




STUDIES ON METALLOENZYMATIC DYNAMIC KINETIC
RESOLUTIONS AND IRON-CATALYZED REACTIONS OF ALLENES
 

Karl P. J. Gustafson





Studies on Metalloenzymatic Dynamic
Kinetic Resolutions and Iron-
Catalyzed Reactions of Allenes
 

Karl P. J. Gustafson



©Karl P. J. Gustafson, Stockholm University 2018
 
ISBN print 978-91-7797-195-5
ISBN PDF 978-91-7797-196-2
 
Cover picture: Gustafson production
Printed in Sweden by Universitetsservice US-AB, Stockholm 2018
Distributor: Department of Organic Chemistry, Stockholm University



“Some people say that there
are no more frontiers left for
us to conquer. But then again,
some people still go out into
the wilderness in search for
their dream”
 
- MacGyver





����

��������	

The main focus of this thesis lies in the development of new dynamic kinetic 
resolutions (DKRs) of alcohols and amines, which employ a combination of 
a transition metal and an enzyme. The first part of the thesis deals with the 
development of new heterogeneous systems for the DKR of amines. The 
racemization catalyst in the different systems are all based on heterogeneous 
palladium nanoparticles supported on either mesoporous silica or incorpo-
rated in a biocomposite that is composed of a bioactive cross-linked enzyme 
aggregate.  
 The second part of the thesis describes the development of a homoge-
neous iron based catalyst for the racemization of sec-alcohols. Two protocols 
for the racemization of sec-alcohols are reported, of which one could be used 
in a chemoenzymatic DKR. 
 Following the successful iron-catalyzed chemoenzymatic DKR of sec-
alcohols, the iron catalyst was used in the cyclization of α-allenic alcohols 
and amides to the corresponding 2,3-dihydrofurans and 2,3-dihydropyrroles. 
The cyclizations were reported to proceed in a diastereoselective manner. 
 The last part of the thesis deals with the attempt at further elucidate 
the mechanism of activation of a known ruthenium racemization catalyst. X-
ray absorption spectroscopy using synchrotron irradiation was used in these 
studies.  
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This thesis is based on the following papers, which will be referred to by 
Roman numerals I-IX. Reprints were made with the kind permission from 
the publishers and the contribution by the author to each publication is clari-
fied in Appendix C. 
 
I.� Chemoenzymatic Dynamic Kinetic Resolution of Primary Amines 

Using a Recyclable Palladium Nanoparticle Catalyst Together 
with Lipases 
Karl P. J. Gustafson, Richard Lihammar, Oscar Verho, Karin Eng-
ström, Jan-Erling Bäckvall  
Journal of Organic Chemistry, 2014, 79, 3747–3751. 
 

II.� Co-immobilization of an Enzyme and a Metal into the Compart-
ment of Mesoporous Silica for Cooperative Tandem Catalysis: An 
Artificial Metalloenzyme 
Karin Engström†, Eric V. Johnston†, Oscar Verho†, Karl P. J. Gus-
tafson, Mozaffar Shakeri, Cheuk-W. Tai, Jan-Erling Bäckvall  
Angewandte Chemie, International Edition, 2013, 52, 14006–14010. 
 

III.� Design of a Pd(0)-CalB CLEA Biohybrid Catalyst and Its Appli-
cation in a One-Pot Cascade Reaction 
Tamás Görbe, Karl P. J. Gustafson, Oscar Verho, Gabriella Kervefors, 
Haoquan Zheng, Xiaodong Zou, Eric V. Johnston, Jan-Erling Bäck-
vall 
ACS Catalysis 2017, 7, 1601–1605. 
 

IV.� Application and further Structure Elucidation of Pd(0)-CalB 
CLEA Biohybrid Catalyst-Chemoenzymatic Dynamic Kinetic 
Resolution of Primary Benzylic Amines  
K. P. J. Gustafson†, Tamás Görbe†, Gonzalo De Gonzalo-Calvo, Ning 
Yuan, Cynthia Schreiber, Andrey Shchukarev, Cheuk-Wai Tai, 
Ingmar Persson, Xiaodong Zhou, Jan-Erling Bäckvall 
Manuscript 

 
 



��

V.� Evaluation of Fe and Ru Pincer-Type Complexes as Catalysts for 
the Racemization of Secondary Benzylic Alcohols 
Christoph Bornschein †, Karl P. J. Gustafson†, Oscar Verho, Matthias 
Beller, Jan-Erling Bäckvall 
Chemistry: A European Journal 2016, 22, 11583–11586. 
 

 
VI.� Chemoenzymatic Dynamic Kinetic Resolution of Secondary Alco-

hols using and Air and Moisture stable Iron Racemization Cata-
lyst  
Karl P. J. Gustafson, Arnar Guðmundsson, Kayla Lewis, Jan-Erling 
Bäckvall  
Chemistry: A European Journal 2017, 23, 1048–1051. 
 

VII.� Efficient Formation 2,3-dihydrofurans via Iron-Catalyzed Cycloi-
somerization of αα-Allenols 
Arnar Guðmundsson, Karl P. J. Gustafson, Binh Khanh Mai, Bin 
Yang, Fahmi Himo, Jan-Erling Bäckvall  
ACS Catalysis 2018, 8, 12–16. 
 

VIII.� Iron Catalyzed Cyclization of N-protected α-Allenic Amines to 
2,3-dihydropyrroles 
Arnar Guðmundsson†, Karl P. J. Gustafson†, Viola Hobiger, Binh 
Khanh Mai, Bin Yang, Fahmi Himo, Jan-Erling Bäckvall  
Manuscript in preparations, supporting information.  
 

IX.� In-Situ Structure Determination of a Ruthenium Racemization 
Catalyst and its Activated Intermediates using X-ray Absorption 
Spectroscopy 
Karl P. J. Gustafson†, Arnar Guðmundsson†, Éva Bajnóczi†, Ning Yu-
an, Xiaodong Zhou, Ingmar Persson, Jan-Erling Bäckvall 
Manuscript  
 
 

†Authors contributed equally to the publication. 
 
Publication not included in this thesis: 
For publications not included in the thesis see other sources. 
 
Efficient Palladium-Catalyzed Aminocarbonylation of Aryl Iodides Us-
ing Palladium Nanoparticles Dispersed on Siliceous Mesocellular Foam 
Fredrik Tinnis, Oscar Verho, Karl P. J. Gustafson, Cheuk-Wai Tai, Jan-
Erling Bäckvall, Hans Adolfsson 
Chemistry: A European Journal 2014, 20, 5885–5889. 



���

 
Mild and Selective Hydrogenation of Nitro Compounds using Palladium 
Nanoparticles Supported on Amino-Functionalized Mesocellular Foam 
Oscar Verho, Karl P. J. Gustafson, Anuja Nagendiran, Cheuk-Wai Tai, Jan-
Erling Bäckvall 
ChemCatChem 2014, 6 , 3153–3159. 
 
Mild Deoxygenation of Aromatic Ketones and Aldehydes over Pd/C 
Using Polymethylhydrosiloxane as the Reducing Agent 
Alexey Volkov, Karl P. J. Gustafson, Cheuk-Wai Tai, Oscar Verho, Jan-
Erling Bäckvall 
Angewandte Chemie International Edition 2015, 54, 5122–5126. 
 
Well-Defined Palladium Nanoparticles Supported on Siliceous Mesocel-
lular Foam as Heterogeneous Catalysts for the Oxidation of Water 
Oscar Verho, Torbjörn Åkermark, Eric V. Johnston, Karl P. J. Gustafson, 
Cheuk-Wai Tai, Hendrik Svengren, Markus D. Kärkäs, Jan-Erling Bäckvall, 
Björn Åkermark 
Chemistry: A European Journal 2015, 21, 5909–5915. 
 
Application of Pd Nanoparticles Supported on Mesoporous Hollow Sili-
ca Nanospheres for the Efficient and Selective Semihydrogenation of 
Alkynes 
Oscar Verho†, Haoquan Zheng†, Karl P. J. Gustafson, Anuja Nagendiran, 
Xiaodong Zou, Jan-Erling Bäckvall 
ChemCatChem 2016, 8, 773–778. 
 
Water oxidation mediated by ruthenium oxide nanoparticles supported 
on siliceous mesocellular foam 
Karl P. J. Gustafson†, Andrey Shatskiy†, Oscar Verho, Markus D. Kärkäs, 
Bastian Schluschass, Cheuk-Wai Tai, Björn Åkermark, Jan-Erling Bäckvall, 
Eric V. Johnston 
Catalysis Science & Technology 2017, 7, 293–299. 
 
Synthesis of Bensofurans and indoles from Terminal Alkynes and Io-
doaromatics Catalyzed by Recylable Palladium Nanoparticles Immobi-
lized on Siliceous Mesocellular Foam  
Alexandre Bruneau, Karl P. J. Gustafson, Ning Yuan, Ingmar Persson, 
Xiaodong Zou, Jan-Erling Bäckvall 
Chemistry: A European Journal 2017, 23, 12886-12891. 
 
 
 



����

Diastereoselective Cyclobutenol Synthesis: A Heterogeneous-Palladium-
Catalyzed oxidative Carbocyclization-Borylation of Enallenols 
Man-bo Li, Daniels Posevins, Karl P. J. Gustafson, Cheuk-Wai Tai, Andrey 
Schchukarev, Youai Qiu, Jan-Erling Bäckvall 
Manuscript  
 
Dynamic Kinetic Resolution of a Primary Amine by an Efficient Bifunc-
tional Pd-CALB Hybrid Catalyst. A Metalloenzyme Mimic for En-
hanced Cooperative Catalysis” chapter in “Practical Methods in Bio-
catalysis and Biotransformations”, 
Oscar Verho, Karl P. J. Gustafson, and Jan-Erling Bäckvall,  
Eds J. Whittall, P. W. Sutton and W. Kroutil, John Wiley & Sons, Ltd, 
Chichester, 2015, pp 50-53. 

 
 

†Authors contributed equally to the publication. 
 



�����

��������	

 

Abstract ..............................................................................................................  vii 
Populärvetenskaplig sammanfattning ................................................................  viii 
List of publications ............................................................................................  ix 
Content ...............................................................................................................  xiii 
Abbreviations .....................................................................................................  xvi 
1 Introduction .....................................................................................................  1 
1.1 Catalysis .......................................................................................................  2 
 1.1.1 Homogeneous and heterogeneous catalysis .............................  3 
 1.1.2 Transition metal catalysis ........................................................  4 
 1.1.3 Metal nanoparticles ..................................................................  4 

1.2 Enzyme catalysis ..............................................................................  4 
 1.2.1 Hydrolases ...............................................................................  5 

1.3 Kinetic resolution .............................................................................  6 
1.3.1 Enzymatic kinetic resolution and the selectivity of  
hydrolases .........................................................................................  6 

1.4 Dynamic kinetic resolution and racemization ..................................  8 
1.4.1 Transfer hydrogenation catalysis and its use in  
racemization ...................................................................................... 9 

1.5 Synthesis and characterization of Pd0-AmP-MCF and its  
precursors ...............................................................................................  12 
1.6 Main objectives of this thesis ...........................................................  16 

2 Chemoenzymatic Dynamic Kinetic Resolution of Primary Amines using  
Heterogenous Palladium Nanoparticles Immobilized on a Siliceous  
Mesoporous Foam and Lipases ..........................................................................  17 
2.1 Introduction ..................................................................................................  17 

2.1.1 Synthesis and characterization of Pd0-CalB-GA- 
AmP-MCF ........................................................................................  19 

2.2 Results and discussion .................................................................................  20 
2.2.1 Optimization of the DKR .........................................................  20 
2.2.2 Scope of the reaction using Pd0-AmP-MCF ............................  23 
2.2.3 Recycling study ........................................................................  24 

2.3 Conclusion ........................................................................................  26 
3 Development of a Novel Biohybrid Catalyst Composed of Incorporated  
Palladium Nanoparticle in a Cross-Linked Enzyme Aggregate:  
Applications in Chemoenzymatic DKR of Amines ...........................................  29 
3.1 Introduction ..................................................................................................  29 
3.2 Results and discussion .................................................................................  31 



����

3.2.1 Synthesis and characterization of the Pd0-CalB CLEA 
biohybrid catalyst ..............................................................................  31 
3.2.2. Applications of the Pd0-CalB CLEA ......................................  33 
3.2.3 Recycling of the Pd0-CalB CLEA ............................................  38 

3.3 Conclusion ........................................................................................  42 
4 Development of an Iron and Ruthenium based Pincer-Type Racemization 
Catalyst for Secondary Alcohols .......................................................................  43 
4.1 Introduction ..................................................................................................  43 

4.2 Results and discussion ......................................................................  44 
4.2.1 Optimization of the racemization of alcohols ..........................  44 
4.2.2 Scope of the racemization protocols ........................................  45 
4.2.3 Attempts to obtain a DKR .......................................................  47 

4.3 Conclusions ......................................................................................  48 
5 Chemoenzymatic Dynamic Kinetic Resolution of Secondary Alcohols  
using Air- and Moisture Stable Iron Racemization Catalyst .............................  49 

5.1 Introduction ......................................................................................  49 
5.2 Results and discussion ...................................................................... 50 

5.2.1 Optimization of the racemization and the DKR of the  
secondary alcohols ............................................................................ 50 
5.2.2 Scope of the dynamic kinetic resolution .................................. 52 

5.3 Conclusion ........................................................................................ 54 
6 Iron Catalyzed Cyclization of Heteroatom Subsituted α-Allenes to  
2,3-Dihydrofurans and Pyrroles ......................................................................... 55 

6.1 Introduction ...................................................................................... 55 
6.2 Results and discussion ...................................................................... 56 

6.2.1 Optimization of the cyclization to 2,3-dihydrofurans and 
2,3-dihydropyrroles ........................................................................... 56 
6.2.2 Scope of the cyclization to 2,3-dihydrofurans ......................... 58 
6.2.3 Scope of the cyclization to 2,3-dihydropyrroles ...................... 61 
6.2.4 Mechanistic study of the cyclization of α-allenols to  
2,3-dihydrofurans .............................................................................. 63 

6.3 Conclusions ...................................................................................... 65 
7 In situ Structure Elucidation of the Formation of an Activated Ruthenium  
Catalyst .............................................................................................................. 66 

7.1 Introduction ...................................................................................... 66 
7.2 Results and discussion ...................................................................... 69 

7.2.1 In situ IR .................................................................................. 69 
7.2.2 XANES results ......................................................................... 70 
7.2.3 EXAFS results ......................................................................... 71 
7.2.4 Substrate addition .................................................................... 75 

7.3 Conclusion ........................................................................................ 75 
8 Concluding Remarks ....................................................................................... 76 
Appendix A: Energy diagram of the cyclization of α-allenol 13k .................... 78 
Appendix B: Table of bond distances according to EXAFS ............................. 79 
Appendix C: Contribution list ............................................................................ 81 
Appendix D: Reprint permission ....................................................................... 83 
Acknowledgements ............................................................................................ 85 
References .......................................................................................................... 88 
 



���

  



����

�������������	

Abbreviations and acronyms are used in agreement with standards of the 
subject.1 Only non-standard and unconventional ones that appear in the the-
sis are listed here. 
 
AmP  Aminopropyl 
CalA  Candida antartica lipase A 
CalB  Candida antartica lipase B 
Cat.  Catalyst 
CRL  Candida rugosa lipase 
CPME  Cyclopentylmethyl ether 
DCE  Dichloroethane 
DFT  Density functional theory 
DKR  Dynamic kinetic resolution 
ee  Enantiomeric excess 
EXAFS Extended X-ray absorption fine structure spectroscopy 
d.r.  Diastereomeric ratio 
FT-IR  Fourier transform-infrared spectroscopy  
GAmP  Glutaraldehyde functionalized aminopropyl 
HAADF-  High-angle annular dark-field Scanning transmission 
STEM  electron microscopy 
ICP-OES Induced coupled plasma- Optical emission spectroscopy 
KR  Kinetic resolution 
MCF  Mesocellular foam 
MS 4Å  Molecular sieves 4 Ångström 
MTBE  tert-butyl methyl ether 
rac  Racemic 
sec  Secondary 
SEM  Scanning electron microscopy 
TMANO  Trimethylamine N-oxide 
TEM  Transmission electron microscopy 
TEOS  Tetraethoxy silane 
TOF  Turnover frequency 
TON  Turnover number 
PB  Phosphate buffer 
PS-C  Lipase from Burkholderia cepacia immobilized on  ce-

ramic beads 
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XAS  X-ray absorption spectroscopy 
XANES  X-ray absorption near edge structure 
XPS  X-ray photoelectron spectroscopy 
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Molecular symmetry is an important concept in chemistry and is used to 
describe molecules, when a molecule is not symmetrical it gives rise to chi-
rality. A classical illustration that is often used to depict chirality are our 
hands. They have the same connectivity between fingers and palms; howev-
er, they are not equal as they are non-superimposable mirror images of each 
other. This phenomenon of molecules having the same connectivity but dif-
fering in their respective spatial arrangement can be found everywhere in 
nature. The sp3-carbon atom is a prime example, carbon allows for the cova-
lent binding to four different entities, which makes it possible for the substit-
uents to be in two different spatial arrangements; two non-superimposable 
mirror images that can be referred to as being enantiomers of one another. 
Molecules that are an equal mixture of enantiomers are said to be racemic.2 

The atom in a molecule from which chirality arises is referred to as a 
sterogenic center. If a molecule has more than one stereogenic center e.g. n 
centers, then it can exist in a total of three to 2n stereoisomeric forms, all of 
which are different in their spatial arrangement. Molecules that are enantio-
mers exhibit identical physical properties such as boiling- and melting point; 
however, when exposed to a chiral environment they might exhibit com-
pletely different properties. For instance, in a biological system, which is a 
chiral environment, the two enantiomers of a molecule may display different 
interactions with its surrounding and give a different biological response.2 
Such a case is (R)-carvone and (S)-carvone (Figure 1); where one smells of 
spearmint and the other has more of a caraway odour. The two molecules 
only differ in their spatial arrangement of substituents around one carbon; 
however, they produce different responses in our bodies.3  

 
Figure 1. The two enantiomers of the naturally occurring fragrance carvone. 

In certain cases, the difference in response might be detrimental. There are 
many examples in history where one of the enantiomers of a drug has even 

O

(R)-Carvone (S)-Carvone

O

mirror plane
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resulted in fatal side effects. Today when a new drug that contains a chiral 
center is being developed, all of the possible stereoisomers have to be as-
sessed for potential side effects.4 This requirement has been a major driving 
force for the preparation of enantiomerically pure molecules. To date, there 
are many methods for obtaining enantiomerically enriched molecules and 
which can be divided into three categories: (I) The chiral pool approach, 
which relies on starting materials that come from a source of naturally occur-
ring chiral compounds such as amino acids and carbohydrates. (II) Resolu-
tion, were a set of enantiomers are separated from each other utilizing a chi-
ral resolving agent. The most modern approach is (III) asymmetric synthesis, 
where a prochiral starting material is transformed into an enantiomerically 
enriched material by the induction of an external source of chirality. The first 
two methods, because of their straightforward approach, still account for a 
greater part of the total revenues from chiral commercial products.5,6 

The reverse process of enantiomerical enrichment is racemization, 
which is an entropically driven process, in which an enantiomerically en-
riched material is converted into a racemic mixture. In nature this is often 
catalyzed by enzymes called isomerases, where the racemase subfamily in-
verts compounds having only one stereogenic center while the epimerase 
subfamily catalyzes the inversion of compounds containing more than one 
stereogenic center.7        

���������	
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A catalyst is a substance that increases the rate of a given reaction by lower-
ing the energy of activation without itself being consumed in the process, nor 
affecting the overall standard Gibbs free energy of the reaction (Figure 2). In 
nature and in the chemical industry catalysis is essential to get certain reac-
tions to occur due to high kinetic barriers.8 Catalysis is one of the fundamen-
tals of green chemistry and is essential for the present and future chemical 
industry. Today more than 80% of all processes in industry involve at least 
one catalytic step.9,10,11 



��

 

Figure 2. Energy diagram of a catalyzed and non-catalyzed reaction. 

The efficiency and the robustness of catalytic systems are usually defined by 
certain parameters; some commonly used ones are turnover number (TON) 
and turnover frequency (TOF). TON is defined as how many catalytic cycles 
one molecule of catalyst can undergo before becoming deactivated, and 
gives a measurement of how robust a catalytic system is. The TOF measures 
the TON over a given time; this value reflects the efficiency (rate) of the 
catalytic system.12,13     
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Catalysis is generally separated into two categories, homogenous and heter-
ogeneous catalysis. In homogenous catalysis, the catalyst exists in the same 
phase as the reactants, whilst in heterogeneous catalysis, the species are in 
separate phases.9 The latter predominates in industrial processes. Classical 
reactions like the Haber-Bosch ammonia synthesis14 and Ziegler-Natta 
polymerization15,16 are just a few examples of industrial processes which 
employ a heterogeneous catalyst. The main reasons why heterogeneous ca-
talysis has proved so successful in industry can be attributed to the fact that 
the protocols often allow for simpler separation, higher catalytic stability and 
the possibility of catalyst recycling. 17  

Homogenous catalysts generally exhibit greater activity and selectivity 
compared to their respective heterogeneous counterparts.18,19 Homogenous 
catalysts are generally easier to in-depth analyze and modify, allowing for a 
rational design of the catalytic system and precise tailoring of the molecular 
catalyst. This is in contrast to heterogeneous catalysts, which require the 
orchestration of multiple fields of chemistry and physics to be able to make 
rational changes of the catalyst and the catalytic system.9,19  
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One branch of catalysis that in the 1960’s revolutionized organic chemistry 
and today is playing a vital role in the development of new methodologies is 
transition metal catalysis. Compared to the classical reactions, transition 
metal catalysis allows for more complex reactions with unprecedented selec-
tivities. The unique characteristics displayed by transition metals can be 
ascribed to the many oxidation states they can exist in. Palladium is an illus-
trative example of this phenomenon. Pd0 is electron-rich and can be consid-
ered nucleophilic while the oxidation states PdII/IV can be considered electro-
philic. These different oxidation states allow palladium to play different 
roles during the course of a reaction and can enable multiple reaction path-
ways.20,21       
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Nanoparticles are defined as a cluster of atoms, ranging from just a few at-
oms with a diameter as small as 1 nm to thousands of atoms reaching up to 
the submicrometer scale.22 Considerable attention has been dedicated to the 
advancements made in nanotechnologies and its many applications. Transi-
tion metal nanoparticles have found extensive use in organic chemistry 
through the development of new methodologies as well as in improving old 
ones.23 Unlike bulk metal, they have been shown to exhibit unprecedented 
activity and selectivity, especially the ones with a particle size below 2 nm. 
Size and shape have been ascribed to be the main factors governing the reac-
tivities seen for metal nanoparticles.24 The smaller the particle is, the larger 
the surface-to-volume ratio is and, in most cases, the more active sites there 
are per atom.22 These coordinatively unsaturated active sites, could also be a 
cause of concern. Upon synthesis of nanoparticle, these sites make it more 
challenging to control the size of the particles, and when used in reactions 
agglomerations of nanoparticle to larger clusters may occur. Generally, to 
avoid this thermodynamic driving force of agglomeration to larger particles, 
it is possible to employ a stabilizer, typically an organic ligand or a hetero-
geneous support.22 Many heterogeneous supports have been successfully 
employed for nanometal catalysts, such as MOFs25, organic polymers26, sili-
cas25,27,28, metal oxides11 and carbon based supports.29  
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In nature, catalysis is often performed by macromolecules called enzymes, 
which enable chemical processes to occur under ambient conditions in bio-
logical systems. In our bodies for instance, they play crucial roles in the up- 
and down-regulation of our metabolism. Enzymes can be considered the 
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state-of-the-art in catalysis since they have been shown to perform a myriad 
of different transformations with great efficiency and with high regio- and 
stereoselectivity. Unlike many transition metals, enzymes are comprised of 
non-toxic, biodegradable and renewable building blocks. After the discovery 
that many of them can function in an industrial setting by for instance oper-
ating at elevated temperatures, being compatible with organic solvents and 
through directed evolution their selectivities/functions can be tuned. These 
features have accelerated their use as catalysts in organic processes.30      
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Of the many classes of enzymes, hydrolases, which catalyze the hydrolysis 
of chemical bonds, have in particular attracted a great deal of attention. They 
are used by cells for the digestion of nutrients, for instance they hydrolyze 
lipids releasing fatty acids and glycerol or they can catalyze the cleavage of 
peptides into amino acids.31,32  

Since the discovery that reactions with hydrolases can be performed in 
the absence of water and in organic solvents, only requiring the molecules of 
water bound to the enzyme, this has allowed for new industrial applica-
tions.33 There are numerous benefits with the use of organic solvents, such as 
better solubility of organic substrates, simplified product retrieval and dimin-
ishing hydrolytic reactions, which allows for the transesterifications reac-
tions to be performed.34 

The mechanism of the transesterification of alcohols observed for hy-
drolases is shown in Scheme 1 and this mechanism is called a ping-pong bi-
bi mechanism.35 It is proposed to proceed via nucleophilic attack by the ser-
ine residue on to the ester starting material creating a tetrahedral intermedi-
ate (TI). The serine residue which is situated in the active site of the enzyme 
is proposed to be activated by the neighbouring histidine and aspartic acid 
residues. Upon collapse of the TI, the first product is released forming the 
acylated enzyme in the process, which can be considered an activated acyl 
group susceptible to a nucleophile. The formed serine ester then gets at-
tacked by a second alcohol forming a new TI’ that is stabilized by a hydro-
gen bonding network, the oxyanion hole. Following the collapse of the new-
ly formed TI’ it releases the ester product and the enzyme active site is re-
generated.36  
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Scheme 1. General mechanism for the transacylation of hydrolases. 

It should be emphasized that all the processes described in Scheme 1 are 
reversible, and therefore by minimizing the amount of water will suppress 
the hydrolytic pathway resulting in the corresponding carboxylic acid by-
product. Also, when preparing a transesterification, it is important to consid-
er what alcohol that will be released from the acyl donor and how good of a 
nucleophile it is in comparison to the alcohol that yields the desired ester. 
One way to completely remove the possible reversible reaction is to use an 
acyl donor such as isopropenyl acetate, which forms acetone upon acylation, 
leading to an irreversible reaction.37         
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Kinetic resolution (KR) is one of the most common methods for obtaining 
enantiomerically pure starting material on an industrial scale. It relies on a 
resolving agent, which can be an enzyme, a chiral complex38 or another chi-
ral molecule. The resolving agent will transform one of the enantiomers fast-
er than the other one leading to an enrichment of one of the two enantiomers. 
In theory it is only possible to obtain 50% of each of the single enantio-
mers.39,40 
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Hydrolases, especially lipases and proteases, are frequently used for enzy-
matic kinetic resolutions, where they catalyze enantioselective transesterifi-
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cation of sec-alcohols and primary amines (Scheme 2). Their natural process, 
hydrolysis, can also be used in a preparative way to obtain enatiomerically 
enriched compounds.32 

 

Scheme 2. (R)-selective enzymatic kinetic resolution. 

In a perfect scenario, an enzyme has complete selectivity for one of the two 
enantiomers of a racemic mixture, which would allow both of the products to 
be isolated in 100% ee. But it is seldom the case that the enzyme exhibits 
absolute selectivity; instead the enzyme also catalyzes, albeit at a lower rate, 
the reaction of the opposite enantiomer. Consequently, to ensure an excellent 
ee of the product the reaction needs to be stopped before it has reached 50% 
conversion. Alternatively, the reaction can be allowed to proceed past 50% 
to obtain enantiomerically enriched starting material. To be able to obtain a 
measurement for the selectivity of an enzyme in a given reaction, enantio-
meric ratio or E-value is generally used. This terms is the ratio of the rate 
constants of the two enantiomers of a substrate (E=kR/ks).  

The selectivity of the hydrolases comes from the energy difference of 
the bonding between the two enantiomers to the enzyme, i.e. the difference 
in energy between the two tetrahedral intermediates of the diastereomers 
formed between the substrate and the enzyme. This enantiomeric preference 
has been systemized for lipase-catalyzed transesterifications and Kazlaus-
kas41 has postulated empirical rules  for their selectivity. This simple tool of 
predicting the outcome of a kinetic resolution, postulates that the size of the 
substituents surrounding the sterogenic center governs the selectivity, which 
in most cases is (R)-stereoselective (Figure 3). Proteases on the other hand 
usually display the opposite (S)-stereoselectivity and their catalytic mecha-
nism is similar to the that of lipases.42 



�

 

Figure 3: The favoured enantiomer in a lipases catalyzed reaction following 
Kazlauskas empirical rule. 

��"�#	����������������
����������������������
Kinetic resolution is an efficient method of separating a pair of enantiomers 
in many cases with excellent ee. The method suffers from one intrinsic 
drawback, which is that the yield is limited to a maximum of 50% of a single 
desired enantiomer. Although, it is often possible to interconvert the second 
enantiomer of an alcohol via a Mitsunobu type reaction,43 this transformation 
calls for further purification that generates additional waste. One way to 
circumvent the limitations associated with kinetic resolution is by introduc-
ing an in situ racemization catalyst, which during the course of the reaction 
interconverts the second enantiomers. This allows for the desired enantio-
mers to be available for the resolving agent during the course of the resolu-
tion, resulting in a dynamic kinetic resolution (DKR, Scheme 3). 44,45,46  

 

Scheme 3: Typical (R)-selective enzymatic kinetic resolution coupled with 
an in situ racemization catalyst.  

 
There are numerous methods available for racemizing organic molecules and 
depending on what compound that needs to be racemized different tech-
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niques can be used. Some of the most common ones are: (i) thermal racemi-
zation, (ii) acid or base-catalyzed racemization,47,48,49,50 (iii) racemization via 
a Schiff-base intermediate,51 (iv) radical or photochemical racemization52 
and (v) racemization via a redox reaction.7 In this thesis, only racemization 
via transition metal catalyzed redox reactions will be discussed.  
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One of the most frequently used approaches to racemize sec-alcohols and 
primary amines is the application of redox processes. The interconversion 
can be achieved via a stoichiometric process over two steps or one can apply 
a transfer hydrogenation catalyst, which continuously oxidizes the chiral 
alcohol or amine and uses the subtracted hydrogen to reduce the formed 
prochiral ketone or imine, respectively. However, one requirement is that the 
hydrogen re-addition does not occur in a stereospecific manner (Scheme 
4).53,54 

 

Scheme 4: Metal-catalyzed transfer hydrogenation. 

To date, there are numerous metal complexes reported for racemization that 
operate through a transfer hydrogenation mechanism (Figure 4). These metal 
complexes are mainly composed of ruthenium, rhodium, iridium and palla-
dium. It must be noted that not all known transfer hydrogenation complexes 
are applicable in a chemoenzymatic dynamic kinetic resolution. Not only do 
the complexes need to be compatible with enzymes, they must also not rac-
emize the product. The rate of the racemization needs to be as fast as the rate 
of the faster reacting enantiomer. Although, in cases where the resolving 
catalyst has high selectivity, it is sufficient to have a rate substantially higher 
than that of the slower reacting enantiomer.46,55  

The first example of a racemization via transfer hydrogenation of sec-
alcohols in a DKR setting was published by the group of Williams. They 
reported the use of rhodium acetate as the racemization catalyst, but they 
could only obtain 60% yield of the enantiomerically enriched acetate.56 The 
first practical chemoenzymatic DKR was reported shortly after by the group 
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of Bäckvall. They employed a dimeric ruthenium catalyst (I)57,58 and were 
able to obtain several enantiomerically pure acetates in excellent yields.59 
Extended efforts by several groups have improved the protocol for the DKR 
of sec-alcohols, making the catalytic systems highly active and robust.55 The 
group of Bäckvall reported the racemization of sec-alcohols using penta-
phenylcyclopentadienyl ruthenium complex (IIa). Fully racemic 1-
phenylethanol could be obtained within 10 min at ambient conditions and 
this catalyst is still to date one of the most versatile catalysts for sec-
alcohols. Also analogues, IIb and IIc, of the catalysts IIa have been report-
ed, where tuning of electronic properties enhanced the racemization in cer-
tain cases.60 An example of such an analogue was described by Kanerva and 
Leino, where catalyst (III) worked well for electron-rich substrates.61,62 
Shortly after the group of Bäckvall reported catalyst (IIa), the group of Kim 
and Park reported a dimeric cyclopentadienylruthenium complex (IV), 
which could be activated with light and achieved racemization at ambient 
conditions under air (10 min, at 30°C).63 In 2012, the ruthenium indenyl 
complex (V) was reported by the Nolan group, which could fully racemize 
1-phenylethanol within 20 min at room temperature.64 The group of Baratt 
reported two interesting new classes of racemization catalysts (VI) consist-
ing of pincer type ruthenium and osmium complexes; however, these proved 
not to be compatible with the DKR conditions.65 In 2006 an interesting ex-
ample was reported by the group of Berkessel, in which AlMe3/BINOL was 
used for racemization in the DKR of alcohols. Unfortunately, substrate spe-
cific acyl donors were required for this system.66 It has to be noted that there 
also exist a few substrate specific redox systems that do not function via 
transfer hydrogenation.67,68    

 

Figure 4: Known metal complexes for the racemization of sec-alcohols. 

The different transfer hydrogenation catalysts can operate through different 
mechanisms. One common mechanism mostly seen for the main group ele-
ments, although not that commonly used in DKR, is the Meerwin-Ponndorf-
Verley reduction and Oppenauer oxidation (MPVO redox reaction). In an 
MPVO redox process the hydride is transferred between the ketone and the 
alcohol in a concerted six-membered ring transition state without the for-
mation of an intermediate metal hydride (Scheme 5).53 The most notable 

Ru
OC

Ru

Ru
OC

OC
ClPh

Ph Ph

Ph
Ph

Ph O O Ph

Ph

H

Ru Ru
OC

OC CO
COH

R

RR

R R

Ph

Cl PPh3

PPh3

Ph

Ph NH

Ru
CO

Ph

PhHN

O

O

M= Ru or Os
X= Cl or OTf

P

X N
N H

H
M

P

I II

IV
V VI

IIa: R= Ph
IIb: R= MeOPh
IIc: R= CF3Ph
III: R= Bn



���

example of such a racemization catalyst is the AlMe3/BINOL system pub-
lished by Berkessel.66   

 

Scheme 5: The mechanism of an MPVO redox reaction. 

Another common type of mechanism is the hydridic route, which is believed 
to be the main pathway for transition metals. Unlike the mechanism for main 
group elements, it involves a metal hydride intermediate in the hydrogen 
transfer. This route can be further subdivided into either a monohydridic or 
dihydridic route, where the two differ in the amount of hydrogen atoms 
transferred from the alcohol to the metal. 53,157 The mechanism which in-
volves a monohydride intermediate proceeds via either of two different 
pathways, the inner or outer sphere mechanism (Figure 5). In an inner sphere 
mechanism, the alcohol is coordinated as an alkoxide that gets β-hydride 
eliminated, the hydride is then later re-inserted to the ketone. In an outer-
sphere mechanism the hydrogen is abstracted, either in a concerted or non-
concerted way, followed by a dissociation of the dehydrogenated substrate. 
When the hydrogens are re-added they are not necessarily re-added to the 
same substrate, resulting in hydrogen scrambling.69  

 

Figure 5: Schematic depiction of an inner sphere and outer sphere mecha-
nism in the hydrogenation of a prochiral carbonyl. 

Catalyst I, known as the Shvo’s catalyst70,71 is a well-known transfer hydro-
genation catalyst. It has found use not only as a racemization catalyst, but 
also in numerous other applications in organic synthesis.58,72 It is an example 
of a catalyst where the hydrogenation of the ketone is postulated to proceed 
via a concerted outer-sphere mechanism (Scheme 6). For imines and amines 
the system becomes more complicated and there is evidence suggesting it 
proceeds in a step-wise manner, through either an inner-sphere73,74,75,76 or an 
outer-sphere mechanism.77,78 Catalyst I is thermally activated and when 
heated it splits up into two different entities Ia and Ib, which are 18-electron 
and 16-electron complexes, respectively. The 18-electron complex Ia is a 
hydrogenation catalyst, and upon the hydrogenation of a ketone or an imine 
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to the corresponding alcohol or amine, it is transformed into the 16-electron 
dehydrogenation complex Ib. 79,80,81 

 
Scheme 6: Proposed mechanism of ruthenium catalyst I in the transfer hy-
drogenation of alcohols. 
 
Catalyst II, developed in the group of Bäckvall, is to date the most efficient 
and versatile transfer hydrogenation catalyst for the racemization of sec-
alcohols.82,83,84,85,86 This catalyst is well studied and is an example of a race-
mization catalyst that is proposed to operate via an inner sphere mechanism. 
Catalyst II, its activation and its mechanism, will be further discussed in 
more detail in chapter 7.55  

The racemization of amines is considered more challenging and racemi-
zation catalysts for the DKR of amines will be reviewed in more detail in 
chapter 2.      
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The Bäckvall group has reported the synthesis and application of a heteroge-
neous catalyst consisting of palladium nanoparticles immobilized on a po-
rous aminofunctionlized siliceous mesocellular foam (Pd0-AmP-MCF).87,88,89 
The synthesis of the catalyst begins with preparation of the pristine MCF 
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from an oil-in-water microemulsion composed of Pluronics P-123, mesity-
lene and aqueous HCl, which create the scaffold for the polymerization of 
monomeric tetraethoxysilane(TEOS). This is a modified procedure first re-
ported by the groups of Ying and Stucky. 90,91,92 Nitrogen adsorption and 
desorption isotherm using the Barrett-Joyner-Halenda method has been used 
to measure the average pore and window size to 29 nm and 15 nm, respec-
tively. The pore volume was determined to be 2.36 cm3/g and the specific 
surface areas to 613 m3/g using the Brunauer-Emmett-Teller method.93  

 

Scheme 7. Outlines the synthesis of pristine MCF. The structure of the Plu-
ronics P-123 is represented as the nominal structure. 

The pristine MCF is in turn functionalized by refluxing with 3-aminopropyl 
trimethoxysilane in toluene for 48 h to furnish the aminofunctionalized MCF 
(AmP-MCF) (Scheme 8). To calculate the amine loading, the nitrogen con-
tent was measured using inductively coupled plasma-optical emission spec-
troscopy (ICP-OES), which determined the weight percent of nitrogen to be 
1.52 wt%, which corresponds to approximately 1.1 mmol of amine per gram 
of MCF. Palladium is then complexed on to the amino groups of the AmP-
MCF, using highly water-soluble Li2PdCl4 in a pH 9 LiOH solution to pro-
vide the pre-catalyst PdII-AmP-MCF. Finally, the palladium nanoparticles 
are formed upon rapid reduction of the immobilized Pd(II) species using 
NaBH4 in water, affording the desired Pd0-AmP-MCF nanocatalyst.87,93 
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The oxidation state of the pre-catalyst, as well as the Pd nanocatalyst has 
been assessed using both surfaces orientated X-ray photoelectron spectros-
copy (XPS) as well as the bulk and fine structure orientated method extend-
ed x-ray absorption fine structure spectroscopy (EXAFS). According to the 
XPS spectrum of the PdII and Pd0 catalysts, the Pd0-AmP-MCF catalyst 
mainly consist of Pd0 with a contribution of <20% PdII, while the PdII pre-
catalyst, was predominantly comprised of PdII.93,96,97 

When the PdII-AmP-MCF was examined using Pd K-edge EXAFS two 
major peaks were found in the Fourier transform spectrum which correspond 
to the Pd-N and Pd-Cl bonds individually (Figure 7a). A square planar ge-
ometry of Pd atom, where the chlorides are in a trans arrangement as sug-
gested by the best fit of the EXAFS spectrum. The bond distances of Pd-N 
and Pd-Cl are 2.02 Å and 2.29 Å respectively. Each Pd atom is bound to two 
nitrogen atoms and two chloride atoms.  The peak at around 3.0 Å (without 
phase correction) is most likely due to a single scattering between Pd atoms 
indicating a stacking form of the palladium complexes.98  

When comparing the Pd0-AmP-MCF and with the PdII-AmP-MCF sig-
nificant changes had occurred (Figure 7b). Instead of mononuclear Pd com-
plexes being the dominant Pd species in PdII-AmP-MCF, metallic Pd nano-
particles were identified as the main species in Pd0-AmP-MCF with no sig-
nal corresponding to Pd-Cl bond. This clearly illustrates the efficiency of the 
NaBH4 in the reduction step. According to the best fit of EXAFS spectrum, 
each palladium atom was on average surrounded by 6 palladium atoms in the 
first coordination shell at a distance of 2.78 Å. Meanwhile the signal corre-
sponding to the Pd-N bond was still present and its coordination number is 
0.7 indicating a marginal contribution. Due to the existence of unreduced Pd 
species, the true coordination number of Pd-Pd should be slightly higher 
than the average value.98 Generally, the results of EXAFS agree well with 
XPS. 
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Amines and amides are frequently found in biologically active molecules 
and are important building blocks, which can be used either as chiral auxilia-
ries or simply as starting materials in synthesis.99 Therefore, methods for 
generating chiral amines are highly desirable. Several methods exist for ob-
taining enantiomerically enriched amines and amides, such as: hydrogena-
tion of a prochiral enamine,100 the use of a transaminase on a prochiral ke-
tone,101 aminohydroxylation of an alkene,102 or via resolution of a race-
mate.103 For the resolution of amines, chiral acids104 or enzymes such as hy-
drolases are most frequently applied as resolving agent.103 Unlike in the case 
of sec-alcohols, transforming a functioning enzymatic KR of a primary 
amine into a DKR is more challenging. This is due to the extreme conditions 
(high temperatures and low substrate concentration) often required for ob-
taining racemization of amines compared to sec-alcohols. The most com-
monly observed by-product, when attempting to racemize α-methyl benzyl-
amine 1a is ethylbenzene, formed from C-N cleavage. Its formation is be-
lieved to be enhanced by the build-up of the intermediate imine followed by 
condensation/dimerization with the substrate and then the debenzylation 
(Scheme 9). Because of the high temperatures required for the racemization 
of amines, only a few enzymes can be applied, which limits the scope of the 
resolution further. 105,46  
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Scheme 9. Common side-products formed during the racemization of 
amines. 

Several protocols for the transition metal-catalyzed chemoenzymatic DKR 
of amines have been reported (Figure 8). The first such DKR of amines us-
ing a transfer hydrogenation catalyst for the racemization was reported by 
the group of Reetz in 1996, and involved the use of palladium on carbon 
together with CalB for the resolution of amine 1a.106 This system furnished 
the enantiomerically pure acetyl amide of amine 1a in 64% yield after sever-
al days. It took a few years until the first homogeneous system was devel-
oped, when the group of Bäckvall utilized a methoxy-derivative of Shvo’s 
catalyst I as the racemization catalyst. This protocol is to date the most ver-
satile system, applicable to both benzylic and aliphatic amines and has been 
demonstrated to work with CalA. Its downside is that it requires 90 °C and a 
rather dilute concentration of 0.063 M.107,108 Meanwhile, the group of Jacobs 
and De Vos reported an improvement of Reetz’s procedure, where they used 
palladium nanoparticles supported on alkaline salts for the DKR of 
amines.109 Even though the reaction still required highly dilute conditions 
(0.0825 M), it was nonetheless possible for the first time to obtain an effi-
cient DKR at 70 °C. Following the work of Jacobs and De Vos, several simi-
lar systems were reported. 110,111,112,113 One of them, published by the group 
of Kim and Park, where they reported a more active system using palladium 
nanoparticles supported on aluminium oxide. This system produced enanti-
omerically pure amides in short reaction times at 70 °C and it also proved to 
work even at a temperature as low as 50 °C. Their system still required ra-
ther dilute conditions (0.05 M).114,115,116 The increase in activity was mainly 
ascribed to the small size of the nanoparticles, where the average size was 
reported to be less than 2 nm, which was much smaller than for the Pd cata-
lyst reported by Jacobs and De Vos that was between 5-10 nm. The group of 
Jacbos and De Vos have also reported a less efficient protocol, which is still 
interesting due to their use of low cost Raney Nickel as the racemization 
catalyst.117 Another interesting DKR protocol was reported by the group of 
Gil using free radical based racemization, although using over-stoichiometric 
amounts of AlBN and thiol, which only gave moderate yields.52 However, 
they were able to change the selectivity in their DKR from R to a S version 
by switching from CalB to the protease Subtilisin Carlsberg.118 The groups 
of de Vries119 and Page120 reported related homogenous iridium complexes 
for the racemization of  secondary amines at low temperatures. The group of 
Page managed to couple their iridium catalyst to the very temperature sensi-
tive enzyme Candida rugosa lipase (CRL), obtaining a functioning DKR for 
a cyclic secondary amine.121 Another interesting approach, developed by the 
group of Leino, separates the two entities, racemization catalyst and lipase, 
by using Soxhlet apparatus.122,123  
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Figure 8. Summary of racemization catalyst for the DKR of amines.  

The goal of this study was to utilize and improve a heterogeneous palladium 
catalyst for the chemoenzymatic DKR of amines. This catalyst, which was 
developed in the Bäckvall group has previously been shown to work in the 
racemization of benzylic amines.87  
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It was realized early that the MCF is a competent support for enzymes.92,108 
Also, by simple calculations of the relative ratio of Pd to N on the Pd0-AmP-
MCF, it was realized that there are free amino groups available to be func-
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time. Since previously, the Pd0-AmP-MCF proved to be able to racemize 
amines at temperatures below 50 °C, although slowly, we set out to develop 
a protocol working under more ambient conditions. The initial attempt at 50 
°C, using 5 mol% Pd and 4Å MS led to full conversion to amide 3a with an 
ee of 98% after 24 h (entry 5). The minor decrease in ee was ascribed to the 
minor background chemical acylation. This could be circumvented by ex-
changing the 4Å MS for Na2CO3 (entry 6). Although it required a little long-
er reaction time, the palladium loading could be reduced to 2.5 mol% (entry 
7). As the reaction could be performed at slightly above ambient conditions, 
it was also possible to incorporate lipase from Burkholdera cepacia (Lipase 
PS) immobilized on ceramic beads (Amano Lipase PS-C1), which was pre-
viously unexplored in the DKR of amines. Using 5 mol% palladium over 48 
h, allowed amide 3a to be isolated in a good yield and excellent ee (entry 8). 
This enzyme has found extensive use in the kinetic resolution of various 
alcohols.125,126  

Table 1. Optimization study of DKR of amines with Pd0-AmP-MCF.a 

 

Entry 
Pd-
loading 
[[mol%] 

Additive t 
[[h] 

T 
[[°C] 

Conc. 
[[M] 

Yield 
[[%][b] 

ee 
[[%][b] 

1 5 Na2CO3 (1 
equiv.) 24 70 0.15 63 99 

2 2.5 Na2CO3 (1 
equiv.) 16 70 0.4 96 99 

3 2.5 MS 4Å 6 70 0.4 99 99 

4 1.25 MS 4Å 6 70 0.4 99 99 

5 5 MS 4Å 24 50 0.4 99 98 

6 5 Na2CO3 (1 
equiv.) 24 50 0.4 99 99 

7 2.5 Na2CO3 (1 
equiv.) 36 50 0.4 99 99 

HN

O

ONH2
Pd-AmP-MCF 
CalB (25 mg/mmol)
Toluene, H2 (1 atm)
additive
70 °C

O

O

O

1a 2 (R)-3



���

8c 5 Na2CO3 (1 
equiv.) 36 50 0.3 82 99 

[a] All reactions were carried out in dry toluene (1.5 mL) under 1 atm of hydrogen 
gas using 1a (0.6 mmol), 2 (1.2 mmol), CalB (25 mg/mmol), molecular sieves (300 
mg) or Na2CO3 (60 mg), and pentadecane as internal standard. [b] Determined using 
by Chirasil-DEX CB column on GC. [c] Reactions were performed using lipase PS-
C1 (333 mg/mmol) in 2 mL dry toluene. 

After optimizing the synthesis of Pd0-CalB-GAmP-MCF and realizing that 
the racemization was highly dependent on the amount of glutaraldehyde and 
not on the enzyme loading, we evaluated the two best conditions from the 
DKR screening using separate Pd and enzyme, the use of Na2CO3 or 4Å 
molecular sieves. In both cases the reaction reached completion after 16 h at 
70 οC (Table 2, entries 2-3). Surprisingly, at 80 οC the reaction failed and 
only yielded a KR (entry 1). When comparing the reaction using enzyme and 
Pd on separate supports to that of the hybrid catalyst, the co-immobilization 
approach proved superior (entries 4 and 5).  

Table 2. Results from the DKR of 1-phenylethylamine with Pd0-GAmP-
MCF or combining Pd0-AmP-MCF with CalB-GAmP-MCF.[a] 

 

Entry Catalyst t 
[[h] 

T 
[[°C] 

Yield 
[[%][b] 

ee 
[[%][b] 

1 Pd0-CalB-GAmP-MCF 24 80 45 99 

2 Pd0-CalB-GAmP-MCF 16 70 95 99 

3 Pd0-CalB-GAmP-MCF[c] 16 70 99 99 

4 Pd0-AmP-MCF/CalB-
GAmP-MCF 16 70 66 99 

5 Pd0-AmP-MCF/CalB-
GAmP-MCF[c] 20 70 89 99 

[a] Reaction conditions: All reactions were carried out using toluene (0.3 M), 1a 
(0.60 mmol), 2 (1.20 mmol), dry Na2CO3 and pentadecane as internal standard under 
1 atm of hydrogen. [b] Determined using by Chirasil-DEX CB column on GC [c] 
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Carried out with 4Å molecular sieves. 
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The limits of the DKR protocol using Pd0-AmP-MCF and Novozyme-435 
(25 mg/mmol) were evaluated, using 1.25 mol% of the palladium catalyst in 
toluene at 70 °C. Simple benzylic amines bearing aliphatic substituents on 
the aromatic ring worked well and gave both high yields and ee (3a-c). The 
para substituted amines required a slightly increased palladium loading. The 
protocol also tolerated substituents on the other end of the chiral center, as 
demonstrated by α-ethyl benzylamine and the bicylic substrate 1e that both 
gave excellent results. Surprisingly, the napthyl substrate gave low ee and 
yield. When it came to electron-deficient and electron-rich aryls, the condi-
tions had to be modified because of background amidation, which lowered 
the ee. The molecular sieves had to be exchanged for Na2CO3 and the cata-
lyst loading had to be increased to 2.5 mol% as well. Since all reactions are 
performed under an atmosphere of hydrogen and Pd0-AmP-MCF has been 
reported to be an excellent catalyst for different hydrogenations reac-
tions;95,89,127 substrates bearing halide, nitrile or nitro were all reduced, even 
defluorination was observed in the case of 1i and product 3a was observed.  
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Scheme 11. Scope of the DKR of benzylic amines using Pd0-AmP-MCF. [a] 
The reaction was performed at 70 °C in dry toluene (0.4 M) under 1 atm of 
hydrogen gas using Pd0-AmP-MCF(10 mg, 1.25 mol%), amine (0.6 mmol), 
acyldonor (1.2 mmol), CalB (25 mg/mmol) and 4Å MS (300 mg). [b] The 
reaction was performed at 70 °C in dry toluene (0.4 M) under 1 atm of hy-
drogen gas using Pd0-AmP-MCF(20 mg, 2.5 mol%), amine (0.6 mmol), 
acyldonor (1.2 mmol), CalB (25 mg/mmol) and Na2CO3 (0.6 mmol). [c] 2.0 
mol% Pd0-AmP-MCF (16 mg) was used. [d] The ee was determined using 
Chirasil-DEX CB column on GC or HPLC with chiral column. 
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When evaluating a heterogeneous catalyst, an important feature to address is 
whether the catalyst can be recycled. The Pd0-AmP-MCF could be recycled, 
after a reaction with 1a, the mixture was diluted with toluene and the palla-
dium catalyst was separated from the reaction mixture. The catalyst was 
subsequently diluted with toluene, centrifuged and separated from the liquid; 
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this was repeated three times. The catalyst was dried under vacuum over-
night before being added to a new DKR reaction, which was repeated 4 
times with a reaction time of 15 h for each cycle. The loss of activity ob-
served could possibly be ascribed to loss of catalyst during the workup or it 
could be because of small debris created from the grinding of molecular 
sieves clogging the porous material. Leaching was tested in cycle 1-3, a neg-
ligible amount of Pd was observed in the first two cycles and only a Pd 
leaching of 1.8 ppm was measured after cycle 3. This is in agreement with 
previous protocols where insignificant amounts of leached Pd were observed 
when using the Pd0-AmP-MCF under reductive conditions.  

Table 3. Recycling of the Pd0-AmP-MCF in DKR of 1a.  [a] 

 

Cycle Conv. [[%]b ee [[%]b 

1 99 99 

2 99 99 

3 98 99 

4 99 99 

5 90 98 

[a] Reaction conditions: 1a (0.6 mmol), 2 (1.2 mmol), Pd0-AmP-MCF (2.5 mol% Pd0-
AmP-MCF), CalB (25 mg/mmol), MS 4Å (∼300mg) and pentadecane as internal 
standard in toluene (1.5 mL, 0.4M) under 1 atm of hydrogen gas at 70°C. [b] Deter-
mined by using Chirasil-DEX CB column on GC. 

The evaluation of the recycling of the hybrid Pd0-CalB-GA-AmP-MCF was 
performed in a similar manner to that of Pd0-AmP-MCF using substrate 1a 
and Na2CO3 or 4Å MS. In both cases the catalyst proved to give high yields 
and ee for the second cycle, however, to achieve satisfying yields of the en-
antiomerically pure amide 3a the reaction time had to be extended by a sig-
nificant amount. For the third cycle, even after an extended time, recycling 
proved difficult, at least within a practical reaction time. After examining the 
reaction by chiral GC, it was observed that the Pd-catalyzed racemization 
was still efficient (almost racemic 1a). At the same time negligible Pd leach-
ing was observed (<0.1 ppm). It was possible to attribute a great deal of the 
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decreased activity to the enzyme, although no significant leaching of the 
enzyme was observed (<5%), at least not at levels that could account for the 
observed levels of deactivation. A likely possibility could be enzyme dena-
turation due to the highly polar environment (presented by the silica-based 
material) surrounding the proteins. When using the CalB-GA-AmP-MCF in 
a KR under similar conditions, with a reaction time of 24 h, a similar deacti-
vation was observed during the third cycle. Other enzymes immobilized on 
different polar carriers have been observed to undergo analogous deactiva-
tions.128,129 

Table 4. Recycling of the Pd0-CalB-GAmP-MCF in DKR of 1a.[a] 

 

Entry Cycle t [[h] Conv. [[%][b] ee [[%][b] 

1 1 16 95 99 

2 2 16 68 99 

 ] 24 88 99 

  48 96 99 

3 3 72 42 99 

4[c] 1 16 99 99 

5[c] 2 16 74 99 

  48 82 99 

[a] Reactions conditions: 1a (0.6 mmol), 2 (1.2 mmol), Pd-CalB-GA-AmP-MCF (30 
mg, 2.3 mol% Pd), dry Na2CO3 (50 mg) and pentadecane as internal standard in 2 
mL of toluene under 1 atm of hydrogen gas at 70°C. [b] Determined using Chirasil-
DEX CB column on GC. [c] Using MS 4Å (∼300mg) instead of Na2CO3. 
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An efficient method was developed for the DKR of benzylic amines to am-
ides utilizing Pd0-AmP-MCF as the racemization catalyst. The protocol af-
forded complete conversion to the enantiomerically pure amide 3a after just 
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6 h at 70 °C. At a reduced temperature of 50 °C, the system also gave excel-
lent conversion to the corresponding product. However, the DKR at 50°C 
required slightly increased catalyst loading and a prolonged reaction time of 
24 h. Interestingly, the Pd0-AmP-MCF proved to be compatible with other 
lipases. Lipase PS, a widely used lipase in the DKR of sec-alcohols and pre-
viously not successfully used in a DKR of amines, could be used after a mi-
nor modification of the conditions. The Pd catalyst proved to be recyclable, 
with only negligible metal leaching. This protocol is one of the best reported 
in the literature with regards to temperature, concentration, product yield and 
the low catalyst loading. 

The utility of the Pd0-AmP-MCF was further demonstrated by co-
immobilizing the CalB enzyme together with the Pd nanoparticle within the 
same compartment of the siliceous support. The distribution of the enzyme 
over the support was illustrated by tagging of the enzyme with gold nanopar-
ticles and visualizing them their using TEM. The two catalytic entities on the 
hybrid demonstrated greater catalytic efficiency when co-immobilized com-
pared to when immobilized on separate supports. Although the hybrid cata-
lyst proved to be recyclable, the enzyme efficiency went down and therefore 
the second cycle required prolonged reaction time.    
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Today almost any catalytic species can be conveniently immobilized on a 
heterogeneous support.130 Even the heterogeneous supports themselves can 
be in detail customized, for instance stability, their pore size, their surface to 
volume-ratio and their surface functionalizations can be modulated.131 Often 
not considered is the inherent reactivity of the material, generally inert het-
erogeneous supports are selected to avoid unwanted side reactions. An alter-
native approach is to design a cascade reaction that synergistically utilizes 
the intrinsic reactivity of the material as well as the immobilized catalytic 
species. For instance, acidic or basic supports, site-isolated or material 
based,132 have been applied as heterogeneous supports for various metal 
nanoparticles. These catalysts have been applied in different co-catalyzed 
cascade reactions, they have mainly been restricted to different kinds of cas-
cades involving condensation reactions.133,134 

An interesting approach to functionalized materials are the cross-linked 
enzymes, where the unnecessary bulk of an inert support material is avoided 
and the support is made up of mainly the catalytic species. Cross-linking of 
the enzymes can be done with the use of a bifunctional linker, such as glu-
taraldehyde. The cross-linking of enzymes has been studied using enzymes 
is in various forms of aggregation (Figure 9). The initial studies started with 
a rather crude technique involving cross-linking of the enzymes in solution 
(CLE), the technique eventually got refined and pure crystals of the enzymes 
were cross-linked (CLEC). The downside with this approach is that it is not 
always easy to crystallize enzymes and the technique becomes rather limited. 
Therefore, a more readily available approach was developed, the so-called 
cross-linked enzyme aggregates (CLEA). With this method purified enzymes 
are precipitated by the use of salts or organic solvents. These aggregates of 
enzymes are cross-linked using glutaraldehyde or other organic linkers. Un-
like the previous cross-linking methods, CLEAs can be prepared in large 
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amounts, and the main restriction instead becomes the enzyme expression 
and purification. There are many advantages with using biodegradable build-
ing blocks such as enzymes; however, there are some known possible draw-
backs associated with CLEAs compared to classical immobilization tech-
niques. The enzyme stability has in some cases proven to be lower and there 
are cases reported were diffusion of substrate into the enzyme active site has 
been a limitation.135,136  

 

Figure 9. Different concepts of crosslinking enzymes. 

Of the many biohybrid catalysts reported to date,137 the groups of Zare and 
Palomo reported an interesting approach, a rather similar concept to CLEA. 
They precipitate out the enzyme together with the transition metal, the cata-
lytic activity of the enzyme being maintained.138,139 In the bioorganic hybrid 
reported by the Palomo group, they managed to perform reactions where 
they utilized both the lipase and the Pd nanoparticles in different reactions. 
Inspired by the work by the Palomo group and the work done by the group 
of Sheldon on CLEAs,140 we decided to combine the strategies in making a 
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Figure 11. Fitted XPS spectrum of Pd0-CalB CLEA reduced with NaBH3CN 
(a) and NaBH4 (b). Fourier transformed Pd K-edge EXFAS spectra of Pd0-
CalB CLEA reduced with NaBH3CN (c) and NaBH4 (d).  The black lines 
show the experimental data and the red lines are the best fit. The Fourier 
transformed EXAFS spectra are without phase-shift corrections. 
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To initially demonstrate the bifunctional catalytic ability of the Pd0-CalB 
CLEA, we chose a one-pot two-step cascade reaction as a model transfor-
mation. Combining two reactions previously studied in our group: (i) a pal-
ladium catalyzed 5-exo-dig cycloisomerization of 4-pentynoic acid 5 to form 
5-methylene-dihydrofuran-2(3H)-one 6. This in situ formed cyclic vinylic 
ester would serve as an acyl donor for the second reaction (ii), the CalB-
catalyzed KR of a sec-alcohol forming (R)-1-phenylethyl-4-oxopentanoate 
7a (Scheme 13). 141,142 
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Scheme 13. The catalytic sequence of the Pd and CalB cascade reaction. 

To our delight, the entrapped palladium was able to perform the transfor-
mation of 5 to the exocyclic vinylic ester 6. Of the two prepared catalysts, 
the one reduced using NaBH3CN performed the best. After optimizations, 
the best conditions in hand for the cyclization and the KR was 1 equiv. of 5, 
25 mg/mmol catalyst (approximately: 1.1 mol% Pd), 0.75 equiv. of TEA in 
toluene at 60 °C. The protocol proved applicable on a set of benzylic alco-
hols 4a-f and their corresponding enantiomerically pure (R)-1-phenylethyl-4-
oxopentanoates 7a-f could be isolated in good to excellent yields and ee’s. 
(table 5, entries 1-6) 
 
Table 5: Optimized conditions and the substrate scope for the cascade 
reaction.a 

 

Entry R- Yield (%)b ee (%)c 

1 H 47 99 

2 OMe 42 99 

3 CH3 46 99 

4 naph. 45 99 

5 Cl 43 99 

6 NO2 45 99 

[a]
Reaction conditions: Alcohol(1.0 mmol) and TEA (0.75 mmol) were added to  

Pd(0)-CalB CLEA (∼1.1mol%), 4-pentynoic acid(1.0 mmol) in 0.75 mL toluene and 
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stirred at 60 °C. [b]Isolated yield of 7a-f. cThe ee of the product 7a-f was determined 
by chiral column on GC or HPLC.  

After demonstrating that the two catalytic entities were active, the next aim 
was to create a procedure for the chemoenzymatic DKR of primary benzylic 
amines. Initial attempts using the catalyst reduced with NaBH3CN for the 
racemization of 1a proved fruitless. Interestingly, when switching to the 
second Pd0-CalB CLEA catalyst reduced using NaBH4, initial racemization 
was observed in toluene under similar conditions as described in chapter 2 
(table 6).  

Initially, it became evident that the Pd0-CalB CLEA was not as efficient 
racemization catalyst as the Pd0-AmP-MCF. After 6 h at 90 ºC under 1 atm 
of hydrogen ee reached only 31% with the CLEA variant. In addition, the 
known side product ethylbenzene had been formed in 29%. In an attempt to 
circumvent the large amounts of side product formed, the concentration and 
temperature were reduced, but it significantly reduced the rate of racemiza-
tion. When exploring other solvents at 90 ºC, 1,4-dioxane showed slower 
rate of racemization. On the other hand, the amount of side product proved 
significantly lower after 6 h (entry 2). Interestingly, when THF was used as 
solvent, the rate of racemization was similar; however, low amount of side 
product was observed (entry 3). Attempts to reduce the temperature to 60 ºC 
were unsuccessful and  the rate of racemization was significantly reduced 
(entries 4 and 5).143 

Table 6. Optimization table for the racemization of 1a.a   

 

Entry Solvent T 
(ºC) 

t 
(h) 

ee 
(%)b 

8a 
(%)c 

1 Toluene 90 6 31 29 

2 1,4-
Dioxane 90 6 62 9 

3 THFd 90 6 58 3 
4 THFd 60 6 94 <1 

5 1,4-
Dioxane 60 6 96 <1 

[a]Reaction condtions: 1a (0.25 mmol, 0.166 M), CalB-CLEA (22 mg, 4.4 mol% Pd ) 
under 1 atm of hydrogen gas at 90°C. [b]Determined using IVADEX-I column on 
GC. [c]NMR yield using 1,3,5-trimethoxybenzene as internal standard. [d]The partial 
pressure used of hydrogen was 1 atm. 

NH2

Pd0-CalB CLEA (4.4 mol%/Pd), 
Na2CO3 (1 equiv.)
Solvent, T, H2 (1 atm)

NH2
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Et
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After understanding the racemization better, efforts were turned to optimize 
the reaction conditions for chemoenzymatic DKR of benzylic amines. From 
our previous studies on the Pd0-AmP-MCF, the screening of conditions for 
the DKR with Pd0-CalB CLEA started with 2 equiv. of 2, 1 equiv. Na2CO3 in 
different solvents at 90 ºC under 1 atm hydrogen. Toluene and 1,4-dioxane 
gave similar results, around 81-82 % yield and 95-96% ee, the only signifi-
cant difference was extent of the side product formation that was substantial-
ly higher in toluene (table 7, entries 1 and 2). Attempts to add 4Å MS to the 
reaction mixture like in the case for the Pd0-AmP-MCF, had no effect on the 
yield and the side product formation. When switching to THF, no side prod-
uct was observed and the product ee was 99%; however, the yield dropped to 
65% (entry 3). Reducing the temperature to 60 ºC, led to a slower reaction 
(entry 4). Replacing Na2CO3 for another bases, also resulted in reduced yield 
and ee of 3a (entries 5-7).  

Table 7. Optimization of additives, temperature and solvent in the DKR of 
1a. 

 

Entry Solvent Base T 
(ºC) 3ab (%) ee (%)c 8ab 

(%) 
1d Toluene Na2CO3 90 81 95 19 

2 1,4-
Dioxane Na2CO3 90 82 96 5 

3 THFe Na2CO3 90 65 99 <1 
4 THFe Na2CO3 60 60 99 <1 
5 THFe K2CO3 60 45 99 <1 
6 THFe NaOAc 60 53 99 <1 
7 THFe TEA 60 66 91 <1 

[a]Reaction conditions: 1a (0.25 mmol), 2 (0.5 mmol), CalB-CLEA (22 mg, 4.4 
mol% Pd ) under 1 atm of hydrogen gas at 90°C. [b]Yield is gives as NMR yield 
using 1,3,5-trimethoxybenzene as internal standard. [c]Product ee was determined 
using IVADEX-I column on GC. [d]Reaction was replicated with 4Å molecular 
sieves yield no improvement was observed. [e]The partial pressure used of hydrogen 
was 1 atm. 

After establishing that Na2CO3 and elevated temperature were necessary, the 
focus was shifted towards optimization of the concentration and catalyst 
loading. Increasing the concentration to 0.25 M using 1,4-dioxane or THF 
improved the yields slightly (table 8, entries 1 and 2), whereas the use of 
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toluene gave a lower yield (entry 3). Decreasing or increasing the catalyst 
loading also had a negative effect on the outcome, where a lower loading 
gave reduced yield and an increased loading resulted in elevated amounts of 
ethylbenzene and no improvements in yield (entries 4 and 5). Increasing the 
concentration of the components further in THF and 1,4-dioxane to 0.5 M 
had no further beneficial effect (entries 6 and 7). 

Table 8. Optimization of concentration and catalyst loading in the DKR of 
1a. 

 

Entry Solvent 1a (M) Pd 
(mol%) 3a (%)b ee (%)c 8a 

(%)b 

1 1,4-
Dioxane 0.25 4.4 87 94 5 

2 THFd 0.25 4.4 82 98 5 

3 Toluene 0.25 4.4 77 93 18 

4 1,4-
Dioxane 0.25 2.2 82 93 3 

5 1,4-
Dioxane 0.25 8.8 83 93 17 

6 THFd 0.5 4.4 83 95 6 

7 1,4-
Dioxane 0.5 4.4 90 92 10 

[a]Reaction conditions: 1a (0.25 mmol), 2 (0.5 mmol), dry Na2CO3 (28 mg) under 1 
atm of hydrogen gas at 90°C. [b]Yield is gives as NMR yield using 1,3,5-
trimethoxybenzene as internal standard. [c]Product ee was determined using chiral 
IVADEX-I column on GC. [d]The partial pressure used of hydrogen was 1 atm. 

With the optimal conditions in hand for the chemoenzymatic DKR of ben-
zylic amines using the Pd0-CalB CLEA, the substrate scope was investigat-
ed. Variously substituted aromatic amines were studied in the reaction. All 
the chiral amides could be obtained with yields around 80% and ee’s greater 
than 86% (Scheme 14, 3a, 3c-e, 3h and 3l). Interestingly, unlike in the pre-
vious Pd0-AmP-MCF, 4-fluoro substituted 3i could be obtained in a moder-
ate yield and ee. In general, it can be established that the use of 1,4-dioxane 
led to higher conversions, but it was accompanied with a higher amount of 
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corresponding debenzylated side product (around 10%), while the use of 
THF afforded higher selectivities and lower amounts of side product (less 
than 3%).  

 

Scheme 14. [a]Reaction conditions: 1a (0.25 mmol), 2 (0.5 mmol), Pd0-CalB-
CLEA (22 mg, 4.4 mol% Pd), dry Na2CO3 (28 mg, 0.26 mmol) in THF (0.25 
M) under 1 atm of hydrogen gas at 90°C. [b]Reaction was performed in 1,4-
dioxane (0.25 M). [c]Isolated yield. [d]NMR-yield of product amide or the 
corresponding debenzylated product. [e] Product ee was determined using 
chiral IVADEX-I column on GC or HPLC with chiral column.   
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An important feature with heterogeneous catalysis is the possibility of recy-
cling the catalyst. To demonstrate the recyclability of the two protocols, they 
were subjected to multiple runs with the standard substrate. When the recy-
cling of the sodium cyanoborohydride-reduced Pd0-CalB CLEA was as-
sessed, the catalyst was used in six repetitive cycles with model substrate 4a 
and 5. The reaction was stopped after 3 h and the catalyst was separated and 
washed twice with dry toluene using centrifugation technique. Over the six 
cycles no significant changes were observed in the yield (Figure 12). In the 
last cycle the ee dropped slightly to 98%, while the yield was maintained 
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high. According to SEM analysis the morphology of the recycled catalyst 
remained unchanged to that of the unused catalyst. Moreover, the amount of 
leached palladium in the reaction mixture was determined to be less than 1 
ppm (according to ICP-OES).  

  
Figure 12. Yields and ee’s after each cycle in the cascade reaction of 4a and 
5. 

In contrast to, when the recycling of the catalyst that was used in the cascade 
reaction involving the cyclization of 4-pentynoic acid and kinetic resolution 
of sec-alcohols, catalyst recycling in the chemoenzymatic DKR of benzylic 
amines proved more complex. The recyclability was tested in two solvents, 
toluene and 1,4-dioxane, otherwise using the same conditions.144 Reactions 
were performed over five cycles at 90 ºC using a concentration of 0.25 M of 
substrate. After every cycle, the catalyst was washed with 2 mL of a phos-
phate buffer (0.1 M, pH 7.2), then 2 mL of acetone and diethyl ether, and 
after each washing the catalyst was separated using centrifugation technique. 
With toluene, only very minor deactivation was observed during the first 
three cycles, while after cycle 4 and 5 the ee dropped significantly (Figure 
13 a). However, when using 1,4-dioxane the ee dropped already after the 
first cycle and after the fourth cycle the ee was as low as 68% and the yield 
was only 63% (Figure 13 b).  
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In conclusion, a support-free enzyme-palladium hybrid catalyst was rational-
ly designed. The catalytic capacities of the two catalytic entities, the Pd and 
the CalB enzyme, were demonstrated in one-pot Pd catalyzed cyclization of 
5 to the exo-cyclic ester 6, which in situ functioned as an acyl donor in the 
KR of a set of benzylic sec-alcohols. The catalyst, reduced with NaBH4, was 
also successfully demonstrated to work in the chemoenzymatic DKR of pri-
mary benzylic amines. The catalyst showed excellent recyclability in the first 
mentioned reaction; however, in the chemoenzymatic DKR it proved less 
stable.      
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Iron is the most abundant transition metal on Earth.145 It is highly sought-
after to substitute rare and expensive noble metals in industrial applications 
for more environmentally benign iron-based protocols.146,147,148,149 The field 
of iron catalysis is a vibrant research area within catalysis, and iron salts and 
complexes have found numerous applications in synthesis, such as in cross-
coupling reactions,150 transfer hydrogenation reactions,151 as well as different 
kinds of Lewis acid protocols catalyzing for instance Diels-Alder cycliza-
tions or simple nucleophilic substitutions (Figure 15).146,147,149,150 In nature, 
iron is frequently used by enzymes like cytochrome P450, which has an iron 
porphyrin moiety imbedded in the structure that can catalyse different kinds 
of complicated oxidation reactions. Enzymes like the cytochrome P450s 
have been known to catalyze reactions that would be nearly impossible using 
methods out of the standard chemical toolbox, such as selective oxidations 
of C(sp3)-H bonds using direct activation of molecular oxygen.152 153  

 

Figure 15. Selected examples of iron catalysed protocols. 154,155,156  

Alcohol transfer hydrogenation protocols, that do not operate via the MPVO 
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mechanism, have historically employed rare and expensive late transition 
metals157, which often are associated with moderate to severe toxicity to both 
humans and the environment. In recent years, several protocols based on iron 
are emerging as alternatives to the many successful Ru- and Ir- based trans-
fer hydrogenation catalysts. 147,151 

Despite the progress in the field of alcohol transfer hydrogenation and 
alcohol racemization, there still exists a need for a racemization catalyst that 
allows for more general application and that consists of more benign and 
earth abundant elements. With this in mind, we decided in collaboration with 
the group of Beller to explore the PNP-pincer type iron catalyst VII and the 
related Ru-complex VIII in the racemization of sec-alcohols (Figure 16). 
Iron catalyst VII has found several applications in transfer hydrogenation 
reactions by numerous groups, such as selective hydrogenation of esters and 
nitriles.158,159,160 In addition to the different hydrogenation protocols, the 
study that helped to draw our attention to this specific catalyst was the dehy-
drogenation of methanol reported by the group of Beller.161 The related and 
fairly inexpensive Ru catalyst VIII, known as the Ru-MACHO®,162 has 
found applications in different hydrogenation reactions.163,164 It has been 
popularized by the Takasago corporation and is commercially available.    

 

Figure 16. The studied iron PNP-pincer complex and Ru-MACHO®. 

The aim of this study was to develop a functioning racemization protocol 
involving catalyst VII and VIII and later incorporate them in a chemoen-
zymatic DKR of sec-alcohols.  
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During the optimization of conditions for the racemization of sec-alcohol 4a 
using iron catalyst VII it was concluded that etheric solvents were essential, 
where MTBE and THF proved to be the best. The use of 2 equiv. of t-BuOK 
to catalyst was necessary, and with 2 mol% of VII at 50 °C enantiomerically 
pure 4a was fully racemic after 30 min with only a small amount of dehy-
drogenated ketone 9a (Scheme 15). Because of the stability of the catalyst, 
2.5 mol% of the catalyst was used when assessing the scope of the reaction.  
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Scheme 15. Optimal conditions found for the racemization using iron cata-
lyst VII. 

Unlike the iron catalyst VII, the ruthenium analogue VIII proved more tol-
erant to the reaction parameters and allowed for a lower catalyst loading 
(Scheme 16). Complete racemization was observed in several solvents, such 
as toluene, and even in a solvent such as 2-propanol significant racemization 
was observed. Even though toluene and other solvents worked, MTBE still 
gave the best results, resulting in lower amounts of the dehydrogenated ace-
tophenone product 9a. A low catalyst loading of 0.5 mol%, with 1 mol% of 
t-BuOK, proved sufficient and alcohol (S)-4a was fully racemic wtihin 15 
min at 50 °C. This ruthenium system proved highly robust, and did not re-
quire a completely inert environment. It could even tolerate the addition of 1 
equiv. of water to the system. 

 

Scheme 16. Optimal conditions found for the racemization using ruthenium 
catalyst VIII. 
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With the optimal conditions in hand for iron complex VII, the scope of the 
racemization was evaluated (Scheme 17). Various substituents were tolerat-
ed on the aryl moiety of the benzylic alcohol. Both moderately electron-
donating and -withdrawing groups were tolerated (4c, 4g, 4k, 4i and 4j), 
although derivatives bearing substituents with a strong effect on the electron-
ics such as in substrates 4b and 4h required an atmosphere of hydrogen to be 
completely racemized. The 4-bromo substituted 1-phenylethanol 4k required 
a prolonged reaction time, likely due to solubility of the substrate. Substitu-
ents in the meta position did not have a notable effect on the racemization (4i 
and 4j), while different substitutions in the ortho position prevented racemi-
zation to occur. Bicyclic indanol 4l could be racemized; however, when at-
tempting to racemize the open chain 1-phenylpropanol 4n, it proved too 
sterically demanding. Interestingly, the allylic alcohol 4m was fully race-
mized; none of the usually formed isomerization products were observed, 
only 21% of the unsaturated ketone 9m. The aliphatic sec-alcohol were un-
reactive under the employed reaction conditions and were left untouched 

OH
VII (2 mol%)
t-BuOK (4 mol%)
50 °C, MTBE

OH

ee: 2%
30 min
rac-4a

(S)-4a

OH
VIII (0.5 mol%)
t-BuOK (1 mol%)
50 °C, MTBE

OH

ee: 0%
30 min
rac-4a

(S)-4a
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(4p).  

  

Scheme 17. Substrate scope for the racemization of aromatic alcohols using 
ruthenium catalyst VIII. Reaction conditions: Alcohol 4 (0.25 mmol), VIII 
(6.25 μmol), t-BuOK (12.5 μmol), dry MTBE (1 mL), 50 °C for 30 min. ee-
value was determined using chiral  IVADEX-I or Chirasil DEX CB column 
on GC or HPLC with chiral stationary phase. [a] 1 atm H2-atmosphere during 
reaction; [b] 120 min reaction time. [c] (S)-4 90% ee;. 

After concluding the limitations of the iron protocol, we turned our attention 
to Ru catalyst VIII which displayed a broader substrate scope. It proved less 
sensitive to substituents with strong stereoelectronic effects and could race-
mize a broad range of substituted 1-phenylethanols without the aid of hydro-
gen atmosphere (Scheme 18, 4a-c, 4g, 4h and 4k). Reducible functional 
groups such as nitro and nitrile were left untouched (4f and 4s). The slow 
racemization of the nitrile substrate 4s is most likely due to coordination of 
the cyano group to the ruthenium. No observable effect on the rate of race-
mization was seen when the substituents were located in meta- or in the or-
tho-position (4i, 4j, 4t and 4u). Increased size of the substituents on either 
side of the alcohol proved not to be an issue either (4q and 4r) and even a 
substituent as large as a cyclohexyl 4v did not impair the racemization. Inda-
nol 4l was possible to racemize; however, as in the case of the iron catalyst, 
aliphatic alcohols were not racemized under these conditions.     
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Scheme 18. Substrate scope for the racemization of aromatic alcohols using 
ruthenium catalyst VIII. Reaction conditions: Alcohol 4 (0.5 mmol), VIII 
(2.5 μmol), t-BuOK (5.0 μmol), dry MTBE (2 mL), 50 °C for 15 min. ee-
value was determined using chiral column on GC or HPLC. [a] (S)-4q 90% 
ee; [b] (S)-4v 60% ee; [c] 30 min reaction time; [d] 120 min reaction time. [e] 

reaction was performed in THF for 18h [f] (S)-4t 65% ee. [g] 60 min reaction 
time. 
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Unfortunately, attempts to combine the racemization protocols with the li-
pase-catalyzed acylation were unsuccessful. The enzymatic KR proceeded 
well, while the racemization catalyst was struggling during the reaction. To 
elucidate which component that negatively affected the racemization, the 
different components were tested in a racemization (Table 11). Na2CO3 and 
the enzyme (CalB on para-polyacrylate) both had little effect on the racemi-
zation (entries 1-2), but when including the ester acyl donor or the ester 
product of the acylation the racemization did not proceed (entries 4-7). This 
can most likely be ascribed to strong coordination of the ester group to the 
racemization catalyst, which also explains the selectivity previously seen for 
these catalyst in the hydrogenation of esters.159 

Table 11: The different components influence on the racemization.   

OH

R

OH

4a   n = 0 0% ee / 5% 9a
4qa n = 1 0% ee / 4% 9q
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Entry Na2CO3 CalB Acyl 
donora 

Producta Racemization 

1 + - - -  
2 - + - -  
3 + + - -  
4 - - + -  
5 - - - +  
6 + + + -  
7 + + - +  
aAcyl donor used in this screening was isopropenyl acetate. bProduct is ref-
ered to as 1-phenylethyl acetate 11a. 

Different kinds of acyl donors were tested but none of them yielded a func-
tioning racemization (Figure 17). It was found that the addition of only 1 to 
1.5 equiv. to the catalyst, left the catalyst impaired. 

 

Figure 17. A selection of acyl donors and other esters that were not compat-
ible with the racemization.  

"��������
��
 

We have reported the use of two pincer-type catalysts in the racemization of 
sec-alcohols. Both catalysts were found to efficiently racemize a broad range 
of benzylic alcohols. Iron catalyst VII, is the first iron transfer hydrogena-
tion catalyst to efficiently racemize sec-alcohols. After activation by t-
BuOK, a set of enantiomerically pure benzylic alcohols were completely 
racemized after 30 min at 50 °C. The Ru analogue VIII was demonstrated to 
allow for a broader substrate scope, using lower catalyst loading as well as 
tolerating non-strict inert conditions. This study has aided in the develop-
ment of new protocols in chemoenzymatic DKR, which will be discussed in 
more detail in the next chapter.       
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After the completion of paper V and the disappointing outcome of not ob-
taining a functioning DKR, we continued to screen known iron transfer hy-
drogenation catalysts. One promising catalyst was the iron hydride complex 
X, known as the Knölker’s complex, first isolated by the group of Knölker in 
1999.165 Even though the complex was isolated and characterized in 1999, its 
first real application was first realized when the group of Casey and Guan 
2007 published the use of the catalyst for the hydrogenation of ketones and 
aldehydes.166,167,168 The stability of the iron hydride complex is limited and it 
took a few years before it was discovered that the active complex could be in 
situ generated from the air- and moisture stable tricarbonyl precatalyst IX 
(Scheme 19).169 After this discovery, several groups reported the use of this 
catalyst and analogues in different kinds of hydrogenation and transfer hy-
drogenation reactions (Figure 18), both achiral170,171,172,173,174 and chi-
ral.175,176,177,178 

 

Scheme 19. In situ activation of pre-catalyst IX. 
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Figure 18.  Selected examples of reactions with the Knölker’s catalyst and 
its pre-catalyst. 

In the study of Casey and Guan, they reported the selective hydrogenation of 
an aldehyde substrate bearing an ester.166 This observation caught our atten-
tion since the tolerance to esters was the main issue observed when trans-
forming the racemization protocol reported in paper V into a chemoenzymat-
ic DKR. The aim with this work was to develop a functioning racemization 
protocols using catalyst IX that could be incorporated in a chemoenzymatic 
DKR of sec-alcohols. 

After the completion of this work the group of Rueping published the 
DKR of sec-alcohols using iron catalyst X.179 Shortly after the publication of 
our work the group of Zhou reported the use of a related iron catalyst in the 
DKR of sec-alcohols.180   
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Initial attempts at directly using 10 mol% of the Knölkers complex X for the 
racemization of (S)-4a in toluene at 90 °C, barely yielded any racemization. 
On the other hand, when applying 10 mol% of the pre-catalyst IX and 10 
mol% trimethylamine N-oxide (TMANO) as the activator, notable racemiza-
tion was observed, although the catalyst was deactivated after just a few 
minutes. The observed deactivation, similar to that observed by Funk and 
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Moyer, can most likely be ascribed to the formed trimethylamine.181 When 
exploring different reaction conditions, substituting toluene for ethereal sol-
vents such as anisole or CPME, a maintained racemization was observed. 
Anisole was selected for further studies because of the slight edge in the 
observed rate of racemization (table 12, entry 1). Different additives were 
screened with the aim to improve the racemization. Early on in their study, 
Casey and Guan observed that the slow step in the transfer hydrogenation 
was the hydrogenation, and by the addition of 50 mol% of the corresponding 
ketone a dramatic effect on the overall rate was observed (entry 2). The in-
corporation of an inorganic base had a profound effect on the racemization 
(entries 3-5) which is in accordance with an related observation done by 
Guan and co-workers.182 This can be explained by the fact that the iron hy-
dride becomes more reactive and helps facilitate the re-addition of the hy-
dride. The effect of the ketone amount was assessed and 20 mol% were 
deemed sufficient for maintaining an efficient racemization. Finally, reduc-
ing the temperature to 60 °C had a significant effect on the rate; however, 
this allowed for a broader set of enzymes to be compatible.          

Table 12. Screening of conditions for the racemization of alcohol (S)-4a 
using catalyst IX. [a] 

 
�

Entry T 
(°C) 

Amount 
of ke-
tone 
(mol%) 

Additive 

 

ee-value of 4[b] 

30 min 60 min 

1 90 - - 76% 52% 

2 90 50 - 43% 22% 

3 90 50 Na2CO3 14% 4% 

4 90 50 K2CO3 10% 2% 

5 90 50 Na2SO4 84%(62%)[c] 74%(32%)[c] 

6 90 20 K2CO3 26% 4% 

7 60 20 K2CO3 76% 58% 

OH
IX (10 mol%)
TMANO (10 mol%)
additive
T, anisole

OH

rac-4a(S)-4a

O

9a
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[a] General reaction conditions: 1.0 mmol of (S)-4a, 0.10 mmol of IX, 0.1 mmol of 
Me3NO, in 1 mL anisole. [b] ee-values were determined by chiral IVADEX-I column 
GC. [c] 0.8 equiv. of triethylamine was added.  
 

With a better understanding of the racemization with iron catalyst IX, focus 
was directed towards developing a functioning chemoenzymatic DKR using 
CalB. A set of acyl donors were assessed and it became evident that aryl 
acetates performed best. The side products produced when using activated 
acyl donors such as vinyl- or isopropenyl acetate (acetone and acetaldehyde) 
interfered with the racemization by conserving the hydrogen and hence an 
excess amount of the ketone acetophenone 9a was produced. Substrate con-
centration, as in most reactions, had a significant effect on the DKR reaction. 
The reaction required slightly dilute conditions (0.25 M) and when a higher 
concentration of 1.0 M was used, the iron catalyst decomposed faster. 
Na2CO3 was used as additive to minimize the background acylation observed 
when using K2CO3, while still aiding in the hydride re-addition as well as 
serving as an acid scavenger. Phenyl acetate worked well as an acyl donor 
together with the CalB enzyme and product 11a could be isolated in 84% 
yield and 98% ee.     
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When exploring the scope of the DKR, differently substituted benzyl alco-
hols were examined (Scheme 20). Mildly electron-deficient 4-chloro- and 4-
bromo-substituted 1-phenylethanol yielded enantiomerically enriched acetate 
11s and 11c in 87% and 84% yield, respectively. The protocol worked on 
electron-rich aryls as well, as demonstrated by 4d that could be converted 
into acetate 11d in 89% yield with an excellent ee. Even the electron-rich 4-
methoxy substituted 1-phenylethanol 4b was tolerated and furnished acetate 
11b in 85% yield, with a slightly lower ee of 97%. Rather unexpectedly, the 
electron-deficient alcohol 4f could be resolved in only 62% yield and with 
an ee of 96%. The 1-napthylethanol could be transformed into acetate 11t in 
93% yield and 98% ee. Unlike the previous iron racemization protocol, this 
system allowed for the racemization of 1-phenylpropanol, and acetate 11k 
was isolated in 75% yield with good ee. Interestingly, the protocol was com-
patible with Burkholderia cepacia lipase (PS-C) and demonstrated in a DKR 
yielding aliphatic acetate 11u in 78% yield and 95% ee.          
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Scheme 20. Substrate scope for the chemoenzymatic DKR of benzylic and 
homobenzylic alcohols using iron catalyst IX. Reaction conditions: 1.0 
mmol of (S)-4, 0.10 mmol of IX, 0.1 mmol of Me3NO, 12 mg/mmol Novo-
zyme-435 in anisole (0.25 M) at 60°C. [a]Required the use of lipase PS-C. ee 
was determined using chiral column on GC or HPLC. 

As a further demonstration of the utility of the protocol, the reaction was 
scaled up to 10 mmol. In this reaction, product 11t could be isolated in 
above 80% yield (Scheme 21).  

 

Scheme 21. Reaction was scaled up to 10 mmol. 
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An iron-catalyzed chemoenzymatic DKR of sec-alcohols using air- and 
moisture-stable catalyst IX as racemization catalyst was reported. The rate of 
racemization was greatly influenced by the addition of an inorganic base, 
which facilitated the hydrogen re-addition. The procedure allowed for a set 
of enantiomerically enriched acetates to be isolated in moderate to good 
yields. Both benzylic and aliphatic alcohols were tolerated. Two enzymes 
were reported to function, CalB and PS-C, and in addition the DKR could be 
scaled up to 10 mmol scale.   
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Cyclization of allenes catalyzed by transition metals has received a great 
deal of attention.183,184 Recently, the group of Bäckvall reported a one-pot 
KR followed by cyclization of an α-allenol to produce enantiomerically pure 
2,3-dihydrofurans through the use of a lipase together with Shvo’s cata-
lyst.185 The initial idea of that study was to develop a chemoenzymatic DKR 
of α-allenols to furnish enantiomerically pure allenic acetates. However, 
after optimizing the enzymatic KR and attempting a DKR they observed no 
racemization, and instead cyclization and isomerization to 2,3-dihydrofurans 
took place (Figure 19).  

 

Figure 19. The ruthenium catalyzed cycloisomerization of enantiomerically 
pure α-allenol to chiral 2,3-dihydrofuran. 

After the interesting formation of the 2,3-dihydrofurans using ruthenium 
complex I and our recent experience using iron catalyst IX, we decided to 
explore this reaction with iron catalyst IX. Since catalyst IX generates a 16 
electron complex IX’ upon activation, we thought it might catalyze the same 
reaction of α-allenols to substituted 2,3-dihydrofurans and potentially even 
be extended to more complicated α-amino substituted allenes. Complex IX 
can be generated at room temperature; the mild conditions could potentially 
also facilitate a diastereoselective cyclization of 1,2-disubsituted α-allenols. 

The aim of this work was to develop an iron catalyzed protocol for the 
formation of dihydrofurans and dihydropyrroles using catalyst IX. 

After the completion of Paper VII, the group of Rueping and co-workers 
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reported on a related cycloisomerization of allenols to 3,4-dihydro-2H-
pyranes.186 They also reported during the completion of paper VIII the cy-
cloisomerization of α-allenols and α-allenic carbamates to the 2,3-
dihydrofurans and pyrroles.187 

2���.�
���
�������
��

���
2����� 0����������� !� ���� �	��������� �� �3�(���	��!�����
�����3�(���	���	���
�

The initial reaction was done using the optimized conditions for the DKR of 
alcohols, 10 mol% catalyst IX and TMANO in anisole (table 13). Gratify-
ingly, after only 2 h, 70% yield of the 2,3-dihydrofuran 13a was observed 
(entry 1). Reducing the catalyst loading to 5 mol% led to a slight loss in 
conversion, while using only 2,5 mol% led to a substantial loss of activity 
(entries 2 and 3). When screening solvents, non-polar and non-coordinating 
solvents performed best, with DCM and toluene giving more than 90% con-
version within 2 h (entries 4-8). More polar and slightly coordinating sol-
vents, such as acetonitrile and water, yielded little or no product (entries 9-
12). When attempting the reaction with simpler iron salts, such as Fe(OAc)2, 
no product was observed. DCM was chosen as the optimal solvent, due to 
the volatility of the 2,3-dihydrofuran 13a. The reaction also worked without 
K2CO3; however, the reactions proved more reproducible when using 
K2CO3.  

Table 13. Screening of conditions for the cycloisomerization of α-allenol 
12a using catalyst IX. 

 

Entry Solvent 
Catalyst 
loading 
(mol%) 

Yield 
after 2 hb 
(%) 

 

1 Anisole 10 70  
2 Anisole 5 50  

3 Anisole 2.5 14  
4 DCM 5 90  

5 Diethyl 
Ether 5 82  

R

OH
•

R

O
IX 
TMANO
K2CO3 (1 equiv.)

Solvent r.t.
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6 Toluene 5 95  
7 CPME 5 24  

8 EtOAc 5 18  

9 THF 5 11  

10 MeCN 5 0  

11 DMF 5 3  
12 Water 5 0  

[a] General reaction conditions: The reaction was conducted under Ar atmosphere at 
r.t. with 0.5 mmol of 12a, 0.05 mmol of IX, 0.05 mmol of TMANO, 0.5 mmol of 
K2CO3 and 0.5 mL of solvent. [b]Yield determined by 1H NMR analysis using 1,3,5-
trimethoxybenzene as internal standard. 

Attempts to synthesize the corresponding α-allenic amine gave only low 
yields and the product decomposed after less than 24 hours. On the other 
hand, different α-allenic amides proved more stable. When attempting the 
cyclization of α-allenic methanesulphoneamide 14a in DCM at room tem-
perature, no conversion was observed (table 14 entry 1). When the solvent 
was changed to toluene, which previously worked well in the cyclization of 
α-allenol, and the reaction was run at 70 °C, full conversion to product was 
observed (entry 2). Similar trends as in the cyclization of α-allenols were 
seen, other non-coordinating solvents such as CPME and DCE gave signifi-
cant amounts of product (entries 3-4), while coordinating solvents led to a 
drop in conversion (entries 5-9). Interestingly, using 10 mol% of catalyst in 
water, 36 % yield of product 15a was observed (entry 9). Again, K2CO3 was 
not essential for the reaction; however, the reactions were more readily re-
produced.   

Table 14. Screening of conditions for the cycloisomerization of α-allenol 
14a using catalyst IX. 

 

Entry Solvent 
Catalyst  
loading 
(mol%) 

Yield 
after  
2 hb 
(%) 

 

1 DCMc 10 0  

2 Toluene 5 >95  

NH
•

NIX
TMANO 
K2CO3 (1 equiv.)

Solvent 70oC

Ms Ms

14a 15a
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3 CPME 5 69  

4 DCE 5 51  

5 Dioxane 5 35  

6 MeCN 5 3  

7 EtOAc 5 7  

8 THFd 5 9  

9 Water 10 36  

10 Toluene 2.5   
[a] General reaction conditions: The reaction was conducted under Ar atmosphere at 
70 °C with 0.5 mmol of 14a, 0.05-0.1 mmol of TMANO, 0.5 mmol of K2CO3 and 
0.5 mL of solvent. [b]Yield determined by 1H NMR analysis using 1,3,5-
trimethoxybenzene as internal standard. [c]Reaction was run at room temperature. 
[d]Full conversion to product was observed after overnight. 
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With the optimized conditions in hand for both the cyclization to 2,3-
dihydrofurans and 2,3-dihydropyrroles, the scope of the reactions were as-
sessed. For the dihydrofuran synthesis the scope proved rather general, dif-
ferently substituted aryls were tolerated, electron-deficient, electron-neutral 
or electron-rich all showed to have little effect on the reaction and allowed 
the 2,3-dihydrofurans to be isolated in good to excellent yields (Scheme 22, 
13a-13f). Even aryls with substituents in meta or ortho position were tolerat-
ed (13g-13h). When the phenyl substituent was substituted for a benzyl moi-
ety, the reactions still proceeded well and the 2,3-dihydrofuran 13i could be 
isolated in 92% yield. Heterocyclic dihydrofurans were also tolerated as 
exemplified by benzothiophene 13j which could be isolated in 94% yield. 
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Scheme 22. General reaction conditions: The reaction was conducted under 
Ar atmosphere at r.t. with 0.5 mmol of 12, 0.025 mmol of IX, 0.025 mmol of 
TMANO, 0.5 mmol of K2CO3 and 0.5 mL of solvent. All yields are isolated 
yields. 

Substitution in the 2-position of the α-allenol was explored next (Scheme 
23). Upon cyclization these substrates can exist in two diastereoisomeric 
forms, the mild conditions of the iron protocol could potentially allow for a 
stereoselective reaction. To our delight, when subjecting the 2-methyl substi-
tuted α-allenol 12k to the optimal reaction conditions, the 4,5-disubstituted 
2,3-dihydrofuran 13k could be isolated in 92 % yield and with a diastereose-
lectivity of 93:7, favouring the trans diastereomer. Increasing the size of the 
substituent R’ in the 2-position increased the selectivity and substituted di-
hydrofurans 13l-13n were isolated in good yields with a d.r. up to 98:2. The 
iron protocol in comparison to the ruthenium protocol had an additional ad-
vantage: The ruthenium protocol only gave a moderate 4:1 selectivity in 
favour of trans in the case of product 13k and it also gave a substantial 
amount of the second structural isomer, the 2,5-dihydrofuran (∼20 %).     
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Scheme 23. Scope of the trans-2,3-disusituted 2,3-dihydrofuran. General 
reaction conditions: The reaction was conducted under Ar atmosphere at r.t. 
with 0.5 mmol of 12, 0.025 mmol of IX, 0.025 mmol of TMANO, 0.5 mmol 
of K2CO3 and 0.5 mL of solvent. All yields are isolated yields. 

Additionally, since catalyst IX was reported as a racemization catalyst, the 
enantiomerically enriched α-allenol (S)-12a was subjected to the reaction 
conditions. No racemization was observed and the enantiomerically enriched 
2,3-dihydrofuran (S)-13a could be isolated. Since the enzymatic resolution 
of α-allenol 12a has been reported with enzymes like PS-C,185 we attempted 
to use simple CalB (Novozyme-435) in the resolution of α-allenol 12a at 
room temperature which gave an excellent yield and ee (Scheme 24).   

 

Scheme 24. Two-step synthesis of the (S)-13a. 

Notably, when attempting to cyclize the terminally substituted α-allenol 12r 
using 5 mol% of catalyst and activator in DCM, only a low conversion to 
product was observed (∼15%). Instead, when applying the optimal condi-
tions for the cyclization of α-allenic amides, using toluene and an elevated 
temperature of 70 °C, the 2,5-subsituted 2,3-dihydrofurn 13r was observed 
after an overnight reaction (Scheme 25). An interesting observation was that 
at around 65% conversion to product, the starting racemic diastereomer was 
resolved to a d.r. of 8:1. Catalyst IX could potentially serve as a resolving 
agent of diastereomeric axially chiral α-allenols. 
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Scheme 25. Cyclization of terminally substituted allenol 12r.   
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Next the scope of the cyclization of α-allenic amide to N-protected substitut-
ed 2,3-dihydropyrroles. When exploring the different protecting groups on 
the nitrogen it became evident that the acidity of the proton on the nitrogen 
was important (Scheme 26). A simple acetamide proved difficult to cyclize, 
as well as carbamates like Teoc or Boc which gave only trace (<5%) 
amounts of product as observed on 1H-NMR. While both the mesylated and 
the tosylated gave cyclized product, the tosylate was isolated as a mixture of 
the structural isomers 2,3- and 2,5-dihydropyrroles, in a ratio of 1:2 in favour 
of the 2,5-isomer. 

 

Scheme 26. General reaction conditions: reaction was conducted under Ar 
atmosphere at 70 °C with 0.5 mmol of 14a, 0.025 mmol of TMANO, 0.025 
mmol of K2CO3 and 0.5 mL of toluene. [a]According to 1H-NMR using 1,3,5-
trimethoxybenezene as internal standard.[b] 2:1 mixture of the respective 2,5-
dihydropyrrole and 2,3-dihydropyrrole. 

After the N-protecting groups were assessed, the substitution pattern on the 
aryl ring was evaluated. As in the case of the cyclization of α-allenol, both 
electron-rich, electron-neutral and electron-deficient aryls were tolerated and 
allowed the corresponding N-mesylated 2,3-dihydropyrrole to be isolated in 
good to excellent yield (Scheme 27, 15a, 15f-15k). The aliphatic spirocyclic 
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pyrrole 15l was isolated in 96% yield.    

 

Scheme 27. General reaction conditions: reaction was conducted under Ar 
atmosphere at 70 °C with 0.5 mmol of 14a, 0.025 mmol IX, 0.025 mmol of 
TMANO, 0.5 mmol of K2CO3 and 0.5 mL toluene for 16h. [a]NMR yield 
using 1,3,5-trimethoxybenzene as internal standard.  

Continued evaluation of the scope of the reaction to 2,3-dihydropyrroles was 
done by introducing a second substituent in the 2-position of the α-allenic 
amide, this could give a possible rise to diastereomerically enriched com-
pounds (Scheme 29). Gratifyingly, when exposing 14m-o to the reaction 
using 10 mol% catalyst the cyclized N-mesylated 4,5-disubstituted 2,3-
dihydropyrrole 15m-o could be obtained in 45-70% yield with an d.r. rang-
ing from 84:16o to >98:2.188 When substituting the allene with a phenyl 
group (14p), as in the case of the α-allenols 12o-q, no product formation 
was observed only starting material could be re-isolated.   
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Scheme 29. General reaction conditions: The reaction was conducted under 
Ar atmosphere at 70 °C with 0.5 mmol of 14a, 0.05 mmol IX, 0.05 mmol of 
TMANO, 0.5 mmol of K2CO3 and 0.5 mL toluene for 16h. [a]According to 
1H-NMR using 1,3,5-trimethoxybenezene as internal standard. 
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In a step towards understanding the mechanism, 2,5-dihydrofuran was sub-
jected to the standard conditions in an attempt to confirm if it was an inter-
mediate in the cyclization (Scheme 30). However, isomer 16a did not yield 
product 13a. 

 

Scheme 30. Rearrangement attempt of 2,5-dihydrofuran to 2,3-dihydrofuran. 

To gain further insight into the mechanism of this cycloisomerization by iron 
catalyst IX, calculations using density functional theory (DFT) were carried 
out on the formation of diastereoisomer 13k (full energy diagram is found in 
Appendix A). From these calculations we suggest the mechanism proposed 
in Scheme 31. The proposed catalytic cycle starts with coordination of the 16 
electron complex IX’ with the substrate, the lowest binding mode found was 
the coordination of the hydroxy group, Int-0, similar to the one originally 
isolated by Casey and Guan.167  

After a rearrangement to where the iron is coordinating the terminal 
double bond of the allene Int-1, which was calculated to be 8.1 kcal/mol 
higher in energy. From the calculations, this intermediate, assisted by a se-
cond allenol, allowed the cyclization to the iron vinyl Int-2 via TS-1(barrier 
was 19.2 kcal/mol relative to Int-0, see appendix A for TS-1). The subse-
quent isomerization from Int-2 to Int-4, proceeds via the key intermediate 
Int-3 involving an iron carbene where the non-innocent cyclopentadienone 
ligand aids in the proton transfer. Following the protodemetalation of Int-4 
to give Int-5, the catalytic cycle is complete after the regeneration of com-
plex IX’ and release of the product. According to the calculations, TS-2 (be-
tween Int-2 and Int-3) is the rate determining step (RDS) in the reaction, the 
overall barrier is 20.9 kcal/mol; however, the other steps (TS-1, TS-3 and 
TS-4, appendix A) are all rather close in energy and therefore cannot be con-
fidently assigned as the RDS. From the reaction of substrate 12k to the two 
possible products, cis and trans, according to calculations the energy of TS-
2’ (cis conformer, appendix A) is ca 1.8 kcal/mol higher, which translates to 

O OIX (10 mol%)
TMANO (10 mol%)
K2CO3 (1 equiv.)

DCM
r.t. 2h 13a15a
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d.r. of approximately 95:5, which is in a good agreement with the experi-
mental results. 

The formation of the 2,5-dihydrofuran, requiring protodemetalation at 
Int-2, was according to calculations 5.7 kcal/mol higher in energy than that 
of TS-2 which is in agreement with experimental findings that 2,3-
dihydrofuran was exclusively formed.          

 

Scheme 31. The proposed catalytic cycle of the cyclization of 12. 

In attempt to strengthen the computational study, deuterium-labelling exper-
iments were conducted (scheme 32). What can be concluded, which is con-
sistent with the proposed mechanism, is that no exchange in the 5 position of 
the 2,3-dihydrofuran was observed when 4,4-dideuterium 12a-d2 was cy-
clized (entries 1-3). This implies that the step between Int-3 and Int-4 is irre-
versible. Also, the experiments with K2CO3 strengthen the argument that an 
external proton source is aiding in the proton shuffling. A small kinetic iso-
tope effect (KIE) of 1.3 (kH/kD) was observed when 12a-d0 and 12a-d1 (deu-
terium on OH) was cyclized in separate experiments (entry 4). This observa-
tion suggests that the cyclization (TS-1) is most likely not the RDS, and 
instead this small KIE observed could possibly be explained by an equilibri-
um isotope effect. 
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Scheme 32.  Deuterium labelling experiments on 12a.   

2��������
��
�
A protocol for the iron-catalyzed cycloisomerization of α-heteroatom substi-
tuted allenes to 2,3-dihydrofurans and N-protected 2,3-dihydropyrrols was 
developed. Through calculations and isotope labelling experiments the cy-
cloisomerization is believed to occur through an iron carbene intermediate. 
The cyclization of α-allenols occurred at ambient conditions, which allowed 
the protocol to transform the 1,2-disubsituted α-allenols into diastereomeri-
cally enriched disubsituted 2,3-dihydrofurans. The cyclization of 1,2-
disusituted α-allenic amides to 2,3-dihydropyrroles could also be trans-
formed in a diastereoselective manner. Continues efforts will be dedicated 
widening the scope of the cyclization of 1,2-disusituted α-allenic amides. 
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X-ray absorption spectroscopy (XAS) is an element-specific method to de-
termine the local environment around the absorbing atom. XAS can be ap-
plied on all states of aggregation, and a concentration of at least millimolar 
level. The sample preparation is in most cases fairly straightforward with a 
chemically inert sample container with windows absorbing as little as possi-
ble. In this study data are collected in transmission mode using a glass test 
tube. The XAS spectrum is usually divided into two main parts, the X-ray 
absorption near edge structure (XANES) spectrum, in the absorption edge 
and its close vicinity, and the extended X-ray absorption fine structure (EX-
AFS) spectrum, in the region 50-1000 eV after the absorption edge (Figure 
20). The position of the absorption edge relative to the position of the ab-
sorption edge of the pure element provides information on the oxidation state 
of the element, and the EXAFS region gives information about the structural 
parameters corresponding to the local structure of the studied system, pa-
rameters such as coordination number, interatomic distances and type of 
absorbing atom, and in some cases also the geometry. The feature of a 
XANES region of the XAS spectrum also provides information about the 
local geometry around the absorbing atom and the type of the ligands around 
the absorber even though this information is more complicated to extract. 
The XANES region can therefore be considered as a fingerprint for a given 
local structure.189,190,191 
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Figure 20. The different regions of the XAS-spectrum, represented on the 
spectrum of Mo(CO)6 collected at the Mo K-edge.  

Dicarbonyl pentaphenylcyclopentadienylruthenium chloride IIa82 has been 
used as racemization catalyst in numerous dynamic kinetic resolutions of a 
wide range of sec-alcohols.55,83,192,193,194,195,196 The mechanism of catalyst IIa 
and related catalysts has long been a topic of discussion and several papers 
on the subject have been reported (Scheme 33). 73,75,197,198,199 To date, the 
proposed mechanism starts with the activation of the ruthenium chloride 
complex by t-BuOK to form activated complex XIa.199,200,201 Upon addition 
of substrate, an alcohol-alkoxide exchange takes place to give the alkoxide 
complex XIa'. XIa' is an 18-electron complex and for the β-hydride elimina-
tion to takes place, a vacant coordination site is required on ruthenium to 
accommodate the hydride and the prochiral ketone. Either this site is pro-
duced via a η5→η3 ring slippage200 or via a CO dissociation198,202 with the 
formation of either complex Int-6 or Int-7, respectively. The subsequent 
hydride re-addition produces the racemic alkoxide coordinated to ruthenium 
and after the release of the alcohol via another alcohol-alkoxide exchange 
the catalytic cycle is repeated. 
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Scheme 33. Proposed mechanism of catalyst IIa. 

In one of the computational studies, catalyst activation and alcohol-alkoxide 
exchange was proposed to proceed via an acyl intermediate (Figure 21).198 In 
a subsequent report, experimental evidence for an intermediate acyl complex 
during activation of the catalyst was provided by the use of in situ FT-IR 
spectrophotometer. Subsequent low temperature 13C-NMR was performed, 
which revealed the corresponding shifts of a possible acyl intermediate.199 
Recently, we applied XAS spectroscopy in an attempt to aid in the under-
standing of our heterogeneous palladium catalysts, PdII-AmP-MCF and Pd0-
AmP-MCF.98 These findings and the study by the group of Martin-Matute203 
using the in situ reactor developed by the Stock group lead us to explore the 
possibility of verifying the intermediate structure using this direct technique 
in an operando fashion.204 An in situ XAS study would provide bond 
lengths, which are not available from the previous studies.  

 

Figure 21. Proposed activation process for ruthenium pre-catalyst IIa to 
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Figure 22. a) The reaction profile of the activation around 2090–1912 cm-1 
over the time of activation. b) After addition of substrate 4a. 

The characteristic peaks for the two carbonyls of IIa’ were observed in 13C-
NMR at 209.0 and 208.3 ppm using THF-d8.  
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The XANES spectra of the solid pre-catalyst IIa as well as the dissolved one 
both in toluene and the THF were almost identical, which confirms that the 
local structure around the ruthenium is preserved regardless of the applied 
solvent. Therefore, THF was used since the solubility of the IIa allowed a 
better the signal to noise ratio. The edge energy, which was determined as 
the first inflection point of the edge using the maximum of the first deriva-
tive of the XANES spectra, was found to be 22125 eV, which also confirms 
that ruthenium is present in +II oxidation state.205 As the edge energy re-
mained the same within the experimental error during the dissolution, the 
activation and the racemization reaction as well, it can be concluded that the 
oxidation state of ruthenium remained at +II during the entire process. The 
XANES spectra of the pre-catalysts IIa, IIb and IIc were also superimposa-
ble (Figure 23 A, B and Figure 27B), indicating that although the electroni-
cal properties of the cyclopentadienyl ligands are very different, ranging 
from the electron-donating methoxy-substituted IIb to the electron-
withdrawing trifluormethyl-substituted IIc, the bond length and geometry 
are very similar. 

After the addition of the t-BuOK as activating agent for pre-catalyst IIa, 
the XANES spectra showed an immediate change. The main peak at around 
22135 eV shifted towards higher energies, while it was reduced in intensity. 
The most significant change is the almost complete disappearance of the 
peak around 22158 eV, indicating a substantial change in the coordination 
environment around ruthenium (Figure 23 A, entries IIa and IIa-5 min). 
With time, this feature of the spectrum is starting to increase again during 
~45 min with a slight shifted center (~22160 eV); however, it never attains 
its original intensity. This observation suggests that the structure of the acti-
vated catalyst is rather similar, although not completely identical to the ini-
tial catalyst IIa. After 45 min no further structural changes were observed.  

All the aforementioned findings apply to pre-catalyst IIb as well, except 
that no further change was observed after ~25 min (Figure 23 B), which 
indicates that the rate of the activation process is enhanced by an electron-
donating methoxy-substituted Cp-ligand. Furthermore, for pre-catalyst IIc, 
substituted with the electron-withdrawing groups, the entire process was 
slowed down; the initial spectrum collected directly after activation of IIc 
did not change even after an additional 24 h (see Figure 27B). The initial 
spectra collected after 5 min for all three catalysts were virtually identical, 
implying that there is an intermediate state which forms instantaneously 
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the interatomic distances corresponding to the 2 C atoms of the COs, the 5 C 
atoms of the Cp ring, and also includes the Cl coordinating to the RuII with 
the following refined distances: 1.898 Å, 2.237 Å and 2.394 Å, respectively. 
All the refined bond distances together with the Debye-Waller coefficients 
are summarized in Table B1 (appendix B). These values for the bond dis-
tances are in a good agreement with the previously reported single crystal 
data.200 The second peak around ~2.5 Å corresponds to the Ru����O and Ru–
C–O multiple scattering (MS) paths related to the coordinating linear CO-
ligands. These MS events are highly pronounced due to the so called focus-
ing effect, which plays an important role, when two atoms in the coordinat-
ing ligand or part of a larger ligand form a linear or close to linear M-L-L 
entity (the angle has to be larger than 150�).206 The FTs of the dissolved 
catalyst both in toluene and in THF (Figure 24 B) show no significant 
change compared to the solid structure, which again confirms that the struc-
ture is maintained when going from solid phase to solution. The result of the 
model fitting is summarized in Table B1 (appendix B). It can observe that 
the bond lengths are slightly longer in the dissolved state, and also slightly 
longer in THF than in toluene, which is probably due to the differing solva-
tion effect of the polar THF compared to the nonpolar toluene.  

The spectra collected during the activation process of pre-catalyst IIa 
were treated one by one. For the sake of clarity some representative spectra 
are selected and presented in Figure 24A and their refined models shown in 
Table B1 (appendix B). It was already seen in the XANES spectrum after 5 
min that there is an immediate and prominent change in the local structure 
around the RuII (IIa-5min). The first main peak drops in intensity, as well as 
the second one. In particular, the latter one strongly indicates that the num-
ber of the coordinating carbon monoxides has decreased. Also the distinct 
valley between the two peaks has disappeared, implying that a new distance 
had appeared around ~2.7 Å. The best fitted model contains five Ru – C 
distances at an average distance of 2.240 Å corresponding to the Cp ring, 
one Ru – Cl distance at 2.436 Å, two Ru – O distances around 2.697 Å, and 
two short Ru – C distances around 1.902 Å, although the second peak could 
be fitted with the MS contribution from only one CO. These distances can be 
interpreted in a way that the six coordination sites around the RuII are filled 
up by the Cp ring (hapticity of 5), one Cl, one CO and one acyl-type inter-
mediate as the proposed IIa’. Also the Debye-Waller coefficients are a bit 
larger than their regular values showing that most probably there is one dom-
inant species in the reaction system at this point of time, but not exclusively 
one.  

During the activation process the main peak shifts towards shorter dis-
tances, while the second peak, corresponding to the COs increasing and the 
distinct valley between the two peaks is reappearing until the activated state 
is reached. At the activated state (IIa-55min) it is clearly seen in Figure 24A, 
that the main peak is at a few tenth of an Å shorter distances, suggesting that 
the chloride ion was lost during the activation. The best fit structure of the 
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5min and IIc-24h), k-range 2 – 10 Å–1, no phase correction (ΔR ~ 0.5 Å). B) 
Normalized XANES spectra of the aforementioned samples. 
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Standard substrate sec-alcohol 4a was subsequently added to the catalysts 
that reached activated state XIa and XIb. After the substrate addition both 
catalyst acted in the same way, as it is seen in their XANES spectra (Figure 
23 A and B) and in their FTs as well (Figure 24C and Figure 25B, respec-
tively). Due to the fact that the XANES region is just slightly changed com-
pared to the one of the activated catalyst, one can conclude that the structure 
around the RuII during the racemization reaction should be analogous, and it 
definitely keeps its hexa-coordinated structure in basic octahedral configura-
tion. The Cp ring and two COs clearly are still coordinating to the RuII cen-
ter. However, the sixth position cannot be fitted within reasonable certainty. 
There could be a contribution from a loosely bound oxygen, most probably, 
but the contribution is in the order of the noise level, therefore it cannot be 
identified unambiguously. 

4��������
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In summary, by the aid of XAS we have been able to verify the structure of 
the dissolved catalysts, the structure of the proposed acyl intermediates of 
IIa’-c’ in the activation as well as the activated t-BuO-complex XIa and XIb 
of ruthenium catalyst IIa, IIb and IIc. We also observed differences in rate 
of activation of differently substituted Cp-ligands onto the ruthenium cata-
lyst. It was found that strong electron-donating para-substituents on the aryl 
rings of the ligands accelerated the activation process, while the ligand with 
electron-deficient substituents completely halted the activation at the inter-
mediate structure. When adding alcohol substrate 4a, we observed that the 
spectrum of the activated complex became more complicated, and a dynamic 
process begun and the absolute structure was not possible to resolve. 
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This thesis has covered many aspects of catalysis, from the development of 
heterogeneous catalytic systems to homogeneous iron protocols coupled 
with enzymatic resolution. The thesis has also dealt with the mechanistic 
investigation of the activation process of a metal complex using XAS.  

The first two project described the use of an amino functionalized het-
erogeneous siliceous mesocellular foam as solid support for palladium nano-
particles. One of the two projects, combines the palladium catalyst and an 
enzyme immobilized on polystyrene bead for the successful chemoenzymat-
ic DKR of primary benzylic amines. The second project co-immobilizes the 
two catalytic species directly on the pre-functionalized siliceous foam creat-
ing an artificial metaloenzyme. That the function of the two catalytic entities 
remained were demonstrated in a chemoenzymatic DKR of α-methyl benzyl 
amines 1a. The two co-immobilized species even proved to be more efficient 
compared to when the immobilized on separate supports.  

In project three and four the aim was to develop a new biohybrid cata-
lyst. Were the idea being to instead of using an inert bulk material for the 
immobilization of palladium nanoparticles to use a cross-linked matrix of the 
catalytically active enzyme CalB. The bifunctionality of the novel catalyst 
was demonstrated in a cascade reaction, where exo-cyclic vinyl lactone 6 
was produced in situ for the CalB catalyzed kinetic resolution of sec-
alcohols. After improvement of the catalyst synthesis, the biohybrid catalyst 
was implemented in a chemoenzymatic DKR of primary benzylic amines.  

In project five the first homogeneous iron catalyst for the racemization 
of sec-alcohols was reported together with a ruthenium analogue. Unfortu-
nately, it was not possible to incorporate them into a DKR, due to catalyst 
deactivation when adding an ester moiety. In the sixth project described in 
this thesis, the previously mentioned obstacle was overcome when changing 
the PNP-pincer type iron catalyst for an iron tricarbonyl cycopentadienone 
catalyst, allowing for the development of a functioning chemoenzymatic 
DKR.  

The reactivity of the iron catalyst used in project six was further ex-
plored in project seven and eight, where the catalyst was used in a cycloi-
somerization of different heteroatom-substituted allenes into either 2,3-
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dihydrofurans or pyrroles. The cycloisomerization to the two heterocycles 
proved to be highly robust and diastereoselective. 

The final project described in the thesis dealt with the mechanistic in-
vestigation of the formation and elucidation of an acyl intermediate in the 
activation of a known ruthenium racemization catalyst. The activation pro-
cess for the ruthenium catalyst was monitored using XAS in an operando 
set-up; where the instantaneous formation of an acyl intermediate and the 
gradual formation of the activated ruthenium complex could be observed. It 
was possible to extract bond distances of all long lived species in solution.            
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Table B1 The k space fitted models for the Ru K-edge EXAFS measure-
ments performed on catalyst IIa in solid form, dissolved in toluene, in THF 
and at the different stages of the reaction. Number of distances (N), mean 
distances (R / Å), Debye-Waller factor (σ2 / Å2). 

 N R σ2 
IIa solid S0

2 = 1 ΔE0 = −10.5 eV 
Ru – Cp 5 2.237(3) 0.0129(7) 
Ru – C 2 1.898(1) 0.0030(2) 
Ru ···· O 2 3.032(2) 0.0058(2) 
Ru – C – 
O 

4 + 2   

Ru – Cl 1 2.394(3) 0.0033(2) 
IIa in toluene S0

2 = 1 ΔE0 = −11.3 eV 
Ru – Cp 5 2.256(6) 0.0084(4) 
Ru – C 2 1.902(6) 0.0028(6) 
Ru ···· O 1 3.032(7) 0.0085(6) 
Ru – C – 
O 2 + 1   
Ru – Cl 1 2.423(3) 0.0090(4) 
IIa in THF S0

2 = 1 ΔE0 = −0.12 eV 
Ru – Cp 5 2.240(8) 0.0016(9) 
Ru – C 2 1.906(5) 0.0018(6) 
Ru ···· O 2 3.045(6) 0.0062(5) 
Ru – C – 
O 4 + 2   
Ru – Cl 1 2.436(8) 0.0044(5) 
IIa-5 S0

2 = 1 ΔE0 = −4.9 eV 
Ru – Cp 5 2.269(11) 0.0089(9) 
Ru – C 2 1.859(12) 0.0125(18) 
Ru ···· O 1 3.007(18) 0.0093(9) 
Ru – C – 
O 2 + 1   
Ru – 2 2.697(8) 0.00361(8) 
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Oacyl 
Ru – Cl 1 2.346(6) 0.0062(9) 
IIa-55 S0

2 = 1 ΔE0 = −1.5 eV 
Ru – Cp 5 2.278(15) 0.0039(12) 
Ru – C 2 1.894(5) 0.0057 (7) 
Ru ···· O 2 3.025(12) 0.0086(4) 
Ru – C – 
O 4 + 2   
Ru – O 1 2.095(9) 0.0026(9) 
IIa-s S0

2 = 1 ΔE0 = −7.3 eV 
Ru – Cp 5 2.257(7) 0.0029(4) 
Ru – C 2 1.908(4) 0.0097(8) 
Ru ···· O 2 3.017(8) 0.0085(4) 
Ru – C – 
O 4 + 2   
 
Table B2 The k space fitted models for the Ru K-edge EXAFS measure-
ments performed on catalyst IIb dissolved in THF and at the different stages 
of the reaction. Number of distances (N), mean distances (R / Å), Debye-
Waller factor (σ2 / Å2). 

  N R σ2 
IIa in THF S0

2 = 1 ΔE0 = −0.5 eV 
Ru – Cp 5 2.237(8) 0.00390(9) 
Ru – C 2 1.898(6) 0.00178(10) 
Ru ···· O 2 3.026(11) 0.00557(5) 
Ru – C – O 4 + 2 
Ru – Cl 1 2.402(9) 0.00327(11) 
IIb-5 S0

2 = 1 ΔE0 = 0.7 eV 
Ru – Cp 5 2.295(12) 0.0016(9) 
Ru – C 2 1.901(14) 0.0153(21) 
Ru ···· O 1 3.085(6) 0.0058(9) 
Ru – C – O 2 + 1 
Ru – Oacyl 1 2.548(13) 0.0205(12) 
Ru – Cl 0.7 2.348(15) 0.0150(20) 
Ru – Ot-BuO 0.7 2.064(12) 0.0021(15) 
IIb-45 S0

2 = 1 ΔE0 = −3.9 eV 
Ru – Cp 5 2.269(13) 0.0048(10) 
Ru – C 2 1.896(6) 0.0083(7) 
Ru ···· O 2 3.014(9) 0.0083(9) 
Ru – C – O 4 + 2 
Ru – O 1 2.126(7) 0.0068(8) 
IIb-s S0

2 = 1 ΔE0 = −7.3 eV 
Ru – Cp 5 2.233(8) 0.0040(4) 
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Ru – C 2 1.889(7) 0.0059(6) 
Ru ···· O 2 3.018(8) 0.0074(6) 
Ru – C – O 4 + 2 
 
Table B3 The k space fitted models for the Ru K-edge EXAFS measure-
ments performed on catalyst IIc dissolved in THF and at the different stages 
of the reaction. Number of distances (N), mean distances (R / Å), Debye-
Waller factor (σ2 / Å2). 

  N R σ2 
IIc in THF S0

2 = 1 ΔE0 = −0.33 eV 
Ru – Cp 5 2.249(8) 0.0025(7) 
Ru – C 2 1.911(9) 0.0014(6) 
Ru ···· O 2 3.065(5) 0.0059(3) 
Ru – C – O 4 + 2 
Ru – Cl 1 2.434(9) 0.0052(8) 
IIc-5 S0

2 = 1 ΔE0 = −4.0 eV 
Ru – Cp 5 2.270(8) 0.0078(12) 
Ru – C 2 1.859(11) 0.0158(8) 
Ru ···· O 1 3.062(9) 0.0109(10) 
Ru – C – O 2 + 1 
Ru – Oacyl 2 2.714(9) 0.0054(6) 
Ru – Cl 1 2.354(11) 0.0120(11) 
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