MLC can be divided into two classes, where metal-ligand
cooperation proceeds either through M-L bonds or aromatization/dearomatization (Scheme
4.26).204,205

Scheme 4.26. Metal-ligand cooperation through aromatization/dearomatization.

The transfer of the proton and the hydride can occur either by a stepwise inner-sphere reaction
mechanism or by a concerted outer-sphere reaction mechanism (Scheme 4.27). As the name
implies that the transfer of the proton to the ligand and the hydride to the metal is concerted in the
outer-sphere mechanism. In contrast, in the case of the inner-sphere mechanism, abstraction of the
proton by the ligand leads to the formation of a metal alkoxide intermediate, which is subsequently
converted to the metal hydride during the β-hydride elimination. Hence, the transfer of the proton
and the hydride is stepwise.
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Cooperative action of a reactive heteroatom center in a ligand and a metal center may offer a
suitable acid-base bifunctionality and spatial arrangement for selective bond activation processes
under mild conditions, resembling bond activation reactions that occur in enzymes.203

Scheme 4.27. Inner-sphere (on the left) and outer-sphere (on the right) mechanism in bifunctional pathways.

Scheme 4.28. Noyori mechanism for the hydrogenation of ketones.
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In 1985, Shvo reported the first “chemically non-innocent” ligand.206 About ten years later, Noyori
proposed an outer-sphere bifunctional mechanism for the hydrogenation of ketones (Scheme 4.28),
which is the most commonly accepted bifunctional mechanism.148,207,208 Since then, the particular
mechanism has been revised209 and many other examples of complexes capable of MLC have been
published,204,207,209 both with AD systems and new hydrogenation reactions.
In conclusion, AAD could be considered as a green alternative to traditional methods to synthesize
various functional groups, including imines. Moving towards the use of catalysts based on Earthabundant metals will make AAD more valuable. In the development of new catalysts, it is
important to keep in mind the advantages of complexes capable of MLC.
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5. Chromium porphyrin catalyzed dehydrogenation of alcohols to
form imines
This chapter is based on the part in the following article:
Yulong Miao, Simone V. Samuelsen, Robert Madsen, Vanadium- and Chromium-Catalyzed
Dehydrogenative Synthesis of Imines from Alcohols and Amines, Organometallics 2021, 40,
1328-1335. Published by the American Chemical Society.

5.1 Background
5.1.1 Introduction to chromium
Chromium is the seventh most abundant transition metal in the Earth’s crust and the
21th most abundant among all elements. Chromium is a cheap metal with a price of
around 5.17 €/kg and a worldwide production estimated at 440000 tons per year.154,158
Chromium is predominately used for the production of stainless steel.210 The common oxidation
states of chromium compounds range from 0 to +VI, thereby encompassing both reductive and
oxidative transformations in synthetic chemistry.
Chromium has gained less attention in organic synthesis and catalysis among many metal
candidates to promote sustainable catalytic reactions. Nerveless, the employment of chromium as
a metal source has been a hot topic in recent years, because of its low price and huge annual
production. Furthermore, trivalent chromium compounds show a low order of toxicity in humans
(contrary to hexavalent species), due to their poor ability to pass through cell membranes.211
Inorganic chromium compounds have been applied in heterogeneous catalysis for many years.
Several examples are shown in the following:

Scheme 5.1. Deoxygenation of aromatic ketones.
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In Scheme 5.1, chromium is an important part of nanoparticles, which have a good performance
in the reductive deoxygenation of aromatic ketones.212

Scheme 5.2. Catalyzed reaction with Cr and Ni.

Scheme 5.3. Catalyzed reaction with Cr-PLM.

Scheme 5.4. Catalyzed reaction with Cr-doped Hβ zeolite.

In Scheme 5.2, the electrochemical addition of vinyl, allyl, or aryl halides to aldehydes via an
intermediate chromium (III) species is achieved by using catalytic amounts of CrCl 2 and NiBr2,
which is an importance part of the Nozaki-Hiyama-Kishi reaction.213
In Scheme 5.3, chromium-pillared montmorillonite (Cr-PLM) is synthesized and efficiently
utilized for styrene oxide transformations. The target aldehyde product could be quantitatively
achieved from the isomerization of styrene oxide by using 10 wt% of Cr-PLM under reflux
temperature for 15 min. The acetonide product could be achieved in excellent yield from the
reaction of styrene oxide and acetone by using 10 wt% of Cr-PLM at room temperature for 20
min.214 Cr-PLM performs well in these transformations in a short reaction time.
In Scheme 5.4, Cr-doped Hβ zeolite is found to have better catalytic performance than Hβ zeolite
in the Friedel-Crafts acylation of anisole, with acetic anhydride conversion of over 99% and nearly
100% selectivity to furnish para-methoxyacetophenone under the optimized reaction conditions.
This is attributed to the increase of weak and moderately strong acid sites, caused by the Cr
addition.215
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Scheme 5.5. Catalyzed oxidation of tetralin with O2.

Scheme 5.6. Catalyzed reaction with CrCl3.

Scheme 5.7. Coupling reaction with CrCl3.

In Scheme 5.5, solvent-free selective oxidation of benzylic compounds is effectively performed
over a chromium-containing mesoporous molecular sieve (CrMCM-41) catalyst at 1 atm O2 under
mild reaction conditions (<100 oC). The catalyst has a good selectivity for 1-tetralone.216
Chromium salts can sometimes also be employed.
In Scheme 5.6, an efficient chromium(III) chloride-catalyzed Michael-type reaction of water (or
alcohol) with α,β-unsaturated ketones was developed.217
In Scheme 5.7, the chromium salt can activate acyl C-O bonds for the amidation of esters with
nitroarenes. Low-cost chromium(III) chloride showed high reactivity in promoting the amidation
by using magnesium as a reductant and chlorotrimethylsilane as an additive.218
In Scheme 5.8, an efficient protocol for chromium(III)-catalyzed C(sp2)-C(sp3) cross-coupling was
reported. The alkylations of halo-quinoline and phenacyl derivatives proceed at room temperature
within minutes using the tetrahydrofuran-soluble chromium(III) complex CrCl3·3THF.219
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Scheme 5.8. Cross-coupling reaction with CrCl3.

Scheme 5.9. Catalyzed reaction with CrCl2.

Scheme 5.10. Cross-coupling reaction with CrCl3 salt.

The first chromium-catalyzed selective cross-coupling reaction of aryl ethers with Grignard
reagents by the cleavage of C-O bonds is shown in Scheme 5.9. Diverse transformations were
achieved using simple, inexpensive chromium(II) pre-catalyst combined with the imino auxiliary
at room temperature.220
In Scheme 5.10, the synthesis of aromatic ketones by chromium-catalyzed Kumada arylation of
secondary amides with organomagnesium reagents is described. This reaction is enabled by using
a low-cost chromium(III) salt as a pre-catalyst, combined with trimethylsilyl chloride as an
additive, and presents a rare example of a catalytic transformation of secondary amides to ketones
at room temperature. It is shown that catalytically active low-valent chromium species might be
responsible for the amide-ketone exchange by a mechanism involving the activation of the
benzimidate intermediate.221
Chromium can also be inducted into metal complexes. In Scheme 5.11, the first example of a welldefined, supported organometallic chromium hydrogenation pre-catalyst was reported. In the
reaction, the well-defined, four-coordinate, eleven-electron Cr(III) centers bound to catecholate
porous organic polymers were demonstrated to be active hydrogenation catalysts for nonpolar
unsaturated organic substrates under mild conditions (5 mol% of Cr, 200 psi of H2, 60 °C).222,223
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In Scheme 5.12, a new, stoichiometric activation mode is presented for Cr-PNP (PNP =
diphosphinoamine) complexes for ethylene tetramerization catalysis. To access suitable precatalysts, two robust Cr(III) multiaryl compounds were synthesized as THF adducts. These
complexes are supported by a facially coordinated bis(aryl) ligand with an additional ether donor.
From these precursors, Cr-PNP tris(hydrocarbyl) complexes were synthesized. With 1 equiv of a
Brønsted acid as an activator, an active species for the catalytic tetramerization of ethylene was
produced, without the need for excess alkylaluminum reagents.224,225

Scheme 5.11. Hydrogenation of alkyne with a catalyst based on Cr.

Scheme 5.12. Tetramerization of ethylene with a catalyst based on Cr.
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Chromium complexes have found very few applications as hydrogenation catalysts, but a Crcatalyzed semihydrogenation of internal alkynes to the corresponding Z-alkenes with good
stereocontrol (up to 99/1 for dialkyl alkynes) is reported in Scheme 5.13. The active catalyst is
generated from the commercial reagent chromium(III) acetylacetonate (Cr(acac)3) and
diisobutylaluminium hydride (DIBAL-H) in THF. The semi-hydrogenation operates at mild
conditions (1-5 bar H2, 30 °C).226
In Scheme 5.14, the Cr complex can catalyze the C-N bond formation reaction. The catalyst can
tolerate numerous functional groups, including hydrogenation-sensitive moieties. Compared to
many other alcohol-based amine alkylation methods, where a stoichiometric amount of base is
required, the Cr-based catalyst system gives yields higher than 90% for various alkyl amines with
a catalytic amount of base. The research indicates that Cr complexes can catalyze borrowing
hydrogen or hydrogen auto-transfer reactions and could thus be an alternative to Fe, Co, and Mn,
or noble metals in (de)hydrogenation catalysis, which could rouse great interest to researchers for
exploration of dehydrogenations based on chromium.227
Even though chromium has been applied in catalysis for many years, the applications in
homogeneous catalysis are limited, and only one previous example exists where a dehydrogenation
is involved.

Scheme 5.13. Hydrogenation of alkyne with catalyst

77.

Scheme 5.14. C-N coupling reaction with a Cr catalyst.
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5.1.2 Metalloporphyrin-catalyzed AAD reactions

Metalloporphyrin derivatives are naturally occurring macrocyclic compounds, which play key
roles in several life processes. Metalloporphyrins have been well applied in many fields, such as
conductive materials, medicine, magnetism, and solar energy conversion. Since the past decades,
the development of metalloporphyrins as catalysts in organic synthesis has evolved
considerably.228,229 The simplest metalloporphyrins with no substituent at the meso positions are
rarely used as catalysts, since they easily undergo oxidative degradation.230 To solve this problem,
different substituents have been introduced at the meso positions as well as at the β-positions
(Scheme 5.15). The most common porphyrin derivative is the tetraphenylporphyrin (TPP), which
has aryl moieties at the meso positions. Substituted aldehydes and substituted pyrroles are usually
used to prepare different porphyrins in the presence of propionic acid (Scheme 5.16).231
Considering the general overall synthetic reaction, the method to prepare metalloporphyrins can
be written as:
𝑀𝑛+ + 𝑃𝐻2 ⇌ [𝑀𝑃](𝑛−2)+ + 2𝐻 +
Where M is a metal and P is a porphyrinic material.232

Scheme 5.15. Structure of general substituted porphyrin (left) and M(TPP) (right).

Scheme 5.16. General method to prepare substituted porphyrins.
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Metalloporphyrins based on different metals have been used to catalyze several organic
transformations, including epoxidations,233 sulfoxidations,234 hydroxylations,235 and
carbonylations,236 although most commonly in the presence of an oxidant. However,
metalloporphyrins have also been used as catalysts in AAD reactions. One of the very first
examples was published by Yasukazu Saito and coworkers in 1983,237 who demonstrated that the
photocatalyst Rh(TPP)Cl could dehydrogenate both cyclohexanol and isopropanol into the
corresponding carbonyl compounds as shown in Scheme 5.17.

Scheme 5.17. Photocatalytic acceptorless dehydrogenation of cyclohexanol with Rh(TPP)Cl.

Scheme 5.18. Catalyzed reaction with Zn(TPP).

There are also several examples with metal porphyrin complexes, where they perform well in
different reactions and with different roles.
In Scheme 5.18, a visible-light-induced direct-oxygenation of N-substituted 1,2,3,4tetrahydroisoquinoline derivatives has been successfully developed. Zinc(II) tetraphenylporphyrin
(Zn(TPP)) has been identified as an effective and inexpensive photocatalyst for the transformation
with a wide range of substrates.238
In Scheme 5.19, iron(III) tetraphenylporphyrin (Fe(TPP)Cl) as an effective catalyst for promoting
arene C-H amidation through intramolecular cyclization of N-tosyloxyarylcarbamate substrates is
reported. The reaction proceeds via a nitrene (outer sphere pathway) C(sp2)-H insertion to yield
benzoxazolones under external-oxidant-free conditions at ambient temperature.239
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Scheme 5.19. Arene C-H amidation with the catalyst Fe(TPP)Cl.

Scheme 5.20. Catalyzed reaction with the catalyst Fe(TPP)Cl.

Scheme 5.21. Coupling reaction with a Co catalyst.

In Scheme 5.20, the development of iron porphyrin catalyzed reactions of diazoacetonitrile with
N-heterocycles yielding important precursors of tryptamines, along with experimental mechanistic
studies and proof-of-concept studies of an enzymatic process with the YfeX enzyme are described.
By using readily available Fe(TPP)Cl, the highly efficient C-H functionalization of indole and
indazole heterocycles is achieved. These transformations feature mild reaction conditions,
excellent yields with broad functional group tolerance and can be conducted on a gram scale, and
thus provide unique streamlined access to tryptamines.240
In Scheme 5.21, a novel cobalt(II)porphyrin-mediated acceptorless dehydrogenation of methanol
is reported for the first time. A novel interrupted-borrowing hydrogen strategy for coupling of
methanol and ketones using a bench stable Co(II)porphyrin complex is disclosed.241
In 2019, the Madsen group reported the development of manganese(III) porphyrin chloride
complexes as catalysts for AD coupling reactions of alcohols and amines.163 The reaction has been
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used for the synthesis of imines, tertiary amines and quinolines using complex 84 and 85 as
catalysts (Scheme 5.22 a and b). The mechanism for these transformations is assumed to include
the initial formation of a manganese(III) alkoxide species, which is believed to undergo
degradation into the aldehyde and a manganese(III) hydride complex. Subsequently, the alkoxide
complex is regenerated by reaction with another alcohol molecule, completing the catalytic cycle.
The main disadvantage of these transformations is that the reactions are running in mesitylene.
Hence, a high temperature is needed for the reactions to proceed. In addition, in Scheme 5.22c,
Vanadium(IV) tetraphenylporphyrin dichloride 86 has also been developed as a catalyst for the
acceptorless dehydrogenation of alcohols.242

Scheme 5.22. Reagents and conditions: (i) 2 mol% 85, 4Å MS, mesitylene (4 ml), 164 ⁰C, 48 h. (ii) 3 mol% 86, 20%
K2CO3, 4Å MS, mesitylene (4 ml), 164 ⁰C, 48 h. (iii) 5 mol% 86, 20% pyridine, KOH, tBuOK, 4Å MS, mesitylene
(4 ml), 164 ⁰C, 60 h. (iv) 5 mol% 87, NaOH (0.20 mmol), 4Å MS (150 mg), toluene (2 ml), reflux, 48 h.

Inspired by the manganese(III) tetraazaporphyrin and vanadium(IV) porphyrin catalyzed
dehydrogenative transformation of alcohols, speculations arise whether the manganese metal
could be replaced with another Earth-abundant metal while keeping the catalytic activity of the
complex?
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5.2 Results and discussion
5.2.1 Catalyst design and optimization of the reaction conditions
Chromium(III) tetraphenylporphyrin chloride (Cr(TPP)Cl) is a well-established metal complex
and has been applied in different reactions as a catalyst. In Scheme 5.23, the Claisen rearrangement
of simple aliphatic allyl vinyl ethers catalyzed by Cr(TPP)Cl is described. The porphyrin-based
Lewis acid catalyst can effectively accelerate the rearrangement via a concerted [3,3] pathway with
a minimal degree of bond ionization of the substrates, providing the corresponding Claisen
products in moderate to high yields and almost perfect regio-selectivity at a low catalyst loading.243

Scheme 5.23. Catalyzed Claisen rearrangement reaction with Cr(TPP)Cl.

Scheme 5.24. Carbonylation with Cr(TPP)Cl.

In Scheme 5.24, a highly active catalytic system for the carbonylation of meso- and terminal
epoxides to β-lactones is described. The active catalyst, analogous to Coates’ catalyst, is generated
in situ from commercially available Cr(TPP)Cl and Co2(CO)8. This practical system circumvents
the preparation of air sensitive cobaltate salts, operates at a low catalyst loading, and allows the
carbonylation of functionalized, sterically demanding and heterocyclic meso-epoxides. Cr(TPP)Cl,
which has been reported to form the strongly Lewis acidic [Cr(TPP)(L)2]+ ion in the presence of
epoxides was found to be the catalyst giving rise to high yields of the β-lactones.244
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Inspired by the previous report from the Madsen group,163,242 the complex Cr(TPP)Cl could have
a good performance on the dehydrogenation of alcohols. Therefore, it is interesting to investigate
commercially available Cr(TPP)Cl as a catalyst for the imination. In the initial experiments, the
dehydrogenation of benzyl alcohol with cyclohexylamine was selected as a model reaction (Table
5.1).
Table 5.1. Optimization of chromium(III)-catalyzed alcohol dehydrogenation.[a]

Entry

X

Additive

Solvent

Yield[%][b]

1

5

20% tBuOK

mesitylene (4 mL)

67

2

5

20% NaOH

mesitylene (4 mL)

quant.

3

5

20% Cs2CO3

mesitylene (4 mL)

74

4

5

20% K2CO3

mesitylene (4 mL)

47

5

5

20% KOH

mesitylene (4 mL)

75

6

5

20% Ca3N2

mesitylene (4 mL)

26

7

5

20% NaOH

toluene (4 mL)

28

8

5

20% NaOH

o-xylene (4 mL)

70

9

4

20% NaOH

mesitylene (4 mL)

89

10

3

20% NaOH

mesitylene (4 mL)

85

11

3

20% NaOH

mesitylene (2 mL)

82

12

0

20% NaOH

mesitylene (4 mL)

30

13

5

-

mesitylene (4 mL)

quant.

14

3

-

mesitylene (4 mL)

74

15

4

-

mesitylene (4 mL)

quant.

16

0

-

mesitylene (4 mL)

5

17

4

-

o-xylene (4 mL)

38

18

4

-

toluene (4 mL)

10

19

4

-

mesitylene (4 mL)

26[c]

[a] Reaction conditions: BnOH (1 mmol), CyNH2 (1 mmol), catalyst Cr(TPP)Cl 87 (X mol%), additive, tetradecane
(0.5 mmol, internal standard), 4Å MS (150 mg), solvent, reflux, 48 h. [b] Determined by GC. [c] without MS.
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Different additives were investigated as shown in Table 5.1. Based on previous experience in the
group, a base is usually chosen as an additive, which may be due to the elimination of HCl to form
the active catalyst or to absorb the liberated H2O.167 Six different bases were applied in the reaction,
respectively, and all gave different yields (entry 1-6). There was a high yield with NaOH, while a
poor outcome was observed with Ca3N2. The calcium nitride salt is a rather unusual additive, but
has given good results in iminations catalyzed manganese(III) salt complexes.167 Two other lowboiling solvents were used (entry 7-8), but in both cases, a lower yield was obtained showing the
importance of the reaction temperature. The yield was also lowered when the loading of the
catalyst or the solvent volume was reduced (entry 9-11). Then two blank reactions were performed
(entry 12-13), and a higher yield was obtained without the additive. This indicates that the additive
is not necessary for this reaction. For further optimization, more control experiments were carried
out (entry 14-19). The results showed that the reaction still had a good performance with a 4%
loading of the catalyst in the solvent mesitylene. Thus, the effect of NaOH as an acid scavenger
(and possible additional desiccant) appears to be very small in this case, and it was therefore
decided to adopt the conditions with 4% of Cr(TPP)Cl in mesitylene for general use (entry 15).
No side reactions were observed in any of the transformations in Table 5.1, where unreacted
starting materials were the only other compounds that could sometimes be detected. As a result, it
was decided to use 4% of Cr(TPP)Cl in refluxing mesitylene as the optimum protocol for the
chromium-catalyzed dehydrogenative synthesis of imines.

5.2.2 Substrate scope and limitations

With the optimized conditions in hand, the procedure was processed with a variety of primary
alcohols and amines to explore the substrate scope and limitations of the transformation.
Cyclohexylamine was first reacted with different alcohols and the corresponding imines were
purified by flash chromatography (Table 5.2). The product from benzyl alcohol was obtained in
86% isolated yield (entry 1). The influence of various groups in the para position of benzyl alcohol
was subsequently investigated, where the p-methyl and p-methoxy-substituted substrates afforded
70% and 69% yield, respectively (entries 2 and 3). p-Methylthiobenzyl alcohol gave 69% yield of
the imine, while p-phenylbenzyl alcohol furnished 68% yield (entries 4 and 5). p-Nitrobenzyl
alcohol gave a lower yield. This group is problematic for dehydrogenation, giving that it can be
reduced to an amine.245–247 Yet, the imine was obtained in 62% yield (entry 6), and traces of several
byproducts could be observed due to competitive reduction of the nitro group. The yield was 69%
when the para-substituted group was trifluoromethyl on benzyl alcohol (entry 7). Next, four differ51

Table 5.2. Imination of alcohols with cyclohexylamine[a]

Entry

Alcohol

Imine

Yield[%][b]

1

86

2

70

3

69

4

69

5

68

6

62

7

69

8

61

9

59

10

64

11

75

12

75

13

63

14

61

15

70

[a] Reaction conditions: alcohol (1 mmol), CyNH2 (1 mmol), catalyst Cr(TPP)Cl 87 (0.04 mmol), 4Å MS (150
mg), mesitylene (4 ml), reflux, 48 h. [b] Isolated yield.
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-ent p-halobenzyl alcohols gave 59-75% yield (entries 8-11) with some partial dehalogenation,224
which could be observed in GC. In the latter case, small amounts of the starting alcohol could still
be observed after the reaction. The ortho-substituted benzyl alcohols were also investigated. The
o-methyl- and o-chlorobenzyl alcohol produced the corresponding imines in 75% and 63% yield,
respectively (entry 12 and 13). A benzyl alcohol with three substituted groups was also explored
and gave 61% yield (entry 14). In addition, a naphthalenemethanol gave the product in 70% yield
(entries 15). Aliphatic primary alcohols, such as hexan-1-ol and 2-phenylethanol, were also
subjected to the reaction conditions, but no conversion of the alcohol was observed.
Table 5.3. Imination of amines with benzyl alcohol.[a]

Entry

Amine

Imine

Yield[%][b]

1

72

2

66

3

74

4

78

5

80

6

70

7

72

8

73

9

76

[a] Reaction conditions: BnOH (1 mmol), amine (1 mmol), catalyst Cr(TPP)Cl 87 (0.04 mmol), 4Å MS (150 mg),
mesitylene (4 ml), reflux, 48 h. [b] Isolated yield.
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Different amines were applied to the reaction with benzyl alcohol to study the influence of the
substrate in the transformation (Table 5.3). Benzylamine afforded the imine in 72% yield (entry
1), while aniline only gave 66% yield due to the instability of the product (entry 2). Then different
aliphatic amines were also employed. t-Octylmine and octylamine gave similar yields, 74% and
78%, respectively (entry 3 and 4). Cyclohexylmethanamine (entry 5) gave 80% yield of the imine,
while the cycloheptylamine furnished 70% yield of the imine (entry 6). Then bulky amines were
explored and gave similar yields (entry 7-9), which indicates that the steric hindrance had less of
an influence, possibly because the imine formation occurs in the absence of the catalyst. Finally,
it should be noted that imines are not highly stable to standard silica gel flash chromatography, but
the problem could be circumvented by including NEt3 in the column.

5.2.3 Exploration of the mechanism

Gas evolution
Based on our previous report, dihydrogen should be one of the byproducts, and the
dehydrogenative pathway of the metal-catalyzed imination was verified by collecting the liberated
hydrogen gas. The reaction was performed as in Table 5.1, entry 15, and the gas was collected in
a burette. Finally, a total of 17 mL gas was collected, and then characterized by 1H-NMR. The gas
was dihydrogen as shown by the characteristic signal at 4.99 ppm, which confirms that the
transformation takes place by an acceptorless dehydrogenative pathway. LCMS analysis of the
mixture after the imination showed the CrIII(TPP) cation in the experiment. No sign of any
reduction of the porphyrin ligand was observed with complex Cr(TPP)Cl.

Deuterium labeling study
To further investigate the mechanism of the reaction, a deuterium labeling study was introduced
(Scheme 5.25). When the reaction in Table 5.1, entry 15 was performed with PhCD2OH instead
of PhCH2OH, the product was exclusively PhCD=NCy with no evidence for any hydrogen
incorporation into the benzylic position. The lack of isotope scrambling may indicate that the
dehydrogenation takes place by a monohydride pathway.
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Scheme 5.25. Imination with benzyl alcohol-α,α-d2.

Scheme 5.26. Investigation of a possible radical reaction.

Investigation of a radical reaction
To elucidate whether the reaction proceeds by a radical mechanism, (2,2,6,6-tetramethylpiperidin1-yl)oxyl (TEMPO) and 2,4-diphenyl-4-methyl-1-pentene (DPMP) were added to the reaction,
respectively (Scheme 5.26), but there was no product formed based on TEMPO or DPMP. The
results indicate that the acceptorless dehydrogenation did not take place through a radical reaction.

Kinetic isotope effect (KIE)
To obtain more details about the mechanism, the primary KIE was measured to investigate whether
the hydride abstraction takes place in the rate-limiting step. The KIE was determined by measuring
the initial rates with PhCH2OH and PhCD2OH in the reaction with cyclohexylamine. The
measurements gave a KIE of 2.3 for the chromium-catalyzed protocol, which shows that the
breakage of the benzylic C-H bond is a slow step in the transformation.
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Hammett study
To gain more information about the reaction pathway, the studies were also supplemented by a
Hammett study. Thus, at first six para-substituted benzyl alcohols (X = OCH3, CH3, F, Cl, CF3
and NO2) were allowed to compete with the parent benzyl alcohol in the imination of
cyclohexylamine (Scheme 5.27). Benzyl alcohol (54.0 mg, 0.5 mmol), para-substituted benzyl
alcohol (0.5 mmol) and cyclohexylamine (99.0 mg, 1.0 mmol) were placed in an oven-dried tube
and subjected to the imination reaction following the general procedure for imine synthesis. For
5 h, a sample of 0.05 ml was prepared every 30 minutes, transferred to a GC vial, diluted to 1 mL
with diethyl ether and then subjected to GCMS analysis to follow the formation of Nbenzylidenecyclohexylamine and the 4-substituted N-benzylidenecyclohexylamine to determine
krel. However, a new compound was detected in the GCMS chromatograms, and the compound
was N-(3,5-dimethylbenzylidene)cyclohexylamine. The result indicated that there was some 3,5dimethylbenzaldehyde in the reaction system, and it seemed that oxygen had been introduced
into the reaction mixture, possible when taking out samples for GCMS analysis. Mesitylene can
indeed be converted to 3,5-dimethylbenzaldehyde in the presence of oxygen,248,249 and especially
when the rather hard conditions employed in this case. Therefore, the desired Hammett plot for
the imination of para-substituted benzyl alcohols was not obtained.

Scheme 5.27. Imination of cyclohexylamine with p-substituted benzyl alcohols as part of the Hammett study.

Identification of catalyst intermediate
In the former examples of dehydrogenative reactions with a manganese(III) porphyrin complex,
the mechanism was thought to involve an alkoxide complex that is formed and degrades into the
aldehyde and a metal hydride species.163 Metal porphyrin alkoxide complexes do not contain an
available coordination site for a classical β-hydride elimination, but a dissociative β-hydride
abstraction pathway has been proposed in alkoxide complexes, where an open cis coordination site
is not available.250–253 The metal porphyrin alkoxide Mn(TPP)OBn species was detected by GCMS.
In principle, the present chromium-catalyzed protocol could take place by this mechanism.
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In an attempt to detect possible catalytic intermediates, an experiment was performed where 50
mmol of PhCH2OH and 10 mmol of NaH were mixed with 1 mmol of complex Cr(TPP)Cl in the
absence of a solvent. The mixture was analyzed by LCMS after stirring for 30 min at room
temperature, but potential benzyloxy metal porphyrin species could not be detected. A distillation
head was then attached and the mixture was heated to 185 °C, which caused 2 mmol of benzyl
alcohol/benzaldehyde with a ratio of 7:1 to distill off after 24 h. The experiment showed that the
dehydrogenation was possible in the absence of the amine. The result may indicate that breakage
of a metal-oxygen bond is not part of the catalytic cycle
Based on the former experiments and the fact that chromium is a more oxophilic metal than
manganese,254 there could be a different pathway operating with complex Cr(TPP)Cl. As
introduced in Chapter 4, for many dehydrogenative reactions of alcohols with manganese, iron and
cobalt complexes with multidentate ligands, the mechanisms have been shown to perform the
dehydrogenation by an outer-sphere pathway with active participation from the ligand,149, 160, 235
where the proton from the alcohol OH group and the hydride from the α-carbon are transferred to
the ligand nitrogen atom and the metal center, respectively. Nothing indicates that a highly basic
nitrogen atom is required in the ligand, and therefore in this dehydrogenative reaction with
Cr(TPP)Cl, the pyrrole moieties of the porphyrin ligand could participate in this bifunctional
pathway. Under acidic conditions, it is generally believed that demetallation of metal porphyrin
complexes proceeds through diprotonation of two pyrrole groups to afford so-called sitting-atop
complexes as intermediates, where the metal is located above the plane of the diprotonated
porphyrin.255,256 Even though monoprotonated metal porphyrins are not entirely well described,
they can likewise be envisioned as intermediates.257
According to the experimental facts and physical observations, it is believed that the most plausible
mechanism for the chromium-catalyzed dehydrogenation involves an available coordination site
in complex Cr(TPP)Cl (Scheme 5.28).258 The alcohol coordinates with complex 88, and then
hydride complex 90 is obtained through outer-sphere hydrogen abstraction from transition state 89
to regenerate complex 88 with the liberation of hydrogen gas. It should be noted that the aromatic
18 π-electron conjugated network of the porphyrin ring is not disrupted during the catalytic cycle.
The pathway may indicate that first-row transition metals with porphyrin ligands perform the
alcohol dehydrogenation by a similar mechanism as observed reactions with a PNP ligand.
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Scheme 5.28. Proposed mechanism for chromium porphyrin-catalyzed alcohol dehydrogenation.

5.3 Project conclusions

In conclusion, the first example of an acceptorless alcohol dehydrogenation with a chromium
complex has been described. Cr(TPP)Cl mediates the coupling of alcohols and amines into imines
and the transformation has been applied to a variety of substrates. The results show that chromium
complexes may be useful alternatives to other catalysts based on Earth-abundant metals when
developing alcohol dehydrogenation reactions. The mechanism with Cr(TPP)Cl is proposed to
involve a metal-ligand bifunctional pathway where two hydrogen atoms from the alcohol are
transferred to the metal porphyrin complex followed by the elimination of hydrogen gas. Further
investigations into the mechanism for these transition metal porphyrin-catalyzed dehydrogenations
of alcohols by DFT calculations are ongoing in the group.
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5.4 Experimental section

5.4.1 General experimental methods

All commercial reagents were purchased from Sigma-Aldrich, Strem or Fluorochem and used as
received. NMR spectra were recorded at 400 MHz for 1H-NMR and 101 MHz for 13C-NMR on a
Bruker Ascend 400 MHz spectrometer. Chemical shift values (δ) are reported in ppm relative to
the residual solvent signal in CDCl3 (δH 7.26 ppm, δC 77.2 ppm) while coupling constants (J) are
given in Hz. High resolution mass spectra were recorded using ESI with TOF detection. GCMS
was carried out on a Shimadzu GCMS-QP2010S instrument fitted with an Equity 5,
30m×0.25mm×0.25μm column. Ionisation was performed by electronic impact (EI, 70 eV) and
helium as the carrier gas. LCMS was performed on a Waters ACQUITY UPLC system equipped
with PDA and SQD2 electrospray MS detector. Column: Thermo accucore C18 (2.6 μm,
2.1×50mm). Column temperature: 50 ⁰C. Flowrate 0.6 mL/min. Solvent A: 5 mM NH4OAc in
water, solvent B: 5 mM NH4OAc in acetonitrile/water 95/5. Flash column chromatography was
performed using silica gel 60 (0.035-0.070 mm particle size) saturated with NEt3. Mesitylene was
dried over molecular sieves (4Å) while toluene was obtained by using a Pure Solv™ Micro solvent
purification system. The water content of the solvents and liquid reagents was measured on a KarlFischer apparatus. All experiments were carried out under a nitrogen flow using Schlenk flask
techniques except for the synthesis of the catalyst.

5.4.2 General procedure for imine synthesis

Chromium complex 87 (28.0 mg, 0.04 mmol) and pre-activated 4Å molecular sieves (150 mg)
were placed in an oven-dried tube, and then it was placed in a Radleys carousel. Vacuum was
applied and the flask was then filled with nitrogen gas (repeated 3 times). Degassed fresh
mesitylene (4 ml) was added and the reaction mixture was heated to reflux. Alcohol (1 mmol),
amine (1 mmol) and tetradecane (0.5 mmol as internal standard) were added by a syringe, and the
reaction was refluxed with stirring under a flow of nitrogen for 48 h. The mixture was cooled to
room temperature and the solvent removed under reduced pressure. The crude product was purified
by silica gel column chromatography (hexane with 2% NEt3) to afford the desired imine.
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5.4.3 Gas development

The catalyst Cr(TPP)Cl (28.0 mg, 0.04 mmol) and 4Å molecular sieves (150 mg) were placed in
an oven-dried Schlenk tube. The tube was subjected to vacuum, and then filled with nitrogen gas
(repeated 3 times). Degassed mesitylene (4 ml) was added and the reaction mixture was heated to
reflux. Benzyl alcohol (108 mg, 1 mmol) and cyclohexylamine (99 mg, 1 mmol) were added. The
Schlenk tube was connected with a tube, and the other end of the tube was connected to the bottom
of a burette filled with water. The bottom of the burette was further connected to a water reservoir
with a large surface area. A total of 17 mL gas was collected after the reaction was refluxed for 48
h. A GC sample of the reaction mixture showed 90% yield of the imine. The identity of the gas
was established from a 1H-NMR spectrum in toluene-d8 displaying a signal at 4.99 ppm shown in
Figure 5.1. Thus, 0.76 mmol of molecular hydrogen gas was collected according to the ideal gas
law (76% of H2 yield at a temperature of 25 °C).

Figure 5.1. 1H-NMR spectrum of collected gas (hydrogen).
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5.4.4 Deuterium labelling study

Benzyl alcohol-α,α-d2 (110 mg, 1.0 mmol) and cyclohexylamine (99.0 mg, 1.0 mmol) were placed
in an oven-dried tube and subjected to the imination reaction following the general procedure for
imine synthesis. After purification of the product imine (146.6 mg, 78%), examination of the 1HNMR spectrum revealed that the product imine was obtained as a pure deuterium-labeled imine
and no hydrogen/deuterium scrambling had occurred. The 1H-NMR spectrum is shown below.

Figure 5.2. 1H-NMR spectrum of N-benzylidenecyclohexylamine-α-d1.

5.4.5 Kinetic isotope effect (KIE)

The reaction was performed as the general procedure for imine synthesis. An oven-dried tube was
charged with the catalyst Cr(TPP)Cl (28 mg, 0.04 mmol) and 4Å molecular sieves (150 mg), and
placed in a Radleys carousel on a hotplate. The tube was evacuated and then filled with N2 gas
(repeated 3 times). Freshly degassed mesitylene (4 mL) was injected into the tube followed by
heating to 170 °C under a N2 atmosphere. Benzyl alcohol (108 mg, 1.0 mmol), cyclohexylamine
(99 mg, 1.0 mmol) and tetradecane (0.13 ml, 0.5 mmol) were added, and then the reaction was
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monitored by GC for 5 h. A sample of 50 μL was removed every 30 minutes, transferred to a GC
vial, diluted to 1 mL with diethyl ether and then subjected to GCMS analysis to follow the
formation of N-benzylidenecyclohexylamine and determine the initial rate (r). The same procedure
was performed by using benzyl alcohol-α,α-d2 (110 mg, 1.0 mmol) instead of non-deuterated
benzyl alcohol. Assuming that no by-product was formed, the initial rate for the transformation of
benzyl alcohol was rH = 7.00 10-5, and the initial rate for the reaction of benzyl alcohol-α,α-d2 was
rD = 3.00 10-5, and thus the value of KIE (kH/kD) was 2.3.
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Figure 5.2. Determination of KIE by plotting the initial rates of the reaction involving benzyl alcohol and benzyl
alcohol-α,α-d2.
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5.4.6 Identification of catalyst intermediate with LCMS
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5.4.7 Characterization data for imines

N-Benzylidenecyclohexylamine (Table 5.2, entry 1)
Following the general procedure for imine synthesis, the product was isolated as a yellow liquid.
Yield: 161.1 mg (86%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.34 (s, 1H), 7.80-7.70 (m, 2H), 7.457.38 (m, 3H), 3.26-3.15 (m, 1H), 1.88-1.29 (m, 10H). 13C-NMR (101 MHz, CDCl3) δ ppm: 158.6,
136.6, 130.3, 128.5, 128.1, 70.2, 34.4, 25.7, 24.8. MS: m/z = 187 [M]+. NMR data are in
accordance with literature values.167

N-(4-Methylbenzylidene)-cyclohexylamine (Table 5.2, entry 2)
Following the general procedure for imine synthesis, the product was isolated as a yellow liquid.
Yield: 140.5 mg (70%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.30 (s, 1H), 7.64 (d, J = 7.9 Hz, 2H),
7.28 (d, J = 7.9 Hz, 2H), 3.26-3.15 (m, 1H), 2,40 (s, 3H), 1.90-1.26 (m, 10H). 13C-NMR (101 MHz,
CDCl3) δ ppm:158.6, 140.6, 133.9, 129.2, 128.1, 70.0, 34.4, 25.7, 24.9, 21.5. MS: m/z = 201 [M]+.
NMR data are in accordance with literature values.167

N-(4-Methoxybenzylidene)-cyclohexylamine (Table 5.2, entry 3)
Following the general procedure for imine synthesis, the product was isolated as a yellow liquid.
Yield: 149.3 mg (69%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.26 (s, 1H), 7.70 (d, J = 8.6 Hz, 2H),
6.93 (d, J = 8.7 Hz, 2H), 3.86 (s, 3H), 3.25-3.13 (m, 1H), 1.90-1.26 (m, 10H). 13C-NMR (101 MHz,
CDCl3) δ ppm: 161.4, 158.0, 129.7, 113.9, 69.9, 55.4, 34.4, 25.7, 24.9. MS: m/z = 217 [M]+. NMR
data are in accordance with literature values.167
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N-(4-Methylthiobenzylidene)-cyclohexylamine (Table 5.2, entry 4)
Following the general procedure for imine synthesis, the product was isolated as a pale yellow
liquid. Yield: 160.3 mg (69%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.27 (s, 1H), 7.69 (d, J = 7.7
Hz, 2H), 7.27 (d, J = 8.4 Hz, 2H), 3.25-3.17 (m, 1H), 2.53 (s, 3H), 1.90-1.26 (m, 10H). 13C-NMR
(101 MHz, CDCl3) δ ppm: 158.0, 130.3, 128.4, 125.9, 124.0, 70.0, 34.4, 25.6, 24.9, 15.4. MS: m/z
= 233 [M]+. NMR data are in accordance with literature values.167

N-(4-Phenylbenzylidene)-cyclohexylamine (Table 5.2, entry 5)
Following the general procedure for imine synthesis, the product was isolated as a pale yellow
liquid. Yield: 180.2 mg (68%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.37 (s, 1H), 7.87-7.83 (m,
2H), 7.70-7.64 (m, 4H), 7.50-7.37 (m, 3H), 3.30-3.26 (m, 1H), 1.90-1.28 (m, 10H). 13C-NMR (101
MHz, CDCl3) δ ppm: 158.3, 143.1, 140.5, 135.5, 130.3, 128.6, 127.7, 127.1, 70.1, 34.4, 25.6, 24.9.
MS: m/z = 263 [M]+. NMR data are in accordance with literature values.167

N-(4-Nitrobenzylidene)-cyclohexylamine (Table 5.2, entry 6)
Following the general procedure for imine synthesis, the product was isolated as a pale yellow
liquid. Yield: 144.1 mg (62%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.41 (s, 1H), 8.29 (d, J = 8.7
Hz, 2H), 7.98 (d, J = 8.7 Hz, 2H), 3.39-3.30 (m, 1H), 1.90-1.20 (m, 10H). 13C-NMR (101 MHz,
CDCl3) δ ppm: 156.2, 148.8, 142.2, 128.7, 123.8, 70.2, 34.2, 25.6, 24.6. MS: m/z = 232 [M]+.
NMR data are in accordance with literature values.167
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N-(4-Trifluoromethylbenzylidene)-cyclohexylamine (Table 5.2, entry 7)
Following the general procedure for imine synthesis, the product was isolated as a white solid.
Yield: 175.6 mg (69%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.38 (s, 1H), 7.86 (d, J = 8.2 Hz, 2H),
7.67 (d, J = 8.2 Hz, 2H), 3.30-3.24 (m, 1H), 1.90-1.29 (m, 10H). 13C-NMR (101 MHz, CDCl3) δ
ppm: 157.1, 139.8, 132.1 (q, J = 32 Hz), 128.2, 125.6 (q, J = 4 Hz), 124.2 (q, J = 270 Hz), 70.1,
34.3, 25.6, 24.7. MS: m/z = 255 [M]+. NMR data are in accordance with literature value.167

N-(4-Fluorobenzylidene)-cyclohexylamine (Table 5.2, entry 8)
Following the general procedure for imine synthesis, the product was isolated as a yellow liquid.
Yield: 125.1 mg (61%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.30 (s, 1H), 7.74 (dd, J = 8.6, 5.6
Hz, 2H), 7.10 (t, J = 8.6 Hz, 2H), 3.25-3.16 (m, 1H), 1.90-1.24 (m, 10H). 13C-NMR (101 MHz,
CDCl3) δ ppm: 165.3 (d, J = 251 Hz), 157.2, 132.9, 129.9 (d, J = 8 Hz), 115.6 (d, J = 22 Hz), 69.9,
34.3, 25.6, 24.8. MS: m/z = 205 [M]+. NMR data are in accordance with literature values.167

N-(4-Chlorobenzylidene)-cyclohexylamine (Table 5.2, entry 9)
Following the general procedure for imine synthesis, the product was isolated as a white solid.
Yield: 130.8 mg (59%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.29 (s, 1H), 7.72 (d, J = 8.4 Hz, 2H),
7.41 (d, J = 8.4 Hz, 2H), 3.29-3.19 (m, 1H), 1.90-1.26 (m, 10H). 13C-NMR (101 MHz, CDCl3) δ
ppm: 157.3, 136.2, 135.1, 129.3, 128.8, 69.9, 34.3, 25.6, 24.8. MS: m/z = 221 [M]+. NMR data are
in accordance with literature values.167
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N-(4-Bromobenzylidene)-cyclohexylamine (Table 5.2, entry 10)
Following the general procedure for imine synthesis, the product was isolated as a pale yellow
solid. Yield: 170.2 mg (64%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.28 (s, 1H), 7.68-7.50 (m,
4H), 3.26-3.18 (m, 1H), 1.90-1.26 (m, 10H). 13C-NMR (101 MHz, CDCl3) δ ppm: 157.4, 135.4,
131.8, 129.5, 124.7, 69.9, 34.3, 25.6, 24.8. MS: m/z = 265 [M]+. NMR data are in accordance with
literature values.167

N-(4-Iodobenzylidene)-cyclohexylamine (Table 5.2, entry 11)
Following the general procedure for imine synthesis, the product was isolated as a white solid.
Yield: 223.6 mg (75%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.25 (s, 1H), 7.75 (d, J = 8.4 Hz, 2H),
7.47 (d, J = 8.4 Hz, 2H), 3.24-3.18 (m, 1H), 1.90-1.24 (m, 10H). 13C-NMR (101 MHz, CDCl3) δ
ppm: 157.5, 137.7, 136.1, 130.8, 129.6, 96.8, 70.0, 34.4, 25.5, 24.7. MS: m/z = 313 [M]+. NMR
data are in accordance with literature values.163

N-(2-Methylbenzylidene)-cyclohexylamine (Table 5.2, entry 12)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 150.1 mg (75%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.65 (s, 1H), 7.90 (dd, J = 7.6, 1.5
Hz, 1H), 7.32-7.16 (m, 3H), 3.25-3.19 (m, 1H), 2.52 (s, 3H), 1.92-1.28 (m, 10H). 13C-NMR (101
MHz, CDCl3) δ ppm: 157.1, 137.2, 134.6, 130.7, 129.9, 127.4, 126.2, 70.5, 34.5, 25.7, 24.8, 19.3.
MS: m/z = 201 [M]+. NMR data are in accordance with literature values.163
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N-(2-Chlorobenzylidene)-cyclohexylamine (Table 5.2, entry 13)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 140.4 mg (63%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.76 (s, 1H), 8.08-8.00 (m, 1H), 7.457.25 (m, 3H), 3.35-3.27 (m, 1H), 1.90-1.35 (m, 10H). 13C-NMR (101 MHz, CDCl3) δ ppm: 155.4,
134.9, 133.6, 131.2, 129.7, 128.4, 126.9, 70.1, 34.4, 25.6, 24.7. MS: m/z = 221 [M]+. NMR data
are in accordance with literature values.163

N-(2,4,6-Trimethylbenzylidene)benzylamine (Table 5.2, entry 14)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 140.2 mg (61%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.59 (s, 1H), 6.87 (s, 2H), 3.25-3.20
(m, 1H), 2.37 (s, 6H), 2.29 (s, 3H), 1.90-1.36 (m, 10H). 13C-NMR (101 MHz, CDCl3) δ ppm:
158.6, 138.3, 136.9, 130.5, 129.1, 70.8, 34.6, 25.7, 24.7, 21.1, 20.3. MS: m/z = 229 [M]+. 1H-NMR
data are in accordance with literature values.259

N-(1-Naphthalenylmethylene)-cyclohexylamine (Table 5.2, entry 15)
Following the general procedure for imine synthesis, the product was isolated as a yellow liquid.
Yield: 165.7 mg (70%). 1H-NMR (400 MHz, CDCl3) δ ppm: 9.02 (s, 1H), 8.91 (d, J = 8.5 Hz, 1H),
7.93-7.89 (m, 3H), 7.63-7.49 (m, 3H), 3.36-3.31 (m, 1H), 1.90-1.70 (m, 7H), 1.50-1.33 (m, 3H).
13
C-NMR (101 MHz, CDCl3) δ ppm: 157.9, 133.8, 132.4, 131.2, 130.6, 128.6, 128.2, 126.9, 125.9,
125.3, 124.3, 70.9, 34.6, 25.7, 24.8. MS: m/z = 237 [M]+. NMR data are in accordance with
literature values.167
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N-Benzylidenebenzylamine (Table 5.3, entry 1)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 140.5 mg (72%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.45 (s, 1H), 7.88-7.85 (m, 2H), 7.48
(dd, J = 5.1, 1.9 Hz, 3H), 7.41 (d, J = 4.3 Hz, 4H), 7.32-7.26 (m, 1H), 4.87 (bs, 2H). 13C-NMR
(101 MHz, CDCl3) δ ppm: 162.0, 139.3, 136.2, 130.8, 128.6, 128.3, 128.0, 127.0, 65.1. MS: m/z
= 195 [M]+. NMR data are in accordance with literature values.163

N-Benzylideneaniline (Table 5.3, entry 2)
Following the general procedure for imine synthesis, the product was isolated as a white solid.
Yield: 120.1 mg (66%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.50 (s, 1H), 7.97-7.94 (m, 2H), 7.557.48 (m, 3H), 7.46-7.40 (m, 2H), 7.30-7.24 (m, 3H). 13C-NMR (101 MHz, CDCl3) δ ppm: 160.5,
152.0, 136.1, 131.4, 129.2, 128.8, 126.0, 120.9. MS: m/z = 181 [M]+. NMR data are in accordance
with literature values.167

N-Benzylidene-tert-octylamine (Table 5.3, entry 3)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 160.0 mg (74%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.27 (s, 1H), 7.82-7.76 (m, 2H), 7.457.40 (m, 3H), 1.72 (s, 2H), 1.35 (s, 6H), 0.99 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ ppm: 154.4,
137.5, 130.0, 128.5, 127.9, 61.0, 56.6, 32.1, 31.8, 29.7. MS: m/z = 216 [M-H]+. NMR data are in
accordance with literature values.167
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N-Benzylidene-octylamine (Table 5.3, entry 4)
Following the general procedure for imine synthesis, the product was isolated as a yellow liquid.
Yield: 170.6 mg (78%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.30 (d, 1H), 7.82-7.74 (m, 2H),
7.46-7.40 (m, 3H), 3.63 (t, J = 6.9 Hz, 2H), 1.75-7.70 (m, 2H), 1.39-1.27 (m, 10H), 0.93-0.89 (m,
3H). 13C-NMR (101 MHz, CDCl3) δ ppm: 160.7, 136.4, 130.4, 128.6, 128.0, 61.9, 31.9, 30.9, 29.4,
27.4, 22.7, 14.1. MS: m/z = 216 [M-H]+. NMR data are in accordance with literature values.167

N-Benzylidene-cyclohexylmethylamine (Table 5.3, entry 5)
Following the general procedure for imine synthesis, the product was isolated as a pale yellow
liquid. Yield: 160.5 mg (80%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.25 (s, 1H), 7.79-7.72 (m,
2H), 7.46-7.40 (m, 3H), 3.49-3.48 (d, J = 6.2 Hz, 2H), 1.85-1.73 (m, 6H), 1.34-1.21 (m, 3H), 1.050.96 (m, 2H). 13C-NMR (101 MHz, CDCl3) δ ppm: 160.8, 136.4, 130.4, 128.6, 128.1, 68.7, 39.0,
31.5, 26.6, 26.1. MS: m/z = 201 [M]+. 1H-NMR data are in accordance with literature values.70

N-Benzylidene-cycloheptylamine (Table 5.3, entry 6)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 140.1 mg (70%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.28 (s, 1H), 7.80-7.70 (m, 2H), 7.457.40 (m, 3H), 3.40-3.36 (m, 1H), 1.88-1.60 (m, 12H). 13C-NMR (101 MHz, CDCl3) δ ppm: 157.8,
136.4, 130.3, 128.5, 128.1, 72.6, 36.3, 28.4, 24.8. MS: m/z = 201 [M]+. 1H-NMR data are in
accordance with literature values.260
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N-Benzylidene-1-adamantanylamine (Table 5.3, entry 7)
Following the general procedure for imine synthesis, the product was isolated as a white solid.
Yield: 172.0 mg (72%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.28 (s, 1H), 7.89 (bs, 2H), 7.49-7.41
(m, 3H), 2.22 (s, 3H), 1.91 (s, 6H), 1.80-1.72 (m, 6H). 13C-NMR (101 MHz, CDCl3) δ ppm: 154.9,
138.0, 130.1, 128.5, 127.9, 57.4, 43.2, 36.2, 29.6. MS: m/z = 239 [M]+. NMR data are in
accordance with literature values.167

N-Benzylidene-1,1-diphenylmethylamine (Table 5.3, entry 8)
Following the general procedure for imine synthesis, the product was isolated as a white solid.
Yield: 198.8 mg (73%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.40 (s, 1H), 8.02-7.95 (m, 2H), 7.477.41 (m, 7H), 7.40-7.32 (m, 4H), 7.28-7.26 (m, 2H), 5.65 (s, 1H). 13C-NMR (101 MHz, CDCl3) δ
ppm: 160.8, 143.9, 136.3, 130.8, 128.5, 127.8, 127.0, 77.9. MS: m/z = 271 [M]+. NMR data are in
accordance with literature values.167

N-Benzylidene-1,1,1-triphenylmethylamine (Table 5.3, entry 9)
Following the general procedure for imine synthesis, the product was isolated as a white solid.
Yield: 265.3 mg (76%). 1H-NMR (400 MHz, CDCl3) δ ppm: 7.93-7.85 (m, 2H), 7.50-7.43 (m,
2H), 7.39-7.26 (m, 17H). 13C-NMR (101 MHz, CDCl3) δ ppm: 159.8, 145.7, 136.6, 130.8, 129.8,
128.6, 127.8, 126.8, 78.3. MS: m/z = 347 [M]+. NMR data are in accordance with literature
values.167
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6. Vanadium-catalyzed dehydrogenation of alcohols to form imines
6.1 Background
6.1.1 Introduction to vanadium

Vanadium, the sixth most abundant transition metal in the Earth’s crust and the 20th
most abundant among all elements, has gained much attention in organic synthesis and
catalysis. Vanadium is a fairly cheap metal with a price of around 16.70 €/kg and a
worldwide production estimated at 73000 ton per year.154,158 The common oxidation states of
vanadium compounds range from 0 to +V and thereby it encompasses both reductive and oxidative
transformations in synthetic chemistry. One of the key reactions that vanadium is known for is the
modern sulfuric acid production, where V2O5 catalyzes the aerobic oxidation of sulfur dioxide to
sulfur trioxide. This process was patented by Peregrine Phillips in 1831.261
Vanadium compounds have been used as catalysts in a variety of organic reactions, including
oxidations of alkanes, alkenes, arenes, sulfur compounds, alcohols and carbonyl groups, as well as
carbon-carbon and carbon-oxygen bond cleavage and formation, deoxydehydration, cyanation,
and ring-opening metathesis polymerization.262,263 Additionally, vanadium has been used to
catalyze the aerobic oxidative synthesis of imines from alcohols and amines. However, limited
attention has been drawn to the use of vanadium as catalysts in dehydrogenation reactions.
Seemingly, the only examples involving vanadium-catalyzed nonoxidative dehydrogenation
reactions include the dehydrogenation of light alkanes, such as propane catalyzed by VO(Mes)3
supported on SiO2, Al2O3 or TiO2.264–267
To illustrate the applications of vanadium, several examples with vanadium complexes in different
reactions are shown below.

Scheme 6.1. Oxidation of alcohols with V/SiO2.
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In Scheme 6.1, the oxidation of alcohols to aldehydes and ketones has been described using silicasupported vanadium(IV) oxide (V/SiO2) in the presence of tert-butyl hydroperoxide in tert-butyl
alcohol at ambient temperature with quantitative yields. The procedure is simple, efficient, and
environmentally benign.268

Scheme 6.2. Asymmetric coupling of 2-naphthol with oxygen in the presence of a chiral dinuclear vanadium
complex as a catalyst.

In Scheme 6.2, in the presence of 5 mol% of a vanadium catalyst, the desired (S)-1,1’-bi-2naphthol was obtained in 76% yield and with a high enantioselectivity of 91% ee after 24 h. When
conducting the reaction at 0 oC at a somewhat prolonged reaction time of 72 h, a quantitative yield
of the binaphthol accompanied by a high enantioselectivity of 90% ee was obtained.269
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Scheme 6.3. Imination between amines and imination from alcohols and amines.

Scheme 6.4. Hydrogenation of alkynes with a vanadium catalyst.

In Scheme 6.3, the oxidation of primary amines to imines and the oxidation of alcohols and amines
to imines with a vanadium catalyst were developed. Without an additive or promoter, various
symmetrical and unsymmetrical imines were obtained in good to excellent yields (up to 98%)
under mild conditions with air as an environmentally benign oxidant. This catalytic system is also
effective for the synthesis of heteroatom‐containing imines.270
In Scheme 6.4, the synthesis of the cationic vanadium bisimido complex 95
[V(NtBu)2(PMe3)3][Al-(PFTB)4] (PFTB = perfluoro-tert-butoxide) and its application to the
selective catalytic hydrogenation of alkynes to Z-alkenes were reported.271
Vanadium(IV) compounds often exist as vanadyl derivatives with a VO2+ center. Consequently,
most reported vanadium(IV) porphyrin complexes are oxovanadium compounds.262 Nevertheless,
vanadium(IV) porphyrin ditriflate complexes have been used as catalysts in different reactions.272–
274
Some examples are shown in Scheme 6.5.

Scheme 6.5. Vanadium(IV) porphyrin-catalyzed reactions.
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6.1.2 The salen ligand
Salen molecules have been studied for more than six decades, and refers to a tetradentate C2symmetric ligand synthesized from salicylaldehyde (sal) and ethylenediamine (en) (Scheme 6.6).
It may also refer to a class of compounds, which are structurally related to the classical salen ligand,
primarily bis-Schiff bases. Salen ligands are notable for coordinating a wide range of different
metals, which they can often stabilize in various oxidation states.275
A metal salen complex is a coordination compound between a metal cation and a salen ligand. In
1990, Jacobsen and Katsuki independently published the first reports of salen used as ligands with
manganese for asymmetric epoxidation reactions.276 Since then, the area of metal-salen catalysis
has expanded. A plethora of metal-salen complexes have been synthesized and used in a variety
of catalyzed transformations.277,278

Scheme 6.6. General procedure to prepare salen ligands.

Scheme 6.7. Examples of the versatility of the metal salen complexes.
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In Scheme 6.7, a manganese salen complex 48 catalyzes dehydrogenation of alcohols with amines
to form imines.167 A cobalt salen complex 97 catalyzes peroxidation of 2‑oxindoles with
hydroperoxides.279 A copper salen complex 98 catalyzes oxidation of aryl methylenes.280 The easy
synthesis and modifications of the salen ligand framework have made it the platform of choice for
the discovery of many new catalysts and reactions.

6.2 Results and discussion
6.2.1 Catalyst design and optimization of the reaction conditions
The position of vanadium in the periodic table of the elements is very close to that of manganese,
and since the manganese salen chloride has a good performance on dehydrogenation of alcohols
(Scheme 6.7), it would be interesting to investigate whether the corresponding vanadium salen
complex would have a similar effect on the dehydrogenation of alcohols.
First, several derivatives of vanadium salen complexes were prepared to investigate the influence
of the aryl substituent, the scaffold and the Schiff base functionality (Scheme 6.8). As mentioned
previously, these vanadium salen complexes can be easily synthesized. The salen ligands were
prepared by simple condensation between a salicylaldehyde derivative and a diamine. The
complexes were prepared by mixing the ligand and an oxovanadium(IV) compound under aerobic
conditions, and then reacted with SOCl2 (Scheme 6.9). All the complexes were highly stable and
can be stored at room temperature for more than 1 year without affecting the activity. It should be
mentioned that although the vanadium salen dichloride complexes are stable, it is recommended
to store them under inert atmosphere.

Scheme 6.8. Vanadium complexes used for dehydrogenative imine synthesis.
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Scheme 6.9. Synthesis of various derivatives of vanadium salen dichloride complexes. Reagents and conditions: (i)
EtOH, reflux, 4 h. (ii) VO(acac)2, air, toluene, reflux, 18 h. (iii) SOCl2, MeOH, reflux, 1 h.
Table 6.1. Optimization of vanadium(VI)-catalyzed alcohol dehydrogenation.[a]

Entry
1

X
5

Solvent

Yield[%][b]

99

t

BuOK

mesitylene

21

Catalyst

Additive

2
3

5
5

100
101

t

BuOK
BuOK

mesitylene
mesitylene

22
36

4
5

5
5

102
99

t

BuOK
-

mesitylene
mesitylene

26
75

6
7

5
5

100
101

-

mesitylene
mesitylene

78
94

8

5

t

-

mesitylene

94

t

BuOK
-

mesitylene
mesitylene

53
4

9
10

5
5

102
-

11
12

5
5

99
100

t

BuOK
BuOK

toluene
toluene

32
13

13

5

101

t

BuOK

toluene

16

t

BuOK
-

toluene
toluene

10
61

-

toluene
toluene

77
62

BuOK

toluene
toluene

34
60

-

toluene

0

14
15

5
5

102
99

16
17

5
5

100
101

18
19

5
0

102
-

20

0

-

t

t

[a] Reaction conditions: BnOH (1 mmol), CyNH2 (1 mmol), catalyst (0.0X mmol), tBuOK (0.2 mmol),
tetradecane (0.5 mmol, internal standard), 4Å MS (150 mg), solvent, reflux, 48 h. [b] Determined by GC.
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The synthesized complexes were investigated as catalysts for the dehydrogenative coupling of
benzyl alcohol and cyclohexylamine using 5 mol% of the catalyst in refluxing mesitylene under a
flow of N2 (Table 6.1). 4Å molecular sieves (MS) were added to push the equilibrium in the
direction of imine. Initially, tBuOK was employed as an additive, which may serve to activate the
catalyst or absorb the liberated H2O.167 Different catalysts were applied to the reactions. From
entry 1 to 8, it seemed that all catalysts did not have a good performance, while they performed
well without tBuOK where a few catalysts did proceed smoothly without the use of base,281–284
especially catalyst 101 and 102. To lower the temperature of the reaction, all catalysts were also
employed in toluene. From entry 11 to 18, it can be seen that the imination proceeded in lower
yields. Blank reactions without any catalysts were performed for comparison (entry 19 and 20).
To investigate the optimal conditions, complex 102 was chosen as the desired catalyst, since it has
a simpler structure than that of complex 101.
Table 6.2. Optimization vanadium(VI)-catalyzed alcohol dehydrogenation.[a]

Entry

X

Catalyst

Additive

Solvent

Yield[%] [b]

1
5
PPh3
toluene
68
102
2
5
Na2SO4
toluene
85
102
3
5
MgSO4
toluene
93
102
4
5
Na2CO3
toluene
8
102
5
5
Na2SO3
toluene
89
102
6
5
NPh3
toluene
70
102
7
5
K2CO3
toluene
30
102
8
5
Cs2CO3
toluene
11
102
9
5
LiCl
toluene
41
102
10
5
KOH
toluene
12
102
11
5
NaOH
toluene
6
102
12
5
Li3N
toluene
24
102
13
5
Mg3N2
toluene
84
102
14
5
Ca3N2
toluene
17
102
15
5
NEt3
toluene
64
102
16
3
MgSO4
toluene
93
102
17
1
MgSO4
toluene
71
102
[a] Reaction conditions: BnOH (1 mmol), CyNH2 (1 mmol), catalyst 102 (0.0X mmol), additive (0.2 mmol),
tetradecane (0.5 mmol, internal standard), 4Å MS (150 mg), toluene, reflux, 48h. [b] Determined by GC.

For further optimization, the influence of additives and the solvent were investigated (Table 6.2).
A number of common additives were applied to the reaction in toluene. In Table 6.2, from entry 1
to 15, different additives were used in the reaction. It can be seen in Table 6.2 that for some strong
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bases, such as KOH, NaOH, Li3N and Ca3N2, the yields obtained were very low, while the yields
were very high when MgSO4, Na2SO4, Na2SO3 and Mg3N2 were employed in the reaction. The
pKa value and the cationic or anionic nature of the additive could influence the catalytic efficiencies
of transition-metal catalysts.285,286 By comparing the different results, MgSO4 had a positive effect
on the reaction as seen from the results of GC yields and was chosen as the additive. Then, the
influence of the catalyst loading was explored. As shown in Table 6.2 (entry 16 and 17), the
reaction also proceeded in a good yield when 3 mol% of catalyst 102 was employed. Based on the
different observations in Table 6.1 and 6.2, the conditions of entry 16 in Table 6.2 were selected
as the optimal conditions.
Table 6.3. Imination of alcohols with cyclohexylamine[a]

Entry

Alcohol

Imine

Yield[%][b]

1

84

2

71

3

72

4

75

5

76

6

62

7

80

8

60

80

9

65

10

73

11

72

12

69

13

71

14

72

15

68

16

73

17

_

_

18

_

_

[a] Reaction conditions: alcohol (1 mmol), CyNH2 (1 mmol), complex 102 (3 mol%), MgSO4 (20 mol%), 4Å MS
(150 mg), toluene (4 ml), reflux, 48 h. [b] Isolated yield.

6.2.2 Substrate scope and limitations

With the optimal conditions in hand, the substrate scope of the imination could be investigated.
Different alcohols were first applied in the reaction with cyclohexylamine to explore their
influence (Table 6.3). It should be noted that the desired imine was isolated by flash
chromatography. For the model reaction (entry 1), the isolated yield of the product was 84%. Next,
different benzyl alcohols with different substituted groups in the para position were investigated.
The p-methyl, p-methoxy, and p-methythiobenzl alcohols all gave 71-75% (entry 2-4). Four
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different halogen groups in the para-position of benzyl alcohol were explored. p-Fluoro- and pchloro-substituents were also tolerated giving 76% and 62% yield (entry 5 and 6). The analogous
p-bromo substrate gave a yield up to 80% (entry 7) whereas the p-iodo substrate gave 60% yield
(entry 8). For these four halogen benzyl alcohols, there was some partial dehalogenation,224 which
could be observed in GC. p-Nitrobenzyl alcohol gave a low yield of 65%, which could be because
the nitro group can be reduced to an amine,245–247 while p-benzyl alcohol gave 73% yield. The
reaction can tolerate benzyl alcohols with cyano and ethynyl group on the para position, and the
yields were 72% and 69%, respectively (entry 11 and 12). The ortho-substituted and multiple
substituted benzyl alcohols were also explored, and they gave similar yields (entry 13 and 14). In
addition, 1-naphthalenemethanol afforded a 68% yield of the Schiff base product (entry 15).
A ketone was obtained, instead of an imine, when the diphenylmethanol was employed in the
reaction (entry 16). Traditionally, a commonly used method for the preparation of imines is the
condensation of an aldehyde or ketone with a primary amine as introduced in Chapter 3. However,
harsh conditions (nonstoichiometric amounts of reagents, high reaction temperatures, added protic
or Lewis acids, and/or long reaction times) are generally required for the preparation, when the
carbonyl component is a ketone.287,288 There are some mild and efficient routes to prepare the
desired imine, such as a palladium-catalyzed diarylation of isocyanides with tetraaryllead
compounds289 and amination of cyclohexyl iodide with N-trimethylstannylated benzophenone
imine.290
Aliphatic primary alcohols (hexan-1-ol and 2-phenylethanol) were also subjected to the reaction
conditions, but no conversion of the alcohol was observed (entry 17 and 18).
Then different amines were also subjected to the reaction to investigate their influence (Table 6.4).
Benzylamine and aniline gave similar yields of 62% and 61%, respectively (entry 1 and 2). tertOctylamine gave 71% yield (entry 3) while octylamine gave 67% yield (entry 4). For hexyl-,
cyclohexylmethyl- and cycloheptylamine, similar yields were obtained between 70% and 74%
(entry 5-7). Then amines with a bulky group were explored. The more hindered amines (R)-1phenylethyl-, 1-adamantyl-, diphenylmethylamine afforded imines in 70-74% yield (entry 8-10),
which indicates that the steric hindrance had less of an influence, possibly because the imine
formation occurs in the absence of the catalyst.
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Table 6.4. Imination of amines with benzyl alcohol.[a]

Entry

Amine

Imine

Yield[%][b]

1

62

2

61

3

71

4

67

5

74

6

72

7

70

8

74

9

73

10

70

[a] Reaction conditions: BnOH (1 mmol), amine (1 mmol), complex 102 (3 mol%), MgSO4 (20 mol%), 4Å MS
(150 mg), toluene (4 ml), reflux, 48 h. [b] Isolated yield.
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6.2.3 Exploration of the mechanism

Gas evolution
Based on our previous report, dihydrogen should be one of the byproducts, and the
dehydrogenative pathway of the metal-catalyzed imination was verified by collecting the liberated
hydrogen gas. The evolution of hydrogen gas was measured from the reaction in Table 6.2, entry
16, and the gas was collected in a burette. A total of 16 mL gas was collected, and then
characterized through 1H-NMR to be dihydrogen gas (δ 4.05 ppm), which confirms that the
transformation takes place by an acceptorless dehydrogenative pathway.

Deuterium labeling study
To further investigate the mechanism of the reaction, a deuterium labelling study was conducted
(Scheme 6.10). When the reaction in Table 6.2, entry 16 was performed with PhCD2OH instead
of PhCH2OH, the product was exclusively PhCD=NCy with no evidence for any hydrogen
incorporation into the benzylic position. The lack of isotope scrambling may indicate that the
dehydrogenation takes place by a monohydride pathway.

Scheme 6.10. Imination with benzyl alcohol-α,α-d2.
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Figure 6.1. Determination of KIE by plotting the initial rates of the reaction involving benzyl alcohol and benzyl
alcohol-α,α-d2.
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Kinetic isotope effect (KIE)
To obtain more details about the mechanism, the primary KIE was measured to investigate whether
the hydride abstraction takes place in the rate-limiting step. The KIE was determined by measuring
the initial rates with PhCH2OH and PhCD2OH in the reaction with cyclohexylamine. The
measurements gave a KIE of 2.3, which shows that breakage of the benzylic C-H bond is a slow
step in the transformation.

Catalyst deuterium labelling
In the former example of a dehydrogenative reaction with Mn(III) complex 48, it was believed that
the double bond between the C atom and the N atom in complex 48 could be reduced, and the
species was indeed detected through LCMS.167 The vanadium complex 102 has a similar structure
as complex 48, and thus it was thought that there could be a similar intermediate when complex
102 was applied in the dehydrogenation reaction. Some experiments were performed to investigate
this suggestion.
Complex 102 (11.6 mg, 0.03 mmol), MgSO4 (20.7 mg, 0.2 mmol) and molecular sieves (150 mg)
were placed in an oven-dried tube, and then put in a carousel. The following steps were carried out
as standard procedures. Just after the substrates were added, a sample was prepared and tested
through LCMS. More LCMS samples were taken from the reaction and tested after 12 h, 24 h and
36 h. In the LCMS chromatograms, a catalyst elutes between 1.15 - 1.20 minutes with a dominant
m/z of 334. This species corresponds to [VO(salen)+H+], indicating that catalyst 102 is converted
to pre-catalyst 115 VO(salen) (seen in the experimental section). This may happen in the reaction
mixture, where water is a byproduct of the condensation to form the imine. It may also happen
during the LCMS test as water is present in the eluent. Importantly, no masses corresponding to
either V=O2+ or V4+ with a reduced ligand backbone like salan species 103 (Scheme 6.11) were
identified. When the reaction was finished (48 h), a GC sample was prepared, and the yield was
over 90%.
A similar experiment was performed with benzyl alcohol-α,α-d2 (110 mg, 1.0 mmol) and
cyclohexylamine (99.0 mg, 1.0 mmol) following the general procedure for imine synthesis. When
the reaction time was 0 h, 12 h, 24 h and 36 h, a LCMS sample was prepared and tested. Again,
the catalyst elutes between 1.15 - 1.20 minutes with a dominant m/z of 334 and no masses
corresponding to salan species 104 (Scheme 6.11) were identified. This indicates that deuterium
is not incorporated into the ligand. To further confirm this suggestion, HCl (aq) was added to the
finished reaction and stirred for 10 min. The organic phase was collected, dried, concentrated, and
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tested in GC, but no signal of salicyladehyde-α-d1 was observed. To conclude, no incorporation of
deuterium in the catalyst could be observed, which may indicate that the reaction with vanadium
complex 102 proceeds through a different pathway than manganese complex 48.

Scheme 6.11. Possible intermediates in the reactions.

Investigating the influence of VO(salen) (pre-catalyst 4)
As observed in the catalyst deuterium labelling experiments, catalyst 102 can be converted to
complex 115. To evaluate the catalytic activity of 115, a comparison experiment with complex
115 was run. Two reactions with complex 115, and one reaction with complex 102 were performed
under the standard procedure (Table 6.5). A GC sample was prepared and tested when the reaction
was finished, but the yield was less than 70%, which indicates that pre-catalyst 115 is a less active
catalyst. LCMS samples of the reaction mixtures were prepared, and the [VO(salen)+H+] species
with an m/z of 334 were observed as expected.
Table 6.5. Investigating the performance of VO(salen) on dehydrogenation of alcohols.

Entry

X

Catalyst

Additive

solvent

Yield[b]

1

3

VO(salen) (pre-catalyst 115)

MgSO4

toluene

68

2

3

VO(salen) (pre-catalyst 115)

-

toluene

62

3

3

V(salen)Cl2 (catalyst 102)

MgSO4

toluene

> 90

[a] Reaction conditions: BnOH (1 mmol), CyNH2 (1 mmol), catalyst (0.0X mmol), MgSO4 (0.2 mmol),
tetradecane (0.5 mmol, internal standard), 4Å MS (150 mg), toluene (4 ml), reflux, 48 h. [b] Determined by
GC.

From the above experiments, it can be seen that the double bond between the C atom and the N
atom in the salen ligand was not reduced, and the metal salen ligand was not disrupted in complex
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102 or pre-catalyst 115. Pre-catalyst 115 also had an influence on the dehydrogenation of alcohols,
but complex 102 performed better. Thus, it was believed that there could be a metal-ligand
cooperation pathway, which is very similar to mechanisms shown in Scheme 4.11 and 5.27. Thus,
the mechanism in Scheme 6.12 was proposed. Initially, complex 102 was activated in the solvent
with the removal of two chlorides to obtain the active complex 105, and then the alcohol
coordinated with transition state complex 106 to afford the complex 107. Complex 107 and the
aldehyde were generated with outer-sphere hydrogen abstraction through complex 106, and the
complex 105 was regenerated with the liberation of hydrogen gas. The pathway is different from
the proposed route for the dehydrogenation by manganese(III) salen complex 48 (Scheme 4.16),
which may give a new idea that the catalysts based on different transition metals with salen ligands
could proceed by different mechanisms on the dehydrogenation of alcohols.

Scheme 6.11.Proposed mechanism for dehydrogenation of alcohols with complex 102.

6.3 Project conclusions
In summary, a new catalyst for the acceptorless dehydrogenation of alcohols has been described.
The vanadium(IV) salen complex mediates the formation of imines from alcohols and amines with
the liberation of hydrogen gas. The catalyst can tolerate different alcohols and amines. The
mechanism is believed to involve a bifunctional pathway, where both the metal and the ligand
participate in the dehydrogenation reaction, and more investigations based on DFT will be carried
out in the near future.
87

6.4 Experimental section

6.4.1 General experimental methods

NMR spectra were recorded at 400 MHz for 1H-NMR and 100 MHz for 13C-NMR on a Bruker
Ascend 400 MHz spectrometer. Chemical shift values (δ) are reported in ppm relative to the
residual solvent signal in CDCl3 (δH = 7.26 ppm, δC = 77.2 ppm). High Resolution mass spectra
were recorded using ESI with TOF detection. FT-IT was recorded on a Bruker ALPHA II. GCMS
was carried out on a Shimadzu GCMS-QP2010S instrument fitted with an Equity 5,
30m×0.25mm×0.25μm column. Ionisation was performed by electronic impact (EI, 70 eV) and
helium as the carrier gas. Flash column chromatography was performed using silica gel 60 (35-70
um particle size) saturated with NEt3. All commercially available reagents were purchased from
Sigma-Aldrich and were not further purified. Mesitylene was stored over activated 4Å molecular
sieves and degassed with N2 before being used. All experiments were carried out under a nitrogen
flow using Schlenk flask techniques except when mentioned otherwise.

6.4.2 Procedure for ligand synthesis

Method A: A mixture of the diamine (3.8 mmol), K2CO3 (525 mg, 3.8 mmol) and water (2.5 mL)
was stirred until complete dissolution, and then methanol (20 ml) was added. The reaction mixture
was heated to reflux and a solution of salicylaldehyde (0.80 ml, 7.6 mmol) in methanol (8 ml) was
added over 30 min. The reaction mixture was refluxed for an additional 4 h and then cooled to
room temperature. The mixture was concentrated in vacuum and the residue was dissolved in ethyl
acetate (15 ml), washed with water (8 ml), dried (Na2SO4) and concentrated under vacuum to give
the desired ligand.167,291
Method B: The diamine (10 mmol) was dissolved in ethanol, and salicylaldehyde (2.44 g, 20 mmol)
dissolved in ethanol (25 ml) was then added dropwise to the solution over 5 min, followed by
heating the reaction to reflux for 2.5 h. The mixture was allowed to be cooled to room temperature,
and the precipitated crystals were collected by filtration, washed with cold ethanol and dried under
vacuum to give the desired ligand.167,291
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(1R,2R)-N,N’-Bis(salicylidene)-1,2-cyclohexanediamine (Ligand 108)
The ligand was prepared according to method A: (1R,2R)-(+)-1,2-diaminocyclohexane L-tartrate
was used as the diamine. The desired ligand was collected as a yellow oil (1.20 g, 98%). 1H-NMR
(400 MHz, CDCl3) δ ppm: 13.32 (s, 2H), 8.26 (s, 2H), 7.29-7.23 (m, 2H), 7.17 (dd, J = 7.6, 1.6
Hz, 2H), 6.91 (d, J = 8.3 Hz, 2H), 6.79 (t, J = 7.5 Hz, 2H), 3.37-3.30 (m, 2H), 2.00-1.90 (m, 4H),
1.80-1.70 (m, 2H), 1.55-1.45 (m, 2H). 13C-NMR (101 MHz, CDCl3) δ ppm: 164.7, 160.9, 132.1,
131.5, 118.6, 116.8, 72.6, 33.1, 24.2. NMR data are in accordance with literature values.167,292 FTIR (neat) v/cm-1: 2930, 2858, 1627, 1578, 1495, 1460, 1417, 1275, 1202, 1149, 846, 751, 662, 419.
FT-IR data are in accordance with literature values.292

N,N’-Bis(salicylidene)-1,2-benzenediamine (Ligand 109)
The ligand was prepared according to method B: 1,2-benzenediamine was used as the diamine.
The desired ligand was collected as orange crystals (1.41 g, 90%). 1H-NMR (400 MHz, CDCl3) δ
ppm: 13.05 (s, 2H), 8.67 (s, 2H), 7.44-7.35 (m, 6H), 7.29-7.24 (m, 2H), 7.08 (d, J = 8.2 Hz, 2H),
6.95 (td, J = 7.5, 1.1 Hz, 2H). 13C-NMR (101 MHz, CDCl3) δ ppm: 163.7, 161.4, 142.6, 133.4,
132.3, 127.7, 119.8, 119.2, 119.0, 117.6. NMR data are in accordance with literature values.167,293
FT-IR (neat) v/cm-1: 1609, 1559, 1479, 1275, 1189, 1149, 908, 758, 434. FT-IR data are in
accordance with literature values.294–296
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(1R,2R)-N,N’-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine (Ligand 110)
The ligand was prepared according to method A: (1R,2R)-(+)-1,2-diaminocyclohexane L-tartrate
and 3,5-di-tert-butylsalicylaldehyde were used. The desired ligand was collected as yellow crystals
(1.17 g, 96%). 1H-NMR (400 MHz, CDCl3) δ ppm: 13.73 (s, 2H), 8.32 (s, 2H), 7.33 (s, 2H), 7.01
(s, 2H), 3.34 (s, 2H), 2.00-1.85 (m, 6H), 1.44 (s, 20H), 1.26 (s, 18H). 13C-NMR (101 MHz, CDCl3)
δ ppm: 165.8, 158.0, 139.9, 136.3, 126.7, 126.0, 117.8, 72.4, 34.9, 34.0, 33.3, 31.4, 29.4, 24.4.
NMR data are in accordance with literature values.297 FT-IR (neat) v/cm-1: 2949, 2905, 2861, 1629,
1591, 1468, 1437, 1361, 1269, 1173, 1135, 1084, 1037, 878, 728, 711, 644. FT-IR data are in
accordance with literature values.298

N,N’-Bis(salicylidene)ethylenediamine (Ligand 111)
The ligand was prepared as method B: ethylene diamine and salicylaldehyde were used. The
desired ligand was collected as yellow crystals (0.51 g, 95%). 1H-NMR (400 MHz, CDCl3) δ ppm:
13.22 (s, 2H), 8.39 (s, 2H), 7.32 (ddd, J = 8.4, 7.9, 1.7 Hz, 2H), 7.26 (dd, J = 7.9, 1.7 Hz, 2H), 6.96
(d, J = 8.3 Hz, 2H), 6.88 (td, J = 7.4, 1.0 Hz, 2H), 3.97 (s, 4H). 13C-NMR (101 MHz, CDCl3) δ
ppm: 166.5, 162.0, 132.4, 131.5, 118.7, 118.6, 117.0, 59.8. NMR data are in accordance with
literature values.299 FT-IR (neat) v/cm-1: 1609, 1576, 1495, 1460, 1417, 1280, 1198, 1148, 1040,
1020, 854, 740, 646, 557, 472. FT-IR data are in accordance with literature values.300
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6.4.3 Procedure for pre-catalyst synthesis

Pre-catalysts 112-115 were prepared following the methods reported in the literature with slight
modifications.301–303 The ligand (1.1 equiv) was dissolved in methanol (20 ml), and heated to reflux
(if there are some precipitate in the mixture, more methanol should be added until the ligand is
completely dissolved in methanol). An excess of ligand was used to ensure its maximum
complexation. A solution of 1 equivalent of VO(acac)2 dissolved in 5 ml of methanol was added.
After cooling to room temperature, the mixture was stirred for an additional 18 h. The precipitate
was recovered by filtration, washed with cool methanol, and dried in vacuum to afford the
corresponding pre-catalyst.

Vanadyl acetylacetonate (VO(acac)2)
A green powder. FT-IR (neat) v/cm-1: 1589, 1555, 1520, 1417, 1372, 1357, 1286, 1018, 995, 936,
798, 789, 685, 659, 609, 485, 424. FT-IR data are in accordance with literature values.304,305

((1R,2R)-N, N'-Bis(salicylidene)cyclohexane-1,2-diamine)oxovanadium(IV) (Pre-catalyst 112)
Ligand 108 (0.65 g) was applied in this procedure, and 0.70 g of the corresponding pre-catalyst
was isolated as a cyan powder (yield 90%). FT-IR (neat) v/cm-1: 2932, 2858, 1618, 1542, 1470,
1445, 1396, 1312, 1199, 1149, 988 (V=O), 908, 809, 754, 623, 569, 462, 422. FT-IR data are in
accordance with literature values.303,306

91

(N,N’-Bis(salicylidene)-1,2-benzenediamine)oxovanadium(IV) (Pre-catalyst 113)
Ligand 109 (1.00 g) was applied in this procedure, and 1.12 g of the corresponding pre-catalyst
was isolated as a green powder (yield 93%). FT-IR (neat) v/cm-1: 1603, 1577, 1532, 1461, 1434,
1378, 1313, 1193, 1147, 977 (V=O), 811, 749, 624, 540, 503, 484, 446. FT-IR data are in
accordance with literature values.301–303

((1R,2R)-N,N’-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine)oxovanadium(IV)
(Pre-catalyst 114)
Ligand 110 (0.80 g) was applied in this procedure, and 0.68 g of the corresponding pre-catalyst
was isolated as a yellow-green powder (yield 90%). FT-IR (neat) v/cm-1: 2947, 2905, 2864, 1627,
1601, 1531, 1426, 1385, 1345, 1313, 1250, 1199, 1170, 979 (V=O), 836, 186, 748, 561, 542, 488.
FT-IR data are in accordance with literature values.301,302,307

(N,N’-Bis(salicylidene)ethylenediamine)oxovanadium(IV) (Pre-catalyst 115)
Ligand 111 (0.78 g) was applied in this procedure, and 0.86 g of the corresponding pre-catalyst
was isolated as a black green powder (yield 95%). FT-IR (neat) v/cm-1: 1613, 1532, 1445, 1387,
1333, 1298, 1146, 1146, 969 (V=O), 903, 798, 767, 626, 596, 457, 413. FT-IR data are in
accordance with literature values.301–306
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6.4.4 Procedure for synthesis of dichlorovanadium(IV) salen complexes
The complexes were prepared following a procedure in the literature.308,309 The pre-catalyst (2
mmol) was added to dry toluene (30 ml), and the mixture heated to reflux. Distilled SOCl2 (1.2
equiv, 2.4 mmol, 0.18 ml) was added, and the reaction was refluxed for 30 min. An excess of
SOCl2 was used to ensure complete conversion. When the mixture was cooled down to room
temperature, a new crystalline deep blue solid precipitated. The corresponding catalyst was
obtained by filtration, washed with dry toluene, and dried in vacuum.

Dichloro((1R,2R)-N,N'-bis(salicylidene)cyclohexane-1,2-diamine)vanadium(IV) (Complex 99)
0.70 g pre-catalyst 112 was used, and 0.76 g black catalyst was prepared (yield 99%). FT-IR (neat)
v/cm-1: 2951, 2921, 1593, 1546, 1440, 1392, 1303, 1273, 1152, 908, 828, 768, 650, 491, 441. The
peak at 988 of V=O stretch had disappeared by comparison with the IR of pre-catalyst 112.

Dichloro(N,N’-bis(salicylidene)-1,2-benzenediamine)vanadium(IV) (Complex 100)
1.12 g pre-catalyst 113 was used, and 1.20 g brown catalyst was prepared (yield 94%). FT-IR (neat)
v/cm-1: 1593, 1575, 1536, 1465, 1435, 1377, 1305, 1276, 1210, 1148, 928, 875, 830, 754, 650,
545, 489, 442. The peak at 978 of V=O stretch had disappeared by comparison with the IR of precatalyst 113.
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Dichloro((1R,2R)-N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine)vanadium(IV)
(Complex 101)
1.08 g pre-catalyst 114 was used, and 1.00 g black catalyst was prepared (yield 85%). FT-IR (neat)
v/cm-1: 2949, 2906, 2867, 1596, 1541, 1463, 1391, 1364, 1338, 1297, 1270, 1241, 919, 887, 867,
848, 759, 583, 487. The peak at 979 of V=O stretch had disappeared by comparison with the IR
of pre-catalyst 114.

Dichloro(N,N’-bis(salicylidene)ethylenediamine) vanadium(IV) (Complex 102)
0.78 g pre-catalyst 115 was used, and 0.86 g black catalyst was prepared (yield 95%). FT-IR (neat)
v/cm-1: 1600, 1545, 1440, 1388, 1272, 911, 817, 763, 643, 509, 446. The peak at 967 of V=O
stretch had disappeared by comparison with the IR of pre-catalyst 115.

6.4.5 General procedure for imine synthesis

Catalyst 102 (11.6 mg, 0.03 mmol), MgSO4 (20.7 mg, 0.20 mmol) and 4Å molecular sieves (150
mg) were placed in an oven-dried tube, where after it was placed in a carousel. Vacuum was
applied and the flask was then filled with nitrogen gas (repeated 3 times). Degassed toluene (4 mL)
was added and the reaction mixture was heated to reflux. Alcohol (1 mmol), amine (1 mmol) and
tetradecane (0.5 mmol, as internal standard) were added by a syringe, and the reaction was refluxed
with stirring under a flow of nitrogen for 48 h. The mixture was cooled to room temperature and
the solvent was removed in vacuum. The crude products were purified by silica gel column
chromatography (hexane with 2% NEt3) to afford the desired imines.
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6.4.6 Gas development
Catalyst 102 (11.6 mg, 0.03 mmol), MgSO4 (20.7 mg, 0.20 mmol), and 4Å molecular sieves (150
mg) were placed in an oven-dried Schlenk tube. The tube was subjected to vacuum and then filled
with nitrogen gas (repeated 3 times). Degassed toluene (4 mL) was added and the reaction mixture
were heated to reflux. Benzyl alcohol (108 mg, 1 mmol) and cyclohexylamine (99 mg, 1 mmol)
were added. The Schlenk tube was connected with a tube and the other end of the tube was
connected to the bottom of a burette filled with water. The bottom of the burette was further
connected to a water reservoir with a large surface area. A total of 16 mL gas was collected after
the reaction was refluxed for 48 h, and the GC yield of the reaction was more than 90%. The
identity of the gas was established through a 1H-NMR spectrum (Figure 6.2) in CDCl3 where a
peak at 4.05 ppm was obtained. Thus, the gas collected was hydrogen gas.

Figure 6.2. 1H-NMR spectrum of collected gas (hydrogen).
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6.4.7 Identifying the type of reaction
To investigate the type of the reaction, two standard reactions were set up, where 2,4-diphenyl-4methyl-1-pentane (DPMP) and butylated hydroxytoluene (BHT) were applied in the reaction,
respectively (Scheme 6.13). Two samples were prepared and tested in GC when the reactions were
finished, but there were no other products obtained than the desired imine, which means that the
reaction is not a radical reaction.

Scheme 6.13. Identifying the reaction type.

Figure 6.3. 1H-NMR spectrum of N-benzylidenecyclohexylamine-α-d1.
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6.4.8 Deuterium labelling study
Benzyl alcohol-α,α-d2 (110 mg, 1.0 mmol) and cyclohexylamine (99.0 mg, 1.0 mmol) were placed
in an oven-dried tube and subjected to the imination reaction following the general procedure for
imine synthesis. When the reaction was finished, the GCMS result showed that there was only one
peak for the product, and the MS was 188, which means that there should be only one deuterium
atom in the product. After purification of the product imine (137.2 mg, 73%), examination of the
1
H-NMR spectrum (Figure 6.3) revealed that the product imine was obtained as a pure deuteriumlabeled imine and no hydrogen/deuterium scrambling had occurred.

6.4.9 Kinetic Isotope Effect (KIE)

To determine the kinetic isotope effect, the reaction was performed as the general procedure for
imine synthesis. A dried tube was charged with catalyst 102 (11.6 mg, 0.03 mmol), MgSO4 (20.7
mg, 0.2 mmol), and 4Å molecular sieves (150 mg) and placed in a Radleys carousel on a hotplate.
The tube was evacuated and then filled with N2 gas (repeated 3 times). Freshly degassed toluene
(4 mL) was injected into the tube followed by heating to 120 °C under a N2 atmosphere. Benzyl
alcohol (108 mg, 1.0 mmol), cyclohexylamine (99 mg, 1.0 mmol) and tetradecane (0.13 ml, 0.5
mmol) were added, and then the reaction was monitored by GC for 5 h. A sample of 50 μL was
removed every hour, transferred to a GC vial, diluted to 1 mL with diethyl ether and then subjected
to GCMS analysis to follow the formation of N-benzylidenecyclohexylamine and determine the
initial rate (r). The same procedure was performed using benzyl alcohol-α,α-d2 (110 mg, 1.0 mmol)
instead of non-deuterated benzyl alcohol. Assuming that no by-product was formed, the initial rate
for the transformation of benzyl alcohol was rH = 9.00 10-4, and the initial rate for the reaction of
benzyl alcohol-α,α-d2 was rD = 4.00 10-4, and thus the value of the KIE (kH/kD) was 2.3.
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6.4.10 Catalyst deuterium labelling

Figure 6.4. Different LCMS chromatograms: a) The sample from the reaction with BnOH at t = 0. b) The sample
from the reaction with BnOH at t = 24 h. c) The sample from the reaction with BnOH-α,α-d2 at t = 0. d) The sample
from the reaction with BnOH-α,α-d2 at t = 24 h.

The peak with retention time 2.10 min belongs to the product (N-benzylidenecyclohexylamine).
The mass spectra of the catalyst region with retention time 1.15 - 1.20 min are presented in Figure
6.5.
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Figure 6.5. Mass spectra of the catalyst region with retention time 1.15 – 1.20 min. a) Reaction with catalyst 102
and BnOH at t = 0. b) Reaction with catalyst 102 and BnOH at t = 24 h. c) Reaction with catalyst 102 and BnOH-

α,α-d2 at t = 0. d) Reaction with catalyst 102 and BnOH-α,α-d2 at t = 24 h.
The observed masses do not differ when BnOH-α,α-d2 is used, and thus no incorporation of
deuterium into the ligand could be detected.
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6.4.11 Characterization data for imines

N-Benzylidenecyclohexylamine (Table 6.3, entry 1)
Following the general procedure for imine synthesis, the product was isolated as a pale yellow
liquid. Yield: 157.6 mg (84%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.34 (s, 1H), 7.78-7.73 (m,
2H), 7.45-7.39 (m, 3H), 3.26-3.19 (m, 1H), 1.90-1.27 (m, 10H). 13C-NMR (100 MHz, CDCl3) δ
ppm: 158.6, 136.6, 130.3, 128.5, 128.1, 70.0, 34.4, 25.7, 24.8. MS: m/z = 187 [M]+. NMR data are
in accordance with literature values.167

N-(4-Methylbenzylidene)-cyclohexylamine (Table 6.3, entry 2)
Following the general procedure for imine synthesis, the product was isolated as a yellow liquid.
Yield: 142.5 mg (71%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.30 (s, 1H), 7.64 (d, J = 7.9 Hz, 2H),
7.25 (d, J = 7.9 Hz, 2H), 3.22-3.17 (m, 1H), 2.40 (s, 3H), 1.89-1.26 (m, 10H). 13C-NMR (100 MHz,
CDCl3) δ ppm: 158.5, 140.6, 134.0, 129.2, 128.0, 70.0, 34.4, 25.7, 24.9, 21.5. MS: m/z = 201 [M]+.
NMR data are in accordance with literature values.167

N-(4-Methoxybenzylidene)-cyclohexylamine (Table 6.3, entry 3)
Following the general procedure for imine synthesis, the product was isolated as a yellow liquid.
Yield: 157.2 mg (72%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.27 (s, 1H), 7.69 (d, J = 8.7 Hz, 2H),
6.93 (d, J = 8.5 Hz, 2H), 3.86 (s, 3H), 3.19-3.15 (m, 1H), 1.90-1.24 (m, 10H). 13C-NMR (100 MHz,
CDCl3) δ ppm: 161.4, 158.0, 132.0, 129.6, 113.9, 69.9, 55.4, 34.5, 25.7, 24.9. MS: m/z = 217 [M]+.
NMR data are in accordance with literature values.167
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N-(4-Methylthiobenzylidene)-cyclohexylamine (Table 6.3, entry 4)
Following the general procedure for imine synthesis, the product was isolated as a pale yellow
liquid. Yield: 174.5 mg (75%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.28 (s, 1H), 7.66 (d, J = 8.3
Hz, 2H), 7.27 (d, J = 8.3 Hz, 2H), 3.21-3.17 (m, 1H), 2.52 (s, 3H), 1.90-1.24 (m, 10H). 13C-NMR
(100 MHz, CDCl3) δ ppm: 157.9, 141.5, 133.4, 128.4, 125.9, 70.0, 34.4, 25.7, 24.9, 15.4. MS: m/z
= 233 [M]+. NMR data are in accordance with literature values.167

N-(4-Fluorobenzylidene)-cyclohexylamine (Table 6.3, entry 5)
Following the general procedure for imine synthesis, the product was isolated as a yellow liquid.
Yield: 155.4 mg (76%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.30 (s, 1H), 7.73 (dd, J = 8.6, 5.6
Hz, 2H), 7.10 (t, J = 8.6 Hz, 2H), 3.23-3.19 (m, 1H), 1.86-1.28 (m, 10H). 13C-NMR (100 MHz,
CDCl3) δ ppm: 165.3 (d, J = 250 Hz), 157.1, 132.9, 129.9 (d, J = 10 Hz), 115.7 (d, J = 22 Hz),
69.9, 34.3, 25.6, 24.8. MS: m/z = 205 [M]+. NMR data are in accordance with literature values.167

N-(4-Chlorobenzylidene)-cyclohexylamine (Table 6.3, entry 6)
Following the general procedure for imine synthesis, the product was isolated as a white solid.
Yield: 134.2 mg (62%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.29 (s, 1H), 7.68 (d, J = 8.4 Hz, 2H),
7.39 (d, J = 8.4 Hz, 2H), 3.24-3.19 (m, 1H), 1.90-1.25 (m, 10H). 13C-NMR (100 MHz, CDCl3) δ
ppm: 157.2, 136.2, 135.1, 129.2, 128.8, 69.9, 34.3, 25.6, 24.8. MS: m/z = 221 [M]+. NMR data are
in accordance with literature values.167
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N-(4-Bromobenzylidene)-cyclohexylamine (Table 6.3, entry 7)
Following the general procedure for imine synthesis, the product was isolated as a pale yellow
liquid. Yield: 213.5 mg (80%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.28 (s, 1H), 7.62 (d, J = 8.4
Hz, 2H), 7.55 (d, J = 8.5 Hz, 2H), 3.23-3.18 (m, 1H), 1.90-1.25 (m, 10H). 13C-NMR (100 MHz,
CDCl3) δ ppm: 157.3, 135.5, 131.7, 129.5, 124.6, 70.0, 34.3, 25.6, 24.8. MS: m/z = 265 [M]+.
NMR data are in accordance with literature values.167

N-(4-Iodobenzylidene)-cyclohexylamine (Table 6.3, entry 8)
Following the general procedure for imine synthesis, the product was isolated as a white solid.
Yield: 189.3 mg (60%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.25 (s, 1H), 7.76 (d, J = 8.3 Hz, 2H),
7.47 (d, J = 8.3 Hz, 2H), 3.23-3.19 (m, 1H), 1.90-1.24 (m, 10H). 13C-NMR (100 MHz, CDCl3) δ
ppm: 157.5, 137.7, 136.1, 129.6, 96.8, 70.0, 34.3, 25.6, 24.8. MS: m/z = 313 [M]+. NMR data are
in accordance with literature values.163

N-(4-Nitrobenzylidene)-cyclohexylamine (Table 6.3, entry 9)
Following the general procedure for imine synthesis, the product was isolated as a pale yellow
liquid. Yield: 142.3 mg (65%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.41 (s, 1H), 8.28 (d, J = 8.7
Hz, 2H), 7.91 (d, J = 8.7 Hz, 2H), 3.32-3.28 (m, 1H), 1.90-1.27 (m, 10H). 13C-NMR (100 MHz,
CDCl3) δ ppm: 156.2, 148.8, 142.2, 128.7, 123.8, 70.2, 34.2, 25.6, 24.6. MS: m/z = 232 [M]+.
NMR data are in accordance with literature values.167
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N-(4-Phenylbenzylidene)-cyclohexylamine (Table 6.3, entry 10)
Following the general procedure for imine synthesis, the product was isolated as a pale yellow
liquid. Yield: 192.0 mg (73%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.39 (s, 1H), 7.85-7.81 (m,
2H), 7.66-7.62 (m, 4H), 7.50-7.36 (m, 3H), 3.27-3.23 (m, 1H), 1.89-1.28 (m, 10H). 13C-NMR (100
MHz, CDCl3) δ ppm: 158.2, 143.1, 140.5, 135.6, 128.8, 128.5, 127.7, 127.1, 70.1, 34.4, 25.7, 24.9.
MS: m/z = 263 [M]+. NMR data are in accordance with literature values.163

N-(4-Cyanobenzylidene)-cyclohexylamine (Table 6.3, entry 11)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 152.5 mg (72%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.35 (s, 1H), 7.84 (d, J = 8.1 Hz, 2H),
7.70 (d, J = 8.1 Hz, 2H), 3.28-3.26 (m, 1H), 1.89-1.26 (m, 10H). 13C-NMR (100 MHz, CDCl3) δ
ppm: 156.6, 140.5, 132.3, 128.5, 118.6, 113.5, 70.0, 34.2, 25.6, 24.6. MS: m/z = 212 [M]+. NMR
data are in accordance with literature values.34

N-(4-Ethynyl)-cyclohexylamine (Table 6.3, entry 12)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 145.5 mg (69%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.31 (s, 1H), 7.71 (d, J = 8.2 Hz, 2H),
7.54 (d, J = 8.2 Hz, 2H), 3.24-3.22 (m, 1H), 3.18 (s, 1H), 1.89-1.28 (m, 10H). 13C-NMR (100 MHz,
CDCl3) δ ppm: 157.7, 136.9, 132.3, 127.9, 123.9, 83.4, 78.7, 70.0, 34.3, 25.6, 24.8. MS: m/z = 211
[M]+. NMR data are in accordance with literature values.34
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N-(2-Methylbenzylidene)-cyclohexylamine (Table 6.3, entry 13)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 142.3 mg (71%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.65 (s, 1H), 7.88 (dd, J = 7.5, 1.4
Hz, 2H), 7.30-7.15 (m, 3H), 3.25-3.21 (m, 1H), 2.52 (s, 3H), 1.87-1.30 (m, 10H). 13C-NMR (100
MHz, CDCl3) δ ppm: 157.0, 137.3, 134.7, 130.6, 129.9, 127.1, 126.2, 70.5, 34.5, 25.7, 24.8, 19.3.
MS: m/z = 201 [M]+. NMR data are in accordance with literature values.163

N-(2,4,6-Trimethylbenzylidene)-cyclohexylamine (Table 6.3, entry 14)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 165.0 mg (72%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.59 (s, 1H), 6.87 (s, 2H), 3.23-3.20
(m, 1H), 2.37 (s, 6H), 2.29 (s, 3H), 1.90-1.32 (m, 10H). 13C-NMR (100 MHz, CDCl3) δ ppm:
158.4, 138.2, 136.9, 131.9, 129.0, 70.9, 34.7, 25.7, 24.7, 21.1, 20.3. MS: m/z = 229 [M]+. NMR
data are in accordance with literature values.163

N-(1-Naphthalenylmethylene)-cyclohexylamine (Table 6.3, entry 15)
Following the general procedure for imine synthesis, the product was isolated as a yellow liquid.
Yield: 162.4 mg (69%). 1H-NMR (400 MHz, CDCl3) δ ppm: 9.02 (s, 1H), 8.91 (d, J = 8.5 Hz, 1H),
7.94-7.90 (m, 3H), 7.63-7.52 (m, 3H), 3.36-3.31 (m, 1H), 1.95-1.72 (m, 7H), 1.50-1.33 (m, 3H).
13
C-NMR (100 MHz, CDCl3) δ ppm: 157.9, 133.8, 132.2, 131.4, 130.6, 128.6, 128.3, 126.9, 125.9,
125.3, 124.3, 70.9, 34.6, 25.8, 24.8. MS: m/z = 237 [M]+. NMR data are in accordance with
literature values.167
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Benzophenone (Table 6.3, entry 16)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 132.4 mg (73%). 1H-NMR (400 MHz, CDCl3) δ ppm: 7.85-7.83 (m, 4H), 7.65-7.59 (m,
2H), 7.54-7.48 (m, 4H). 13C-NMR (100 MHz, CDCl3) δ ppm: 196.8, 137.6, 132.4, 130.1, 128.3.
MS: m/z = 182 [M]+. NMR data are in accordance with literature values.310

N-Benzylidenebenzylamine (Table 6.4, entry 1)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 121.3 mg (62%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.45 (s, 1H), 7.86-7.81 (m, 2H), 7.47
(dd, J = 5.1, 1.9 Hz, 3H), 7.39 (d, J = 4.3 Hz, 4H), 7.33-7.31 (m, 1H), 4.88 (s, 2H). 13C-NMR (100
MHz, CDCl3) δ ppm: 162.0, 139.3, 136.2, 130.8, 128.6, 128.3, 128.0, 127.0, 65.1. MS: m/z = 195
[M]+. NMR data are in accordance with literature values.163

N-Benzylideneaniline (Table 6.4, entry 2)
Following the general procedure for imine synthesis, the product was isolated as a white solid.
Yield: 110.5 mg (61%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.49 (s, 1H), 7.98-7.94 (m, 2H), 7.547.49 (m, 3H), 7.46-7.41 (m, 2H), 7.30-7.24 (m, 3H). 13C-NMR (100 MHz, CDCl3) δ ppm: 160.4,
152.0, 136.1, 131.5, 129.2, 128.8, 126.0, 120.9. MS: m/z = 181 [M]+. NMR data are in accordance
with literature values.167
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N-Benzylidene-tert-octylamine (Table 6.4, entry 3)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 153.4 mg (71%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.27 (s, 1H), 7.80-7.75 (m, 2H), 7.467.40 (m, 3H), 1.72 (s, 2H), 1.35 (s, 6H), 0.98 (s, 9H). 13C-NMR (100 MHz, CDCl3) δ ppm: 154.4,
137.4, 130.0, 128.5, 127.9, 61.0, 56.6, 32.1, 31.8, 29.7. MS: m/z = 216 [M-H]+. NMR data are in
accordance with literature values.167

N-Benzylidene-octylamine (Table 6.4, entry 4)
Following the general procedure for imine synthesis, the product was isolated as a yellow liquid.
Yield: 145.6 mg (67%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.30 (s 1H), 7.76-7.74 (m, 2H), 7.467.42 (m, 3H), 3.64 (td, J = 7.0, 1.4 Hz, 2H), 1.75-1.71 (m, 2H), 1.39-1.29 (m, 10H), 0.91-0.89 (m,
3H). 13C-NMR (100 MHz, CDCl3) δ ppm: 160.7, 136.4, 130.4, 128.6, 128.0, 61.9, 31.9, 31.0, 29.5,
27.4, 22.7, 14.1. MS: m/z = 216 [M-H]+. NMR data are in accordance with literature values.167

N-Benzylidene-cyclohexylmethylamine (Table 6.4, entry 5)
Following the general procedure for imine synthesis, the product was isolated as a pale yellow
liquid. Yield: 149.4 mg (74%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.25 (s, 1H), 7.76-7.74 (m,
2H), 7.46-7.42 (m, 3H), 3.49 (d, J = 6.4 Hz, 2H), 1.84-1.72 (m, 6H), 1.34-1.20 (m, 3H), 1.08-0.96
(m, 2H). 13C-NMR (100 MHz, CDCl3) δ ppm: 160.8, 136.4, 130.4, 128.6, 128.0, 68.7, 39.0, 31.5,
26.6, 26.1. MS: m/z = 201 [M]+. NMR data are in accordance with literature values.70
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N-Benzylidene-1-adamantanylamine (Table 6.4, entry 6)
Following the general procedure for imine synthesis, the product was isolated as a white solid.
Yield: 175.5 mg (73%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.31 (s, 1H), 7.77 (bs, 2H), 7.43-7.40
(m, 3H), 2.20 (s, 3H), 1.85 (s, 6H), 1.83-1.70 (m, 6H). 13C-NMR (100 MHz, CDCl3) δ ppm: 154.9,
137.3, 130.1, 128.5, 127.9, 57.5, 43.2, 36.2, 29.6. MS: m/z = 239 [M]+. NMR data are in
accordance with literature values.167

N-Benzylidene-hexylamine (Table 6.4, entry 7)
Following the general procedure for imine synthesis, the product was isolated as a pale yellow
solid. Yield: 136.2 mg (72%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.30 (s, 1H), 7.77-7.74 (m,
2H), 7.45-7.41 (m, 3H), 3.64 (td, J = 7.0, 1.2 Hz, 2H), 1.75-1.71 (m, 2H), 1.39-1.33 (m, 6H), 0.930.89 (m, 3H). 13C-NMR (100 MHz, CDCl3) δ ppm: 160.7, 136.4, 130.4, 128.6, 128.0, 61.9, 31.7,
31.9, 27.1, 26.4, 14.1. MS: m/z = 188 [M-H]+. NMR data are in accordance with literature
values.311

N-Benzylidenecycloheptylamine (Table 6.4, entry 8)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 140.3 mg (70%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.29 (s, 1H), 7.78-7.74 (m, 2H),7.457.40 (m, 3H), 3.40-3.36 (m, 1H), 1.84-1.61 (m, 12H). 13C-NMR (101 MHz, CDCl3) δ ppm: 157.7,
136.7, 130.3, 128.5, 128.1, 72.6, 36.4, 28.4, 24.8. MS: m/z = 201 [M]+. 1H-NMR data are in
accordance with literature values.260
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N-Benzylidene-1,1-diphenylmethylamine (Table 6.4, entry 9)
Following the general procedure for imine synthesis, the product was isolated as a white solid.
Yield: 189.4 mg (70%). 1H-NMR (400 MHz, CDCl3) δ ppm: 8.46 (s, 1H), 7.89-7.85 (m, 2H), 7.467.40 (m, 7H), 7.40-7.31 (m, 4H), 7.30-7.25 (m, 2H), 5.63 (s, 1H). 13C-NMR (100 MHz, CDCl3) δ
ppm: 160.8, 143.9, 136.3, 130.7, 128.5, 128.4, 127.7, 127.0, 77.9. MS: m/z = 271 [M]+. NMR data
are in accordance with literature values.167

(R)-N-Benzylidene-1-phenylethylamine (Table 6.4, entry 10)
Following the general procedure for imine synthesis, the product was isolated as a clear liquid.
Yield: 154.5 mg (74%). [α]D20 = -68.0 (c = 1.58, CHCl3) (ref.312 [α]D27 = -64.7 (c = 1.0, CHCl3).
1
H-NMR (400 MHz, CDCl3) δ ppm: 8.42 (s, 1H), 7.86-7.81 (m, 2H), 7.51-7.26 (m, 8H), 4.60 (q,
J = 6.6 Hz, 1H), 1.65 (d, J = 6.7 Hz, 3H). 13C-NMR (101 MHz, CDCl3) δ ppm: 159.5, 145.2, 136.5,
130.6, 128.6, 128.5, 128.3, 126.9, 126.7, 69.8, 24.9. MS: m/z = 209 [M]+. NMR data are in
accordance with literature values.167
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7. Conclusion
The purpose of this project was to develop novel and inexpensive catalysts based on Earthabundant transition metals for acceptorless dehydrogenative transformations of alcohols.
As a result, two novel catalysts based on chromium (complex 87) and vanadium (complex 102)
have been developed for the dehydrogenative synthesis of imines, respectively. Catalyst 87 is the
first example of a chromium(III) complex for acceptorless alcohol dehydrogenation. The reaction
mechanism has been investigated thoroughly, and a MLC pathway has been proposed. Catalyst
102 constitutes an example of a vanadium catalyst for the acceptorless dehydrogenation of alcohols.
Even though the reaction mechanism is not clear, the catalyst has a very good performance on the
dehydrogenation of alcohols.

In summary, this study has contributed to two novel and more sustainable catalysts as an alternative
to the traditional oxidants in organic synthesis.
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8. Appendix
8.1 External stay at Haldor Topsøe A/S
The following work was performed at Haldor Topsøe A/S as an external stay under the supervision
of manager Dr. Søren Tolborg and director Dr. Esben Taarning in R&D. The work was performed
in collaboration with former Ph.D. students in the group, Fabrizio Bottaro and Simone V.
Samuelsen.
Dehydrogenation and hydrogenation are vital reactions in organic chemistry. As mentioned in the
thesis, many reactions involving dehydrogenation are introduced. Therefore, we decided to
investigate whether the already described complexes 48, 85-87 as well as complexes 116-120,
which either already has been investigated or is currently being investigated in the Madsen group
for potential use as dehydrogenation catalysts (Scheme 8.1), could mediate the reduction of
different unsaturated functional groups under a hydrogen atmosphere.

Scheme 8.1. Complexes investigated in hydrogenation reactions.

In our investigation, an ester, an imine, a ketone, and a nitrile were selected as substrates for our
hydrogenation reactions. The reactions were carried out with 5% catalyst and 20% tBuOK under
50 bar of H2 in refluxing toluene (Scheme 8.2).
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Unfortunately, regardless of the harsh conditions, none of the complexes showed any activity in
any of the four investigated transformations. Thus, although salen, salan and porphyrin complexes
are able to catalyze the dehydrogenation of alcohols, they are unable to mediate the reverse
hydrogenation reaction.

Scheme 8.2. Attempted hydrogenations of a) an ester, b) an imine, c) a ketone and d) a nitrile.

Experimental section
General experimental methods
All commercial reagents were purchased from Sigma-Aldrich or Strem Chemicals and used as
received. GC-MS was carried out on a Shimadzu GCMS-QP2010S instrument fitted with an
Equity 5.30m×0.25mm×0.25um column. All experiments were carried out under hydrogen
pressure in a Parr reactor.

General procedure
Methyl benzoate (0.88 ml, 7 mmol), N-(α-methylhenzylidene)aniline (1365 mg, 7 mmol),
acetophenone (0.84 ml, 7 mmol) or benzonitrile (0.72 ml, 7 mmol), complex (0.35 mmol), tBuOK
(140 mg, 1.4 mmol), tetradecane (0.7 ml, as internal standard) and toluene (16 ml) were placed in
an oven-dried Parr reactor. Vacuum was applied and the reactor was then filled with nitrogen gas
(repeated three times) and subsequently with H2 (50 bar). The reaction was stirred for 18 h, after
wihch time the mixture was cooled to room temperature and the H2 gas was carefully released.
The reaction mixture was tested by GC-MS.
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8.2 Other projects conducted
A project on the synthesis of tBuOK catalyzed α-alkylation of ketones from alcohols and
acetylenes was also performed during my Ph.D. studies. However, it was unlucky that the Milstein
group just reported the work in Angew. Chem. Int. Ed. three weeks in advance.313

8.2.1 Introduction
α-Alkylated ketones are a very important class of compounds, that have a wide range of
pharmacological and physiological activities.314–316 Traditionally, α-alkylated ketones are
synthesized via α-alkylation of enolates derived from ketones with alkyl halides in the presence of
at least a stoichiometric amount of a strong base.317 However, these procedures suffer from the
toxicity of alkyl halides and the generation of a great number of harmful waste salts.
Alternatively, alcohols can be efficiently used for the α-alkylation of ketones with a catalyst, where
KOH and metal salts can be employed as the catalysts (Scheme 8.3 a and b).313,318 However, these
methods may require a stoichiometric catalyst, which could cause waste. There is a new trend to
apply precious metal catalysts in the alkylation reactions (Scheme 8.3c).319,320 Although used in
low loadings, these organometallic complexes are expensive. Despite significant progress, this
reaction is limited to ketones as the starting materials. Herein, a new C-C bond-forming reaction
of benzyl alcohols with alkynes is explored in the presence of tBuOK as shown in Scheme 8.3d.

Scheme 8.3. a) C-alkylation of alcohols and ketones with KOH. b) C-alkylation of alcohols and alkyne. c) Precious
metal catalyzed reaction of alcohols and ketones. d) Reaction discovered herein.
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8.2.2 Optimization of the reaction conditions

Initially, benzyl alcohol (1 mmol) and phenyl acetylene (1 mmol) were selected as starting
materials, and the reaction was run in toluene for 24 h with 5 mol% of catalysts 48 and 121
(Scheme 8.4). Three different bases were first employed in the reaction (entry 1-6), and it seemed
that tBuOK had a positive influence on the reaction. To lower the reaction temperature, THF and
acetonitrile were chosen as the solvent. However, there was no product detected (entry 7-10). It
seemed that toluene was a suitable solvent in the reaction. Blank reactions were then performed
(entry 11 and 12). There was still a good yield with only the base, which may indicate that the
reaction does not need any catalyst, but only a base.

Scheme 8.4. Catalysts inverstigated for the coupling reaction.
Table 8.1. Optimization of the coupling reaction.[a]

Entry

Catalyst

X

Base

Solvent

T/oC

t/h

Yield[%][b]

t
1
5
BuOK
toluene
120
24
43
48
t
2
5
BuOK
toluene
120
24
33
121
3
5
Cs2CO3
toluene
120
24
0
48
4
5
Cs2CO3
toluene
120
24
0
121
5
5
K
CO
toluene
120
24
0
48
2
3
6
5
K2CO3
toluene
120
24
0
121
t
7
5
BuOK
THF
70
24
0
48
t
8
5
BuOK
THF
70
24
0
121
t
9
5
BuOK
CH3CN
85
24
0
48
t
10
5
BuOK
CH
CN
85
24
0
121
3
t
11
BuOK
toluene
120
24
51
12
toluene
120
24
0
[a] Reaction conditions: BnOH (1 mmol), PhCCH (1 mmol), catalyst (0.0X mmol), base (0.2 mmol), tetradecane
(0.5 mmol, internal standard), solvent, reflux, 48 h. [b] Determined by GC.
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To obtain improved conditions for the reaction, different bases were applied into the reaction
without any catalyst (Table 8.2). From entry 1-3, three strong bases were used, and there was a
high yield with tBuOK. There was still no conversion when the solvents with a low boiling point
were employed in the reaction in the presence of tBuOK (entry 4 and 5). Thus, it seemed that
t
BuOK and toluene (high-boiling-point solvent) were the best choice.
Associate Professor Dr. Søren Kramer pointed out that the same results had just been published
when I gave a presentation about the preliminary results of the coupling reaction at the Monday
Morning Meeting at the department in March 2019, and then this project was abandoned.

Table 8.2. Optimization of the coupling reaction.[a]

Base

Solvent

T/oC

t/h

Yield[%][b]

BuOK

toluene

120

24

51

KOH

toluene

120

24

43

3

NaOH

toluene

120

24

16

4
5

t

THF
CH3CN

70
85

24
24

0
0

Entry
1

t

2

BuOK
BuOK

t

[a] Reaction conditions: BnOH (1 mmol), PhCCH (1 mmol), base (0.2 mmol), tetradecane (0.5 mmol, internal
standard), solvent, reflux, 48h. [b] Determined by GC.

8.2.3 The article published by Milstein
In Milstein’s report, the reaction could tolerate different benzyl alcohols and alkynes (Scheme 8.5),
and the conditions were tBuOK (0.05 mmol), alcohol (1 mmol), alkyne (1 mmol), toluene (2 mL),
24 h, 125 oC. Product yields were determined by 1H-NMR using mesitylene as an internal standard
or as isolated yields. The reaction proceeded through a radical pathway (Scheme 8.6).

Scheme 8.5. Formation of α-alkylated ketones
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Based on physical experiments and DFT calculations, a mechanism was proposed. It was
suggested that the first step was the deprotonation of benzyl alcohol by tBuOK to form PhCH2OK.
The reaction was initiated by hydrogen-atom transfer (HAT) from PhCH2O- to phenylacetylene to
form radicals 122 and 123.321,322 In terms of the radical chain cycle, the alkoxide radical 122
inserted into phenylacetylene to form 124. The radical 124 underwent a 1,2-hydrogen shift to form
125, and 124 and 125 could then be converted into 126 through 1,3 and 1,2-hydrogen shifts,
respectively. Radical 126 was related to radical 127 by resonance. Radical 127 could then be
protonated by PhCH2OH to form the radical 128 and the PhCH2O- anion. The PhCH2O- anion
could transfer a hydrogen radical to 128 to form 129 and regenerate 122. The product could then
be formed from 129 upon tautomerization. It was very likely that the reaction was driven by the
highly favorable thermodynamics of the product formation, as the ∆G value of the overall reaction
was found to be -36.5 kcal mol-1. The values of ∆G presented herein were only for the purpose of
comparing the relative energy of the intermediates, as potassium was excluded from the calculation
for the sake of simplicity. It was believed that the stability of the radical intermediates, such as 122
and 124, is critical for the formation of α-alkylated ketones, since the reaction scope was limited
to benzylic alcohols, where the radicals derived from were stabilized by resonance with the phenyl
ring.

Scheme 8.6. Proposed mechanism for the reaction of benzyl alcohol and phenylacetylene with tBuOK
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8.2.4 Supporting information
Take entry 1 in Table 8.2 as an example, a GCMS sample was prepared when the reaction was
finished. From the results in Figure 8.1 and comparison with the standard compound, these peaks
can be recognized: peak a, b, and c belong to phenyl acetylene, tetradecane and benzyl alcohol,
respectively, while peak d, e and f belong to 1,3-diphenylpropan-1-ol, benzylacetophenone (1,3diphenylpropan-1-one, desired product) and benzalacetophenone. For the product, the mass
spectrum is shown in Figure 8.2, and the value of m/z is 210. The desired product was obtained
through silica gel flash chromatography and analyzed by NMR. The characterization data of
benzylacetophenone was as below: the product was isolated as a white solid. 1H-NMR (400 MHz,
CDCl3) δ ppm: 7.99 (d, J = 7.7 Hz, 2H), 7.60 (t, J = 7.2 Hz, 1H), 7.48 (t, J = 7.0 Hz, 2H), 7.457.23 (m, 5H), 3.34 (t, J = 8.5, 6.9 Hz, 2H), 3.10 (t, J = 8.5, 6.9 Hz, 2H). 13C-NMR (101 MHz,
CDCl3) δ ppm: 199.2, 141.3, 136.9, 133.1, 128.6, 128.5, 128.4, 128.0, 126.1, 40.5, 30.1. MS: m/z
= 210 [M]+. NMR data are in accordance with literature values.323

Figure 8.1. GC result of the reaction (entry 1 in Table 8.2).

Figure 8.2. Mass spectrum of the compound e in Figure 8.1.

117

118

8.2.5 Limitation of this project.
When optimizing the conditions for the tBuOK catalyzed coupling between alcohols and
acetylenes, some combinations with different substrates were also performed in the reaction
(Scheme 8.7). When benzyl alcohol and an aliphatic acetylene (1-heptyne) were subjected to the
reaction, it was thought that compound 130 would be obtained, but there was no product. In
addition, it was believed that compound 131 would be obtained when an aliphatic alcohol (1heptanol) and phenyl acetylene were employed in the reaction. A GCMS sample was tested when
the reaction was finished, and the results are shown in Figure 8.3 and 8.4.

Scheme 8.7. Combination with different substrates for the coupling reaction.
g
h

i

Figure 8.3. GC result of the reaction in Scheme 8.7b.

Figure 8.4. Mass spectra of the compound i in Figure 8.3.
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In Figure 8.3, there were three peaks: g, h, and i, and they were solvent, internal standard and
desired product, respectively. From Figure 8.4, it can be seen that the m/z value of compound i
was 218, which was the same as the m/z of compound 123. The product was isolated through silica
gel flash chromatography and 50.0 mg of the product was obtained as a pale liquid. The product
was analyzed by NMR, and the 1H-NMR and the 13C-NMR spectra are shown below. From the
NMR spectra, it can be recognized that the product was an ether, and not a ketone, and the structure
was (Z)-2-(heptyloxy)ethenyl benzene (Scheme 8.8), because the J coupling constant of the H
atoms on the C-C double bond was 7.0.324 Thus, the synthesis of Z-vinyl ethers seemed a good
project. However, it turned out to be a known reaction325–327 and no further optimization was
therefore performed.

Scheme 8.8. Structure of (Z)-2-(heptyloxy)ethenyl benzene.

The NMR characterization data of (Z)-2-(heptyloxy)ethenyl benzene were shown here: 1H-NMR
(400 MHz, CDCl3) δ ppm: 7.66-7.57 (m, 2H), 7.31 (dd, J = 8.4, 7.1 Hz, 2H), 7.22-7.09 (m, 1H),
6.23 (d, J = 7.0 Hz, 1H), 5.23 (d, J = 7.0 Hz, 1H), 3.94 (t, J = 6.6 Hz, 2H), 1.75 (dq, J = 8.2, 6.6
Hz, 2H), 1.51-1.42 (m, 2H), 1.38-1.27 (m, 6H), 0.96-0.87 (m, 3H). 13C-NMR (101 MHz, CDCl3)
δ ppm: 146.9, 136.2, 128.1, 128.1, 125.5, 105.3, 73.8, 31.7, 29.9, 29.0, 25.8, 22.6, 14.1. MS: m/z
= 218 [M]+.
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