
 

Synthe
Nickel 

Inaug
Natu

Jus
I

esis, Ch
Comp

M

gural-Disse
urwissensc

der 

stus-Liebi
Institut fü

Analy

haracte
lexes w
Macroc

ertation z
chaften im
Justus-Li

La

 

ig-Univer
ür Anorga
ytische Ch

 

 
 

erizatio
with N-
cyclic L  
zur Erlang
m Fachbere
iebig-Univ

 
 

von 
 

ars Valent
aus 

Gießen

rsität Gie
nische und
hemie 

n and R
Donor,

Ligands

gung des D
eich Biolo
versität G

tin 

eßen 
d 

Reactiv
 Olefin
 

Doktorgrad
ogie und C
ießen 

 

vity of 
nic and 

des der  
Chemie 

 



 
 

Justus-Liebig-Universität Gießen
Fachbereich Biologie und Chemie 
Institut für Anorganische und Analytische Chemie

 

 
 
 

Vorlage für Abschlussarbeiten (1.1) 
Diplomarbeit, Magisterarbeit, Dissertation, Seminararbeit 

 
 

zur Erlangung des akademischen Grades Dr. phil. 

  

  

Erstgutachter: Prof. Dr. S. Schindler 

Zweitgutachter: Prof. Dr. R. Göttlich 

Vorgelegt von: Lars Valentin 

Abgabe der Dissertation im Prüfungsamt: 30.09.2014 



 

 
 

Eidesstattliche Erklärung 

Ich erkläre hiermit, dass ich diese Dissertation selbstständig ohne Hilfe Dritter 
und ohne Benutzung anderer als der angegebenen Quellen und Hilfsmittel ver-
fasst habe. Alle den benutzten Quellen wörtlich oder sinngemäß entnommenen 
Stellen sind als solche einzeln kenntlich gemacht. 
Diese Arbeit ist bislang keiner anderen Prüfungsbehörde vorgelegt worden und 
auch nicht veröffentlicht worden. 
Ich erkläre: Ich habe die vorgelegte Dissertation selbständig und ohne unerlaub-
te fremde Hilfe und nur mit den Hilfen angefertigt, die ich in der Dissertation 
angegeben habe. Alle Textstellen, die wörtlich oder sinngemäß aus veröffentlich-
ten Schriften entnommen sind, und alle Angaben, die auf mündlichen Auskünf-
ten beruhen, sind als solche kenntlich gemacht. Bei den von mir durchgeführten 
und in der Dissertation erwähnten Untersuchungen habe ich die Grundsätze 
guter wissenschaftlicher Praxis, wie sie in der „Satzung der Justus-Liebig-
Universität Gießen zur Sicherung guter wissenschaftlicher Praxis“ niedergelegt 
sind, eingehalten. 
 
Ich bin mir bewusst, dass eine falsche Erklärung rechtliche Folgen haben wird. 
 
 
Gießen, den 30.09.2014 
 
___________________ 
Lars Valentin 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

Danksagung 

Mein erster Dank gilt Herrn Prof. Dr. Siegfried Schindler für die gegebene Mög-
lichkeit meine Dissertation in seiner Arbeitsgruppe durchzuführen sowie für die 
vielseitigen wissenschaftlichen Anregungen und die stets gewährte Unterstüt-
zung während meiner Arbeit. Des Weiteren bedanke ich mich bei allen Kollegen 
und ehemaligen Kollegen des AK Schindler für die gute Zusammenarbeit und 
den stets freundschaftlichen Umgang miteinander: Dr. Alexander Beitat,  
Dr. Thomas Nebe, Dr. Jörg Müller, Dr. Sabrina Schäfer, Dr. Christian Würtele,  
Dr. Sandra Kisslinger, Dr. Jennifer Blank, Dr. Manfred Steinbach, Dr. Sabine 
Becker, Jonathan Becker, Janine Will, Melanie Jopp, Stefan Schaub, Tobias 
Hoppe, Andreas Miska, Frank Mehlich, Miriam Wern, Natascha Kempf, 
Cornelius Brombach, Steffen Müller, Florian Ritz und Nico Fischer. 
 
Besonderer Dank gilt hierbei Stefan Schaub und Tobias Hoppe, die mir immer 
mit Rat und Tat zur Seite standen und stets eine große Unterstützung waren. 
Dr. Sabine Becker, Jonathan Becker und Dr. Christian Würtele danke ich für 
die Mühe und Hilfe bei den Einkristallmessungen. 
 
Ebenfalls bedanke ich mich bei allen ehemaligen Kommilitonen für die gute Zu-
sammenarbeit und Unterstützung während des gesamten Studiums, besonders 
bei Dr. Halit Aydin und Dr. Christoph Bachmann. 
 
Der größte Dank gilt meiner Familie, die mich über die Jahre stets unterstützt 
hat und ein großer Rückhalt für mich war. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 

“Es spielt keine Rolle wie langsam Sie gehen, so lange Sie nicht  
anhalten.” 
(Konfuzius) 
 
 
 
 
 
 
 
 
 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Für meine Familie 
 
 
 
 
 
 
 
 
 
  



 

I 

Table of Ligands 

Name Abbr./ 
Formula Structure Molar mass 

[g/mol] 

2,2'-bipyridine bipy 
C10H8N2 

 

156.2 

1,5-cyclooctadiene COD 
C8H12  

108.2 

1,2-bis(2,2'-bipyridine-
6-yl)ethane 

O-BPy 
C22H18N4 

N

N
N

N

 

338.4 

1,2-bis(4'-methyl-2,2'-
bipyridine-4-yl)ethane 

Me-BPy
C24H22N4 

N

N
N

N

366.5 

N,N’-bis((6-
methylpyridine-2-

yl)methylene)butane-
1,4-diamine 

mpmbd 
C18H22N4 

N

N
N

N

 

294.4 



Table of Ligands 

II 

N,N‘-bis(pyridine-2-
ylmethylene)butane-

1,4-diamine 

pmbd 
C16H18N4 

N

N
N

N

 

266.3 

N,N‘-bis(pyridine-2-
ylmethylene)ethane-1,2-

diamine 
 

pmed 
C14H14N4 

 

238.3 

N,N‘-bis(pyridine-2-
ylmethylene)ethane-1,2-

pentane 

pmpd 
C17H20N4 

 

280.4 

bicyclopropylidene bcp 
C6H8  

80.1 

1,4-dicyclopropyl-

acetylene 
dcpa 
C8H10 

 

106.1 

1,4-dimethoxy-2-butyne dmbu 
C6H10O2  

114.1 



Table of Ligands 

III 

tetracyclo 
[7.3.1.14,12.02,7]tetradeca-

6,11-diene 

tctd 
C14H18 

 

 
 

186.0 

1,4,8,11-tetramethyl-
1,4,8,11-

tetraazacyclotetradecane 

14-tmc
C14H32N4

 

256.4 

(7S,14R)-5,5,7,12,12,14-
hexamethyl-1,4,8,11-

tetraazacyclotetradecane 

tetA 
C16H36N4

 

284.5 

(7R,14R)-5,5,7,12,12,14-
hexamethyl-1,4,8,11-

tetraazacyclotetradecane 

tetB 
C16H36N4

 

284.5 

 
 



 

IV 

Table of Abbreviations 

  

  

e.g. for example (latin: exempli gratia) 
i.e. that is (latin: id est) 
IR infrared 
RT room temperature 
UV-Vis ultraviolet and visible (light) 
NMR nuclear magnetic resonance 
TMS tetramethylsilane 
d doublet  
m multiplet  
s singlet  
t triplet 
THF tetrahydrofuran 
DMF dimethylformamide 
  

  
 
 
 



 

V 

Table of Contents 

Table of Ligands .................................................................................................. I 

Table of Abbreviations ..................................................................................... IV 

Table of Contents ............................................................................................... V 

1 Introduction ................................................................................................ 1 

1.1 The Element Nickel ........................................................................ 1 

1.2 Application ..................................................................................... 2 

1.3 Motivation ...................................................................................... 3 

1.4 Nickel(0)-Catalyzed Reactions ........................................................ 4 

1.4.1 Cyclooligomerization of Alkenes ........................................ 4 

1.4.1.1 Cyclooligomerization of Cyclopropenes ............................ 4 

1.4.1.2 Cyclooligomerization of 1,3-Butadiene ............................. 6 

1.4.2 Cyclooligomerization of Alkynes ........................................ 9 

1.4.2.1 Cyclooligomerization of Acetylene ................................... 9 

1.4.3 Carboxylation of 1,3-Dienes ............................................. 11 

1.5 Biochemistry of Nickel .................................................................. 15 

1.5.1 Methyl-Coenzyme M Reductase ....................................... 15 

1.5.2 Superoxide Dismutase ...................................................... 18 

1.5.3 Dioxygen Activation by Nickel ........................................ 21 

1.5.3.1 Ni–Ox Species with Ni(II) and Hydrogen Peroxide ........ 21 

1.5.3.2 Ni–Ox Species with Ni(0) and Dioxygen ........................ 22 

1.5.3.3 Ni–Ox Species with Ni(I) ................................................ 22 

1.6 Research Goals ............................................................................. 25 

a) Reactivity of Ni(0) and Cu(I) Complexes Towards  

Alkenes and Alkynes ........................................................ 25 

b) Ni(0) and Cu(I) Complexes with the Adamantane  
Ligand tctd ...................................................................... 26 

c) Ni(0) and Cu(I) Complexes with the Ligand System  
O-BPy  and Derivatives ................................................... 26 

d) Reactivity of Nickel Complexes with Macrocyclic  
Ligands ............................................................................ 27 



Table of Contents 

VI 

2 Reactivity of Ni(0) and Cu(I) Complexes Towards Alkenes and Alkynes . 29 

2.1 Introduction .................................................................................. 29 

2.2 Nickel (0) Complexes with bcp, dcpa and dmbu .......................... 31 

2.2.1 Molecular Structures ........................................................ 32 

2.2.1.1 [Ni(bipy)(bcp)] ............................................................... 32 

2.2.1.2 [Ni(bipy)(dcpa)] ............................................................. 33 

2.2.1.3 [Ni(bipy)(dmbu)] ........................................................... 33 

2.2.2 Mechanistic Studies ......................................................... 34 

2.2.2.1 [Ni(bipy)(bcp)] ............................................................... 35 

2.2.2.2 [Ni(bipy)(dcpa)] ............................................................. 38 

2.2.2.3 [Ni(bipy)(dmbu)] ........................................................... 40 

2.3 Copper(I) Complexes with bcp and dcpa ..................................... 46 

2.3.1 Molecular Structures ........................................................ 46 

2.3.1.1 [Cu(bipy)(bcp)]PF6 ........................................................ 46 

2.3.1.2 [Cu(bipy)(dcpa)]PF6 ...................................................... 47 

2.3.2 Reactivity Towards Dioxygen .......................................... 48 

2.4 Experimental ................................................................................ 49 

2.4.1 Material and Reagents ..................................................... 49 

2.4.2 Kinetic Measurements ...................................................... 49 

2.4.3 Synthesis of the Complexes .............................................. 50 

2.4.3.1 [Ni(COD)2] ..................................................................... 50 

2.4.3.2 [Ni(bipy)(COD)] ............................................................ 50 

2.4.3.3 [Ni(bipy)(dmbu)] ........................................................... 50 

3 Ni(0) and Cu(I) Complexes with the Adamantane Ligand tctd ................ 51 

3.1 Introduction .................................................................................. 51 

3.2 Copper(I) Complexes with tctd .................................................... 53 

3.2.1 Molecular Structure of [Cu2(bipy)2(tctd)](PF6)2 ............... 53 

3.2.2 Molecular Structure of [Cu2Cl2(CH3CN)(tctd)] ................ 54 

3.3 Synthesis of Ni(0) Polymers with tctd .......................................... 57 

3.4 Experimental ................................................................................ 58 

3.4.1 Materials and Reagents .................................................... 58 

3.4.2 Crystallography ............................................................... 58 

3.4.3 Synthesis of tctd .............................................................. 59 

3.4.4 Synthesis of [Cu2Cl2(CH3CN)(tctd)] ................................. 59 



Table of Contents 

VII 

3.4.5 Synthesis of [Nix(tctd)y]n .................................................. 59 

4 Ni(0) and Cu(I) Complexes with the Ligand O-BPy and Derivatives ....... 61 

4.1 Introduction .................................................................................. 61 

4.2 Results .......................................................................................... 66 

4.2.1 Ligands ............................................................................ 67 

4.2.1.1 O-BPy............................................................................ 67 

4.2.1.2 Mpmbd .......................................................................... 69 

4.2.1.3 Pmed, pmbd, pmpd ....................................................... 72 

4.2.1.4 Me-BPy ......................................................................... 74 

4.2.2 Ni(0) Complexes .............................................................. 75 

4.2.2.1 [Ni(O-BPy)] ................................................................... 75 

4.2.2.2 [Ni2(O-BPy)(η2–C4H6)2] .................................................. 78 

4.2.2.3 [Ni(pmbd)] ..................................................................... 78 

4.2.2.4 [Ni(mpmbd)] .................................................................. 81 

4.2.2.5 [Ni(pmed)] and [Ni(pmpd)] ............................................ 84 

4.2.2.6 [Ni(Me-BPy)] ................................................................. 84 

4.2.3 Cu(I) Complexes with O-BPy and Derivatives ................ 84 

4.2.3.1 [Cu(COD)2]+ .................................................................. 86 

4.2.3.2 [Cu2(O-BPy)2]2+ ............................................................. 88 

4.2.3.3 [Cu(O-BPy)]2+ ................................................................ 91 

4.2.3.4 [Cu2(O-BPy)(COD)2](SO3CF3)2 ...................................... 93 

4.2.3.5 [Cu2(O-BPy)(C4H6)2](SO3CF3)2 ...................................... 96 

4.2.4 UV-Vis Spectroscopy ....................................................... 98 

4.2.4.1 [Ni(O-BPy)] vs. [Ni2(O-BPy)(η2-C4H6)2] ......................... 98 

4.2.4.2 [Ni(pmbd)] ................................................................... 100 

4.2.4.3 [Ni(mpmbd)] ................................................................ 101 

4.2.4.4 [Ni(pmed)] ................................................................... 102 

4.2.4.5 [Ni(pmpd)] ................................................................... 103 

4.2.4.6 [Ni(Me-BPy)] ............................................................... 104 

4.3 Experimental .............................................................................. 105 

4.3.1 Materials and Reagents .................................................. 105 

4.3.2 Crystallography ............................................................. 105 

4.3.3 NMR Spectroscopy ........................................................ 105 

4.3.4 UV-Vis Spectroscopy ..................................................... 105 



Table of Contents 

VIII 

4.3.5 IR Spectroscopy ............................................................. 106 

4.3.6 Synthesis of the Ligands ................................................ 106 

4.3.6.1 O-BPy.......................................................................... 106 

4.3.6.2 Me-BPy ....................................................................... 106 

4.3.6.3 Mpmbd, pmbd, pmed, pmpd ....................................... 106 

4.3.7 Synthesis of the Ni(0) Complexes .................................. 107 

4.3.7.1 [Ni(COD)2] ................................................................... 107 

4.3.7.2 [Ni(O-BPy)] ................................................................. 107 

4.3.7.3 [Ni2(O-BPy)(η2–C4H6)2] ................................................ 108 

4.3.7.4 [Ni(pmbd)] ................................................................... 108 

4.3.7.5 [Ni(mpmbd)] ................................................................ 108 

4.3.7.6 [Ni(pmed)] ................................................................... 108 

4.3.7.7 [Ni(pmpd)] ................................................................... 109 

4.3.7.8 [Ni(Me-BPy)] ............................................................... 109 

4.3.8 Synthesis of the Cu(I) Complexes .................................. 109 

4.3.9 [Cu(COD)2]+ .................................................................. 109 

4.3.9.1 [Cu2(O-BPy)2](BF4)2 .................................................... 109 

4.3.9.2 [Cu(O-BPy)](BF4)2 ...................................................... 110 

4.3.9.3 [Cu2(O-BPy)(COD)2](SO3CF3)2 .................................... 110 

4.3.9.4 [Cu2(O-BPy)(C4H6)2](SO3CF3)2 .................................... 110 

5 Reactivity of Nickel Complexes with Macrocyclic Ligands ...................... 111 

5.1 Introduction ................................................................................ 111 

5.2 Results ........................................................................................ 114 

5.2.1 Synthesis and Reactions of Nickel Complexes bearing  
14-tmc ............................................................................ 114 

5.2.1.1 Ligand 14-tmc .............................................................. 114 

5.2.1.2 Synthesis of [Ni(14-tmc)]2+ ........................................... 115 

5.2.1.3 Synthesis of [Ni(14-tmc)]ClO4 ...................................... 120 

5.2.1.4 Reaction of [Ni(14-tmc)]ClO4 with Nitrous Oxide ....... 120 

5.2.1.5 [Na(14-tmc)]ClO4 ......................................................... 121 

5.2.1.6 [Ni(14-tmc)(OH)]ClO4 .................................................. 124 

5.2.1.7 Reaction of [Ni(14-tmc)]SO3CF3 and Nitrous Oxide .... 129 

5.2.1.8 Reaction of [Ni(14-tmc)]2+ with Peroxides and 
Superoxides .................................................................. 131 



Table of Contents 

IX 

5.2.2 Synthesis and Reactions of Nickel Complexes bearing  
tetB ................................................................................ 135 

5.2.2.1 Ligand tetB ................................................................. 135 

5.2.2.2 [Ni(tetB)](ClO4)2 .......................................................... 137 

5.3 Experimental .............................................................................. 142 

5.3.1 Materials and Reagents .................................................. 142 

5.3.2 Crystallography ............................................................. 142 

5.3.3 NMR Spectroscopy ........................................................ 142 

5.3.4 UV-Vis Spectroscopy ..................................................... 143 

5.3.5 IR Spectroscopy ............................................................. 143 

5.3.6 Synthesis of the Ligands ................................................ 143 

5.3.6.1 14-tmc .......................................................................... 143 

5.3.7 Synthesis of the Nickel Complexes ................................. 144 

5.3.7.1 [Ni(14-tmc)]2+............................................................... 144 

5.3.7.2 [Ni(tetB)](ClO4)2 .......................................................... 144 

5.3.7.3 [Ni(14-tmc)]+ ................................................................ 144 

5.3.7.4 Reaction of [Ni(14-tmc)]+ and Nitrous Oxide .............. 144 

5.3.7.5 Reaction of [Ni(14-tmc)](ClO4)2
 and H2O2 .................... 145 

5.3.7.6 Reaction of [Ni(tetB)](ClO4)2
 and H2O2/Et3N .............. 145 

5.3.7.7 Reaction of [Ni(14-tmc)](ClO4)2/[Ni(tetB)](ClO4)2
 and 

Na2O2 ........................................................................... 145 

5.3.7.8 Reaction of [Ni(tetB)](ClO4)2 and KO2 ........................ 145 

6 Summary/Zusammenfassung ................................................................... 147 

6.1 Summary .................................................................................... 147 

6.2 Zusammenfassung ....................................................................... 153 

7 List of Figures ......................................................................................... 161 

8 List of Tables .......................................................................................... 171 

9 Bibliography ............................................................................................ 173 

A. Curriculum Vitae .................................................................................... 187 

  



 

1 I

1.1 

The 
new 
and 
artic
nicke
is alr
later
from
resem
chiev
(fals
In 1
Baro
mine
prop
and 
Nati
oxyg
el is 
tain 
pent
in co
ada 
 
 
 
 
      
       
 

F

Introd

The El

metal nic
silver or 
traces of 

cles of dail
el in the p
ready suffi
r on in the

m medieval 
mbling cop
vous spirit
e copper). 
751 nickel 
on Axel F
eral he ins
perties and
further ch
ive nickel 
gen. Its abu
found in c
5-25 % ni

tlandite an
ombination
and Russia

Garnierite
NiMg(SiO4)x

Figure 1.1: O

duction

lement N

ckel has alr
cupronicke
other tran
ly use as w
production 
icient to gi
e middle a
miners wh

pper-ore bu
t, Nickel fo

was finall
redrik Cro
stead obta

d named it 
aracterized
is rarely f
undance in
combinatio
ickel. The 
nd nickelsk
n with arse
a.3 

e         Nicc
x             Ni

Overview o

n 

Nickel 

ready been
el which a
nsition met
well as anc
of their co
ive the allo
ges for dyi
ho tried to
ut consistin
or enchant

ly discover
onstedt. At
ained a wh

after the 
d by Torbe
found on E
n Earth's c
on with iro
most impo

kutterudite
enic and su

colite       
iAs             

1 

of the most 

n used 170
are alloys m
tals. Chine
cient Greek
oins. There
oy its silve
ing glasses
o extract c
ng of nicke
ting the co

red by the
ttempting 
hite colore
spirit. 177

ern Bergma
Earth's su
crust is abo
on because
ortant ore
 (see Figu

ulfur. The b

Millerite   
   NiS       

common n

00 - 1400 
mainly con
ese used ne
ks who we
eby, an am
er color. N
s green. Th
copper from
el and arse
opper and 

e Swedish 
to extract

ed metal w
75 the pure
an.[1, 2] 
rface due 
out 0.01 %
e of nickel-
s are garn

ure 1.1). H
biggest pro

     Pentla
        (Ni, F

nickel ores.[

b. C. as a
nsisting of 
ew silver t
re the first

mount of ≥ 
Nickel salts 
he name n
m niccolite
enic. They 
named it 

mineralogi
t copper f
with comp
e metal co

to its reac
. Most of t
iron meteo
ierite, nicc
ere, nickel
oduction si

andite   Nic
Fe)9S8         (N

[3] 

a compone
f copper, n
to manufa
t to use cu
 15 % of n
were also 

nickel origin
e, a red mi
 blamed a 
"Kupferni

ist and che
from the f
pletely diff
ould be iso

ctivity tow
the native 
orites that
colite, mill
l mainly o
ites are in 

ckelskutteru
Ni, Fe, Co)A

nt of 
nickel 
cture 
upro-
nickel 
used 

nates 
ineral 
mis-

ickel" 

emist 
found 
ferent 
olated 

wards 
nick-
con-

erite, 
ccurs 
Can-

udite 
As3 



1 Introduction 

2 

There are several procedures to purify nickel, mainly roasting, which are 
adapted to the respective ore. The most known technique to obtain highly pure 
nickel is the Mond process (see Figure 1.2).  
 

 

Figure 1.2: Equation for the Mond process. 

It was developed in 1890 by the chemist Ludwig Mond and is based on the re-
versible formation of tetracarbonylnickel(0) which was also the first isolated 
metal carbonyl complex. Thereby, reduced impure nickel is reacting with carbon 
monoxide at 50-100 °C to form the volatile carbonyl complex which can be sub-
sequently decomposed on heating to 180-200 °C to give nickel metal with a pu-
rity of 99.9 %.[4] This unique reaction is utilized even today as the industrial 
refining method of metallic nickel. 

1.2 Application  

Nickel is a hard and corrosion resistant metal and therefore has various applica-
tions in metallurgy, coinage or batteries. The biggest part of the global nickel 
production (about 2 million tons in 2012) is used for making nickel steels, non-
ferrous alloys and electroplating.[5] Besides these applications, the metallic 
properties of nickel make it interesting for chemical catalysis. About 70 % of all 
industrial chemicals have involved the use of a catalyst at some point during 
their manufacturing process which highlights the paramount importance of ca-
talysis in chemistry.[6] In general, catalysts can be heterogeneous or homogene-
ous. In heterogeneous catalysis the phase of the catalyst differs from that of the 
reactants during the chemical reaction. Most of the time these catalysts are sol-
ids which act on substrates in a liquid or gaseous reaction mixture and acceler-
ate the reaction. Thereby, the surface area of the catalyst is critical since it de-
termines the availability of catalytic sites. A common approach to maximize the 
surface area is to use catalyst supports to which the catalysts are affixed. With 
the help of this technique surface areas can be enlarged, e. g. some mesoporous 
silicates have surface areas of 1000 m2/g. The big advantage of heterogeneous 
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catalysis is the fact that the catalyst can be separated and recovered from the 
reaction mixture easily which is an important consideration for industrial manu-
facturing processes.[4] 
 
In homogenous catalysis the catalyst is in the same phase as the substrate dur-
ing the reaction. Because of the wide use of organometallic compounds, homo-
geneous catalysis is also the success story of organometallic chemistry. Due to 
usually milder reaction conditions, such as lower reaction temperatures and 
pressures as well as higher yields and selectivity, homogeneous catalysis has 
many advantages compared to hetereogenous catalysis. The far better mechanis-
tic understanding of the micro processes (catalytic cycles) allows the possibility 
of influencing both steric and electronic properties of the defined catalysts. 
Thus, it is possible to tailor optimized catalysts to the particular problem in-
volved, by adapting their chemical and structural basis.[7] However, a disad-
vantage of homogeneous catalysis is the complicated and expensive recycling of 
the catalyst due to the fact that all components are in the same phase. 
Only since the 1950s homogeneous catalysis has been established as a field of  
organometallic chemistry thanks to discoveries of Roelen, Ziegler, Natta et al.[7] 
The discovery of the Reppe-catalyst in 1940 and of nickelocene in 1953 finally 
triggered the enormous commercial and industrial interest in the organometallic 
chemistry of nickel.[8] 

1.3 Motivation 

The most common metals used in homogeneous catalysis are palladium and 
platin. Besides these two metals nickel also shows a wide variety of organome-
tallic compounds which makes it so interesting for catalysis. Furthermore, nickel 
has a much higher production with about 2 million tons per year and is about 
ten to fifty times cheaper than palladium and platin. This leads to the endeavor 
replacing palladium and platin catalysts with nickel. Today many organic syn-
theses can only be carried out with high yields by the use of organic nickel 
compounds.[9–11] A great amount of catalysts are Ni(0) complexes which are 
highly sensitive towards oxygen but the current state of chemical technology 
allows successful handling of these complexes.[7, 10, 11] 
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1.4 Nickel(0)-Catalyzed Reactions 

In the following, Ni(0) complexes and their catalytic properties concerning cy-
clooligomerization of alkenes and alkynes as well as the fixation of carbon  
dioxide, an inexhaustible and cheap resource, in form of carboxylation of  
1,3-dienes will be described briefly.[8, 12, 13] 

1.4.1 Cyclooligomerization of Alkenes 

Nickel-catalyzed cyclooligomerization reactions of alkenes and alkynes are cor-
nerstones of the organic chemistry of transition metals and have been first dis-
covered by Reppe et al. in the late 1940s. Even today they belong to the most 
studied reactions. In cyclooligomerization reactions strained molecules such as 
cyclopropenes, methylenecyclopropanes or norbornadiene are often used as reac-
tive substrates. Thereby, either weakened carbon-carbon π-bonds, as in the case 
of many cyclooligomerization and cycloisomerization reactions, or strained car-
bon-carbon bonds are cleaved to obtain new carbon-carbon σ-bonds. Unstrained 
alkenes usually form mainly linear oligomers in the presence of nickel cata-
lysts.[9] 

1.4.1.1 Cyclooligomerization of Cyclopropenes 

Cyclopropenes are highly strained carbocyclic compounds with strain energies 
up to 54.5 kcal·mol-1 (cyclopropene).[16] In presence of nickel(0) catalysts cy-
clopropenes undergo cyclooligomerization reactions.  
 

 

Figure 1.3: Cyclodimerization and cyclotrimerization products of cyclopropene. 

As an example, the cyclodimerization and cyclotrimerization products of  
3,3-dimethylcyclopropene are shown in Figure 1.3.[17, 18] The postulated cata-
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lytic cycle for this reaction is shown in Figure 1.4.[9] At first, the nickel(0) com-
plex interacts with the π-bond of the cyclopropene and forms a Ni(0)-η2-olefin 

complex 1.4. This complex reacts with another cyclopropene to a nickellacyclo-
pentane 1.5. Subsequently, the cyclobutane derivative 1.1 is formed by reduc-
tive elimination of 1.5 and recovery of the Ni(0) complex 1.4 as the product of 
the cyclodimerization (path A).  
 

 

Figure 1.4: Catalytic cycle for the nickel-catalyzed cyclooligomerization of cyclo-

propenes. 

By the insertion of another molecule of cyclopropene the seven-membered nick-
ellacycle 1.6 is formed which undergoes reductive elimination to give the prod-
uct of cyclotrimerization 1.2 (path B). The carbene complex 1.7 can either be 
formed by the reaction of 1.5 with cyclopropene or stepwise by the isomeriza-
tion of 1.6. After insertion of the carbene carbon into the Ni–C(α) bond the six-

membered metallacycle 1.8 is obtained. Finally, reductive elimination of 1.8 
forms the vinylcyclopentane 1.3 as the third product of the cyclooligomerization 
of cyclopropene. (path C). Bipyridyl complexes 1.9 [19, 20] and 1.10 [21, 22] 
which have close structural similarity to the intermediates proposed in the cata-
lytic cycle (see Figure 1.4) could be isolated and structurally characterized by 
X-ray diffraction. These Ni(0) cyclopropene complexes could be obtained by the 
reaction of 3-tertbutyl-1-cyclopropene-1,2-dicarboxylate 1.9 and by oxidative 
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addition of two molecules of 3,3-Dimethylcyclopropane 1.10 with 
[Ni(bipy)(COD)]. The molecular structures of the complexes are shown in 
Figure 1.5. 
Furthermore, palladium complexes are also capable of catalyzing the cyclooli-
gomerization of cyclopropenes.[23–25] 
 

 

Figure 1.5: Molecular structures of analogue Ni(0) complexes of reactive intermedi-

ates proposed in Figure 1.4 determined by X-ray analysis. 

1.4.1.2 Cyclooligomerization of 1,3-Butadiene 

In 1954 the first nickel-catalyzed cyclodimerization and cyclotrimerization of 
1,3-butadiene was reported by Reed.[26] Wilke further investigated the polymer-
ization of 1,3-butadiene extensively by using Ziegler catalysts prepared from 
nickel acetylacetonate and Al(OEt)Et2 in 1959.[6, 27] They both obtained a 
mixture of products containing 4-vinylcyclohexene (VCH) 1.11, (E,E)-1,5-
cyclooctadiene (COD) 1.12 and (E,E,E)-1,5,9-cyclododecatriene (CDT) 1.13 as 
well as other oligomers (see Figure 1.6).[8, 26, 27] 
 

 

Figure 1.6: Products of the nickel-catalyzed cyclooligomerization of 1,3-butadiene. 

These studies contributed to a better understanding of the reaction mechanism 
involved. A generally accepted mechanism for the cyclodimerization and  
cyclotrimerization of 1,3-butadiene is shown in Figure 1.7.[9, 27] At first, the 
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Ni(0) species reacts with two molecules of 1,3-butadiene and forms a nickellacy-
cle via oxidative cyclization 1.16.  
 

 

Figure 1.7: Reaction pathway of the nickel-catalyzed cyclooligomerization of  

1,3-butadiene. 

In presence of a phosphine ligand (R3P), one coordination site is blocked for 1,3-
butadiene and the complex isomerizes to various nickellacycles 1.18-1.20. Sub-
sequently, these intermediates form the cyclodimerized products 1.11, 1.12 and 
1.14 by reductive elimination. In case of a low phosphine to nickel ratio the 
intermediate 1.17 is formed and the cyclotrimerized product 1.13 is isolated as 
the major product. The intermediates 1.15-1.20 could be isolated and charac-
terized using NMR-spectroscopy.[30–32] Detailed computational mechanistic 
studies have also been carried out to support the proposed mechanism.[29, 30] 
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Table 1.1: Reaction of 1,3-butadiene with nickel acetylacetonate and Al(OEt)Et2; 

control of oligomerization using R3P ligands. Conditions: 30 °C, 5 bar.[6] 

  

Product 
(C6H11)3P 

[%] 
(Ph-C6H4O)3P 

[%] 
without 

[%] 
    

4-Vinylcyclohexene 1.11 39.6 3.1 10 
1,5-Cyclooctadiene 1.12 41.2 96.5 25 
1,5,9-Cyclododecatriene 1.13 14.4 0.2 65 
Higher oligomers 4.8 0.2 - 
    

 
Therefore, the formation of the major products does not only depend on tem-
perature and pressure, but on the addition of the ligand R3P as well. The ratio 
of 1.11 : 1.12 : 1.13 could be varied by the addition of different R3P ligands 
(see Table 1.1).[6, 35] 
The nickel-catalyzed synthesis of 1,5-cyclooctadiene and 1,5,9-
cyclooctadodecatriene is also of industrial interest and thus used by chemical 
companies, e.g. the corporation Evonik Industries. 
CDT is one of the most important starting materials for cyclic and linear com-
pounds with 12 carbon atoms. Due to its triple unsaturated character it permits 
a wide range of chemical reactions. It serves as a raw material in the manufac-
ture of Polyamid-12 (VESTAMID®), which for example is used in functional 
elements of sport shoes and premium textiles, as well as in the manufacture of 
brominated flame retardants used in plastics (polystyrene).[36, 37] 
COD serves as an important starting material for the synthesis of cyclic  
C8 compounds. It is used as a stabilizer in the manufacture of the semicrystal-
line rubber VESTENAMER®, as a component of catalysts in several production 
processes and also in the production of fragrances due to its pungent  
odor.[37, 38] 
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1.4.2 Cyclooligomerization of Alkynes 

A variety of transition metals such as Ni, Co, Pd and Rh catalyze cyclooli-
gomerization reactions of alkynes. The first nickel-catalyzed cyclotrimerization 
and cyclotetramerization of acetylene yielding benzene and cyclooctatetraene 
was discovered by Reppe.[9] This also marks the first example of a transition 
metal-catalyzed cyclooligomerization reaction of alkynes. 

1.4.2.1 Cyclooligomerization of Acetylene 

Walter Reppe and co-workers set a milestone in nickel organic chemistry in 
1948. They investigated nickel-catalyzed cyclooligomerization reactions of acety-
lene by using a mixture of Ni(CN)2 and CaC2.[39–42] The postulated reaction 
mechanism is shown in Figure 1.8.  
 

 

Figure 1.8: Reaction mechanism of the cyclotetramerization of acetylene;  

Reppe et al. 

The precise mechanism was not clear so he assumed that four molecules of acet-
ylene bind to an intermediary formed nickelacetylide 1.22 to give a nickellacy-
clononatetraene 1.23. This complex further decomposes into the starting com-
pound 1.22 and cyclooctatetraene 1.24.[40] In the following, several research 
groups investigated this reaction. Wilke et al. showed that the cyclotetrameriza-
tion of acetylene is catalyzed by Ni(0) complexes.[41–45] With subsequent de-
tailed mechanistic studies by Eisch and co-workers more insight into the reac-
tion mechanism was achieved (see Figure 1.9).[46] It could be shown that the 
reactive nickelacyclopropene 1.25 and nickelacyclopentene 1.26 are crucial in-
termediates in the cyclotrimerization as well as in the  
cyclotetramerization of acetylene. If the trimerization product 1.27 or the te-
tramerization product 1.28 is formed, depends on whether 1.26 reacts with an-
other molecule of acetylene or if it undergoes autodimerisation.  
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1.4.3 Carboxylation of 1,3-Dienes  

The fixation of carbon dioxide and its use in synthetic organic chemistry is a 
fascinating and important process. The growing interest of CO2 as C1 building 
block relies on its low-cost, lack of toxicity, high abundance and tremendous 
potential as a renewable carbon source.[47]  
It is well known that it can be activated by coordinating to transition metals 
and particularly strongly to nickel.[9] However carbon dioxide only binds in a 
few ways. There are two major possible coordination modes, a η2-side-on coordi-
nation and a η1-C-on coordination. A further η1-end-on coordination has also 
been proposed by calculations (see Figure 1.11).[48, 49] 
 

 
          η2-side-on   η1-C-on    η1-end-on 

Figure 1.11: Possible coordination modes of carbon dioxide to nickel. 

The first isolated and structurally characterized metal carbon dioxide complex 
[Ni(CO2)(PCy3)2] was reported in 1975.[50] It could be obtained under very mild 
reaction conditions. Treatment of [Ni(PCy3)2] with CO2 at room temperature in 
toluene afforded orange crystals of the complex with a η2-side-on coordinated 
carbon dioxide (see Figure 1.12). However, most of the characterized metal car-
bon dioxide complexes are too stable and not reactive towards substrates. 
 

 

Figure 1.12: Reaction of bis(1,5-cyclooctadiene)nickel(0) with tricyclohexylphos- 

phine and carbon dioxide. 

According to this only a few catalytic reactions with carbon dioxide and transi-
tion metals are known. In general, a stoichiometric quantity of the nickel com-
plex is required, mainly because the formed oxanickelacycle is stable. Neverthe-
less, many investigations have been carried out varying substrates as well as 
catalysts to obtain new reactions leading to the formation of C–H, C–N, C–O as 
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well as C–C bonds.[51–56] Especially the C–C formation is one of the most cen-
tral problems of metal organic chemistry. 
Electron-rich Ni(0) complexes with electron-donating ligands are reactive species 
which allow the reaction of carbon dioxide with unsaturated compounds, such 
as 1,3-dienes, to form new C–C bonds.[57–60] Oxidative coupling of the diene 
and CO2 using nickel complexes provides a π-allylnickel complex which has been 
successfully characterized by X-ray crystallography.[57] As an example the reac-
tion of 2,3-dimethyl-1,3-butadiene 1.29 and CO2 using a nickel(0) complex is 
shown in Figure 1.13.[61, 62] 
 

 

Figure 1.13: Reaction of 2,3-Dimethyl-1,3-butadiene and CO2 using a 

nickel(0) complex. 

Acidic treatment of the obtained π-allylnickel complex 1.30 affords  

3,4-dimethyl-3-pentenoic acid 1.31. 
 
The reaction of 1,3-butadiene and carbon dioxide in presence of [Ni(COD)2] and 
the ligand tetramethylethylenediamine (TMEDA) provides the nickelacarbox-
ylate 1.32 which is in an equilibrium with σ-oxanickelaheptene 1.33 and  

σ-oxanickelacyclopentane 1.34 (see Figure 1.14).[61, 62] 

Further reaction with CO2 gives a nickeladicarboxylate complex 1.35 and 
treatment with MeOH/HCl affords the cis-dicarboxylic acid ester 1.36. 
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+ CO2
O

Ni

O

Ni(COD)2

TMEDA O
Ni

O
1.33

O
Ni

1.34

O

CO2

O

O
Ni

O

O

MeOH/HCl
MeO2CH2C CH2CO2Me

1.351.36  

Figure 1.14: Reaction of 1,3-butadiene and CO2 using [Ni(COD)2]/TMEDA. 

Although these reactions need a stoichiometric quantity of the nickel complex 
the nickelacarboxylates obtained can be used in preparative chemistry and as 
model complexes of catalytic reactions. However, the catalytic formation of line-
ar carboxylic acids with butadiene and carbon dioxide using Pd complexes has 
already been achieved.[65] Nevertheless, there are many investigations on nick-
el(0)-mediated C-C coupling reactions using carbon dioxide and the cocycliza-
tion of 1,3-diene and CO2 is one of the most extensively studied transition met-
al-catatalyzed CO2 fixation processes.[9] 
The type of ligand, monodentate or multidentate and its electronic and steric 
effects, as well as the solvent used, play an important role. Since multidentate 
ligands lead only to stoichiometric reactions a series of monodentate phosphine 
ligands were examined to obtain carboxylic acids catalytically.[64, 65] A func-
tionalized cyclopentanecarboxylic acid could be obtained from the reaction of 
butadiene and carbon dioxide using [Ni(COD)2] and a triisopropyl phosphite 
ligand (see Figure 1.15).[67] Heating a mixture of butadiene, the catalyst and 
the ligand in DMF to 60 °C in an autoclave affords 2-methylene-3-
vinylcyclopentanecarboxylic acid 1.37 in high yield.  
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+ CO2

cat. [Ni(COD)2]

P(OiPr)3
23 h, DMF, 60 °C CO2H

1.37  

Figure 1.15: Catalytic reaction of 1,3-butadiene and CO2 using 

[Ni(COD)2]/P(OiPr)3. 

Under these conditions the carboxylic acid can be prepared catalytically; the 
achieved turnover of Ni is 30. The proposed reaction course for the catalytic 
cycle is shown in Figure 1.16. The catalysis is initiated by the dimerization of 
butadiene on the Ni(0)L system to give the π-allylnickel complex 1.38.  
 

 

Figure 1.16: Proposed reaction course for the catalytic formation of 2-methylene-3-

vinylcyclopentanecarboxylic acid. 

The carbon-oxygen bond is inserted into the carbon-nickel bond 1.39 and fur-
ther insertion of the double bond into the nickel-carbon bond gives 1.40. Subse-
quent β-hydrogen elimination forms complex 1.41 and reductive elimination 

finally gives the cyclopentanecarboxylic acid 1.37 by regenerating the starting 
nickel(0) compound. 
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1.5 Biochemistry of Nickel 

The biological importance of nickel has not been recognized until the discovery 
of nickel in the active site of jack bean urease in 1975.[68]  
This can be attributed, amongst others, to the uncharacteristic light absorption 
of nickel(II) ions coordinated to physiologically relevant ligands. Furthermore, 
most of the time nickel is only part of complex, several coenzymes containing 
enzymes, e.g. next to Fe/S clusters in the acetyl-CoA synthase. Today several 
nickel-containing enzymes have been detected and isolated (see Table 1.2).  

Table 1.2: Nickel-containing enzymes. 

 

Enzyme Source Composition 
   

Urease[68–70] Plants, bacteria 2 Ni/subunit 
Hydrogenases[71–74] Bacteria Ni, Fe/S clusters
Methyl-coenzyme M reductase 
[75–77] 

Methanogenic 
bacteria 

Ni tetrahydro-
corphin (F430) 

Acetyl-CoA synthase[78–81] 
 

Acetogenic and meth-
anogenic bacteria 

Ni, Zn, Fe/S clusters

Nickel superoxide dismutase[82–85] Bacteria Square planar Ni(II), 
square pyramidal 
Ni(III) 

Acireductone dioxygenase[86–88] Bacteria, plants Ni(II) or Fe(II) 
Glyoxalase I[89–91] Bacteria (e. coli) Ni(II) or Zn(II) 
   

 
In the following, the role of nickel in the methyl-coenzyme M reductase and su-
peroxide dismutase will be described briefly. 
 

1.5.1 Methyl-Coenzyme M Reductase 

Methanogenic archaebacteria, such as methanobacterium thermoautotrophicum 
catalyze the reaction of carbon dioxide with hydrogen to form methane and  
water (see Figure 1.17). This eight-electron reduction of CO2 gains amounts in 



1 Introduction 

16 

free energy up to 130 kJ/mol.[92] The reduction of the C1-unit is carried out in 
a stepwise manner, i.e. the substrate is transferred from one cofactor/enzyme to 
the next in course of the reaction.  
 

 

Figure 1.17: Overall equation for the reaction of CO2 with H2 affording methane. 

The last and key step in the generation of CH4 is the reaction of the C1-carrier 
thioether dimethyl-2,2'-dithiobis(ethanesulfonate) 1.42 (methyl-CoM) and N-7-
mercaptoheptanoyl-O-phospho-L-threonine 1.43 (HS-HTP) (see Figure 1.18). 
This exergonic cleavage of 1.42 forms methane and the mixed disulfide CoM-
SS-HTP 1.44 and is catalyzed by the enzyme methyl-CoM reductase.  
 
 

 

Figure 1.18: Formation of methane by the methyl-coenzyme M reductase.[92] 

About 109 tons of methane are produced per year by this reaction. Part of it 
acts as a potent greenhouse gas by escaping to the atmosphere.[75] Methanogen-
ic bacteria can be found in every habitat in which anaerobic biodegradation of 
organic compounds occurs, including digestive and intestinal tracts of animals 
as well as anaerobic waste digesters. Utilized substrates as carbon sources can 
be, amongst others, CO2, formate, methanol, ethanol and acetate.[77] 
Methyl-CoM reductase was first discovered by Ellefson and Wolfe and consists 
of three different subunits.[93] The hexameric protein contains two molecules of 
the coenzyme F430 in the active site. F430 is a nickel-containing macrocyclic 
tetrapyrrole of unique structure (see Figure 1.19). The ring system has only five 
double bonds and is the most reduced tetrapyrrole in nature. Due to its lack of 
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conjugated double bonds F430 appears yellow, in contrast to systems with more 
unsaturated tetrapyrrols (e.g. heme) which have a red color. Until now it is the 
only nickel tetrapyrrole coenzyme discovered. Its properties and structure have 
been determined by the groups of Eschenmoser and Thauer.[88, 89] The active 
form of F430, often referred to as MCRred1,[96] is a paramagnetic nickel(I) com-
plex and therefore sensitive towards oxygen. The name F430 derives from its 
intensive absorbance maxima at 430 nm. 
 

N

N N

N

HN

O

COOHH

H

HHOOC H

COOH

Ni

O

HH

HOOC

CH3

H COOHH3C
H2NOC

 

Figure 1.19: Structure of the coenzyme F430. 

The exact reaction mechanism for the nickel center in the cofactor F430 is still 
discussed. Figure 1.20 shows one possible reaction scheme for the formation of 
methane. The reduction of the Ni(II) center is coupled to the oxidation of  
-S-HTP suggested by electrochemical results on the oxidation of thioethers, 
thiols and thiolate anions.[91, 92] This forms F430 (NiI) 1.45 and the thiyl radi-
cal 1.46. This radical can then couple with methyl-CoM, affording the sul-
furanyl radical 1.47. Demethylation of the sulfuranyl radical generates the nick-
el-methyl species 1.49 and the mixed disulfide CoM-SS-HTP 1.48. Following 
protonation of the nickel-methyl compound finally gives methane and F430 
(NiII) which can start the next catalytic cycle.[92] 
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Figure 1.20: Proposed mechanism of methyl-coenzym M reductase.[92] 

1.5.2 Superoxide Dismutase 

Superoxide dismutases (SODs) are ubiquitous metalloenzymes that catalyze the 
disproportionation of superoxide to peroxide and molecular oxygen as part of a 
cellular defense system against reactive oxygen species generated by various re-
actions associated with aerobic metabolism.[99, 100] Superoxide has been impli-
cated as an active compound in the aging process, inflammatory diseases and a 
number of pathological conditions.[101–103] 
The dismutation reaction requires the presence of a redox-active metal center 
and proceeds via a mechanism wherein the metal is first reduced and then reox-
idized by superoxide (see Figure 1.21).[104, 105]  
 

M(n+1) + O2
- Mn(n+) + O2

M(n+) + O2
- + 2H+ M(n+1) + H2O2

2O2
- + 2H+ O2 + H2O2  

Figure 1.21: Equations for the dismutase reaction catalyzed by SODs. 

There are two well-known and extensively charaterized classes of SODs, the 
Cu,Zn-SOD and the Fe-SOD or Mn-SOD. Cu,Zn-SOD contains a dinuclear 
metal site with a catalytic active copper ion and zink determining the structure 
of the enzyme. They are homodimeric or monomeric β-barrel proteins[106] and 
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most commonly found in eukaryotes. Mn-SOD and Fe-SOD are homologous  
homodimeric or homotetrameric proteins which contain an iron or manganese 
center coordinated by histidine residues and aspartic acid. They most commonly 
occur in prokaryotes and protists, as well as in mitochondria.  
A third and completely different class of SODs, discovered several years ago, 
contains nickel. Originally isolated from Streptomyces,[103, 104] the Ni-SOD 
gene (sodN) has also been found in cyanobacteria[83, 108], marine gammaprote-
obacteria[110] and a marine eukaryote.[111] The amino acid sequence and struc-
ture of the active site of Ni-SODs have no significant homology with Fe-SOD, 
Mn-SOD or Cu,Zn-SOD. The Ni-SOD biological unit consists of a hexameric 
assembly of 4-helix bundles with a nickel ion in the active site bound to an N-
terminal "nickel hook" which consists of a 12-amino acid sequence providing all 
of the essential interactions for metal binding (see Figure 1.22).[85, 112] As 
shown in the figure, the six nickel ions are arranged in an octahedral geometry 
about an empty cavity whereas the catalytic metal sites within the hexamer do 
not interact. 
 

 
 
 
 
 
 
 
 
 

Figure 1.22: Ni-SOD: A hexameric as- 

                     sembly of 4-helix bundles. 

                     Ni ions displayed in dark 

                     gray.[85] 

 
 
 
 
 
 
 
 

 Figure 1.23:    Structure of the active 

             site of Ni-SOD (oxidized   

 state, NiIII).[99] 

Spectroscopic and computational studies showed that the geometry and the oxi-
dation state of the active site switches between a diamagnetic square planar 
Ni(II) and a paramagnetic square pyramidal Ni(III) center.[111, 112] In the re-
duced form the amino group nitrogen of His-1, the backbone nitrogen of Cys-2 
and the thiolates of Cys-2 and Cys-6 build the coordination environment for the 
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Ni(II) ion. Figure 1.23 shows the nickel hook coordinating Ni(III) (Ni-SODox) 
with the imidazole side chain of His-1 acting as additional fifth axial  
ligand.[98, 110]  
Based on experimental studies[85, 112–115] the proposed mechanism for the Ni-
SOD reaction (see Figure 1.24)[85] involves the binding of superoxide to the 
Ni(II) center after passing an electrostatic channel to the active site 1.50, gen-
erating a Ni(II)-peroxo species 1.51. This intermediate undergoes proton and 
electron transfer to generate H2O2 and the oxidized square pyramidal Ni(III) 
complex 1.52. Binding of a second superoxide generates the Ni(III)-peroxo in-
termediate 1.53 which reduces the Ni(III) center to liberate dioxygen and re-
generates the starting Ni(II) state.[99] 
 

 

Figure 1.24: Proposed catalytic mechanism for Ni-SOD.[85] 
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1.5.3 Dioxygen Activation by Nickel 

Mononuclear transition metal-dioxygen adducts are key intermediates in the 
activation of O2 by metalloenzymes and biomimetic compounds and have at-
tracted the attention of chemists for decades. This includes the oxgyen 
transport in aerobic respiration, superoxide dismutation, biological oxidation or 
oxygenation of organic compounds as well as numerous stoichiometric and cata-
lytic transformations of organic substrates in industrial processes.[116–122] Syn-
thesized model metal–O2 complexes, mainly copper and iron, have been investi-
gated extensively to gain a better understanding of the structural and chemical 
properties of reactive oxygen intermediates that are short-lived and thus diffi-
cult to study in enzymatic reactions.[123–125].  
The idea of using dioxygen as a primary oxidant (aerobic oxidation) is also very 
attractive because it is cheap and ecologically benign, but still difficult to con-
trol in a broad range of synthetic systems.[126]  
Although nickel-dioxygen intermediates have been suggested to be highly active, 
so far there is little knowledge on these complexes. This has to be inevitably 
linked to the fact that nature has neglected nickel for aerobic oxidation cataly-
sis. However, recent biological incentive for nickel-dioxygen chemistry originates 
from the discovery of the enzymes nickel dioxygenase and nickel superoxide 
dismutase which utilize dioxygen and its reduced form, superoxide (see 1.5.2). 

1.5.3.1 Ni–Ox Species with Ni(II) and Hydrogen Peroxide 

Since Ni(II) complexes are generally inert towards dioxygen, there are two 
common approaches to obtain Ni–O2 compounds. One involves the reaction of 
hydrogen peroxide with Ni(II)-hydroxo complexes affording bis-μ-oxo-nickel 
complexes (see Figure 1.25).[127–131] 
 

 
  (Ni3+)2(μ-O)2                    (Ni2+)2(μ-O2)2                  (Ni2+)2(μ-OOR)2                    (Ni2+)6(μ-O)2 

Figure 1.25: Ni–Ox structure types obtained from Ni(II) complexes and H2O2.[128] 
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1.5.3.2 Ni–Ox Species with Ni(0) and Dioxygen 

An alternative to the synthesis of nickel-peroxo complexes is the two-electron 
reduction of O2 by Ni(0) complexes which has been pursued in the late  
1960s and 70s.[132–134] While investigating the metal-catalyzed oxygenation of 
isocyanide to isocyanate, Otsuka et al. obtained the side-on Ni(II)-peroxo com-
plex [Ni(O2)(t-BuNC)2] which was formed via oxidative addition of dioxygen to 
[Ni(t-BuNC)4]. 
 

Ni

O O

N N

 
 

      (Ni2+)(η2-O2)   

Figure 1.26: Side-on Ni(II)-peroxo complex obtained from the reaction of  

Ni(t-BuNC)4 and dioxygen.[134] 

1.5.3.3 Ni–Ox Species with Ni(I) 

The monovalent oxidation state of nickel is suggested to be essential in nickel-
containing enzymes for small molecule activation among hydrogenases, carbon 
oxide dehydrogenase and methyl-S-coenzymeM reductase (as described above). 
With a d9 valence electronic configuration these complexes are synthetically at-
tractive as one-electron reducing agents. Isolable and stable monovalent nickel 
precursors also grant access to higher oxidation states of nickel-dioxygen ad-
ducts. Therefore, ligand design is of significant importance in stabilizing the 
lower valent oxidation state and directing the course of the reactions with diox-
ygen, due to their effect on the coordination mode of O2 and the electronic 
structure of the Ni–O2 adduct. 
Today several mononuclear Ni–O2 complexes with tripodal thioether, chelating 
monoanionic β-diketiminate and macrocyclic ligands have been obtained by one-
electron reduction of O2 and the respective Ni(I) precursors at low tempera-
tures. Riordan and co-workers reported the purple bis-μ-oxo-nickel complex  
[((PhTttBu)Ni)2(μ-O)2] afforded by the reaction of the nickel(I) complex  
[(PhTttBu)Ni(CO)] (PhTttBu = phenyltris((tert-butylthio)methyl)borate) and di-
oxygen at low temperatures. By using the structurally similar ligand PhTtAd 
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(PhTtAd = phenyltris((1-ada-mantylthio)methyl)borate) it was possible to ob-
tain the side-on superoxo-Ni(II) intermediate [(PhTtAd)Ni(O2)] and sterically 
preclude the bis-μ-oxo dimer formation (Figure 1.27). The monomeric side-on  
dioxygen adduct could be characterized spectroscopically supported by DFT 
calculations.[135] 
 

 

Figure 1.27: Reaction scheme for the oxygenation of [(PhTtAd)Ni(CO)] at -78 °C  

affording [(PhTtAd)Ni(O2)].[135] 

The first room temperature stable superoxo-nickel complex structurally charac-
terized by a single- crystal X-ray diffraction analysis was reported by Driess and 
co-workers.[126] Exposure of a solution of β-diketiminato-(toluene)nickel(I) in 
toluene to dry dioxygen led to an immediate color change from red-brown to 
green to form the Ni(II)–O2 complex (Figure 1.28). The dioxygen adduct com-
plex has a square-planar tetracoordinate Ni(II) center and an unpaired electron 
localized on the superoxo ligand (Figure 1.29). 
 

 

 
 

 

Figure 1.28: Formation of a side-on su-

peroxo-nickel(II) complex 

from β-diketiminato-

(toluene)nickel(I). 

Figure 1.29: Molecular structure of a 

β-diketiminato-supported 

Ni–O2 complex.[126] 
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The influence of the ligand system on the coordination mode of O2 can also be 
observed in the reaction of Ni(I) with the tetradentate tetraaza macrocyclic lig-
ands 12-tmc (12-tmc = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclodecane) and 
14-tmc (14-tmc = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) which 
have different ring sizes. The [Ni(12-tmc)O2]+ complex, reported by Cho et 
al.,[136] afforded the first reported and structurally characterized mononuclear 
side-on Ni(III)-peroxo complex (Figure 1.30), whereas the [Ni(14-tmc)O2]+ com-
plex, reported by Kieber-Emmons et al.[137], has been characterized as end-on 
superoxo species (Figure 1.31). 
 

 

Figure 1.30: Molecular structure of 

[Ni(12-tmc)O2]+.[136] 

Figure 1.31: DFT optimized structure of 

[Ni(14-tmc)O2]+.[137] 

Elimination of the vacant cis-coordination sites on the metal enforces an end-on 
dioxygen coordination and precludes over-reduction to the thermodynamically 
favorable bis-μ-oxo-dinickel complexes.[128] 
Further possibilities to obtain Ni–O2 species are to activate small molecules like 
nitrous oxide (N2O) and ozonides. Therefore, the metal precursor complex 
should react with N2O or metal-ozonides to form mononuclear metal-oxo com-
plexes releasing nitrogen or dioxygen if heated or activated by light. Such com-
plexes are regarded as extremely powerful oxidants and could be used for selec-
tive oxidations in situ.[124]  
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1.6 Research Goals 

As discussed above most of the industrial chemicals have involved the use of a 
metal catalyst at some point during their manufacturing process. Thereby, pal-
ladium and platin are the most common metals used as homogenous catalysts. 
Nickel, with its wide variety of organometallic compounds, is a less expensive 
alternative to palladium and platin catalysis.[11]  
Detailed investigations on the reactivity of Ni(0) complexes are still lacking due 
to the difficult handling of these complexes. Therefore, new insights need to be 
achieved for new developments in the field of catalytic organonickel chemistry. 
With this background, the topic of this thesis is a detailed study on reactions 
and properties of Ni(0) and Ni(I) complexes with the aim of better understand-
ing their reactivity and thus to develop new catalysts.  
Parts of this research are based on results of earlier work done in the Schindler 
research group in the theses of C. Geyer[138, 139], H. Weiß[140], M. 
Leibold[141], L. Römmling[142] and A. Henß[143].  

a) Reactivity of Ni(0) and Cu(I) Complexes Towards Alkenes and 

Alkynes 

Nickel(0) complexes with the alkene bcp[142] and the alkynes dcpa[143] and 
dmbu should be synthesized and structurally characterized (see Figure 1.32). 
 

bcp dcpa

OCH3H3CO

dmbu  

Figure 1.32: Structures of bicyclopropylidene (bcp), dicyclopropylacetylene (dcpa) 

and dimethoxybutyne (dmbu). 

To gain a better understanding of the formation mechanism of these complexes 
kinetic investigations using “stopped-flow” techniques should be performed on 
the substitution reaction of [Ni(bipy)(COD)] and the respective ligands (see 
Figure 1.33).[142, 143]  
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Figure 1.33: Scheme for the reaction of [Ni(bipy)(COD)] with the unsaturated  

ligands bcp, dcpa and dmbu. 

Due to the extreme sensitivity of nickel(0) complexes towards traces of dioxygen 
and difficulties in handling and characterization of these compounds, the isoe-
lectronic copper(I) complexes [Cu(bipy)(bcp)]PF6[143] and 
[Cu(bipy)(bcp)]PF6[143] should be synthesized and characterized as well. 

b) Ni(0) and Cu(I) Complexes with the Adamantane Ligand tctd 

In collaboration with the research group of Prof. P. R. Schreiner (JLU Gießen, 
Institute for Organic Chemistry) it was the goal to synthesize nickel(0) coordi-
nation polymers with the adamantane derivative tetracy-
clo[7.3.1.14,12.02,7]tetradeca-6.11-diene (tctd) (see Figure 1.34). 
 

 

Figure 1.34: Structure of tetracyclo[7.3.1.14,12.02,7]tetradeca-6,11-diene (tctd). 

c) Ni(0) and Cu(I) Complexes with the Ligand System O-BPy  

and Derivatives 

Studies on ligand exchange reactions of the nickel(0) complex 
bis(cyclooctadiene)nickel(0) ([Ni(COD)2]) and the tetradentate ligand  
1,2-bis(2,2'-bipyridine-6-yl)ethane (O-BPy) afforded the complex  
[Ni2(O-BPy)(η2–C4H6)2] by the cleavage of the COD ligand (see Figure 
1.35).[141]  
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Figure 1.35: Reaction scheme for the synthesis of [Ni2(O-BPy)(η2–C4H6)2].[141] 

In collaboration with the research group of Prof. M. C. Holthausen (Goethe 
University Frankfurt am Main, Institute for Inorganic and Analytical Chemis-
try), which performed DFT calculations, this reaction should be further investi-
gated. Additionally, Ni(0) complexes with derivatives of the ligand system O-
BPy should be synthesized and structurally characterized in regard to the for-
mation of binuclear complexes and the cleavage of COD. 
Due to the extreme sensitivity of the nickel(0) complexes towards dioxygen and 
therefore difficulties in handling and characterization, again isoelectronic cop-
per(I) complexes with O-BPy and derivatives should be synthesized and charac-
terized as well. 
 

d) Reactivity of Nickel Complexes with Macrocyclic Ligands  

Catalytic and selective oxidation reactions of organic substrates play an im-
portant role in the field of chemistry and represent a challenging task where-
upon selective oxidation using air or O2 is very important. Comparable to na-
ture, it is the aim to develop metal complexes (containing mainly iron and cop-
per) which model the function and catalytic reactivity of enzymes. Research in 
this field has been ongoing in the research group of Prof. Schindler for years. 
Based on recent interesting findings of Nam and co-workers about macrocyclic 
transition metal-dioxygen adducts, macrocyclic nickel complexes and their reac-
tivity should be investigated.[144] 
Nickel(II) and nickel(I) complexes bearing the macrocyclic ligands 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane (14-tmc) and rac-5,5,7,12,12,14-
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hexymethyl-1,4,8,11-tetraazacyclotetradecane (tetB) (Figure 1.36) should be 
synthesized. 
 

 

Figure 1.36: Structures of the ligands 1,4,8,11-tetramethyl-1,4,8,11-

tetraazacyclotetradecane (14-tmc) rac-5,5,7,12,12,14-hexymethyl-

1,4,8,11-tetraazacyclotetradecane (tetB). 

The reactivity of the nickel(II) complexes towards oxidants (e.g. hydrogen per-
oxide, etc.) should be investigated and obtained nickel-dioxygen adducts should 
be characterized. Furthermore, the reactivity of the nickel(I) complex  
[Ni(14-tmc)]+ towards nitrous oxide should be examined with the aim of charac-
terizing a “nickel-oxo” species according to procedures reported in literature (see 
Figure 1.37).[124, 145] 
 

 

Figure 1.37: Proposed scheme for the reaction of [Ni(14-tmc)]+ with nitrous oxide. 
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2 Reactivity of Ni(0) and Cu(I) Complexes 

Towards Alkenes and Alkynes  

2.1 Introduction 

In organometallic chemistry unsaturated compounds such as bicyclopropylidene 
(bcp)[146], 1,4-dicyclopropylacetylene (dcpa)[147] and 1,4-dimethoxy-2-butyne 
(dmbu) (Figure 2.1) play an important role as molecular building blocks in var-
ious transition metal-catalyzed reactions[148–150] as well as in the design of 
unusual molecular assemblies with remarkable physical and chemical proper-
ties.[143, 144] In that regard, octacyclopropylcubane and some of its isomers 
with an impressive overall strain energy and kinetic stability have been synthe-
sized successfully.[153]  
 

 

Figure 2.1: Structures of bicyclopropylidene (bcp), 1,4-dicyclopropylacetylene 

(dcpa) and 1,4-dimethoxy-2-butyne (dmbu). 

Due to the nucleophilic character and novel reactions of these unsaturated com-
pounds, transition metal complexes with bcp, dcpa and dmbu as ligands are 
assumed to have interesting properties and should be investigated in more  
detail. In collaboration with the research group of Prof. A. de Meijere (Universi-
ty of Göttingen, Institute for Organic Chemistry) who performed investigations 
on nickel-catalyzed cocyclizations of bcp and alkynes[154] it was interesting to 
investigate the according Ni(0) complexes of these compounds. Up to date, only 
three transition metal complexes containing bcp as ligand in  
η2-coordination have been synthesized and structurally characterized.[147, 148, 
157] The first transition metal complex with bcp was obtained by the reaction 
of a bis(cyclopentadienyl)-bis(trimethylphosphine)titanium(II) precursor and 
bcp in pentane (see Figure 2.2). 
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Figure 2.2: Synthesis of the first Ti complex of bcp.[155] 

A second bcp complex was prepared by reacting ((2-(di-tert-butylphosphanyl)-
P-ethyl)cyclopentadienyl)chloridocobalt(II) with sodium amalgam and bcp (see 
Figure 2.3). The substituted Cp ligand prevents oligomerization reactions by 
blocking one coordination site of cobalt with its phosphine arm and therefore, 
the complexation of another bcp molecule and reaction with the existing bcp 
ligand. 
 

 

Figure 2.3: Synthesis of the first Co complex of bcp.[156] 

The third and last bcp complex [Pt(bcp)(dppp)] (dppp = 1,3-bis(diphenyl-
phosphino)propane) was afforded by the reaction of a diphosphine platin pre-
cursor complex [Pt(C2H4)(dppp)] and bcp in benzene.[157]  
 

 

Figure 2.4: Synthesis of the first Pt complex of bcp.[157] 

To gain a better understanding of the coordination ability of these ligands and 
in regard to further possible applications of the corresponding complexes as cat-
alysts we were interested in preparing and investigating metal complexes not 
only with bcp, but also with dcpa and dmbu. Prior to the investigations pre-
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sented herein, bcp and dcpa complexes with Ni(0) and Cu(I) were successfully 
synthesized and characterized in the Schindler research group.[150, 151]  
 

2.2 Nickel (0) Complexes with bcp, dcpa and dmbu 

The Nickel(0) complexes with the ligands bcp, dcpa and dmbu were synthesized 
by a substitution reaction of the precursor complex [Ni(bipy)(COD)] (bipy = 
2,2'-bipyridine, COD = 1,5-cyclooctadiene) with the respective ligand to give 
[Ni(bipy)(bcp)],[142] [Ni(bipy)(dcpa)][143] and [Ni(bipy)(dmbu)] (see  
Figure 2.5). 
 

 

Figure 2.5: Reaction scheme for the synthesis of the Ni(0) complexes [Ni(bipy)bcp],  

[Ni(bipy)dcpa] and [Ni(bipy)dmbu]. 

[Ni(bipy)(bcp)] and [Ni(bipy)(dcpa)] were structurally characterized by X-ray 
studies. The formation of all three complexes could be investigated by UV-Vis 
spectroscopy using “stopped-flow” techniques.  
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2.2.1 Molecular Structures 

2.2.1.1 [Ni(bipy)(bcp)] 

The complex [Ni(bipy)(bcp)] was synthesized by a substitution reaction of 
[Ni(bipy)(COD)] and bicyclopropylidene in diethyl ether. The course of the re-
action was traceable by the change of the deep purple colored solution to green. 
Diffusion of n-pentane into a THF solution of the complex resulted in dark-
green crystals suitable for crystallographic studies. The determined molecular 
structure of [Ni(bipy)(bcp)] is shown in Figure 2.6.[142]  
 

 

Figure 2.6: ORTEP plot of [Ni(bipy)(bcp)], hydrogen atoms are omitted for clarity. 

Ellipsoids are drawn at 50 % probability level.[142] 

The structure of the complex shows a trigonal planar Ni(0) geometry with nick-
el being coordinated by the two nitrogen atoms (N1/N2) of bipyridine and the 
double bond of bcp (C11/C12). The Ni–N bond lengths range between  
1.925(2) Å and 1,937(2) Å, the Ni–C bond lengths between 1.883(2) Å and 
1.895(2) Å. Corresponding to data published by Helmut Weiß for a similar cy-
clopropene nickel(0) complex [Ni(bipy)L1] (see 2.2.2.1),[19] the C–C double bond 
of bcp (1.422(2) Å) is enlarged compared to the uncoordinated olefin and the 
cyclopropane rings of the previously planar bcp molecule are angled to the C–C 
double bond attached to the nickel centre. Both can be explained by the partial 
change of the hybridization of the olefin double-bond from sp2 to sp3.  
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2.2.1.2 [Ni(bipy)(dcpa)] 

For the synthesis of the complex [Ni(bipy)(dcpa)], the nickel(0) precursor com-
plex [Ni(bipy)(COD)] was mixed with an excess amount of dicyclopropylacety-
lene in THF obtaining yellow crystals suitable for diffraction studies.[143] The 
determined structure of [Ni(bipy)(dcpa)] corresponds with a previously reported 
Ni(0) complex by John J. Eisch et al., 2,2-bipyridyl-(η2-diphenylacetylene)-
nickel(0).[46] The structure of the complex is shown in Figure 2.7. 
[Ni(bipy)(dcpa)] also shows a characteristic trigonal planar Ni(0) geometry with 
the nickel centre being coordinated by bipyridine and the triple bond (C11/C15) 
of dicyclopropylacetylene.  
 

 

Figure 2.7: ORTEP plot of [Ni(bipy)(dcpa)], hydrogen atoms are omitted for  

clarity. Ellipsoids are drawn at 50 % probability level.[143] 

The average of the Ni–Calkyne distances of 1.85(2) Å is similar to Ni–C bonds 
involving sp2-hybridized carbon centers.[46, 158] Due to this acetylenic C–C 
distance of 1.28(3) Å, the presence of a C–C double bond is more likely than a 
triple bond.  
 

2.2.1.3 [Ni(bipy)(dmbu)] 

The complex [Ni(bipy)(dmbu)] was synthesized by a substitution reaction of 
[Ni(bipy)(COD)] and 1,4-dimethoxy-2-butyne in THF. By mixing the nickel(0) 
precursor complex with the ligand the solution turned from deep purple to dark 
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red. Evaporation of the solvent led to a dark green oil of the complex. Diffusion 
of n-pentane into a THF solution did not result in crystals suitable for X-ray 
diffraction. So far, this complex could not be characterized. A proposed struc-
ture of the complex is shown in Figure 2.8 (Universal force field (UFF) opti-
mized[159]).  
 

 

Figure 2.8: Proposed molecular structure for [Ni(bipy)(dmbu)] (UFF optimized), 

hydrogen atoms are omitted for clarity. 

2.2.2 Mechanistic Studies 

There are several kinetic investigations about substitution reactions of 
[Ni(bipy)(COD)] and olefin ligands that had been performed in the research 
group of Prof. Schindler.[19, 140, 139] In regard to better understand the reac-
tivity of these complexes, kinetic studies have been performed on the formation 
mechanism. Therefore, the reactions of the Ni(0) precursor [Ni(bipy)(COD)] 
with the ligands bcp, dcpa and dmbu have been followed by UV-Vis spectrosco-
py using “stopped-flow” techniques. 
Mechanistic studies of such reactions are quite difficult due to the extreme sen-
sitivity of dilute solutions of nickel(0) complexes towards traces of dioxygen and 
to autocatalytic reactions. However, in the past we successfully managed to 
overcome these difficulties by using special techniques for handling the samples. 
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2.2.2.1 [Ni(bipy)(bcp)][142] 

The time-resolved UV-Vis spectra for the reaction of [Ni(bipy)(COD)] with the 
ligand bcp in THF at -20 °C is shown in Figure 2.9. The decrease of the absorb-
ance maxima at 354 and 561 nm indicates the decomposition of the educt com-
plex, whereas the increase of the band at 430 nm shows the formation of the 
bcp complex. Additionally isosbestic points at 390 and 478 nm could be ob-
served. 

 

               

Figure 2.9: Time-resolved UV-Vis spectra of the reaction of [Ni(bipy)(COD)] with 

bicyclopropylidene in THF; [Ni(bipy)(COD)] = 0.25 mM, [bcp] = 

30 mM, xs COD; T = -20.2 °C, t = 299.5 s, Δt = 1 s.[142] 

The use of an excess amount of the ligand bcp ensured conditions of pseudo 
first-order. The dependence of the observed rate constant kobs on the bcp concen-
tration at 561 nm was linear and no intercept was obtained which indicates a 
completely irreversible reaction (see Figure 2.10). To determine the second-
order rate constant k the following mathematical equations were considered: 
 

[ ( )( )] [ ( )( )] [( )]− = ⋅ ⋅d Ni bipy COD k Ni bipy COD bcpdt  

[ ( )( )] [ ( )( )]− = ⋅obs
d Ni bipy COD k Ni bipy CODdt  

[( )]= ⋅obsk k bcp  

354 nm 

430 nm 

561 nm 
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Figure 2.10: kobs vs. bcp-concentration at four different temperatures at 561 nm; 

[Ni(bipy)(COD)] = 0.25 mM.[142] 

An Eyring plot of the reaction allowed the determination of the activation pa-
rameters ΔH# and ΔS# (see Table 2.1). 

Table 2.1: Activation parameters for the reaction of [Ni(bipy)(COD)] with bcp.[142]  

 

  

ΔH#  47 ± 3 kJ/mol
ΔS# -68 ± 9 J/K·mol

 
Surprisingly, a negative entropy of activation (-68 ± 9 J/K·mol) was obtained 
that indicated an associative mechanism for the substitution reaction. This 
agreed with previously published results by C. Geyer and H. Weiß[19,140, 139] 
which also obtained negative values for ΔS# for reactions with other olefinic 
ligands. However, they proposed dissociative mechanisms because of the tetra-
hedral structure of [Ni(bipy)(COD)]. It is well-known that tetrahedral nickel(0) 
complexes undergo dissociative substitution reactions.[160] A dissociative mech-
anism is also supported by the fact that nickel(0) olefin complexes decompose in 
separation of metallic nickel.[161] Due to these examples a dissociative mecha-
nism was also proposed for the substitution reaction of [Ni(bipy)(COD)] with 
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bicyclopropylidene despite negative entropy of activation. The postulated mech-
anism for the reaction is shown in Figure 2.11. 
 

 

Figure 2.11: Postulated reaction mechanism for the reaction of [Ni(bipy)(COD)] 

with bicyclopropylidene.[142] 

The reaction of [Ni(bipy)(COD)] with 3,3-dimethylcyclopropene-1,2-
dicarboxylate (L1) investigated by Helmut Weiß (see Figure 2.12) showed that 
the values for enthalpy and entropy of activation are higher for reactions with 
bicyclopropylidene than with L1.  
 

 

Figure 2.12: Reaction of [Ni(bipy)(COD)] and L1; R = CO2Me, R1 = CH3.[140] 

This also correlates with the much smaller second-order rate constant at -20 °C 
for the reaction of the complex with bicyclopropylidene (see Table 2.2) which 
can be traced back to the electronic properties of L1. Due to the electron-
withdrawing effects of the CO2Me substituents, the double bond is electron-
deficient and therefore reacts faster with the nucleophilic Ni(0) complex. 
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Table 2.2: Activation parameters and reaction rate constants for the formation of 

[Ni(bipy)(bcp)][142] and [Ni(bipy)(L1)].[140] 

 

 [Ni(bipy)(bcp)] [Ni(bipy)(L1)] 
   

ΔH# [kJ/mol] 47 ± 3 28 ± 2 
ΔS# [J/K·mol]        -68 ± 9         -128 ± 6 
k (-20 °C) [s-1·M-1]     0.36 ± 0,01     37.2 ± 0.8 

 

2.2.2.2 [Ni(bipy)(dcpa)][143] 

Figure 2.13 shows the time-resolved spectra for the reaction of [Ni(bipy)(COD)] 
with the ligand dicyclopropylacetylene (dcpa) in THF at 20.1 °C. The decrease 
of the two bands at 360 and 561 nm shows the decomposition of 
[Ni(bipy)(COD)] and the increase of the absorbance at 410 and 805 nm the 
formation of the nickel dcpa complex. Isosbestic points were observed at 390 nm 
and 485 nm.  
 

 
 

               

Figure 2.13: Time-resolved UV-Vis spectra of the reaction of [Ni(bipy)(COD)] with 

dicyclopropylacetylene in THF; [Ni(bipy)(COD)] = 0.25 mM, [dcpa] = 

30 mM, xs COD; T = 20.1 °C, t = 51.3 s, Δt = 1 s.[143] 

360 nm 

410 nm 

805 nm 

561 nm 
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To ensure conditions of pseudo first-order an excess of dcpa was used. Due to 
previous investigations it was supposed, that the reaction follows a simple rate 
law such as: 
 

[ ( )( )] [ ( )( )] [( )]− = ⋅ ⋅d Ni bipy COD k Ni bipy COD dcpadt  

[ ( )( )] [ ( )( )]− = ⋅obs
d Ni bipy COD k Ni bipy CODdt  

[( )]= ⋅obsk k dcpa  
 

The observed dependence of the rate constants kobs  on the dcpa concentration at 
different temperatures is shown in Figure 2.14. In contrast to the reaction with 
bcp an intercept was obtained which indicates a reversible reaction. Due to this 
and to decomposition reactions of the nickel complex, exact fittings to the single 
exponential functions could not be obtained. Thus, a nonlinear dependence of 
kobs on the concentration of dcpa was observed which made a more detailed ki-
netic investigation impossible.  
 

               

Figure 2.14: kobs vs. dcpa-concentration at four different temperatures at 561 nm; 

[Ni(bipy)(COD)] = 0.25 mM.[143] 

Nevertheless, the reaction rate was significantly slower compared to the related 
reactions of [Ni(bipy)(COD)] with bcp or 3,3-dimethylcyclopropene-1,2-
dicarboxylate. Hence, we can conclude that the coordination of dcpa is inhibited 
kinetically.  
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2.2.2.3 [Ni(bipy)(dmbu)]  

Based on the previous results of the reaction of [Ni(bipy)(COD)] and the ligand 
dcpa we further investigated substitution reactions of Ni(0) complexes and al-
kynes using 1,4-dimethoxy-2-butyne. Detailed kinetic studies of this reaction 
will be presented in the following.  
The time-resolved spectra for the reaction of [Ni(bipy)(COD)] and dmbu at  
20.2 °C in THF are shown in Figure 2.15. The decrease of the two absorbance 
maxima at 360 and 561 nm indicates the decomposition of the educt complex 
and the increase of the bands at 420 and 675 nm shows the formation of the 
product complex [Ni(bipy)(dmbu)].  
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Figure 2.15: Time-resolved UV-Vis spectra of the reaction of [Ni(bipy)(COD)] with 

1,4-dimethoxy-2-butyne in THF; [Ni(bipy)(COD)] = 0.25 mM,  

[dmbu] = 25 mM, xs COD; T = 20.2 °C, t = 45 s, Δt = 1 s. 

Two isosbestic points were observed at 385 and 475 nm. Unfortunately, these 
points are not really precise due to the relative high temperatures applied, 
which speed up the decomposition of the highly diluted Ni(0) complex. To sup-
press this reaction an excess amount of COD was used.  
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Figure 2.16 shows the time trace for the reaction at 561 nm. The obtained data 
could be fitted to a single one-exponential function and the rate constants of 
pseudo first-order kobs could be determined by variation of the dmbu concentra-
tion and reaction temperatures (see Table 2.3). 
 

    
0 5 10 15 20 25 30 35 40 45

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

 

 

A
bs

or
ba

nc
e

time [s]  

Figure 2.16 Absorbance vs. time for the reaction of [Ni(bipy)(COD)] with 1,4-

dimethoxy-2-butyne at 561 nm and fit to a single exponential function; 

[Ni(bipy)(COD)] = 0.25 mM, [dmbu] = 25 mM, xs COD; T = 20.2 °C. 

Table 2.3: Measured reaction rates of the reaction of [Ni(bipy)(COD)] with dmbu 

in THF; [Ni(bipy)(COD)] = 0.25 mM. 

 

kobs·10-2 [s-1] 

dmbu [mM] 20.2 °C 25.3 °C 30.2 °C 35.2 °C 
     

10 (6.2 ± 0.1) (9.2 ± 0.4) (12.5 ± 0.3) (17.0 ± 0.2)
15 (10.0 ± 0.2) (14.6 ± 0.3) (19.5 ± 0.5) (27.1 ± 0.5)
20 (14.3 ± 0.3) (21.5 ± 0.6) (27.4 ± 0.5) (36.6 ± 0.6)
25 (16.1 ± 0.5) (25.2 ± 0.8) (36.0 ± 0.7) (45.0 ± 0.9)
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According to the investigations shown above the following mathematical equa-
tions were considered to determine the second-order rate constant k: 
 

[ ( )( )] [ ( )( )] [( )]− = ⋅ ⋅d Ni bipy COD k Ni bipy COD dmbudt  

[ ( )( )] [ ( )( )]− = ⋅obs
d Ni bipy COD k Ni bipy CODdt  

[( )]= ⋅obsk k dmbu  

 
The observed linear dependence of the rate constants kobs on the concentration 
of dmbu at different temperatures is shown in Figure 2.17. The higher the reac-
tion temperature, the bigger is the slope of the regression straight line. Fur-
thermore, all four lines show no intercept so that an irreversible reaction can be 
assumed. 
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Figure 2.17: kobs vs. dmbu-concentration at four different temperatures; 

[Ni(bipy)(COD)] = 0.25 mM. 

The second-order rate constants k were determined from the slopes of the  
regression straights (see Table 2.4).  
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Table 2.4: Second-order reaction rate constants of the reaction of [Ni(bipy)(COD)] 

with dmbu in THF. 

  

T [°C] k [s-1·M-1] 
  

20.2 ± 0.1 (17 ± 2)·10-4

25.3 ± 0.1 (28 ± 2)·10-4

30.2 ± 0.1 (39 ± 1)·10-4

35.2 ± 0.1 (47 ± 1)·10-4

  

 
An Eyring plot of the reaction allowed the determination of the activation pa-
rameters ΔH# and ΔS# from the temperature dependence of the rate constant 
(see Figure 2.18). 
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Figure 2.18: Eyring plot for the reaction of [Ni(bipy)(COD)] with 1,4-dimethoxy-2-

butyne in THF determined from Table 2.4. 

For the activation enthalpy ΔH# we obtained (49 ± 7) kJ·mol-1 and for the 
activation entropy ΔS# (-118 ± 24) J·K-1·mol-1 (see Table 2.5). 
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Table 2.5: Activation parameters for the reaction of [Ni(bipy)(COD)] with dmbu. 

 

  

ΔH#     49 ± 7 kJ/mol
ΔS# -118 ± 24 J/K·mol

 
The negative activation entropy calculated for the reaction is in accordance 
with the findings for the formation of [Ni(bipy)(bcp)], where a similar negative 
value for ΔS# was obtained (see Table 2.6).  

Table 2.6: Activation parameters and reaction rate constants for the formation of 

[Ni(bipy)(bcp)][142] and [Ni(bipy)(dmbu)].  

 

 [Ni(bipy)(bcp)] [Ni(bipy)(dmbu)] 
   

ΔH# [kJ/mol] 47 ± 3 49 ± 7 
ΔS# [J/K·mol]        -68 ± 9       -118 ± 24 
k (-5.2 °C) [s-1·M-1]     1.29 ± 0,02              – 
k (20.2 °C) [s-1·M-1]                – (17 ± 2)·10-4 

 
These results also support an associative mechanism for the reaction of 
[Ni(bipy)(COD)] with 1,4-dimethoxy-2-butyne. Following the same arguments 
as discussed above (see 2.2.2.1), we think that an associative mechanism is ra-
ther unlikely as well.  
From our kinetic findings, we therefore propose the same mechanism for the 
formation of [Ni(bipy)(dmbu)] as for the bcp complex, with a highly ordered 
transition state in the course of the reaction (see Figure 2.19). 
In a fast pre-equilibrium step one of the bonds between the nickel(0) center and 
COD is cleaved transforming the four-coordinated [Ni(bipy)(COD)] complex 
into a reactive three-coordinated species. In a following step, 1-4-dimethoxy-2-
butyne binds to the free coordination site before the product complex 
[Ni(bipy)(COD)] is formed and the remaining bond to COD is broken. 
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Figure 2.19: Proposed mechanism for the reaction of [Ni(bipy)(dmbu)] with 1,4-

dimethoxy-2-butyne. 

However, this proposed reaction scheme is a simplified mechanistic view of the 
reaction because THF solvent molecules can also undergo addition and the 
COD ligand can coordinate other complex units to form clusters. In that regard, 
it would have been interesting to obtain activation volumes for additional kinet-
ic information. However, these measurements were not possible in our case due 
to the extreme sensitivity of the nickel(0) complexes toward traces of dioxygen 
and the occurring decomposition.  
The rate constants of the reaction of [Ni(bipy)(COD)] with bcp and dmbu are 
very different; the reaction of the nickel complex with dmbu proved to be slower 
than the reaction with bcp. At 20.2 °C dmbu reacts with [Ni(bipy)(COD)] by a 
factor of 1000 slower than bcp at 5.2 °C (see Table 2.6). Thus, we conclude that 
the coordination of dmbu is inhibited kinetically as well. Nevertheless, the reac-
tion rate of dmbu is faster compared to the related reaction of [Ni(bipy)(COD)] 
with dcpa. A reason for this might be electronic effects of the two methoxy 
groups on the triple bond of dmbu.  
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2.3 Copper(I) Complexes with bcp and dcpa 

Prior to the investigations on nickel(0) complexes with the ligands bcp, dcpa 
and dmbu described herein, isoelectronic bcp and dcpa Cu(I) complexes were 
successfully synthesized and characterized in the Schindler research group.[143] 

2.3.1 Molecular Structures 

2.3.1.1 [Cu(bipy)(bcp)]PF6[143] 

By mixing copper(I) salt, bipyridine and an excess amount of the olefin bcp in 
acetone, the pale yellow complex [Cu(bipy)(bcp)]PF6 could be synthesized and 
crystals suitable for X-ray analysis were obtained. The molecular structure of 
the cation is shown in Figure 2.20.  
 

 

Figure 2.20: ORTEP plot of the cation [Cu(bipy)(bcp)]+, hydrogen atoms are omit-

ted for clarity. Ellipsoids are drawn at 50 % probability level.[143] 

The geometry of [Cu(bipy)(bcp)]PF6 can be described as square planar where 
the copper(I) center is coordinated by two pyridyl nitrogen atoms and by the 
double bond of bcp. Due to the space group C2/c there is a plane of symmetry 
in the molecule. The values for the Cu–N (1.98(2) Å) and Cu–C distances 
(1.96(2) Å) are comparable to related ternary copper(I) olefin complexes.[162–
167] Due to the different hybridization of the coordinated carbon atoms in the 
complex (sp3), an expansion of the coordinated double bond compared to the 
uncoordinated ligand is observed. Compared to the distance of the coordinated 
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C–C bond of the nickel complex (1.42(2) Å) (see 2.2.1.1), the double bond in 
the copper(I) complex is shorter (1.36(3) Å), which confirms that the Cu(I) ion 
is the poorer π-back-bonding transition metal cation as nickel. In this concept, 
electrons are partially transferred from d-orbitals of the metal center to anti-
bonding molecular orbitals of the alkene bcp which strengthens the metal–ligand 
bond, but weakens the double bond within the ligand (C–C bond is enlarged). 
 

2.3.1.2 [Cu(bipy)(dcpa)]PF6[143] 

The analogue alkyne complex with dicyclopropylacetylene (dcpa) as ligand was 
synthesized in the same way as [Cu(bipy)bcp]PF6. It was possible to obtain yel-
low crystals suitable for X-ray structure analysis after diffusion of diethyl ether 
into the solution. The molecular structure of the cation of [Cu(bipy)dcpa]PF6 is 
shown in Figure 2.21. The coordination environment of the copper(I) ion is al-
most trigonal planar with two pyridine nitrogen atoms and the side-on coordi-
nated ligand dicyclopropylacetylene. 
 

 

Figure 2.21: ORTEP plot of the cation [Cu(bipy)(dcpa)]+, hydrogen atoms are 

omitted for clarity. Ellipsoids are drawn at 50 % probability  

level.[143] 

As expected the observed Cu–N bond angles and distances are comparable to 
those determined for [Cu(bipy)bcp]PF6 and the C–C bond length of the coordi-
nated dcpa ligand (1.23(4) Å) is only slightly larger than in the free molecule 
(1.19(3) Å).[168] Due to the different hybridization of the coordinated carbon 
atoms in the complex (sp2), the two cyclopropyl rings of dcpa are bended out of 
plane as shown in the figure. 
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Compared with the related nickel(0) complex [Ni(bipy)(dcpa)] the distance of 
the C–C alkyne bond found in the Ni(0) complex is larger (1.28(3) Å). As de-
scribed above, this goes with the fact that copper(I) is supposed to be the poor-
er back-bonding metal center as nickel(0).  

2.3.2 Reactivity Towards Dioxygen 

Due to the difficulty to isolate and characterize reactive copper-dioxygen inter-
mediates it was an idea to use alkenes or alkynes as ligands to stabilize the cop-
per(I) unit and additionally to provide a ligand that can be easily substituted 
by dioxygen during the oxidation process. Thus, in an experiment acetone solu-
tions of [Cu(bipy)bcp)PF6 and [Cu(bipy)dcpa)PF6 were cooled to -80 °C and 
reacted with dry dioxygen. However, the direct reaction did not result in an  
O2–adduct complex with intensive color. 
The experiment demonstrated that a simple copper complex with only  
bipyridine as ligand cannot stabilize a dioxygen adduct complex under these 
conditions. Nevertheless, an interesting oxidation reaction occurred.  
According to the following equation shown in Figure 2.22 the oxidation of 
[Cu(bipy)dcpa)PF6 with atmospheric dioxygen led to a bis(μ-
hydroxo)dicopper(II) complex as product. 
 

 

Figure 2.22: Reaction of [Cu(bipy)(dcpa)]+ with atmospheric dioxygen affording the 

bis(μ-hydroxo)dicopper(II) complex [Cu2(bipy)2(OH)2]2+.[143] 

As shown in the scheme, the dcpa molecule is no longer coordinated to the cop-
per center and an oxidation of dcpa was not observed. A binuclear copper(II) 
complex was formed in which both copper ions are bridged by a hydroxo group 
of the inserted dioxygen. Due to the oxidation with atmospheric O2 and not dry 
dioxygen, it was assumed that the hydroxo group is formed from a bis-μ-oxo 
precursor and traces of water. The molecular structure of the binuclear cop-
per(II) complex is shown in Figure 2.23.[143] 
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Figure 2.23: ORTEP plot of the cation [Cu2(bipy)2(OH)2]2+, hydrogen atoms are 

omitted for clarity. Ellipsoids are drawn at 50 % probability  

level.[143] 

2.4 Experimental 

2.4.1 Material and Reagents 

If not otherwise stated commercially available chemicals were used. Tetrahydro-
furan needed to be purified for kinetic measurements. This was achieved by  
predrying over KOH pellets. Afterwards it was refluxed over potassium and 
benzophenone under argon for several days.  
All handling as well as the storage of the oxygen sensitive Ni(0) compounds and 
materials used in the kinetic studies was carried out in a glove box (M. Braun, 
Garching, Germany; O2 < 0.1 ppm, H2O < 0.1 ppm) within argon atmosphere.  

2.4.2 Kinetic Measurements 

Variable temperature stopped-flow measurements allowed the collection of time 
resolved UV-Vis spectra for reaction of [Ni(bipy)(COD)] with the ligands in 
THF. The solutions of the complex and ligand were prepared in a glove box 
under argon and transferred using syringes to the low-temperature stopped-flow 
instrument. 
The reaction was studied under pseudo-first-order conditions 
(c([Ni(bipy)(COD)]) << c([ligand])). The nickel(0) precursor complex was  
diluted in a 10 ml volumetric flask to obtain an exact concentration of  
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1·10-3 mol/L. The final concentration after mixing in the stopped-flow unit was 
5·10-4 mol/L. The concentration of the ligand solutions were 0.04 mol/L up to 
0.1 mol/L (concentration is determined after mixing in the stopped-flow unit 
during measurement). Time-resolved UV-Vis spectra of these reactions were 
recorded with a TgK Scientific model SF-61SX2 low-temperature stopped-flow 
spectrophotometer equipped with a diode array detector (Salisbury, U.K.). 
Spectral changes in the range of 300-700 nm were observed using a quartz cell 
with a path length of 1 cm. Data fitting was performed using the integrated 
software Kinetic Studio (TgK Scientific, UK) and Origin (OriginLab Corpora-
tion, Northhampton, MA, USA). Details on such studies have been described 
previously.[169] 

2.4.3 Synthesis of the Complexes 

The ligand 1,4-dimethoxy-2-butyne (dmbu) was obtained commercially (Sigma-
Aldrich). Bicyclopropylidene (bcp) and dicyclopropylacetylene (dcpa) have been 
provided by Prof. A. de Meijere. 

2.4.3.1 [Ni(COD)2] 

The starting nickel(0) complex [Ni(COD)2] was prepared according to a proce-
dure described in literature.[170] 

2.4.3.2 [Ni(bipy)(COD)] 

The precursor complex [Ni(bipy)(COD)] was prepared by the reaction of 
[Ni(COD)2] and 2,2'-bipyridine according to literature.[171] 

2.4.3.3 [Ni(bipy)(dmbu)] 

To a stirred purple suspension of 25.8 mg (0.08 mmol) [Ni(bipy)(COD)] in 2 ml 
THF 116 mg (1.02 mmol) dmbu in 2 ml THF was added. The resulting dark red 
solution was stirred furthermore for 1 hour. Diffusion of n-pentane into the solu-
tion at -20 °C did not result in crystals suitable for X-ray structure determina-
tion. The molecular structure of [Ni(bipy)(COD)] was optimized using Avoga-
dro's structure optimization set to Universal Force Field (UFF) with steepest 
descent (iterative optimization algorithm; convergence at 10e-7).[159] 
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3 Ni(0) and Cu(I) Complexes with the 

Adamantane Ligand tctd 

3.1 Introduction 

Copper complexes containing unsaturated compounds and their possible appli-
cation in organic synthesis as catalysts were investigated in our research group 
previously. Therefore, bidentate chelate ligands with nitrogen donor atoms suit-
able for complexation of copper(I) ions, such as bipyridine and phenanthroline, 
were used to synthesize numerous complexes.[143] Several of these complexes 
are able to coordinate unsaturated hydrocarbons, e.g. olefins or alkynes.  
Within a collaboration with the research group of Prof. P. R. Schreiner (JLU 
Gießen, Institute for Organic Chemistry), who is interested in the functionaliza-
tion of diamondoids (examples shown in Figure 3.1[172, 173]), it was the goal to 
synthesize and characterize organic copper and nickel polymers with adaman-
tane derivatives which should have interesting properties.  
 

 

 

Figure 3.1: Small selection of diamondoids: Adamantane (a), diamantane (b), tri-

amantane (c) and (anti)-tetramantane (d).[172]  

Adamantane (tricyclo[3.3.1.13.7]decane) is the simplest diamondoid and a color-
less cycloalkane with a campher-like odor. It consists of four cyclohexane
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molecules attached in chair conformation, which is the most stable conformation 
of all isomers with the formula C10H6. It has unique properties because it is both 
rigid and stress-free. Adamantane was first discovered in petroleum by the 
Czech chemists S. Landa and V. Machacek in 1933.[174] Due to the carbon at-
om arrangement, which is the same in the adamantane molecule and the dia-
mond crystal, its name derived from Greek adamantinos (meaning of diamond). 
As an unfunctionalized hydrocarbon, adamantane is not very useful and has 
only few applications. However, there are many derivatives that are applied in 
pharmaceutical products, polymers, coating materials and molecular electronics. 
In collaboration with the research group of Prof. Schreiner it was decided to use 
the unsaturated adamantane derivative tetracyclo[7.3.1.14,12.02,7]tetradeca-6.11-
diene (tctd) (Figure 3.2) for the complexation of copper(I) as well as nickel(0).  
 

 

Figure 3.2: Structure of tetracyclo[7.3.1.14,12.02,7]tetradeca-6,11-diene (tctd). 

The diene tctd is an intermediate in the synthesis of protodiamantane 3.2 (pen-
tacyclo[7.3.1.14,12.01,7.06,11]tetradecane), which is the most likely isomer in the 
rearrangement sequence leading from tetrahydro-binor-S 3.1[175] to diamantane 
3.3[176] shown in Figure 3.3.  
 

 

Figure 3.3: Rearrangement sequence from tetrahydro-binor-S (3.1) affording dia-

mantane (3.3) involving the intermediate protodiamantane (3.2).[177] 

The synthesis of protodiamantane is achieved by a cleavage-recombination se-
quence of 1,6-dibromodiamantane 3.4. Therefore, 3.4 is reductively cleaved by 
activated zinc powder in dimethylformamide affording the fixed chair diene tet-
racyclo[7.3.1.14,12.02,7] tetradeca-6,11-diene 3.5. The best conditions for the prep-
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aration of 3.2 from 3.5 involves the reaction with aqueous HBr (48 %) in hex-
ane at 0 °C which gives a mixture of 6-bromodiamantane 3.6 (45 %) and  
6-bromoprotodiamantane 3.7 (55 %). After refluxing with tri-n-butyl tin hyride 
in benzene the resulting product protodiamantane (55 %) can be separated by 
preparative gas chromatography.[177] 
 

 

Figure 3.4: Synthesis of protodiamantane (3.2) from 1,6-dibromodiamantane involv-

ing the diene tctd.[177] 

The diene tctd not only has potential as an intermediate for the synthesis of 
disubstituted diamantanes and protodiamantanes, but also provides a diagnostic 
tool for the investigation of mechanistic details regarding olefin additions. 
Furthermore, this derivative could have some potential for the formation of co-
ordination polymers in complex chemistry due to its unsaturated character. 

3.2 Copper(I) Complexes with tctd 

3.2.1 Molecular Structure of [Cu2(bipy)2(tctd)](PF6)2 

The preparation of a copper(I) complex with the ligand tctd affording 
[Cu2(bipy)2(tctd)](PF6)2[143] was successful applying the same experimental 
conditions as for the related complex [Cu(bipy)(COD)]PF6.[178] The molecular 
structure of the cation of the complex is shown in Figure 3.5. The unit cell con-
tains the complex and solvent molecule (acetone) as well as two PF6

- anions. 
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Both copper centers are coordinated by the two nitrogen atoms of bipy and one 
double bond of the ligand tctd. Each center has an almost square planar coordi-
nation geometry, which is common for ternary copper olefin complexes.[157–159, 
161] 
 

 

Figure 3.5: ORTEP plot of the cation [Cu2(bipy)2(tctd)]2+, hydrogen atoms and 

solvent molecules are omitted for clarity. Ellipsoids are drawn at 50 % 

probability level.[143] 

Thus, the Cu–N bond lengths have typical values of about 1.99(3) Å and are in 
good agreement with those found in similar ternary complexes, as well as the 
values for the Cu–Colefin distances.[157–159, 161] Due to the coordination of cop-
per the double bonds lengths C26–C27 and C31–C32, with values of 1,40(5) Å 
and 1,38 (6) Å, clearly show a widening compared to the average value of 1,33 
Å for uncoordinated double bonds. 

3.2.2 Molecular Structure of [Cu2Cl2(CH3CN)(tctd)] 

The molecular structure of the uncoordinated diene tctd has not been character-
ized yet due its reactivity and therefore short lifetime. It is only stable by mix-
ing it with copper(I) chloride forming the corresponding complex. It was now 
possible to determine the molecular structure of the resulting product 
[Cu2Cl2(CH3CN)(tctd)] (see Figure 3.6). Crystallographic data, bond lengths and 
angles are presented in Table 3.1 and Table 3.2. The unit cell contains two cop-
per(I) centers, of which Cu2 is coordinated by one double bond of the diene tctd 
and a chloride anion Cl4. The second copper ion Cu1 is coordinated to the ni-
trogen of the solvent molecule acetonitrile and another tctd ligand. Both copper 
centers are bridged by a choride anion (Cl3) and form a chain consisting of the 
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copper(I) complex molecules. A fragment of this chain [Cu2Cl2(CH3CN)(tctd)]n 
is shown in Figure 3.7. The coordination sphere of each copper center is almost 
square planar, which is in line with the copper(I) tctd complex reported by 
Henß and other similar complexes reported in literature.[143, 157–159, 161] Fur-
thermore, the bond lengths of the coordinated double bonds C1-C12 and  
C7-C16 of tctd, with values of 1.376(4) Å and 1.389(4) Å, are shorter than in 
the complex [Cu2(bipy)2(tctd)](PF6)2, but still show a widening compared to an 
average unsubstituted double bond (1.33 Å). 
 

 

Figure 3.6: ORTEP plot of the full complex molecule [Cu2Cl2(CH3CN)(tctd)]. Ellip-

soids are drawn at 50 % probability level. 

Table 3.1: Crystal data and structure refinement for [Cu2Cl2(CH3CN)(tctd)]. 

  

 

Internal identification code schindler12048
Empirical formula C16 H21 Cl2 Cu2 N
Formula weight 425.32
Temperature 190 (2) K
Wavelength 0.71073 A
Crystal system, space group Triclinic, P1ത
Unit cell dimensions a = 8.4200(17) Å   α = 85.68(3) ° 
 b = 9.3220(19) Å    β = 78.77(3) ° 
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 c = 10.383(2) Å    γ= 84.49(3) ° 
Volume 794.3(3) Å3

Z, calculated density 2, 1.778 Mg/m3

Absorption coefficient 3.004 mm-1

F(000) 432
Crystal size 0.3 x 0.09 x 0.08 mm
Theta range for data collection 2.00 to 27.41 °
Limiting indices -10≤h≤10, -12≤k≤12, -13≤l≤13 
Reflections collected / unique 13762 / 3602 [R(int) = 0.0617] 
Completeness to theta = 27.41 99.5 %
Absorption correction Empirical
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3602 / 0 / 274
Goodness-of-fit on F2 1.016
Final R indices [I>2sigma(I)] R1 = 0.0331, wR2 = 0.0747 
R indices (all data) R1 = 0.0500, wR2 = 0.0812 
Largest diff. peak and hole 0.436 and -0.569 e. Å-3 
 

 

Table 3.2: Selected bond lengths [Å] and angles [°] for [Cu2Cl2(CH3CN)(tctd)]. 

      

   

C(1)-C(12) 1.376(4) C(12)-Cu(2) 2.063(3) Cl(4)-Cu(1) 2.7296(12)
C(1)-C(2) 1.512(4) Cl(3)-Cu(2) 2.2943(11) Cu(1)-N(6) 2.006(2)
C(7)-C(16) 1.389(4) Cl(3)-Cu(1) 2.2949(11) C(18)-N(6) 1.137(4)
C(1)-Cu(2) 2.062(2) Cl(4)-Cu(2) 2.2469(10)  
    

  

C(12)-C(1)-Cu(2) 70.54(15) Cl(3)-Cu(1)-Cl(4)   90.88(3) 
C(1)-C(12)-Cu(2)   70.51(15) C(1)-Cu(2)-C(12)   38.96(11) 
C(16)-C(7)-C(8) 122.4(3) C(1)-Cu(2)-Cl(4)    146.29(8) 
N(6)-C(18)-C(15)   179.3(4) C(12)-Cu(2)-Cl(4)  108.18(8) 
Cu(2)-Cl(3)-Cu(1)  77.36(3) C(1)-Cu(2)-Cl(3)    108.36(8) 
Cu(2)-Cl(4)-Cu(1)  69.61(3) C(12)-Cu(2)-Cl(3)  147.19(8) 
N(6)-Cu(1)-Cl(3)   100.39(7) Cl(4)-Cu(2)-Cl(3)   104.59(3) 
N(6)-Cu(1)-Cl(4)   98.07(8) C(18)-N(6)-Cu(1)   172.1(3) 
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Figure 3.7: ORTEP plot of a fragment of the copper(I) chain 

[Cu2Cl2(CH3CN)(tctd)]n. Ellipsoids are drawn at 50% probability 

level. 

3.3 Synthesis of Ni(0) Polymers with tctd 

There was also great interest in the synthesis of uncharged Ni(0) polymers with 
the ligand tctd. Therefore, Ni(COD)2 was used as Ni(0) precursor. By mixing 
the complex with the ligand tctd, both COD ligands should be replaced to give 
an uncharged polymeric Ni(0) chain (see Figure 3.8). 
 

 

Figure 3.8: Reaction scheme for the synthesis of [Ni(tctd)]n in THF. 

The optimized molecular structure of [Nix(tctd)y]n (Universal force field 
(UFF)[159]) is shown in Figure 3.9. Mixing the slightly yellow solution of 
[Ni(COD)2] in THF with tctd affords a slightly brown solution after several 
hours of stirring. Unfortunately, crystals suitable for X-ray diffraction could not 
be obtained due to its high sensitivity towards traces of dioxygen and autocata-
lytic reactions. 

 



3 Ni(0) and Cu(I) Complexes with the Adamantane Ligand tctd 

58 

 

Figure 3.9: Proposed molecular structure for a fragment of the nickel(0) chain 

[Nix(tctd)y]n (UFF optimized).  

3.4 Experimental 

3.4.1 Materials and Reagents 

Commercial reagents were used as obtained without further purification. Sol-
vents were dried according to standard procedures. All handling and storage of 
oxygen sensitive compounds and materials used was carried out in a glove box 
(M. Braun, Garching, Germany; O2 < 0.1 ppm, H2O < 0.1 ppm) within an ar-
gon atmosphere. 

3.4.2 Crystallography 

Single crystals suitable for X-ray diffraction were mounted on the tip of a glass 
rod using inert perfluoropolyether oil. The X-ray crystallographic data were col-
lected on a BRUKER NONIUS FR591 Kappa CCD diffractometer equipped 
with low temperature systems. Mo-Kα radiation (λ = 0.71073 Å) and a graphite 
monochromator was used. The structures were solved by direct methods in 
SHELXS97 and SHELXL 2013 and refined by using full-matrix least squares in 
SHELXL97.[179] 
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3.4.3 Synthesis of tctd 

Synthesis of the ligand tetracyclo[7.3.1.14,12.02,7] tetradeca-6,11-diene was per-
formed in the research group of Prof. Schreiner (JLU Gießen, Institute for  
Organic Chemistry) by Boryslav A. Tkachenko.[177] 

3.4.4 Synthesis of [Cu2Cl2(CH3CN)(tctd)] 

[Cu2Cl2(CH3CN)(tctd)] was synthesized by mixing copper(I)chloride with the 
ligand tctd in order to stabilize the diene by B. A. Tkachenko.[177] Crystals 
suitable for X-ray diffraction studies were obtained by recrystallization from 
acetonitrile. 

3.4.5 Synthesis of [Nix(tctd)y]n 

Preparation of the ligand tctd was done by stirring 275 mg (0.716 mmol) of 
[Cu2Cl2(tctd)] in ammonia solution for several hours. After extraction with di-
ethyl ether the organic layer was separated and dried over anhydrous MgSO4. 
Evaporation of the solvent afforded 124 mg (0.666 mmol, 93 %) of tctd. The 
free ligand is stable for approx. 2-3 hours. To synthesize the Ni(0) complex the 
ligand was transferred into the glove box. 
To a stirred slightly yellow solution of 70 mg (0.25 mmol) of [Ni(COD)2] in 
THF 124 mg of tctd (0.666 mmol) was added. The resulting light brown solu-
tion was stirred furthermore for several hours. Diffusion of n-pentane into the 
solution at -20 °C did not result in crystals suitable for X-ray structure deter-
mination. The molecular structure of [Nix(tctd)y]n was optimized using Avoga-
dro's structure optimization set to Universal Force Field (UFF) with steepest 
descent (iterative optimization algorithm; convergence at 10e-7).[159] 
 



 

 

  



 

61 

4 Ni(0) and Cu(I) Complexes with the Ligand 

O-BPy and Derivatives 

4.1 Introduction 

It is well known that various Ni(0) complexes induce catalytic reactions, such as 
oligomerization of alkenes, dienes and alkynes as well as C-C coupling reactions 
(see 1.4). In this regard, studies on ligand exchange reactions of the Ni(0) com-
plex bis(cyclooctadiene)nickel(0) were performed in our research group previous-
ly.[19, 140, 139] [Ni(COD)2] undergoes various ligand exchange reactions due to 
its labile ligand COD, which can be easily displaced by other ligands and is 
therefore widely used as Ni(0) precursor complex.  
As previously reported in literature [Ni(COD)2] reacts with 2,2'-bipyridine 
(bipy) in a 1:1 ratio in THF to afford the complex [Ni(bipy)(COD)] (see Figure 
4.1).[180] In this reaction one COD molecule is replaced by the ligand bipy.  
 

 

Figure 4.1: Reaction scheme for the synthesis of [Ni(bipy)(COD)].[180] 

Efforts to synthesize a binuclear nickel(0) complex using an open-ended tetra-
dentate ligand and to investigate the formation kinetically were performed in 
our group by M. Leibold.[141] Therefore, 1,2-bis(2,2'-bipyridine-6-yl)ethane  
(O-BPy) (Figure 4.2), which consists of two bipyridyl units bridged by ethane, 
was synthesized from 2,2'-bipyridine[181] and reacted with [Ni(COD)2].  
 

 

Figure 4.2: Structure of 1,2-bis(2,2'-bipyridin-6-yl)ethane (O-BPy).[181] 
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Mixing [Ni(COD)2] with O-BPy in THF resulted in a dark green complex solu-
tion. Diffusion of pentane into the solution led to the formation of dark green 
crystals suitable for X-ray diffraction.[141] Analogue to the reaction with bipy, a 
binuclear complex with two nickel centers, the ligand O-BPy and two coordi-
nated COD molecules, was expected (see Figure 4.3). 
 

 

Figure 4.3: Reaction scheme for the synthesis of [Ni2(O-BPy)(COD)2]. 

Surprisingly, the X-ray diffraction studies showed a binuclear complex with co-
ordinated 1,3-butadiene. Instead of COD, one molecule of butadiene was coordi-
nated to each nickel center (see Figure 4.4). The molecular structure of the 
complex is shown in Figure 4.5.[141]  
 

 

Figure 4.4: Reaction scheme for the synthesis of [Ni2(O-BPy)(η2–C4H6)2]. 

Both nickel centers, which are identical due to an inversion center between C11 
and C11a, are bridged by the ligand O-BPy and coordinated to one double 
bond, C12-C13 / C12a-C13a, of a butadiene molecule. Therefore, the geometry 
of the nickel(0) complex [Ni2(O-BPy)(η2–C4H6)2] can be best described as trigo-
nal planar. The two nickel atoms are separated by 8.092 Å. 
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Figure 4.5: ORTEP plot of the binuclear complex [Ni2(O-BPy)(η2–C4H6)2]. Ellip-

soids are drawn at 50% probability level.[141] 

The only comparable and reported binuclear nickel complex with  
coordinated butadiene is the structurally characterized complex  
[μ-C4H6-{Ni2(η2-C4H6)2(bipy)2}].[182] However, since no butadiene was used as an 
educt in this reaction a cleavage of COD was supposed (see Figure 4.4). As de-
scribed above, Ni(0) catalyzes the cyclooligomerization of 1,3-butadiene to COD 
amongst other isomers (see 1.4.1.2). Within a collaboration with the research 
group of Prof. M. C. Holthausen (Goethe University Frankfurt am Main, Insti-
tute for Inorganic and Analytical Chemistry) a mechanism for the cleavage of 
COD was proposed (see Figure 4.6).[141]  
 
 
 
 
 
 
 
 

 

Figure 4.6: Proposed mechanism for the cleavage of 1,5-cyclooctadiene.[141] 
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This mechanism involves the formation of a μ-(η2,η2-COD)-Ni2-(O-BPy)  

intermediate 4.1, which reacts to a μ-(η1,η1-)-allylic complex 4.2 and a  

μ-(η3,η3-)-allylic complex 4.3. In the final step, the complex  

[Ni2(O-BPy)(η2–C4H6)2] 4.4 is formed by a cleavage reaction and coordination of 
butadiene. The allylic complexes also occur as intermediates in the catalytic 
cycle of the technical synthesis of COD shown in Figure 4.7.[8] The mechanism 
for the formation of [Ni2(O-BPy)(η2–C4H6)2] therefore can be described as a back 
reaction of the cylcodimerization of butadiene.  
 

 

Figure 4.7: Catalytic cyclodimerization of 1,3-butadiene to 1,5-cyclooctadiene. 

Furthermore, the Gibbs energy for the reaction of COD to two molecules of bu-
tadiene was calculated by Puneet Gupta in the research group of Prof.  
Holthausen (see Figure 4.8).  
 

 

Figure 4.8: Calculated Gibbs energy for the reaction of one molecule of 1,5-

cyclooctadiene to two molecules of 1,3-butdiene.[183] 

Due to the fact that one molecule of 1,5-cyclooctadiene is more stable than two 
molecules of butadiene, the driving force of the formation of the complex has to 
be the coordination of butadiene and the presence of two nickel centers. Further 
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DFT calculations for the formation of a binuclear as well as a mononuclear 
nickel complex with O-BPy and Gibbs energies are shown in Figure 4.9. These 
calculations showed that the formation of [Ni(O-BPy)] should be even more 
spontaneous than the formation of [Ni2(O-BPy)(COD)2]. Therefore, the obtained 
complex [Ni2(O-BPy)(η2–C4H6)2] was a remarkable result. 
 

 

Figure 4.9: Calculated Gibbs energies for the formation of [Ni(O-BPy)] and 

[Ni2(O-BPy)(η2–C4H6)2].[183] 

Because of different theoretical findings by Holthausen and co-workers, investi-
gations on this reaction and its mechanism were performed in more detail.  
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4.2 Results 

Experiments on the formation of the nickel(0) complex [Ni2(O-BPy)(η2–C4H6)2] 
were repeated. Additionally, several derivatives of the ligand system  
O-BPy were used to investigate their influence on the formation of the respec-
tive nickel complexes (see Table 4.1).  
Furthermore, Cu(I) salts were reacted with O-BPy to afford a dinuclear isoelec-
tronic copper(I) complex which should be compared to the obtained nickel(0) 
complex. 

Table 4.1: Ligands used in the synthesis of Ni(0) complexes. 

   

   

1,2-bis(2,2'-bipyridine-6-
yl)ethane 
(O-BPy) 

1,2-bis(4'-methyl-2,2'-
bipyridine-4-yl)ethane 

(Me-BPy) 

N,N’-bis((6-methylpyridine-
2-yl)methylene)butane-1,4-

diamine 
(mpmbd) 

 

N

N
N

N

 
   

  

N,N‘-bis(pyridine-2-
ylmethylene)butane-1,4-

diamine 
(pmbd) 

N,N‘-bis(pyridine-2-
ylmethylene)ethane-1,2-

diamine 
(pmed) 

N,N‘-bis(pyridine-2-
ylmethylene)pentane-1,5-

diamine 
(pmpd) 
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4.2.1 Ligands 

4.2.1.1 O-BPy 

1,2-Bis(2,2'-bipyridine-6-yl)ethane (O-BPy) was synthesized in a two-step reac-
tion according to a procedure described in literature.[181] The intermediate  
6-methyl-2,2'-bipyridine 4.7 was obtained by methylation of 2,2'-bipyridine 4.5 
in the 6-position with methyllithium and a subsequent oxidation of the reduced 
intermediate 4.6 with KMnO4 (see Figure 4.10). 
  

 

Figure 4.10: Synthesis of 6-methyl-2,2'-bipyridine. 

Metalation of 4.7 with lithium diisopropylamide and coupling of the intermedi-
ate 4.8 with 1,2-dibromoethane afforded the tetradendate ligand O-BPy 4.9 
(see Figure 4.11).  
 

 

Figure 4.11: Synthesis of 1,2-bis(2,2'-bipyridine-6-yl)ethane. 

Recrystallization from methanol gave pale yellow crystals suitable for X-ray dif-
fraction. The determined molecular structure of O-BPy, which is in accordance 
with the reported protonated ligand structure O-BPy·2 HBF4 by Seddon et 
al.[184], is shown in Figure 4.12. Crystallographic data as well as selected bond 
lengths and angles are given in Table 4.2 and Table 4.3. 
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The sp2-hybridization and aromatic character of the two pyridine units can be 
shown by obtained bond lengths ranging between 1.3402 (15) Å and  
1.3957(16) Å and bond angles of about 120°. The bond lengths of C5-C6 and 
C5a-C6a between the two pyridyl rings are much larger with 1.4907(16) Å due 
to their non-aromatic character. Furthermore, both bipyridine units are at an 
angle of 111.98(12)° to each other for the smallest possible steric effect. 
 

 

Figure 4.12: ORTEP plot of the ligand O-BPy. Ellipsoids are drawn at 50%  

probability level. 

Table 4.2: Crystal data and structure refinement for O-BPy. 

  

 

Internal identification code schindler14036
Empirical formula C22 H18 N4

Formula weight 338.40
Temperature 150 (2) K
Wavelength 0.71073 A
Crystal system, space group Monoclinic, P21/n
Unit cell dimensions a = 6.5720(13) Å    α = 90 ° 
 b = 11.946(2) Å    β = 90.00(3) ° 
 c = 11.040(2) Å     γ= 90 ° 
Volume 866.7(3) Å3

Z, calculated density 2, 1.297 Mg/m3
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Absorption coefficient 0.079 mm-1

F(000) 356
Crystal size 0.500 x 0.330 x 0.300 mm 
Theta range for data collection 2.512 to 27.494 °
Limiting indices -8≤h≤8, -15≤k≤15, -14≤l≤13 
Reflections collected / unique 10053 / 1959 [R(int) = 0.0541] 
Completeness to theta = 25.242 99.0 %
Absorption correction Empirical
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1959 / 0 / 118
Goodness-of-fit on F2 1.044
Final R indices [I>2sigma(I)] R1 = 0.0447, wR2 = 0.1186 
R indices (all data) R1 = 0.0545, wR2 = 0.1268 
Extinction coefficient n/a
Largest diff. peak and hole 0.200 and -0.208 e. Å-3 
 

 
 

Table 4.3: Selected bond lengths [Å] and angles [°] for O-BPy. 

      

   

N(1)-C(1) 1.3402(15) N(2)-C(10) 1.3428(14) C(11)-C(11a) 1.529(2)
N(1)-C(5) 1.3477(14) C(5)-C(6) 1.4907(16)  
N(2)-C(6) 1.3448(14) C(10)-C(11) 1.5096(15)  
    

    

C(1)-N(1)-C(5) 116.94(10) N(2)-C(6)-C(5) 116.27(9) 
C(6)-N(2)-C(10) 118.15(9) N(2)-C(10)-C(11) 115.92(10) 
N(1)-C(5)-C(6) 116.57(9) C(10)-C(11)-C(11a) 111.98(12) 
    

 
 

4.2.1.2 Mpmbd 

The tetradentate Schiff base ligand N,N’-Bis((6-methylpyridine-2-
yl)methylene)butane-1,4-diamine (mpmbd) was synthesized as previously  
reported in literature.[185] In a condensation reaction 6-methylpyridine-2-
carboxaldehyde was reacted with 1,4-diaminobutane in dehydrated ethanol and 
refluxed for several hours (Figure 4.13).  
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Figure 4.13: Synthesis of N,N’-Bis((6-methylpyridine-2-yl)methylene)butane-1,4-

diamine. 

The ligand was recrystallized from EtOH/H2O (5:1 volume ratio) and crystals 
suitable for X-ray diffraction could be obtained. The molecular structure of 
mpmbd is shown in Figure 4.14. Crystallographic data, bond lengths and bond 
angles are presented in Table 4.4 and Table 4.5. Mpmbd has an inversion center 
between C8 and C8a and both symmetrical units are separated by 1.521(2) Å 
which is almost the same as for the ligand O-BPy. The bond angle between 
C8a-C8-C7 is also 113.48(13)° to obtain the smallest steric hindrance.  
 

 

Figure 4.14: ORTEP plot of the ligand mpmbd. Ellipsoids are drawn at 50 % prob-

ability level. 

Table 4.4: Crystal data and structure refinement for mpmbd. 

  

 

Internal identification code schindler13008
Empirical formula C9 H11 N2

Formula weight 147.20
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Temperature 190 (2) K
Wavelength 0.71073 A
Crystal system, space group Monoclinic, P21/c
Unit cell dimensions a = 4.8920(10) Å   α = 90 ° 
 b = 21.201(4) Å    β = 102.06(3) ° 
 c = 8.0630(16) Å    γ= 90 ° 
Volume 817.8(3) Å3

Z, calculated density 4, 1.196 Mg/m3

Absorption coefficient 0.073 mm-1

F(000) 316
Crystal size 0.500 x 0.300 x 0.100 mm 
Limiting indices -6≤h≤6, -27≤k≤23, -9≤l≤10 
Reflections collected / unique 8132 / 1880 [R(int) = 0.0419] 
Completeness to theta = 25.242 99.7 %
Absorption correction Empirical
Max. and min. transmission 0.69044 and 0.57072
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1880 / 0 / 157
Goodness-of-fit on F2 1.022
Final R indices [I>2sigma(I)] R1 = 0.0402, wR2 = 0.0937 
R indices (all data) R1 = 0.0613, wR2 = 0.1038 
Extinction coefficient n/a
Largest diff. peak and hole 0.116 and -0.158 e. Å-3 
 

 
 

Table 4.5: Selected bond lengths [Å] and angles [°] for mpmbd. 

      

   

C(1)-N(1) 1.3452(16) N(2)-C(6) 1.2637(15) C(7)-C(8) 1.5212(19)
C(1)-C(9) 1.5012(18) N(2)-C(7) 1.4592(16) C(8)-C(8a) 1.521(2) 
    

    

N(1)-C(1)-C(9) 116.11(12) N(2)-C(7)-C(8)     110.80(11)
C(6)-N(2)-C(7) 117.47(10) C(8a)-C(8)-C(7) 113.48(13)
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4.2.1.3 Pmed, pmbd, pmpd 

The ligands N,N‘-bis(pyridine-2-ylmethylene)ethane-1,2-diamine (pmed) 4.10, 
N,N‘-bis(pyridine-2-ylmethylene)butane-1,4-diamine (pmbd) 4.11 and N,N‘-
bis(pyridine-2-ylmethylene)pentane-1,5-diamine (pmpd) 4.12 were synthesized 
analogue to a procedure described in literature.[185] In a condensation reaction 
pyridine-2-carboxaldehyde was reacted with 1,2-diaminoethane, 1,4-
diaminobutane and 1,5-diaminopentane in dehydrated ethanol and refluxed for 
several hours to give the corresponding Schiff bases (Figure 4.15). 
 

 

Figure 4.15: Synthesis of N,N‘-bis(pyridine-2-ylmethylene)ethane-1,2-diamine (4.10) 

N,N‘-bis(pyridine-2-ylmethylene)butane-1,4-diamine (4.11), and N,N‘-

bis(pyridine-2-ylmethylene)pentane-1,5-diamine (4.12). 

Cooling of a saturated solution of pmbd in methanol to -20 °C afforded crystals 
suitable for X-ray diffraction after several days. The molecular structure of 
pmbd is shown in Figure 4.16. Crystallographic data, bond lengths and bond 
angles are given in Table 4.6 and Table 4.7. Pmbd has an inversion center be-
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tween C8 and C8a and both symmetrical units are separated by 1.523(3) Å 
which is almost the same as for the ligand O-BPy and mpmbd. Likewise, the 
ligand has an elongated structure to obtain the smallest steric hindrance. 
 

 

Figure 4.16: ORTEP plot of the ligand pmbd. Ellipsoids are drawn at 50 %  

probability level. 

Table 4.6: Crystal data and structure refinement for pmbd. 

  

 

Internal identification code schindler14040
Empirical formula C16 H18 N4

Formula weight 266.34
Temperature 150 (2) K
Wavelength 0.71073 A
Crystal system, space group Monoclinic, P21/c
Unit cell dimensions a = 9.2010(18) Å   α = 90 ° 
 b = 8.8580(18) Å    β = 107.28(3) ° 
 c = 9.3030(19) Å    γ= 90 ° 
Volume 724.0(3) Å3

Z, calculated density 2, 1.222 Mg/m3

Absorption coefficient 0.076 mm-1

F(000) 284
Crystal size 0.860 x 0.300 x 0.100 mm 
Theta range for data collection 2.318 to 27.496 °
Limiting indices -11≤h≤11, -11≤k≤11, -12≤l≤12 
Reflections collected / unique 11105 / 1654 [R(int) = 0.1632] 
Completeness to theta = 25.242 99.9 %
Absorption correction Empirical
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Max. and min. transmission 0.69044 and 0.57072
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1654 / 0 / 91
Goodness-of-fit on F2 1.024
Final R indices [I>2sigma(I)] R1 = 0.0494, wR2 = 0.1219 
R indices (all data) R1 = 0.0700, wR2 = 0.1320 
Extinction coefficient n/a
Largest diff. peak and hole 0.184 and -0.216 e. Å-3 
 

 
 

Table 4.7: Selected bond lengths [Å] and angles [°] for pmbd. 

      

   

C(6)-N(1) 1.2661(17) N(1)-C(7) 1.2637(15) C(7)-C(8) 1.5179(19)
C(5)-N(2) 1.3450(18) C(5)-C(6) 1.4799(17) C(8)-C(8a) 1.523(3) 
    

    

N(2)-C(5)-C(6) 115.20(11) C(6)-N(1)-C(7)   117.21(12)
C(5)-C(6)-N(1) 122.02(13) C(7)-C(8)-C(8a) 113.70(14)
    

 
 
Crystals of the ligands pmed and pmpd suitable for X-ray diffraction could not 
be obtained during this work. 
 

4.2.1.4 Me-BPy 

The ligand 1,2-bis(4'-methyl-2,2'-bipyridine-4-yl)ethane was purchased commer-
cially from Tokyo Chemical Industry Co., TCI (Japan). 
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Completeness to theta = 24.45 98.3 %
Absorption correction Empirical
Max. and min. transmission 0.69044 and 0.57072
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6062 / 0 / 523
Goodness-of-fit on F2 1.161
Final R indices [I>2sigma(I)] R1 = 0.0724, wR2 = 0.1568 
R indices (all data) R1 = 0.1091, wR2 = 0.1693 
Largest diff. peak and hole 0.464 and -0.477 e. Å-3 
 

 
 

Table 4.9: Selected bond lengths [Å] and angles [°] for [Ni(O-BPy)]. 

      

   

Ni(1)-N(1) 1.920(6) Ni(1)-N(4) 1.926(5) C(12)-C(13) 1.497(9)
Ni(1)-N(2) 1.964(5) C(10)-C(11) 1.482(10)  
Ni(1)-N(3) 1.962(6) C(11)-C(12) 1.559(10)  
    

    

N(1)-Ni(1)-N(4) 100.6(2) C(1)-N(1)-Ni(1) 128.0(4) 
N(1)-Ni(1)-N(3)     149.8(2) C(22)-N(4)-Ni(1)      126.4(4) 
N(4)-Ni(1)-N(3) 81.8(2) C(18)-N(4)-Ni(1)      115.8(5) 
N(1)-Ni(1)-N(2) 82.0(2) N(2)-C(10)-C(11) 115.8(5) 
N(4)-Ni(1)-N(2) 147.6(2) C(10)-C(11)-C(12) 112.8(6) 
N(3)-Ni(1)-N(2) 112.0(2) C(13)-C(12)-C(11) 112.0(6) 
C(10)-N(2)-Ni(1)   128.4(5) N(3)-C(13)-C(12) 114.8(6) 
C(13)-N(3)-Ni(1)   128.1(4) N(2)-C(10)-C(11) 115.8(6) 
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Table 4.10: Crystal data and structure refinement for [Ni(pmbd)]. 

  

 

Internal identification code schindler12075
Empirical formula C20 H26 N4 Ni O
Formula weight 397.16
Temperature 193 (2) K
Wavelength 0.71073 A
Crystal system, space group Orthorhombic, P21212
Unit cell dimensions a = 13.014(3) Å   α = 90 ° 
 b = 7.9580(16) Å    β = 90 ° 
 c = 9.0770(18) Å    γ= 90 ° 
Volume 940.1(11) Å3

Z, calculated density 2, 1.403 Mg/m3

Absorption coefficient 1.048 mm-1

F(000) 420
Crystal size 0.560 x 0.20 x 0.18 mm 
Theta range for data collection 2.24 to 27.51 °
Limiting indices -16≤h≤11, -10≤k≤9, -10≤l≤11 
Reflections collected / unique 5714 / 2124 [R(int) = 0.0376] 
Completeness to theta = 27.51 99.7 %
Absorption correction Empirical
Max. and min. transmission 0.8337 and 0.5914
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2124 / 0 / 171
Goodness-of-fit on F2 1.025
Final R indices [I>2sigma(I)] R1 = 0.0333, wR2 = 0.0758 
R indices (all data) R1 = 0.0454, wR2 = 0.0804 
Absolute structure parameter -0.06(3)
Largest diff. peak and hole 0.289 and -0.459 e. Å-3 
 

 
 

Table 4.11: Selected bond lengths [Å] and angles [°] for [Ni(pmbd)]. 

      

   

Ni(1)-N(1) 1.9385(18) Ni(1)-N(2a) 1.912(2) C(7)-N(2) 1.473(3)
Ni(1)-N(2) 1.912(2) C(6)-N(2) 1.312(3) C(7)-C(8) 1.520(4)
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Ni(1)-N(1a) 1.9385(18) C(5)-N(1) 1.379(3) C(8)-C(8a) 1.532(5)
    

    

N(2a)-Ni(1)-N(2) 110.12(12) C(5)-N(1)-Ni(1) 113.32(15) 
N(2a)-Ni(1)-N(1)   82.55(9) N(1)-C(5)-C(6) 112.6(2)
N(2)-Ni(1)-N(1) 146.70(9) N(2)-C(6)-C(5) 116.4(3)
N(2a)-Ni(1)-N(1a) 146.70(9) N(2)-C(7)-C(8) 112.1(2)
N(2)-Ni(1)-N(1a) 82.55(9) C(7)-C(8)-C(8a) 113.2(3)
N(1)-Ni(1)-N(1a) 103.88(10)
    

 
 

4.2.2.4 [Ni(mpmbd)] 

Two hydrogen atoms of the pyridyl groups of the ligand mpmbd were substitut-
ed by methyl groups to add more steric hindrance and to prevent the formation 
of a mononuclear nickel complex. Therefore, the Schiff base ligand mpmbd was 
mixed with [Ni(COD)2] in a 1:1 and 1:2 ratio in THF at room temperature for 
several hours (see Figure 4.22).  
 

 

Figure 4.22: Reaction scheme for the synthesis of [Ni(mpmbd)] using Ni/ligand  

ratios of 2:1 and 1:1. 

The color of the solution turned immediately dark violet. After diffusion of n-
pentane into a THF solution at -20 °C crystals suitable for X-ray diffraction 
could be obtained. However, the formation of a binuclear complex with mpmbd 
could not be observed. The molecular structure depicted in Figure 4.23 shows 
the mononuclear complex [Ni(mpmbd)]. Crystallographic data, selected bond 
lengths and bond angles are given in Table 4.12 and Table 4.13. 
The nickel center of [Ni(mpmbd)] has a distorted tetrahedral environment and 
is coordinated by the four nitrogen atoms of mpmbd. The obtained Ni–N bond 
lengths between Ni1-N1 with 1.9493(19) Å and Ni1-N3 with 1.9424(19) Å are 
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Z, calculated density 8, 1.421 Mg/m3

Absorption coefficient 1.183 mm-1

F(000) 1480
Crystal size 0.250 x 0.200 x 0.150 mm 
Theta range for data collection 2.163 to 27.473 °
Limiting indices -14≤h≤14, -7≤k≤11, -43≤l≤44 
Reflections collected / unique 15932 / 3761 [R(int) = 0.0694] 
Completeness to theta = 25.242 99.6 %
Absorption correction Empirical
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3761 / 0 / 296
Goodness-of-fit on F2 0.919
Final R indices [I>2sigma(I)] R1 = 0.0377, wR2 = 0.0832 
R indices (all data) R1 = 0.0710, wR2 = 0.0937 
Extinction coefficient  n/a
Largest diff. peak and hole 0.464 and -0.427 e. Å-3 
 

 
 

Table 4.13: Selected bond lengths [Å] and angles [°] for [Ni(mpmbd)]. 

      

   

Ni(1)-N(1) 1.9493(19) Ni(1)-N(4) 1.885(2) C(5)-C(6) 1.524(4) 
Ni(1)-N(2) 1.889(2) N(2)-C(5) 1.460(3) C(6)-C(7) 1.525(4) 
Ni(1)-N(3) 1.9424(19) N(4)-C(8) 1.467(3) C(7)-C(8) 1.523(4) 
    

    

N(1)-Ni(1)-N(2) 83.07(8) C(5)-N(2)-Ni(1) 125.67(16)
N(1)-Ni(1)-N(3)  116.29(8) C(8)-N(4)-Ni(1) 126.72(17)
N(1)-Ni(1)-N(4) 135.36(8) C(5)-C(6)-C(7) 118.2(2)
N(2)-Ni(1)-N(3) 142.41(9) C(8)-C(7)-C(6) 117.6(3)
N(2)-Ni(1)-N(4) 106.42(9) N(2)-C(5)-C(6) 113.2(2)
N(3)-Ni(1)-N(4) 82.77(8) N(4)-C(8)-C(7) 113.3(2)
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4.2.2.5  [Ni(pmed)] and [Ni(pmpd)] 

[Ni(COD)2] was mixed in a 2:1 and 1:1 ratio with the ligands pmed and pmpd 
in THF at room temperature for several hours. By changing the length of the 
bridge between the four donor atoms of the ligands the formation of a mono-
meric complex should be prevented. The color of the solution of [Ni(pmed)] 
turned immediately red-brown, the solution of [Ni(pmpd)] turned red-violet. 
Unfortunately, crystals suitable for X-ray diffraction could not be obtained dur-
ing this work. UV-Vis spectra of these compounds are presented in 0. 
 

4.2.2.6 [Ni(Me-BPy)] 

A further approach to synthesize a binuclear nickel complex with a bipyridine 
ligand system was to use the ligand Me-BPy. This tetradentate ligand is similar 
to O-BPy but both 2,2'-bipyridine units are linked at the 4-position instead of 
the 6-position. This should prevent the formation of a monomeric complex. Fur-
thermore, there are methyl groups introduced at the 4-position of the outer pyr-
idine rings. For the synthesis of [Ni(Me-BPy)], [Ni(COD)2] was mixed with Me-
BPy in a 2:1 and 1:1 ratio in THF at room temperature for several hours to 
afford a dark purple solution. After a few weeks purple crystals could be ob-
tained by diffusion of n-pentane into the THF solution. Unfortunately, they 
were too small for X-ray diffraction studies. UV-Vis spectra of this complex are 
given in 0. 
 

4.2.3 Cu(I) Complexes with O-BPy and Derivatives 

Analogue to the obtained nickel(0) complex [Ni2(O-BPy)(η2–C4H6)2] by M. 
Leibold[141] an isoelectronic binuclear copper(I) complex with O-BPy should be 
synthesized. Furthermore, it was the goal to figure out if copper(I) is also able 
to split COD into two molecules of butadiene. 
In literature only a few mononuclear transition metal complexes with the ligand 
O-BPy have been reported. These include the complexes [CrCl2(O-BPy)]Cl,[186] 
[Ru(O-BPy)(CH3CN)2](PF6)2[187], [Ni(O-BPy)(DMF)2](ClO4)2[141] and [Cu(O-
BPy)](ClO4)2[181]. The latter complex was reduced to the copper(I) analogue 
with ascorbic acid but not structurally characterized. However, mononuclear as 
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well as binuclear complexes with the ligands 1,2-bis(6’-methyl-2,2‘-bipyridine-6-
yl)ethane (Me-O-BPy) and 1,2-bis(9-methyl-1,10-phenanthroline-2-yl)ethane 
(Me-O-BPh) (see Figure 4.24) are known.[188, 189, 190] 
 

 

Figure 4.24: Structures of the ligands 1,2-bis(6’-methyl-2,2‘-bipyridine-6-yl)ethane 

(Me-O-BPy) and 1,2-bis(9-methyl-1,10-phenanthroline-2-yl)ethane 

(Me-O-BPh). 

The reaction of copper(I) with the methylated bis-bipyridine ligand Me-O-BPy 
and the methylated bis-phenanthroline ligand Me-O-BPh afforded the dinuclear 
complexes [Cu2(Me-O-BPy)2](ClO4)2 and [Cu2(Me-O-BPh)2](ClO4)2 (see Figure 
4.25 and Figure 4.26).  

 
 

 

 

 

Figure 4.25: ORTEP plot of the cation

[Cu2(Me-O-BPy)2]2+.  

Thermal ellipsoids are

drawn at 50 % probability

level.[188] 

Figure 4.26: ORTEP plot of the scation 

[Cu2(Me-O-BPh)2]2+.[189] 
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Figure 4.29: ORTEP plot of the cation [Cu(COD)2]+. Ellipsoids are drawn at 50 %  

probability level.[178] 

Table 4.14: Crystal data and structure refinement for [Cu(COD)2]ClO4. 

  

 

Internal identification code schindler13014
Empirical formula C16 H24 Cl Cu O4

Formula weight 379.34
Temperature 190 (2) K
Wavelength 0.71073 A
Crystal system, space group Monoclinic, P21/c
Unit cell dimensions a = 19.437(2) Å   α = 90 ° 
 b = 10.562(2) Å    β = 116.218(6) ° 
 c = 17.174(3) Å    γ= 90 ° 
Volume 3163.0(10) Å3

Z, calculated density 8, 1.593 Mg/m3

Absorption coefficient 1.565 mm-1

F(000) 1584
Crystal size 0.550 x 0.200 x 0.200 mm 
Theta range for data collection 1.168 to 27.875 °
Limiting indices -25≤h≤25, -13≤k≤13, -22≤l≤22 
Reflections collected / unique 7200 / 7200 [R(int) = 0.0784] 
Completeness to theta = 25.242 99.8 %
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Absorption correction Empirical
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7200 / 0 / 398
Goodness-of-fit on F2 1.034
Final R indices [I>2sigma(I)] R1 = 0.0523, wR2 = 0.1150 
R indices (all data) R1 = 0.0937, wR2 = 0.1327 
Extinction coefficient  n/a
Largest diff. peak and hole 0.758 and -0.745 e. Å-3 
 

 
 

Table 4.15: Selected bond lengths [Å] and angles [°] for [Cu(COD)2]ClO4. 

      

   

Cu(1)-C(3) 2.293(7) Cu(1)-C(8) 2.266(6) Cu(1)-C(13) 2.314(6)
Cu(1)-C(4) 2.247(7) Cu(1)-C(9) 2.263(7) Cu(1)-C(14) 2.255(7)
Cu(1)-C(7) 1.298(7) Cu(1)-C(10) 2.239(6)  
    

    

C(3)-Cu(1)-C(4) 35.3(3) C(9)-Cu(1)-C(10) 34.5(3) 
C(7)-Cu(1)-C(8) 34.5(3) C(13)-Cu(1)-C(14) 34.2(3) 
C(10)-Cu(1)-C(13) 81.9(3) C(8)-Cu(1)-C(9) 95.1(3) 
C(9)-Cu(1)-C(14) 34.5(3) C(7)-Cu(1)-C(14) 92.2(3) 
C(3)-Cu(1)-C(8) 83.2(3) C(3)-Cu(1)-C(10) 96.3(3) 
C(7)-Cu(1)-C(4) 84.6(3) C(4)-Cu(1)-C(13) 148.9(3) 
    

 
 

4.2.3.2 [Cu2(O-BPy)2]2+ 

Analogue to the synthesis of the nickel complexes (see 4.2.2)  
[Cu(COD)2]X (X = ClO4

-, BF4
-) was reacted with O-BPy in a 2:1 ratio. Mixing 

of the copper(I) complex and the ligand in acetone led to a deep red solution 
which turned orange after a few minutes (see 
Figure 4.30). After filtration crystals suitable for X-ray diffraction could be ob-
tained by diffusion of n-pentane into the solution. The molecular structure of 
the obtained binuclear complex [Cu2(O-BPy)2](BF4)2[181] is shown in Figure 
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workers.[188] However, the two Cu(I) ions are separated by only 5.693(7) Å 
which is slightly shorter than in the Cu(I) complex with Me-O-BPy. 
 

 

Figure 4.32: ORTEP plot of the cation [Cu2(O-BPy)2]2+. Ellipsoids are drawn at  

50 % probability level. Solvent molecules are omitted for clarity. 

Table 4.16: Crystal data and structure refinement for [Cu2(O-BPy)2](BF4)2. 

  

 

Internal identification code schindler12017
Empirical formula C47 H30 B2 Cu2 F8 N4 O 
Formula weight 1023.49
Temperature 190 (2) K
Wavelength 0.71073 A
Crystal system, space group Triclinic, P1ത
Unit cell dimensions a = 11.225(6) Å   α = 75.43(3) ° 
 b = 12.764(6) Å    β = 75.86(2) ° 
 c = 17.991(9) Å    γ= 68.13(4) ° 
Volume 2282(2) Å3

Z, calculated density 2, 1.489 Mg/m3
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Absorption coefficient 1.011 mm-1

F(000) 1032
Crystal size 0.250 x 0.130 x 0.070 mm 
Theta range for data collection 1.983 to 16.697 °
Limiting indices -8≤h≤8, -10≤k≤10, -14≤l≤14 
Reflections collected / unique 3776 / 2274 [R(int) = 0.0604] 
Completeness to theta = 25.242 27.5 %
Absorption correction Empirical
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2274 / 0 / 480
Goodness-of-fit on F2 1.197
Final R indices [I>2sigma(I)] R1 = 0.0772, wR2 = 0.1697 
R indices (all data) R1 = 0.1023, wR2 = 0.1905 
Extinction coefficient  n/a
Largest diff. peak and hole 0.447 and -0.310 e. Å-3 
 

 

Table 4.17: Selected bond lengths [Å] and angles [°] for [Cu2(O-BPy)2](BF4)2. 

      

   

Cu(1)-N(1) 2.043(14) Cu(1)-N(4) 1.961(14) Cu(2)-N(7) 2.061(14)
Cu(1)-N(2) 1.985(16) Cu(2)-N(5) 2.093(17) Cu(2)-N(8) 1.97(2)
Cu(1)-N(3) 2.076(19) Cu(2)-N(6) 2.005(14)  
    

    

N(4)-Cu(1)-N(2) 138.4(6) N(8)-Cu(2)-N(6) 138.1(8)
N(4)-Cu(1)-N(1)  82.5(6) N(8)-Cu(2)-N(7) 127.4(5)
N(2)-Cu(1)-N(1) 117.9(5) N(6)-Cu(2)-N(7) 80.7(6)
N(4)-Cu(1)-N(3) 130.9(5) N(8)-Cu(2)-N(5) 79.3(10)
N(2)-Cu(1)-N(3) 80.7(6) N(6)-Cu(2)-N(5) 128.5(6)
N(1)-Cu(1)-N(3) 106.4(5) N(7)-Cu(2)-N(52) 104.0(6)
    

 

4.2.3.3 [Cu(O-BPy)]2+ 

Several days after exposure to air, the binuclear copper(I) complex  
[Cu2(O-BPy)2](BF4)2 was oxidized to the green mononuclear copper(II) complex 
[Cu(O-BPy)](BF4)2.[181] The determined molecular structure of the cation 
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 b = 10.502(2) Å    β = 123.28(3) ° 
 c = 14.480(3) Å    γ= 90 ° 
Volume 2236.8(8) Å3

Z, calculated density 4, 1.709 Mg/m3

Absorption coefficient 1.064 mm-1

F(000) 1156
Crystal size 0.40 x 0.25 x 0.10 mm
Theta range for data collection 3.33 to 27.47 °
Limiting indices -22≤h≤20, -11≤k≤13, -18≤l≤18 
Reflections collected / unique 10124 / 2558 [R(int) = 0.0336] 
Completeness to theta = 27.47 99.5 %
Absorption correction Empirical
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2558 / 0 / 204
Goodness-of-fit on F2 1.048
Final R indices [I>2sigma(I)] R1 = 0.0301, wR2 = 0.0802 
R indices (all data) R1 = 0.0341, wR2 = 0.0833 
Largest diff. peak and hole 0.525 and -0.383 e. Å-3 
 

 

Table 4.19: Selected bond lengths [Å] and angles [°] for [Cu(O-BPy)](BF4)2. 

      

   

Cu(1)-N(1) 1.9827(15) Cu(1)-N(2a) 2.0102(14) C(11)-C(11a) 1.551(4)
Cu(1)-N(1a) 1.9827(15) N(2)-C(10) 1.350(2)  
Cu(1)-N(2) 2.0102(14) C(10)-C(11) 1.490(3)  
    

    

N(1)-Cu(1)-N(1a) 96.26(9) N(1a)-Cu(1)-N(2) 155.50(6) 
N(1)-Cu(1)-N(2a) 155.50(6) N(2a)-Cu(1)-N(2) 109.76(9) 
N(1a)-Cu(1)-N(2a) 81.84(6) C(10)-N(2)-Cu(1) 127.58(13) 
N(1)-Cu(1)-N(2) 81.84(6) C(10)-C(11)-C(11a) 113.84(18) 
    

 

4.2.3.4 [Cu2(O-BPy)(COD)2](SO3CF3)2 

To obtain the analogue binuclear copper(I) complex with two molecules of coor-
dinated 1,5-cyclooctadiene (see 4.1), finding the right anion was necessary. By 
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can be obtained. However, the splitting of COD into butadiene was not ob-
served. Thus, the copper(I) complex is not able to undergo this reaction. 
 

 

Figure 4.35: ORTEP plot of the cation [Cu2(O-BPy)(COD)2]2+. Ellipsoids are drawn 

at 50 % probability level. 

Table 4.20: Crystal data and structure refinement for 

[Cu2(O-BPy)(COD)2](SO3CF3)2. 

  

 

Internal identification code schindler13063-a
Empirical formula C40 H42 Cu2 F6 N4 O6 S2 
Formula weight 979.98
Temperature 190 (2) K
Wavelength 0.71073 A
Crystal system, space group Monoclinic, I2/c
Unit cell dimensions a = 19.805(4) Å   α = 90 ° 
 b = 10.603(2) Å    β = 94.94(3) ° 
 c = 56.866(11) Å    γ= 90 ° 
Volume 11897(4) Å3

Z, calculated density 12, 1.641 Mg/m3

Absorption coefficient 1.260 mm-1

F(000) 6024
Crystal size 0.20 x 0.15 x 0.14 mm
Theta range for data collection 1.44 to 27.48 °
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Limiting indices -25≤h≤25, -13≤k≤11, -72≤l≤73 
Reflections collected / unique 41111 / 13534 [R(int) = 0.0648] 
Completeness to theta = 27.48 99.1 %
Absorption correction Empirical
Max. and min. transmission 0.8433 and 0.7867
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13534 / 0 / 811
Goodness-of-fit on F2 0.971
Final R indices [I>2sigma(I)] R1 = 0.0495, wR2 = 0.1248 
R indices (all data) R1 = 0.0933, wR2 = 0.1469 
Largest diff. peak and hole 0.828 and -0.699 e. Å-3 
 

 

Table 4.21: Selected bond lengths [Å] and angles [°] for [Cu2(O-

BPy)(COD)2](SO3CF3)2. 

      

   

Cu(1)-N(1) 1.995(3) Cu(1)-C(25) 2.681(2) Cu(2)-C(31) 2.068(4)
Cu(1)-N(2) 2.095(2) Cu(1)-C(26) 2.582(4) Cu(2)-C(32) 2.101(2)
Cu(2)-N(3) 2.044(3) Cu(1)-C(29) 2.087(4) Cu(2)-C(35) 2.543(4)
Cu(2)-N(4) 2.015(3) Cu(1)-C(30) 2.074(3) Cu(2)-C(36) 2.628(5)
    

    

N(1)-Cu(1)-N(2) 82.06(10) N(3)-Cu(2)-N(4) 81.50(11) 
C(10)-N(2)-Cu(1) 130.3(2) C(13)-N(3)-Cu(2) 128.8(2) 
N(1)-Cu(1)-C(25) 94.82(5) N(3)-Cu(2)-C(35) 99.99(5) 
N(2)-Cu(1)-C(26) 99.79(6) N(4)-Cu(2)-C(36) 90.70(4) 
N(2)-Cu(1)-C(29) 124.29(6) N(4)-Cu(2)-C(31) 113.34(4) 
N(1)-Cu(1)-C(30) 111.98(7) N(3)-Cu(2)-C(32) 124.75(5) 
    

 

4.2.3.5 [Cu2(O-BPy)(C4H6)2](SO3CF3)2 

The red solution of [Cu2(O-BPy)(COD)2](SO3CF3)2 was reacted with gaseous 
1,3-butadiene at -20 °C in acetone, methanol and acetonitrile to obtain the ana-
logue butadiene complex. The acetone and methanolic solution turned yellow-
orange and a yellow solid precipitated. The latter complex solution in acetoni-
trile did not show any reaction with butadiene. Unfortunately, it was not possi-
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ble to obtain crystals suitable for X-ray diffraction either from the solution or 
the precipitate. Infrared spectra of the complexes [Cu2(O-
BPy)(COD)2](SO3CF3)2  and [Cu2(O-BPy)(C4H6)2](SO3CF3)2 were obtained from 
solid samples using KBr pellets and are presented in Figure 4.36.[197] Due to 
the comparable chemical structures of COD and 1,3-butadiene as well as the 
absorbance of the ligand O-BPy, the corresponding copper(I) complexes show 
very similar IR spectra. However, [Cu2(O-BPy)(C4H6)2](SO3CF3)2  exhibits less 
bands in the C–H stretching region at 2800-3000 cm-1 as [Cu2(O-
BPy)(COD)2](SO3CF3)2 which can be attributed to the missing COD lig-
and.[198] Furthermore, the spectrum of the butadiene complex shows two addi-
tional bands in the fingerprint area at 920 and 980 cm-1 which can be attributed 
to δ(CH2)wag and δ(CH)bend stretching of the butadiene ligand.[198] Additional IR 
data is given in Table 4.22. 
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Figure 4.36: IR spectra of the copper(I) complexes [Cu2(O-BPy)(COD)2](SO3CF3)2  

and [Cu2(O-BPy)(C4H6)2](SO3CF3)2 (KBr pellets).[197] 

However, due to similar IR spectra of the ligand O-BPy, COD and butadiene 
and problems of overlapping in many frequencies, a further detailed analysis 
was not possible. Hence, Cu–N stretching vibrations in the fingerprint area 
could not be assigned as well. 
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Table 4.22: IR data for [Cu2(O-BPy)(C4H6)2](SO3CF3)2 and [Cu2(O-

BPy)(COD)2](SO3CF3)2   

   

   

2800-3200 cm-1 ν(CH) 1230 cm-1 ν(C-F) 

1600 cm-1 ν(C=C)ar 1145 cm-1 ν(S-O) 
1580 cm-1 980 cm-1 δ(CH)bend 
1430 920 cm-1 δ(CH2)wag 
1250 cm-1 ν(S=O)
  

  

 

4.2.4 UV-Vis Spectroscopy 

UV-Vis experiments on the nickel(0) complexes have been performed.  
 

4.2.4.1 [Ni(O-BPy)] vs. [Ni2(O-BPy)(η2-C4H6)2] 

UV-Vis spectra of the dark blue solution of [Ni(O-BPy)] and the dark green 
solution of [Ni2(O-BPy)(η2–C4H6)2] are shown in Figure 4.37. Both spectra show 
three absorption bands in THF. [Ni(O-BPy)] exhibits a band at 423 nm, a weak 
band at 557 nm and a broad band at 610 nm. For the dinuclear butadiene com-
plex the three bands show a small shift to 421, 556 and 605 nm. Square-planar 
nickel(II) complexes show d-d transitions in the area of 400-555 nm and a 
strong absorption band in the area of 330-435 nm which can be assigned to 
charge-transfer transition.[199] UV-Vis spectroscopic investigations on nickel(0) 
complexes are not available in literature. Therefore, the obtained data could not 
be evaluated completely. However, the absorption bands at 421 and 423 nm are 
assigned to a charge-transfer transition from the metal center to the ligand, the 
bands at 556, 557, 605 and 610 nm are most likely d-d transitions.[199] Fur-
thermore, there are differences in the intensities of the absorption bands of both 
spectra. The band at 421 nm of the dinuclear nickel butadiene complex is much 
stronger compared to the bands at 556 nm and 605 nm whereas the monomeric 
nickel species exhibits three bands of the same intensity. 
Obtained UV-Vis spectra of both complexes in DMF are shown in Figure 4.38.  
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Figure 4.37: UV-Vis spectra of the complexes [Ni(O-BPy)] (blue) and 

[Ni2(O-BPy)(η2–C4H6)2] (black) in THF. 
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Figure 4.38: UV-Vis spectra of the complexes [Ni(O-BPy)] (blue) and 

[Ni2(O-BPy)(η2–C4H6)2] (black) in DMF. 
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The spectra show a small shift which can be attributed to the different influence 
of the solvent. [Ni(O-BPy)] has three absorption bands at 423, 548 and 614 nm 
whereas the butadiene complex [Ni2(O-BPy)(η2–C4H6)2] exhibits three bands at 
413, 620 and 845 nm. Thereby, the charge-transfer bands at 423 and 413 nm are 
stronger compared to the d-d bands at 548/614 nm and 620/845 nm. 
 

4.2.4.2 [Ni(pmbd)] 

The UV-Vis spectra of the brown complex [Ni(pmbd)] in THF with ratios of 
[Ni(COD)2] to the ligand pmbd of 2:1 (black curve) and 1:1 (blue curve) are 
shown in Figure 4.39. Both complex solutions exhibit the same spectra with two 
intense bands at 485 and 840 nm and a weak broad band at 643 nm. Addition-
ally, [Ni(pmbd)] obtained by using a 1:1 ratio (blue curve) exhibits a weak 
shoulder at 382 nm of the strong charge-transfer band at 325 nm. Both spectra 
show an absorbance at 485 nm which can be assigned to charge-transfer transi-
tions, the bands at 643 nm to d-d transitions. Due to the strong absorbance at 
840 nm a charge-transfer transition is most likely.[199] 
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Figure 4.39: UV-Vis spectra of the complex [Ni(pmbd)] in THF. 
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4.2.4.3 [Ni(mpmbd)] 

Figure 4.40 shows the UV-Vis spectra of [Ni(mpmbd)] obtained by the reaction 
of [Ni(COD)2] and mpmbd in a 2:1 (black curve) and 1:1 ratio (blue curve) in 
THF. In contrast to the complex [Ni(pmbd)], [Ni(mpmbd)] has a dark purple 
color and both spectra obtained exhibit four absorption bands. The band at 375 
nm is a weak shoulder of the very strong band at 325 nm which can be at-
tributed to charge-transfer transitions. Bands assigned to metal d-d transitions 
can be observed at 537 (539) nm with a weak shoulder at 655 nm and a small 
broad band at 818 (819) nm.[199] 
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Figure 4.40: UV-Vis spectra of the complex [Ni(mpmbd)] in THF. 
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4.2.4.4 [Ni(pmed)] 

The UV-Vis spectra of the complex [Ni(pmed)] in THF with ratios of 
[Ni(COD)2] to the ligand pmed of 2:1 (black curve) and 1:1 (blue curve) are 
shown in Figure 4.41. Contrary to the measured complexes above, two different 
spectra were obtained. The complex solution with a 2:1 ratio has a brown color 
with three absorption maxima whereas the solution with a 1:1 ratio has a red-
brown color and exhibits five absorption bands. The first sharp and strong band 
at 387 nm of the blue curve (1:1 ratio) can be assigned to charge-transfer transi-
tions between the nickel(0) center and the ligand. The three bands at 455, 520, 
and 655 nm can be attributed to d-d transitions whereas for the strong band at 
849 nm a charge-transfer transition is most likely. In contrast, the black curve 
(1:1 ratio) exhibits only three weak and broad bands at 490, 645 and 852 nm 
which can be attributed to metal d-d transitions.[199] Due the difference in the 
obtained spectra it is supposed that using a 2:1 ratio of [Ni(COD)2] to pmpd 
possibly forms a dinuclear nickel complex with different coordination geometry. 
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Figure 4.41: UV-Vis spectra of the complex [Ni(pmed)] in THF. 
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4.2.4.5 [Ni(pmpd)] 

Figure 4.42 shows the UV-Vis spectra of [Ni(pmpd)] obtained by the reaction of 
[Ni(COD)2] and pmpd with a ratio of 2:1 (black curve) and 1:1 (blue curve) in 
THF. Both complex solutions have a dark red-violet color and exhibit two ab-
sorption bands. Both spectra show a strong band at 531 (525) nm and an addi-
tional smaller broad band. Using a 2:1 ratio leads to the formation of a band at 
642 nm whereas a 1:1 ratio forms a small broad band at 840 nm. All observed 
bands can be assigned to metal d-d transitions. The sharp strong charge-transfer 
band is shifted to lower wavelengths (308 nm (2:1) and 325 nm (1:1)).[199] 
Due the difference in the obtained spectra it is supposed that using a 2:1 ratio 
of [Ni(COD)2] to pmpd could possibly form a dinuclear nickel complex. 
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Figure 4.42: UV-Vis spectra of the complex [Ni(pmpd)] in THF. 
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4.2.4.6 [Ni(Me-BPy)] 

The UV-Vis spectra of the complex [Ni(Me-BPy)] in THF with ratios of 
[Ni(COD)2] to the ligand Me-BPy of 2:1 (black curve) and 1:1 (blue curve) are 
shown in Figure 4.43. The complex solutions have a dark purple color similar to 
[Ni(mpmbd)] and [Ni(bipy)(COD)] and both exhibit three absorption bands. A 
small shoulder of the strong charge-transfer band at 310 nm can be observed at 
370 nm. Furthermore, the sharp intense band at 574 nm can also be assigned to 
a charge-transfer transition whereas the weak broad band at 870 nm can be at-
tributed to a d-d transition.[199] 
Due to the similarity of the obtained spectra to [Ni(bipy)(COD)][141] which 
also shows a strong absorption band at 568 nm and a weak broad band at 850 
nm a binuclear complex with coordinated COD is most likely formed. O-BPy 
and bipy have similar electronic properties and in case of [Ni(bipy)(COD)] the 
olefin COD is also coordinated. The obtained small shift of the bands could be 
attributed to different coordination geometries of both complexes. 
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Figure 4.43: UV-Vis spectra of the complex [Ni(Me-BPy)] in THF. 
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4.3 Experimental 

4.3.1 Materials and Reagents 

Commercial reagents were used as obtained without further purification except 
for amines and aldehydes which have been further purified by distillation. Sol-
vents were dried according to standard procedures. 
Tetrakis(acetonitrile)copper(I)-salts were either obtained commercially from 
Aldrich or synthesized from copper(I) oxide according to a method described in 
the literature.[200] All handling and storage of oxygen sensitive compounds and 
materials used was carried out in a glove box (M. Braun, Garching, Germany; 
O2 < 0.1 ppm, H2O < 0.1 ppm) within an argon atmosphere. 

4.3.2 Crystallography 

Single crystals suitable for X-ray diffraction were mounted on the tip of a glass 
rod using inert perfluoropolyether oil. The X-ray crystallographic data were col-
lected on a STOE IPDS- or a BRUKER NONIUS FR591 KappaCCD diffrac-
tometer equipped with low temperature systems. Mo-Kα radiation  
(λ = 0.71073 Å) and a graphite monochromator (STOE IPDS) was used. The 
structures were solved by direct methods in SHELXS97 and SHELXL 2013 and 
refined by using full-matrix least squares in SHELXL97.[179] 

4.3.3 NMR Spectroscopy 

1H-NMR and 13C-NMR spectra were recorded on a Bruker-Aspect 2000/3000 
400-MHz spectrometer by Dr. H. Hausmann (JLU Gießen, Institute for Organic 
Chemistry). 

4.3.4 UV-Vis Spectroscopy  

UV-Vis absorbance spectra were measured at room temperature using an  
Agilent 8453 spectrophotometer and quartz cuvettes (d = 10 mm).  
 



4 Ni(0) and Cu(I) Complexes with the Ligand O-BPy and Derivatives 

106 

4.3.5 IR Spectroscopy 

IR measurements were performed on a Jasco FT/IR 4100 spectrometer. All 
samples were measured as KBr-pellet at room temperature. 

4.3.6 Synthesis of the Ligands 

4.3.6.1 O-BPy 

The ligand 1,2-Bis(2,2´-bipyridin-6-yl)ethane was synthesized and purified as 
previously described in literature.[181] 
1H-NMR (CDCl3/TMS) δ 8.67 (d, 2H, bipy–H), 8.46 (d, 2H, bipy–H), 8.20 (d, 
2H, bipy–H), 7.80 (dt, 2H, bipy–H), 7.69 (t, 2H, bipy–H), 7.29 (m, 2H, bipy–H), 
7.17 (d, 2H, bipy–H), 3.43 (s, 4H, –CH2 );  
13C-NMR (CDCl3/TMS) δ 160.7 (sp2, bipy–C), 156.6 (sp2, bipy–C), 155.5 (sp2, 
bipy–C), 149.1 (sp2, bipy–C), 137.1 (sp2, bipy–C), 136.8 (sp2, bipy–C), 123.5 (sp2, 
bipy–C), 123.0 (sp2, bipy–C), 121.3 (sp2, bipy–C), 118.4 (sp2, bipy–C), 37.7 (sp3, 
CH2–C). 
 

4.3.6.2 Me-BPy 

The ligand 1,2-bis(4'-methyl-2,2'-bipyridine-4-yl)ethane was purchased commer-
cially from Tokyo Chemical Industry Co., TCI (Japan).  
4.3.6.3 Mpmbd, pmbd, pmed, pmpd 

The ligands N,N’-Bis((6-methylpyridine-2-yl)methylene)butane-1,4-diamine 
(mpmbd), N,N‘-bis(pyridine-2-ylmethylene)butane-1,4-diamine (pmbd), N,N‘-
bis(pyridine-2-yl-methylene)-ethane-1,2-diamine (pmed) and N,N‘-bis(pyridine-
2-ylmethylene)pentane-1,5-diamine (pmpd) were synthesized and purified ac-
cording to a procedure described in literature.[185] 
Mpmbd: 1H-NMR (CDCl3/TMS) δ 8.36 (s, 2H, imine–H), 7.79 (d, 2H,  
pyridine–H), 7.62 (t, 2H, pyridine–H), 7.17 (d, 2H, pyridine–H), 3.71 (m, 4H,  
–CH2), 2.59 (s, 6H, –CH3), 1.81 (m, 4H, –CH2);  
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13C-NMR (CDCl3/TMS) δ 162.3 (sp2, pyridine–C), 158.1 (sp2, imine–C), 154.0 
(sp2, pyridine–C), 136.8 (sp2, pyridine–C), 124.3 (sp2, pyridine–C), 118.3 (sp2, 
pyridine–C), 61.3 (sp3, CH2–C), 28.5 (sp3, CH2–C), 24.4 (sp3, CH3–C). 
Pmbd: 1H-NMR (CDCl3/TMS) δ 8.64 (d, 2H, pyridine–H), 8.39 (s, 2H,  
imine–H), 7.98 (d, 2H, pyridine–H), 7.74 (t, 2H, pyridine–H), 7.30 (m, 2H, pyri-
dine–H), 3.74 (m, 4H, –CH2), 1.84 (m, 4H, –CH2);  
13C-NMR (CDCl3/TMS) δ 161.9 (sp2, pyridine–C), 154.5 (sp2, imine–C), 149.5 
(sp2, pyridine–C), 136.5 (sp2, pyridine–C), 124.7 (sp2, pyridine–C), 121.3 (sp2, 
pyridine–C), 61.2 (sp3, CH2–C), 28.5 (sp3, CH2–C). 
Pmed: 1H-NMR (CDCl3/TMS) δ 8.63 (d, 2H, pyridine–H), 8.42 (s, 2H,  
imine–H), 7.98 (d, 2H, pyridine–H), 7.73 (t, 2H, pyridine–H), 7.30 (t, 2H,  
pyridine–H), 4.05 (s, 4H, –CH2);  
13C-NMR (CDCl3/TMS) δ 163.4 (sp2, pyridine–C), 154.4 (sp2, imine–C), 149.4 
(sp2, pyridine–C), 136.6 (sp2, pyridine–C), 124.8 (sp2, pyridine–C), 121.4 (sp2, 
pyridine–C), 61.3 (sp3, CH2–C). 
Pmpd: 1H-NMR (CDCl3/TMS) δ 8.64 (d, 2H,pyridine–H), 8.38 (s, 2H,  
imine–H), 7.97 (d, 2H, pyridine–H), 7.73 (t, 2H, pyridine–H), 7.30 (t, 2H,  
pyridine–CH2), 3.69 (m, 4H, –CH2), 1.80 (m, 4H, –CH2), 1.49 (m, 2H, –CH2);  
13C-NMR (CDCl3/TMS) δ 161.8 (sp2, pyridine–C), 154.6 (sp2, imine–C), 149.4 
(sp2, pyridine–C), 136.5 (sp2, pyridine–C), 124.6 (sp2, pyridine–C), 121.2 (sp2, 
pyridine–C), 61.4 (sp3, CH2–C), 30.5 (sp3, CH2–C), 25.1 (sp3, CH3–C).  
4.3.7 Synthesis of the Ni(0) Complexes 

4.3.7.1 [Ni(COD)2] 

Bis(1,5-cyclooctadiene)nickel(0) was synthesized as previously described in  
literature.[170] 
 

All following complexes were prepared under inert conditions in a glove box.  
4.3.7.2 [Ni(O-BPy)] 

Mixing 50 mg (0.18 mmol) of [Ni(COD)2] with 31 mg (0.092 mmol) of the ligand 
O-BPy in THF, respectively 50 mg (0.18 mmol) [Ni(COD)2] and  



4 Ni(0) and Cu(I) Complexes with the Ligand O-BPy and Derivatives 

108 

62 mg (0.18 mmol) O-BPy, gave a dark blue solution. After stirring for  
3 hours and diffusion of n-pentane into the solution, crystals suitable for X-ray 
structure determination were obtained. 
 

4.3.7.3 [Ni2(O-BPy)(η2–C4H6)2] 

A solution of 50 mg (0.18 mmol) [Ni(COD)2] and 31 mg (0.092 mmol) O-BPy in 
THF was reacted with gaseous 1,3-butadiene at -20 °C. The solution turned 
immediately green and a dark green solid precipitated. Filtering and diffusion of 
pentane into the THF solution did not result in crystals suitable for X-ray dif-
fraction during this work.  
4.3.7.4 [Ni(pmbd)] 

By mixing 50 mg (0.18 mmol) of [Ni(COD)2] and 24 mg (0.091 mmol) of the 
ligand pmbd in THF, respectively 30 mg (0.11 mmol) [Ni(COD)2] and 29 mg  
(0.11 mmol) pmpd, the solution turned brown. After stirring for 2-3 hours and 
diffusion of n-pentane into the solution crystals suitable for X-ray diffraction 
could be obtained. 
 

4.3.7.5 [Ni(mpmbd)] 

To a solution of 50 mg (0.18 mmol) of [Ni(COD)2] in THF 26 mg  
(0.089 mmol) of the ligand mpmbd, respectively 52 mg (0.18 mmol), was 
added. After stirring for a few hours and diffusion of n-pentane into the dark 
violet solution crystals suitable for X-ray diffraction could be obtained. 
 

4.3.7.6 [Ni(pmed)] 

To 50 mg (0.18 mmol) of [Ni(COD)2] in THF 23 mg (0.10 mmol) of pmed, re-
spectively 44 mg (0.19 mmol), was added. The resulting dark red-brown solu-
tion was stirred for 2 hours. Diffusion on n-pentane into the THF solution did 
not result in crystals suitable for X-ray structure determination.  
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4.3.7.7 [Ni(pmpd)] 

Mixing 50 mg (0.18 mmol) of [Ni(COD)2] with 25 mg (0.089 mmol) of the ligand 
pmpd in THF, respectively 50 mg (0.18 mmol) of [Ni(COD)2] and  
50 mg (0.18 mmol) pmpd, gave a dark red-violet solution. Crystals suitable for 
X-ray structure determination could not be obtained. 
 

4.3.7.8 [Ni(Me-BPy)] 

To 50 mg (0.18 mmol) of [Ni(COD)2] in THF 33 mg (0.091 mmol) of the ligand 
Me-BPy, respectively 66 mg (0.18 mmol), was added. The solution turned dark 
purple and was stirred for 2 hours. Diffusion of n-pentane into the solution did 
not afford crystals suitable for X-ray diffraction during this work.  
4.3.8 Synthesis of the Cu(I) Complexes 

All following complexes were prepared under inert conditions in a glove box. 
 

4.3.9 [Cu(COD)2]+ 

Bis(1,5-cyclooctadiene)copper(I)-perchlorate and -tetrafluoroborate were pre-
pared according to a procedure described in literature.[178] 
 

4.3.9.1 [Cu2(O-BPy)2](BF4)2 

To a solution of 35 mg (0.10 mmol) of O-BPy and 108 mg (1.00 mmol) of COD 
in acetone 75 mg (0.21 mmol) of [Cu(COD)2]BF4 was added. The resulting or-
ange suspension was stirred furthermore for 1 hour. After filtration and diffusion 
of diethyl ether into the solution at -20 °C, crystals suitable for X-ray structure 
determination could be obtained. 
 
Mixing 50 mg (0.16 mmol) of [Cu(CH3CN)4]BF4 in acetone with 27 mg  
(0.079 mmol) of the ligand O-BPy and 150 mg (1.39 mmol) of COD gave a deep 
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red solution which turned orange with an orange precipitate after a few minutes 
of stirring. After filtration and diffusion of diethyl ether into the solution crys-
tals suitable for X-ray diffraction could be obtained. 
 

4.3.9.2 [Cu(O-BPy)](BF4)2 

[Cu2(O-BPy)2](BF4)2 is quite stable towards dioxygen but stirring an solution of 
50 mg (0.051 mmol) of the copper(I) complex under air for several days resulted 
in a change of color from orange to green. It was allowed to stand until crystal-
lization occurred and crystals suitable for X-ray structure determination were 
obtained.  
 

4.3.9.3 [Cu2(O-BPy)(COD)2](SO3CF3)2 

A solution of 50 mg (0.13 mmol) [Cu(CH3CN)4]SO3CF3 dissolved in a small 
amount of acetone was added to a solution of 23 mg (0.068 mmol) O-BPy and 
130 mg (1.20 mmol) COD in acetone under vigorous stirring. After diffusion of 
diethyl ether into the dark red solution crystals suitable for X-ray diffraction 
could be obtained. 
 

4.3.9.4 [Cu2(O-BPy)(C4H6)2](SO3CF3)2 

A solution of 50 mg (0.049 mmol) of [Cu2(O-BPy)(COD)2](SO3CF3)2 in acetone 
as well as in methanol was reacted with gaseous 1,3-butadiene at -20 °C. The 
color changed from red to yellow-orange and a small amount of a yellow solid 
precipitated. Filtration and diffusion of diethyl ether into the solution did not 
result in crystals suitable for X-ray determination. 
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5 Reactivity of Nickel Complexes with 

Macrocyclic Ligands  

5.1 Introduction 

Activation of small molecules by transition metal sites is of great importance for 
a wide variety of organic transformations which can be both, natural and indus-
trial. In that regard, low valent redox-active metal centers with low coordina-
tion numbers are well suited systems. Therefore, the better understanding of the 
formation and reactivity of these compounds is of high interest. 
Ligand selection and design is of significant importance, whereas macrocyclic 
ligands proved to be quite useful. Recently, Nam and co-workers published a 
review article on mononuclear metal–O2 complexes bearing the macrocyclic tet-
ramethylated cyclam ligand 14-tmc and the tetramethylated cyclen ligand 12-
tmc (see Figure 5.1) or derivatives for various metal ions, such as chromium, 
manganese, iron, cobalt and nickel.[144] 
 

 

Figure 5.1: Structures of the macrocyclic ligands 1,4,8,11-tetramethyl-1,4,8,11-

tetraazacyclotetradecane (14-tmc) and 1,4,7,10-tetramethyl-1,4,7,10-

tetraazacyclodecane (12-tmc). 

Thereby, the formation and spectroscopic characterization of a nickel(II)-
superoxo complex [Ni(14-tmc)O2]+, obtained by the reaction of  
[Ni(14-tmc)(CH3CN)]2+ with H2O2 in presence of a base or the low valent com-
plex [Ni(14-tmc)]+ and dioxygen, was reported.[137] 
Furthermore, a nickel(III)-peroxo complex could be structurally characterized 
by using the macrocyclic ligand 12-tmc. The reaction of [Ni(12-tmc)(CH3CN)]2+ 
with H2O2 in the presence of a base afforded the green peroxo complex  
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[Ni(12-tmc)O2]+ (see 1.5.3.3).[136] However, not only macrocyclic ligands but 
also chelating monoanionic β-diketiminate ligands have been successfully utilized 
for stabilizing reactive low oxidation states of transition metals in the past.[201] 
In that regard, investigations on the reactivity of isolable β-diketiminato-
nickel(I) complexes with sterically demanding aryl substituents showed remark-
able reactivities due to their capability of even binding dinitrogen to give Ni–N2 
complexes or activating dihydrogen to afford hydridonickel(II) complexes in ab-
sence of donor solvents.[202–206] Driess and co-workers used β-diketiminato-
nickel(I) precursors as strong reducing agents to activate nitrous oxide, dioxy-
gen, the heavier chalkogenes sulfur, selenium, tellurium as well as white phos-
phorous.[124] By reacting the dinuclear Ni(I) complex [(LiPrNi)2(μ–η:η3-C6H5Me] 

5.1 (LiPr = HC(CMeNC6H3
iPr2)2) with dry dioxygen they were able to isolate 

and structurally characterize the first room temperature stable nickel(II)-
superoxo complex 5.2 (see Figure 5.2). 
 

 

Figure 5.2: Formation of the superoxo-nickel(II) complex (4.2) from the dinuclear 

β-diketiminato-toluene-nickel complex (5.1).[126] 

With the aim of isolating a “nickel-oxo” species LiPrNi=O, complex 5.1 was fur-
thermore reacted with nitrous oxide to induce an oxygen atom transfer from 
N2O to the nickel center. Studies on this type of reaction with nickel carbene 
complexes have been reported previously.[207] Figure 5.3 shows the reaction of 
the dinuclear nickel(I) complex 5.1 with dry nitrous oxide in toluene at -20 °C 
which afforded the dinuclear β-diketiminato-hydroxonickel(II) complex 5.4.[126] 
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Figure 5.3: Activation of nitrous oxide with the dinuclear β-diketiminato-toluene- 

nickel(I) complex (5.1) affording di-β-diketiminato-bis(μ-hydroxo)-

nickel(II) (5.4).[124] 

It is supposed that the “nickel-oxo” species 5.3 is formed by monooxygenation 
of 5.1 by N2O and the release of dinitrogen. Subsequently, protonation and di-
merization leads to the dinuclear hydroxo-nickel complex 5.4. The molecular 
structure of 5.4 is shown in Figure 5.4.[124] 

 

Figure 5.4: Molecular structure of di-β-diketiminato-bis(μ-hydroxo)- 

nickel(II) (5.4).[124] 

Activation of N2O is not only of interest to the removal as a green-house gas 
but also to the use in organic chemistry as a selective oxidizing agent.  
So far, a nickel complex with coordinated N2O or a “nickel-oxo” species could 
not be isolated and characterized. In this regard, efforts were made to synthesize 
a macrocyclic nickel(I) complex and to form a “Ni–N2O” species by the reaction 
with nitrous oxide in this work. Furthermore, macrocyclic nickel(II) complexes 
were reacted with hydrogen peroxide, sodium peroxide as well as potassium su-
peroxide to obtain the respective nickel-oxygen adduct species.  
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5.2 Results 

Nickel complexes with the macrocyclic ligands 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane (14-tmc) and the isomer rac-5,7,7,12,14,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane (tetB) were synthesized. Results of reactions 
regarding nickel-oxygen adducts will be presented in the following. 

5.2.1 Synthesis and Reactions of Nickel Complexes bearing  

14-tmc 

5.2.1.1 Ligand 14-tmc 

The ligand 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane (14-tmc) is a 
tetraaza macrocyclic ligand affording complexes with a planar array of donor 
atoms and minimal steric hindrance which is highly desirable for metal-oxygen 
adducts. 14-tmc is prepared by methylation of the ligand 1,4,8,11-
tetraazacyclotetradecane (cyclam). In literature a simple and fast synthesis of 
cyclam via a template reaction is described by E. Barefield (see Figure 5.5).[208]  
 

 

Figure 5.5: Reaction scheme for the synthesis of cyclam (5.8).[208] 
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To obtain the blue starting nickel complex 5.5, the amine 1,5,8,12-
tetraazadodecane is dissolved with Ni(ClO4)2·6 H2O in water. Adding glyoxal 
affords the nickel diimine complex 5.6 which is reduced using sodium 
tetraborohydride to give [Ni(cyclam)]2+ 5.7. An excess amount of cyanide is 
added to the solution to obtain the free ligand cyclam 5.8. 
The ligand 14-tmc 5.9 is synthesized by Eschweiler-Clarke methylation of 
cyclam using formic acid and formaldehyde (see Figure 5.6).[209] 
 

+ HCOOH N N

N N

5.9

- CO2
+ 4 CH2O5.8

 

Figure 5.6: Reaction scheme for the synthesis of 14-tmc (5.9).[209] 

5.2.1.2 Synthesis of [Ni(14-tmc)]2+ 

It is well known that different stereoisomers of [Ni(14-tmc)]2+ are formed de-
pending on the synthesis route applied (see Figure 5.7).[210] Direct combination 
of a nickel(II) salt and 14-tmc gives the R,S,R,S isomer 5.10 whereas methyla-
tion of a [Ni(cyclam)]2+ complex results in the formation of the R,S,S,R species 
5.11. The R,S,R,S isomer tends to form four coordinate or five coordinate 
mono-solvento species whilst the R,S,S,R isomer affords octahedral complexes 
with solvent molecules in axial positions. However, interconversion of the two 
isomers can occur in which the R,S,R,R isomer 5.12 is a likely intermediate in 
the rearrangement process.[211] 
 

 

Figure 5.7: Stereoisomers of [Ni(14-tmc)]2+: (5.10) R,S,R,S (5.11) R,S,S,R  

(5.12) R,S,R,R.[210] 
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If conditions favoring the four coordinate complex are applied, only the R,S,R,S 
and R,S,R,R isomers are expected, if ligands or coordinating solvents are avail-
able the R,S,S,R isomer is prevalent. Molecular structures of the R,S,R,S and 
R,S,S,R isomers are presented in the following. 
 

5.2.1.2.1  [Ni(14-tmc)](ClO4)2 

The complex [Ni(14-tmc)](ClO4)2 was synthesized according to a procedure de-
scribed in literature by Barefield.[209] Crystals suitable for X-ray diffraction 
were obtained after recrystallization from acetone. Figure 5.8 shows the deter-
mined molecular structure of the dark pink R,S,R,S isomer which is in line with 
the already reported structure by Crick et al.[210] Crystallographic data, 
selected bond lengths and angles are given in Table 5.1 and Table 5.2. The 
nickel center is coordinated by the four nitrogen atoms of 14-tmc and shows 
almost square planar coordination with some tetrahedral distortion by the N4-
Ni1-N3 and N1-Ni1-N2 bond angles of 168-171°. All four methyl groups of 14-
tmc are on the same side of the Ni–N plane.  
 

 

Figure 5.8: ORTEP plot of the cation [Ni(14-tmc)]2+ (R,S,R,S isomer). Ellipsoids 

are drawn at 25 % probability level. Solvent molecules are omitted for 

clarity.  
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Table 5.1: Crystal data and structure refinement for [Ni(14-tmc)](ClO4)2. 

  

 

Internal identification code schindler14041
Empirical formula C17 H38 Cl2 N4 Ni O9

Formula weight 572.12
Temperature 150 (2) K
Wavelength 0.71073 A
Crystal system, space group Orthorhombic, P212121  
Unit cell dimensions a = 8.3661(17) Å   α = 90 ° 
 b = 11.336(2) Å    β = 90 ° 
 c = 22.388(5) Å    γ= 90 ° 
Volume 2502.6(9) Å3

Z, calculated density 4, 1.518 Mg/m3

Absorption coefficient 1.036 mm-1

F(000) 1208
Crystal size 0.200 x 0.100 x 0.100 mm 
Theta range for data collection 1.543 to 27.502 °
Limiting indices -10≤h≤10, -14≤k≤13, -31≤l≤34 
Reflections collected / unique 33745 / 5685 [R(int) = 0.1625] 
Completeness to theta = 25.242 100.0 %
Absorption correction Empirical
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5685 / 0 / 304
Goodness-of-fit on F2 0.980
Final R indices [I>2sigma(I)] R1 = 0.0512, wR2 = 0.1065 
R indices (all data) R1 = 0.0927, wR2 = 0.1235 
Extinction coefficient n/a
Largest diff. peak and hole 0.423 and -0.428 e. Å-3 
 

 

Table 5.2: Selected bond lengths [Å] and angles [°] for [Ni(14-tmc)](ClO4)2. 

      

   

Ni(1)-N(1) 1.969(5) Ni(1)-N(4) 1.965(7) N(3)-C(17) 1.486(11) 
Ni(1)-N(2) 1.974(7) N(1)-C(4) 1.473(9) N(4)-C(18) 1.510 (10) 
Ni(1)-N(3) 1.968 (6) N(2)-C(14) 1.480(11)  
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N(4)-Ni(1)-N(3) 168.4(3) N(1)-Ni(1)-N(2) 171.0(3)
N(4)-Ni(1)-N(1) 93.6(3) Ni(1)-N(1)-C(4) 112.3(4)
N(3)-Ni(1)-N(1) 87.0(3) Ni(1)-N(2)-C(14) 111.6(6)
N(4)-Ni(1)-N(2) 86.6(4) Ni(1)-N(3)-C(17) 112.9(6)
N(3)-Ni(1)-N(2) 94.7(4) Ni(1)-N(4)-C(18) 113.5(6)
    

 

5.2.1.2.2 [Ni(14-tmc)(MeCN)2](ClO4)2 

[Ni(14-tmc)(MeCN)2](ClO4)2 was prepared according to the synthetic route re-
ported by Barefield.[209] Crystals suitable for X-ray diffraction were obtained 
after recrystallization from acetonitrile. The molecular structure of the pale 
purple R,S,S,R isomer is shown in Figure 5.9. Crystallographic data, selected 
bond lengths and angles are given in Table 5.3 and Table 5.4. Two methyl 
groups (C4/C7 and C4a/C7a) of 14-tmc are on each side of the nickel-nitrogen 
plane. The nickel(II) center shows an octahedral geometry being coordinated by 
the four nitrogen atoms of 14-tmc and the two nitrogen atoms of the solvent 
molecules acetonitrile in axial position.  
 

 

Figure 5.9: ORTEP plot of the cation [Ni(14-tmc)(MeCN)2]2+ (R,S,S,R isomer). 

Ellipsoids are drawn at 50 % probability level. Free solvent molecules 

are omitted for clarity.  
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Table 5.3: Crystal data and structure refinement for [Ni(14-tmc)(MeCN)2](ClO4)2. 

  

 

Internal identification code schindler13096
Empirical formula C22 H44 Cl2 N8 Ni O8

Formula weight 678.26
Temperature 190 (2) K
Wavelength 0.71073 A
Crystal system, space group Monoclinic, P21/c
Unit cell dimensions a = 10.271(2) Å   α = 90 ° 
 b = 14.691(3) Å    β = 107.73(3) ° 
 c = 10.718(2) Å    γ= 90 ° 
Volume 1540.4(6) Å3

Z, calculated density 2, 1.462 Mg/m3

Absorption coefficient 0.860 mm-1

F(000) 716
Crystal size 0.600 x 0.380 x 0.360 mm 
Theta range for data collection 2.429 to 27.475 °
Limiting indices -13≤h≤12, -19≤k≤18, -13≤l≤13 
Reflections collected / unique 14411 / 3514 [R(int) = 0.0974] 
Completeness to theta = 25.242 100.0 %
Absorption correction Empirical
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3514 / 0 / 276
Goodness-of-fit on F2 1.035
Final R indices [I>2sigma(I)] R1 = 0.0334, wR2 = 0.0821 
R indices (all data) R1 = 0.0424, wR2 = 0.0866 
Largest diff. peak and hole 0.319 and -0.438 e. Å-3 
 

 
 

Table 5.4: Selected bond lengths [Å] and angles [°] for [Ni(14-tmc)(MeCN)2](ClO4)2. 

      

   

Ni(1)-N(1) 2.1333(14) Ni(1)-N(2a) 2.1513(14) N(1)-C(4) 1.488(2)
Ni(1)-N(1a) 2.1333(14) Ni(1)-N(3) 2.1129(14) N(2)-C(7) 1.488(2)
Ni(1)-N(2) 2.1513(14) Ni(1)-N(3a) 2.1128(14)  
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N(3)-Ni(1)-N(3a) 180.0(0) N(1)-Ni(1)-N(2a) 93.55(6) 
N(1)-Ni(1)-N(3a) 90.55(5) N(1a)-Ni(1)-N(2a) 86.45(6) 
N(1)-Ni(1)-N(3) 89.45(5) N(3a)-Ni(1)-N(2) 89.34(6) 
N(3a)-Ni(1)-N(2a) 90.66(6) N(1)-Ni(1)-N(2) 86.45(6) 
N(3)-Ni(1)-N(2a) 89.34(6) N(1)-Ni(1)-N(1a) 180.00(9) 
    

 

5.2.1.3 Synthesis of [Ni(14-tmc)]ClO4 

[Ni(14-tmc)](ClO4)2 was dissolved in a small amount of acetonitrile and reduced 
with beads of the alloy sodium amalgam (5 % Na) to afford the respective nick-
el(I) complex (see Figure 5.10). The course of the reaction was  
traceable by a change of color from blue to green (see Figure 5.11). 
 

 

Figure 5.10: Reduction of [Ni(14-tmc)](ClO4)2 with NaHg in acetonitrile. 

 

Figure 5.11: Color change in course of the reaction of [Ni(14-tmc)](ClO4)2 with 

NaHg (5 % Na) in acetonitrile. 

5.2.1.4 Reaction of [Ni(14-tmc)]ClO4 with Nitrous Oxide 

[Ni(14-tmc)]ClO4 and nitrous oxide were reacted with the intention of obtaining 
a “nickel-oxo” species by monooxygenation of the complex by N2O and a release 
of dinitrogen (see Figure 5.12).  
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Figure 5.12: Scheme for the proposed reaction of a Ni(I) complex with N2O. 

Therefore, the reactivity of [Ni(14-tmc)]ClO4 has been examined by reacting the 
complex with dry N2O gas at -40 °C in acetonitrile. The course of the reaction 
was traceable by a change of color from green to brown. After a few minutes the 
color of the solution turned yellow-green (see Figure 5.13). 
 

 

  

Figure 5.13: Color change in course of the reaction of [Ni(14-tmc)]ClO4 and 

nitrous oxide in acetonitrile at -40 °C. 

From the yellow-green complex solution colorless and green crystals suitable for 
X-ray diffraction could be obtained. 
 

5.2.1.5  [Na(14-tmc)]ClO4 

Surprisingly, X-ray diffraction studies of the colorless crystals revealed the 
structure of the sodium complex [Na(14-tmc)]ClO4. In literature not many mac-
rocyclic sodium complexes are known. However, a sodium complex bearing  
14-tmc as a ligand could be synthesized in methanol using NaSCN by Herlinger 
et al.[212] They were able to characterize the corresponding complex  
[Na(14-tmc)]SCN using elemental analysis, IR- and NMR spectroscopy. 
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Figure 5.14 shows the molecular structure of [Na(14-tmc)]ClO4. Crystallographic 
data, selected bond lengths and angles are presented in Table 5.5 and Table 5.6. 
All four methyl groups of 14-tmc are on one side of the Na–N plane (R,S,R,S) in 
which sodium is being coordinated by all four nitrogen atoms of the ligand and 
the ClO4

- counter ion in a most likely square-pyramidal geometry. 
 

 

Figure 5.14: ORTEP plot of [Na(14-tmc)]ClO4. Ellipsoids are drawn at 50 %  

probability level.  

Table 5.5: Crystal data and structure refinement for [Na(14-tmc)](ClO4). 

  

 

Internal identification code schindler13103
Empirical formula C14 H32 Cl N4 Na O4

Formula weight 378.87
Temperature 190 (2) K
Wavelength 0.71073 A
Crystal system, space group Monoclinic, C2/c
Unit cell dimensions a = 13.692(3) Å   α = 90 ° 
 b = 9.2320(18) Å    β = 91.43(3) ° 
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 c = 14.850(3) Å    γ= 90 ° 
Volume 1876.5(6) Å3

Z, calculated density 4, 1.341 Mg/m3

Absorption coefficient 0.252 mm-1

F(000) 816
Crystal size 0.350 x 0.100 x 0.050 mm 
Theta range for data collection 2.661 to 27.462 °
Limiting indices -14≤h≤17, -11≤k≤11, -16≤l≤19 
Reflections collected / unique 6865 / 2132 [R(int) = 0.0779] 
Completeness to theta = 25.242 99.5 %
Absorption correction Empirical
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2132 / 0 / 112
Goodness-of-fit on F2 1.041
Final R indices [I>2sigma(I)] R1 = 0.0463, wR2 = 0.1185 
R indices (all data) R1 = 0.0564, wR2 = 0.1237 
Extinction coefficient n/a
Largest diff. peak and hole 0.364 and -0.325 e. Å-3 
 

 
 

Table 5.6: Selected bond lengths [Å] and angles [°] for [Na(14-tmc)](ClO4). 

      

   

Na(1)-N(1) 2.4828(16) Na(1)-N(2a) 2.4760(15) N(1)-C(7) 1.464(2)
Na(1)-N(2) 2.4760(15) Na(1)-O(2) 2.562(2) N(2)-C(6) 1.467(2)
Na(1)-N(1a) 2.4828 (16) Na(1)-O(2a) 2.562(2) Cl(1)-O(2) 1.4309(17)
    

    

N(2)-Na(1)-N(1) 75.85(5) N(2)-Na(1)-O(2) 94.84(5) 
N(1)- Na(1)-N(2a) 87.86(5) N(1a)-Na(1)-O(2) 99.55(6) 
N(2a)-Na(1)-N(1a) 75.85(5) N(2a)-Na(1)-O(2) 144.55(5) 
N(1a)-Na(1)-N(2) 87.85(5) Cl(1)-O(2)-Na(1) 52.95(8) 
N(1)-Na(1)-O(2) 109.68(6) O(2)-Cl(1)-O(2a) 105.90(16) 
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To form this macrocyclic sodium complex, nickel has to be replaced as the met-
al center which only occurs in presence of a stronger ligand. A patent for the 
preparation of diacetonitrile reveals the nature of this ligand.[213] Next to the 
reduction of the nickel(II) center, the sodium metal also reacts with the solvent 
acetonitrile to form diacetonitrile in two steps. Thereby, a reductive condensa-
tion affords sodium-beta-iminobutyronitrile 5.13, sodium cyanide and methane 
(see Figure 5.15).  
 

3 CH3CN + 2 Na H3C C
N Na

CH2 CN + NaCNaq. + CH4

5.13  

Figure 5.15: Side reaction occurring by reduction with Na in acetonitrile.[213] 

Cyanide and nickel(II) give the complex [Ni(CN)4]2- which allows sodium to act 
as metal center of the macrocyclic 14-tmc complex.  
To suppress this side reaction the solvent was changed from acetonitrile to pro-
pionitrile in the following.  
 

5.2.1.6 [Ni(14-tmc)(OH)]ClO4 

Green crystals obtained by the reaction of [Ni(14-tmc)]ClO4 and N2O in acetoni-
trile as well as in propionitrile were suitable for X-ray diffraction  
studies. Figure 5.16 shows the molecular structure of the obtained hydroxo 
complex [Ni(14-tmc)OH]ClO4. Crystallographic data, selected bond lengths and 
angles are given in Table 5.7 and Table 5.8. Due to the change of color of the 
“N2O-adduct” complex solution from brown to yellow-green (see Figure 5.13) it 
is supposed that a transient “nickel-oxo” species is formed which acts as a hy-
drogen scavenger to yield the hydroxo complex (see 5.1). 
A macrocyclic nickel-hydroxo complex with 14-tmc has already been synthesized 
by Kieber-Emmons et al. in 2004.[214] Addition of dry O2 gas at room tempera-
ture in THF to [Ni(14-tmc)]SO3CF3 led to a color change from pale blue to 
green and the formation of [Ni(14-tmc)OH]SO3CF3. Using FT-IR spectroscopy a 
band at 3628 cm-1 could be assigned to the ෤߭(O–H) mode of the terminal hy-
droxo group. Contrary to the structure found in this work the methyl groups of 
the 14-tmc ligand were allocated on both sides of the nickel nitrogen plane 
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(R,S,S,R isomer). The complex depicted in Figure 5.16 shows the R,S,R,S iso-
mer with all four methyl groups on one side. Nevertheless, the geometry is also 
likewise square-pyramidal with nickel being coordinated by the four nitrogen 
atoms of 14-tmc in the basal area and the hydroxo group in axial position. The 
Ni–OH bond length with a distance of 1.928(2) Å is slightly shorter than in the 
complex reported in literature (1.955 Å).[214] 
 

 

Figure 5.16: ORTEP plot of the cation [Ni(14-tmc)OH]+. Ellipsoids are drawn at  

50 % probability level. 

Table 5.7: Crystal data and structure refinement for Na[Ni2(14-tmc)2(OH)2](ClO4)3. 

  

 

Internal identification code schindler14024-b
Empirical formula C30 H69 Cl3 N9 Ni2 O14 Na  
Formula weight 1026.67
Temperature 150 (2) K
Wavelength 0.71073 A
Crystal system, space group Triclinic, P1ത
Unit cell dimensions a = 11.885(2) Å   α = 75.20(3) ° 
 b = 12.252(3) Å    β = 73.46(3) ° 
 c = 17.313(3) Å    γ= 77.50(3) ° 
Volume 2308.3(9) Å3

Z, calculated density 2, 1.4770 Mg/m3

Absorption coefficient 1.066 mm-1

F(000) 1086.8
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Crystal size 0.53 x 0.15 x 0.07 mm
Theta range for data collection 3.84 to 54.96 °
Limiting indices -15≤h≤15, -15≤k≤15, -22≤l≤22 
Reflections collected / unique 38391 / 10533 [R(int) = 0.0559] 
Completeness to theta = 25.242 99.5 %
Absorption correction Empirical
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10533 / 42 / 577
Goodness-of-fit on F2 1.005
Final R indices [I>2sigma(I)] R1 = 0.0437, wR2 = 0.1168 
R indices (all data) R1 = 0.0609, wR2 = 0.1261 
Extinction coefficient n/a
Largest diff. peak and hole 0.80 and -0.60 e. Å-3

 

 
 

Table 5.8: Selected bond lengths [Å] and angles [°] for Na[Ni2(14-

tmc)2(OH)2](ClO4)3. 

      

   

Ni(3)-N(1) 2.126(2) Ni(3)-N(4) 2.154(2) N(2)-C(42) 1.480(4) 
Ni(3)-N(2) 2.135(2) Ni(3)-O(4) 1.928(2) N(3)-C(34) 1.474(4) 
Ni(3)-N(3) 2.148(2) N(1)-C(41) 1.486(4) N(4)-C(35) 1.482(4) 
    

    

N(1)-Ni(3)-N(2) 84.63(9) N(1)-Ni(3)-O(4) 107.66(9)
N(1)- Ni(3)-N(3) 147.25(9) N(2)-Ni(3)-O(4) 96.09(9)
N(2)-Ni(3)-N(3) 93.15(9) N(3)-Ni(3)-O(4) 105.07(9)
N(2)-Ni(3)-N(4) 170.98(9) N(4)-Ni(3)-O(4) 92.94(9)
N(3)-Ni(3)-N(4) 84.45(9) 
    

 
 
Two molecules of the [Ni(14-tmc)OH]ClO4 complex are bridged by a coordinat-
ed sodium cation to form the binuclear nickel(II) complex molecule  
Na[Ni2(14-tmc)2(OH)2](ClO4)3. The molecular structure is shown in Figure 5.17. 
Sodium in the center is also coordinated by two perchlorate counter ions in axi-
al position. 
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Figure 5.17: ORTEP plot of the full complex molecule of Na[Ni2(14-

tmc)2(OH)2](ClO4)3. Solvent molecules are omitted for clarity. 

The proton of the hydroxo group of [Ni(14-tmc)OH]ClO4 was also observed us-
ing IR spectroscopy. The obtained spectrum shown in Figure 5.18 exhibits an 
absorption band at 3635 cm-1 which could be assigned to the ෤߭(O–H) mode of 
the terminal O–H group according to literature.[214] A sharp signal can be ob-
served due to the absence of intermolecular hydrogen bonding of the free hy-
droxyl group. Therefore, using [Ni(14-tmc)]ClO4 as nickel(I) precursor is a con-
siderable disadvantage because due to the presence of crystal water the hydroxo 
complex is formed. It was not possible to obtain the anhydrous nickel(II) com-
plex with perchlorate as the counter ion (see Figure 5.19). Recrystallization in 
absolute ethanol and drying the compound in vacuo at 80 °C for several times 
was only partially successful. The obtained IR spectrum still showed a broad 
band (due to hydrogen bonding) at 3475 cm-1 which can be assigned to crystal 
water ෤߭(O–H).  
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Figure 5.18: IR spectrum of the nickel(II)-hydroxo complex [Ni(14-tmc)OH]ClO4. 
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Figure 5.19: IR spectrum of the complex [Ni(14-tmc)](ClO4)2 after recrystallization 

in absolute ethanol and drying in vacuo at 80 °C. 
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5.2.1.7 Reaction of [Ni(14-tmc)]SO3CF3 and Nitrous Oxide 

Due to problems with crystal water in the nickel 14-tmc perchlorate complex 
the counter ion was exchanged to triflate. The synthesis was done according to 
a procedure described in literature.[209] Reaction of anhydrous Ni(SO3CF3)2 and 
14-tmc in absolute ethanol gave a pink powder of [Ni(14-tmc)](SO3CF3)2 (see 
Figure 5.20). 
 

 

Figure 5.20: Scheme for the reaction of Ni(SO3CF3)2 and 14-tmc. 

The obtained IR spectrum of the complex depicted in Figure 5.21 shows only a 
very weak broad band at 3471 cm-1 which can be assigned to ෤߭(O–H) to small 
amounts of residual crystal water. 
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Figure 5.21: IR spectrum of the complex [Ni(14-tmc)](SO3CF3)2. 
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Reduction of [Ni(14-tmc)](SO3CF3)2 in propionitrile with sodium amalgam (5 % 
Na) afforded a green complex solution of [Ni(14-tmc)]SO3CF3 (see Figure 5.22).  
 

 

Figure 5.22: Reduction of [Ni(14-tmc)](SO3CF3)2 with NaHg in propionitrile. 

UV-Vis experiments were performed in EtCN and showed a strong absorption 
band at 350 nm which is in accordance with literature.[215] It was also possible 
to obtain blue-green crystals of the nickel(I) complex. Unfortunately, difficulties 
in handling of the crystals (due to their extreme sensitivity) did not allow the 
determination of the structure by X-Ray analysis during this work to confirm 
this result. Ram et al. already published a crystal structure of the complex after 
reducing [Ni(14-tmc)](SO3CF3)2 in THF/CH3CN (10:1) yielding the R,S,S,R 
isomer cocrystallized with sodium triflate.[216]  
Furthermore, [Ni(14-tmc)]SO3CF3 was reacted with dry N2O gas at -80 °C in 
propionitrile to afford a brown complex solution of [Ni(14-tmc)(N2O)]SO3CF3 
(see Figure 5.23).  
 

            

 

Figure 5.23: Color change in course of the reaction of [Ni(14-tmc)]SO3CF3 and 

nitrous oxide in propionitrile at -80 °C. 

Contrary to the reaction with the nickel(I) precursor and perchlorate as counter 
ion the brown solution of [Ni(14-tmc)(N2O)]SO3CF3 was stable at -80 °C for 
several weeks. UV-Vis spectra of both complexes in EtCN at -80 °C were ob-
tained. The spectra depicted in Figure 5.24 show the absorbance of the green 
complex solution of [Ni(14-tmc)]SO3CF3 (green curve) with one band at 678 nm 
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and the brown solution of [Ni(14-tmc)(N2O)]SO3CF3 (brown curve) exhibiting a 
band at 460 nm. 
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Figure 5.24: UV-Vis spectra of [Ni(14-tmc)]SO3CF3 (green) and  

[Ni(14-tmc)(N2O)]SO3CF3 (brown) in propionitrile at -80 °C. 

Furthermore, brown crystals of [Ni(14-tmc)(N2O)]SO3CF3 could be obtained 
after a few days at -80 °C. Unfortunately, they were not suitable for X-ray dif-
fraction studies. 
 

5.2.1.8 Reaction of [Ni(14-tmc)]2+ with Peroxides and Superoxides 

In literature the nickel(III) side-on peroxo complex [Ni(12-tmc)O2]SO3CF3 could 
be synthesized by reacting the nickel(II) precursor in acetonitrile at 0 °C with 
five equivalents of hydrogen peroxide and two equivalents of triethylamine 
(Et3N).[136] The complex obtained was persistent at 25 °C for several days 
which allowed to isolate crystals and structurally characterize the nickel-
dioxygen adduct complex. 
Analogue to this reaction the nickel complex [Ni(14-tmc)](SO3CF3)2 was also 
reacted with ten eq. of H2O2 in presence of ten eq. of Et3N in acetonitrile and 
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methanol at 25 °C yielding the end-on superoxo adduct [Ni(14-tmc)O2]SO3CF3 
(see Figure 5.25).[137]  
 

 

Figure 5.25: Scheme for the reaction of [Ni(14-tmc)]2+ and hydrogen peroxide in 

presence of triethylamine.[137] 

Contrary to the side-on peroxo complex this nickel-dioxygen adduct species 
could only be characterized spectroscopically and by DFT calculations. 
Efforts were made in this work to isolate and structurally characterize an end-
on superoxo-nickel species which are presented in the following. 
 

5.2.1.8.1 Reaction of [Ni(14-tmc)]2+ and H2O2 

[Ni(14-tmc)](ClO4)2 was reacted with ten eq. of H2O2 in presence of the base 
Et3N in acetonitrile as well as in methanol at room temperature. Due to a fast 
color change of the solution from blue to green, which turned to a yellow and a 
red solution, the reaction was repeated at -60 °C. The obtained UV-Vis spectra 
in acetonitrile are shown in Figure 5.26.[197] 
The blue complex solution of [Ni(14-tmc)(MeCN)2](ClO4)2 (blue curve) shows an 
absorption band at 382 nm and a weak broad band at 608 nm. After the reac-
tion with H2O2/Et3N at room temperature the solution turned to green followed 
by two color changes to yellow and red. Therefore, the recorded spectrum of the 
reaction of the nickel(II) complex with H2O2/Et3N at room temperature (olive 
curve) shows only a mixture of several species with bands at 342, 425, 485 and a 
weak broad band at 689 nm. The green complex solution obtained was only 
stable at -60 °C and shows four absorption bands (green curve) with a strong 
band at 340 nm, a small shoulder at 412 nm, a very weak band at 505 nm and a 
broad weak band at 689 nm. All four bands are characteristic for the end-on 
nickel-superoxo complex and agree with findings in literature.[137] The green 
complex solution was stored at -30 °C with the aim of isolating crystals. Unfor-
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tunately, it was not possible to obtain crystals suitable for X-ray diffraction 
studies. 
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Figure 5.26: UV-Vis spectra of the reaction of [Ni(14-tmc)](ClO4)2 and H2O2/Et3N 

in acetonitrile at different temperatures.[197] 

The spectrum of the red complex solution was obtained ten minutes after the 
reaction of [Ni(14-tmc)(MeCN)2](ClO4)2 with H2O2/Et3N (red curve). It shows 
two bands at 382 and 490 nm. Diffraction studies of red crystals obtained from 
the solution showed the structure of the nickel(II) complex [Ni(14-tmc)]2+ indi-
cating the decomposition of the green nickel-superoxo complex. 
The obtained UV-Vis spectra of the reaction of [Ni(14-tmc)](ClO4)2 and 
H2O2/Et3N in methanol at room temperature are depicted in Figure 5.27. The 
red curve shows the spectrum of the red complex solution of [Ni(14-tmc)]2+ in 
methanol with two bands at 397 and 517 nm. After the reaction with hydrogen 
peroxide the color changed to green forming the nickel-superoxo species with its 
characteristic absorption bands at 411, 502 and 694 nm. The resulting solution 
was stable for several hours. With the purpose of isolating crystals the complex 
solution was stored at -30 °C. Nevertheless, it was not possible to obtain crys-
tals suitable for X-ray diffraction during this work. 
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Figure 5.27: UV-Vis spectra of the reaction of [Ni(14-tmc)](ClO4)2 and H2O2/Et3N 

in methanol at room temperature.[197] 

5.2.1.8.2 Reaction of [Ni(14-tmc)]2+ and Na2O2 

Analogous to the reaction with hydrogen peroxide the nickel(II) complex  
[Ni(14-tmc)](ClO4)2 was reacted with sodium peroxide in presence of the crown 
ether [15]-crown-5. The blue solution turned green within 15 minutes. UV-Vis 
spectra obtained are depicted in Figure 5.28 showing the absorbance spectra of 
the blue complex solution of [Ni(14-tmc)(MeCN)2](ClO4)2 (blue curve) and the 
green solution after the reaction with Na2O2 (green curve).  
The latter shows three absorption bands at 340, 418 and a weak broad band at 
696 nm. All bands exhibit only a small shift compared to the reaction with hy-
drogen peroxide with different absorbance ratios. Therefore, it is supposed that 
a nickel-superoxo complex is most likely formed. 
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Figure 5.28: UV-Vis spectra of the reaction of [Ni(14-tmc)](ClO4)2 and Na2O2 in 

acetonitrile at room temperature.[197] 

 

5.2.2 Synthesis and Reactions of Nickel Complexes bearing tetB 

5.2.2.1 Ligand tetB 

A further derivative of the ligand cyclam is the macrocyclic ligand 
5,5,7,12,12,14-hexymethyl-1,4,8,11-tetraazacyclotetradecane (tet) which also 
proved to be a useful system for stabilizing metal-oxygen species. Recently, an 
end-on peroxo-copper complex bearing this ligand could be structurally charac-
terized by Hoppe et al.[217] Efforts were made in this work to obtain a nickel- 
oxygen adduct using tet. 
There are two diastereomers of the ligand tet, the meso form (tetA – R,S) and 
the racemic form (tetB – SS, RR) (Figure 5.33). The ligand tetB was synthe-
sized according to a publication of Curtis and co-workers.[218] 
The ligand is synthesized in several steps. At first, 1,2-diaminoethane is reacted 
with hydrobromic acid (49 %) under cooling to yield the organic salt  
1,2-diaminoethane dihydrobromide 5.13 (see Figure 5.29). 
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Figure 5.29: Reaction scheme for the synthesis of 1,2-diaminoethane 

dihydrobromide (5.13). 

In a further reaction step, acetone and 1,2-diaminoethane is added to 5.13 and 
heated to 45 °C.  
 

 

Figure 5.30: Reaction scheme for the synthesis of 1,2-diaminoethane 

monohydrobromide (5.14). 

Therefore, 5.13 reacts with 1,2-diaminoethane which affords  
1,2-diaminoethane monohydrobromide 5.14 (see Figure 5.30) and two molecules 
of acetone undergo a base-catalyzed aldol condensation to yield mesityl oxide 
5.15 (see Figure 5.31). 
 

 

Figure 5.31: Reaction scheme for the aldol condensation of acetone yielding 4-

methylpent-3-en-2-one (5.15). 
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In a Michael addition the diamine 5.14 reacts with the α,β-unsaturated mesityl 
oxide to give a substituted β-aminoketone which then cyclises in pairs to trans-

[14]-diene dihydrobromide dihydrate 5.16 (see Figure 5.32).  
 

 

Figure 5.32: Michael addition of (5.14) and (5.15) to form trans-[14]-diene dihydro-

bromide dihydrate (5.16). 

Finally, 5.16 is reduced with sodium borohydride in methanol and 2M potassi-
um hydroxide solution is added to give tetA and tetB. The two isomers can be 
separated by fractional crystallization due to the insolubility of tetA in cold wa-
ter (see Figure 5.33). 
 

 

Figure 5.33: Reaction scheme for the reduction of 5.16 to tetA and tetB with  

sodium borohydride in methanol. 

 

5.2.2.2  [Ni(tetB)](ClO4)2 

The macrocyclic complex [Ni(tetB)](ClO4)2 was synthesized according to a pro-
cedure described in literature (see Figure 5.34).[219] 
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Figure 5.34: Reaction scheme for the synthesis of [Ni(tetB)](ClO4)2. 

Yellow-orange crystals could be isolated from an orange solution which were 
suitable for X-ray diffraction studies. Figure 5.35 shows the determined molecu-
lar structure of the cation [Ni(tetB)]2+ which is in line with the previously re-
ported structure by Curtis et al.[220] Crystallographic data, selected bond 
lengths and angles are presented in Table 5.9 and Table 5.10. The nickel(II) 
center is coordinated by the four nitrogen atoms of the macrocyclic ligand in a 
square-planar geometry. The two methyl groups C11 and C14 of tetB are on the 
same side of the nickel–nitrogen plane indicating the S,S isomer. The Ni–N bond 
lengths are only slightly shorter than in the macrocyclic complex [Ni(14-tmc)]2+ 
with distances between 1.936(4) and 1.956(4) Å. 
 

 

Figure 5.35: ORTEP plot of the cation [Ni(tetB)]2+. Ellipsoids are drawn at 50 % 

probability level. 
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Table 5.9: Crystal data and structure refinement for [Ni(tetB)](ClO4)2. 

  

 

Internal identification code schindler13045
Empirical formula C16 H36 Cl2 N4 Ni O8

Formula weight 542.10
Temperature 293 (2) K
Wavelength 0.71073 A
Crystal system, space group Monoclinic, P21/c
Unit cell dimensions a = 14.251(3) Å   α = 90 ° 
 b = 19.177(4) Å    β = 93.46(3) ° 
 c = 17.463(4) Å    γ= 90 ° 
Volume 4763.8(17) Å3

Z, calculated density 8, 1.512 Mg/m3

Absorption coefficient 1.087 mm-1

F(000) 2288
Theta range for data collection 3.16 to 25.69 °
Limiting indices -17≤h≤14, -21≤k≤23, -20≤l≤19 
Reflections collected / unique 28225 / 8332 [R(int) = 0.0566] 
Completeness to theta = 25.69 92.0 %
Absorption correction Empirical
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8332 / 0 / 712
Goodness-of-fit on F2 1.043
Final R indices [I>2sigma(I)] R1 = 0.0504, wR2 = 0.1258 
R indices (all data) R1 = 0.0839, wR2 = 0.1598 
Largest diff. peak and hole 0.510 and -0.874 e. Å-3 
 

 

Table 5.10: Selected bond lengths [Å] and angles [°] for [Ni(tetB)](ClO4)2. 

      

   

Ni(2)-N(1) 1.946(4) Ni(2)-N(2) 1.956(4) Ni(2)-N(3) 1.936(4) 
Ni(2)-N(4) 1.952(4)   
    

    

N(1)-Ni(2)-N(2) 84.50(16) N(2)-Ni(2)-N(4) 179.43(17) 
N(1)- Ni(2)-N(3) 173.66(18) N(1)-Ni(2)-N(4) 95.70(17)
N(2)-Ni(2)-N(3) 94.95(18) N(3)-Ni(2)-N(4) 84.91(19)
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5.2.2.2.1 Reaction of [Ni(tetB)](ClO4)2 and H2O2  

[Ni(tetB)](ClO4)2 was reacted with ten eq. of H2O2 in presence of the base Et3N 
in methanol at different temperatures. The UV-Vis spectra obtained are shown 
in Figure 5.36. Dissolving the complex in methanol resulted in a yellow solution 
with one absorption band at 455 nm (black curve). Adding hydrogen peroxide 
to the solution at room temperature led to a color change from yellow to orange 
(orange curve). Analogous to the reaction of [Ni(14-tmc)]2+ it was possible to 
obtain a green solution after the reaction with H2O2 at -60 °C which was only 
stable at temperatures ≤ -60 °C. The afforded nickel-oxygen adduct complex 
exhibits three bands at 390, 435 and 595 nm (green curve). Warming up the 
solution resulted in a color change back to yellow. With the aim of isolating 
crystals the obtained green solution was stored at -80 °C for several weeks. Un-
fortunately, it was not possible to obtain crystals suitable for X-ray diffraction.  
Thus, it remained unclear which species formed within the reaction with H2O2 
since there are no reports about nickel-oxygen adducts with the ligand tet in 
literature. 
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Figure 5.36: UV-Vis spectra of the reaction of [Ni(tetB)](ClO4)2 and H2O2/Et3N in 

methanol at different temperatures. 
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5.2.2.2.2 Reaction of [Ni(tetB)](ClO4)2 and KO2  

Furthermore, [Ni(tetB)](ClO4)2 was reacted with KO2 in a 1:1 ratio in acetoni-
trile. The color of the solution changed from yellow-orange to brown after a few 
hours. The UV-Vis spectra obtained are shown in Figure 5.37. [Ni(tetB)](ClO4)2 
in acetonitrile exhibits three narrow bands at 358, 467 and 552 nm and a broad 
band at 927 nm. After the reaction with potassium superoxide only a weak 
band at 360 nm exhibits with a small shoulder at 425 nm. With regard to the 
color and the obtained spectrum of the solution it is rather unlikely that a nick-
el-oxygen adduct complex was formed. It was not possible to obtain crystals 
suitable for X-ray diffraction. 
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Figure 5.37: UV-Vis spectra of the reaction of [Ni(tetB)](ClO4)2 and KO2 in  

acetonitrile at room temperature. 
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5.2.2.2.3 Reaction of [Ni(tetB)](ClO4)2 and Na2O2  

[Ni(tetB)](ClO4)2 was also reacted with Na2O2 in presence of [15]-crown-5 in ace-
tonitrile. Analogue to the reaction with potassium superoxide the color of the 
solution turned from yellow-orange to brown within a few minutes. UV-Vis ex-
periments were not performed during this work. 

5.3 Experimental 

5.3.1 Materials and Reagents 

Commercial reagents were used as obtained without further purification. Sol-
vents were dried according to standard procedures. All handling and storage of 
oxygen sensitive compounds and materials used was carried out in a glove box 
(M. Braun, Garching, Germany; O2 < 0.1 ppm, H2O < 0.1 ppm) within an ar-
gon atmosphere. 

5.3.2 Crystallography 

Single crystals suitable for X-ray diffraction were mounted on the tip of a glass 
rod using inert perfluoropolyether oil. The X-ray crystallographic data were col-
lected on a STOE IPDS- or a BRUKER NONIUS FR591 KappaCCD diffrac-
tometer equipped with low temperature systems. Mo-Kα radiation  
(λ = 0.71073 Å) and a graphite monochromator (STOE IPDS) was used. The 
structures were solved by direct methods in SHELXS97 and SHELXL 2013 and 
refined by using full-matrix least squares in SHELXL97.[179] 

5.3.3 NMR Spectroscopy 

1H-NMR and 13C-NMR spectra were recorded on a Bruker-Aspect 2000/3000 
400-MHz spectrometer by Dr. H. Hausmann (JLU Gießen, Institute for Organic 
Chemistry). 
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5.3.4 UV-Vis Spectroscopy  

If not mentioned otherwise UV-Vis absorbance spectra were measured at room 
temperature using an Agilent 8453 spectrophotometer and quartz cuvettes  
(d = 10 mm). The UV-Vis spectrum of the reaction of [Ni(14-tmc)]SO3CF3 and 
nitrous oxide in propionitrile at -80.0 °C was recorded with a TgK Scientific 
model SF-61SX2 low-temperature stopped-flow spectrophotometer equipped 
with a diode array detector (Salisbury, U.K.). Spectral changes in the range of 
300-700 nm were observed using an immersion probe with a path length of  
2 mm. 

5.3.5 IR Spectroscopy 

IR measurements were performed on a Jasco FT/IR 4100 spectrometer. All 
samples were measured as KBr-pellet at room temperature. 

5.3.6 Synthesis of the Ligands 

5.3.6.1 14-tmc 

The ligand 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane was obtained 
commercially by Sigma Aldrich. 

5.3.6.1.1.1 TetB 

The macrocyclic ligand rac-5,5,7,12,12,14-hexymethyl-1,4,8,11-
tetraazacyclotetradecane (tetB) was synthesized according to a procedure de-
scribed in literature.[218] 
1H-NMR (CDCl3/TMS) δ 3.22 (s (wide), 4H, –NH), 2.90-2.86 (m, 2H,  

-CHCH3), 2.79-2.76 (m, 2H, –CHCH3-NH-CH2-CH2-NH-C(CH3)2), 2.76-272 (m, 
4H, –CHCH3-NH-CH2-CH2-NH-C(CH3)2), 2.34-2.28 (m, 2H, –CHCH3-NH-CH2-
CH2-NH-C(CH3)2), 1.78-1.71 (m, 2H, –C(CH3)2-CH2-CHCH3), 1.09 (s, 12H, 
–C(CH3)2), 1.06-1.01 (m, 2H, –C(CH3)2-CH2-CHCH3), 0.99 (d, 6H, –CH-CH3); 
13C-NMR (CDCl3/TMS) δ 52.7 (sp3, –C(CH3)2), 51.5 (sp3, –CHCH3), 48.1 (sp3, 

–CHCH3-NH-CH2-CH2-NH-C(CH3)2), 43.9 (sp3, –C(CH3)2-CH2-CHCH3), 41.2 



5 Reactivity of Nickel Complexes with Macrocyclic Ligands 

144 

(sp3, –CHCH3-NH-CH2-CH2-NH-C(CH3)2), 29.4 (sp3, –C(CH3)2), 28.3 (sp3, 
–C(CH3)2), 21.3 (sp3, –CH-CH3). 

5.3.7 Synthesis of the Nickel Complexes 

5.3.7.1 [Ni(14-tmc)]2+ 

500 mg of Ni(SO3CF3)2 (1.40 mmol) and 395 mg (1.54 mmol) of 14-tmc were 
refluxed in absolute ethanol for 3 hours. The resulting purple solution was fil-
tered and the solvent was evaporated. Drying in vacuo at 80 °C yielded 720 mg  
(84 %) of [Ni(14-tmc)](SO3CF3)2. Cooling of a saturated solution in acetone and 
acetonitrile gave crystals suitable for X-ray diffraction. 
 

5.3.7.2  [Ni(tetB)](ClO4)2 

The nickel(II) complex [Ni(tetB)](ClO4)2 was prepared according to a procedure 
described in literature.[219] Cooling of a saturated methanolic solution yielded 
crystals suitable for X-ray diffraction. 
 

5.3.7.3 [Ni(14-tmc)]+ 

25 mg (0.042 mmol) of [Ni(14-tmc)]2+ was reduced with 182 mg  
(0.819 mmol) of 5 % - NaHg in a small amount of propionitrile. Stirring for  
30 minutes afforded a green solution of [Ni(14-tmc)]+. Blue-green crystals were 
obtained by cooling the saturated solution to -80 °C which were only stable at 
very low temperatures under exclusion of air.  
 

5.3.7.4 Reaction of [Ni(14-tmc)]+ and Nitrous Oxide 

A solution of 25 mg (0.042 mmol) of [Ni(14-tmc)]+ in propionitrile was reacted 
with dry gaseous nitrous oxide at -80 °C. 
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5.3.7.5 Reaction of [Ni(14-tmc)](ClO4)2
 and H2O2 

40 mg (0.082 mmol) of [Ni(14-tmc)](ClO4)2 was dissolved in a small amount of 
acetonitrile as well as in methanol. To both solutions 0.1 ml of Et3N and  
0.2 mL H2O2 (12 %) was added at different temperatures. UV-Vis spectra of the 
resulting green solutions were recorded. 
 

5.3.7.6 Reaction of [Ni(tetB)](ClO4)2
 and H2O2/Et3N 

20 mg (0.042 mmol) of [Ni(tetB)](ClO4)2 was dissolved in a small amount of 
methanol to give a yellow solution. 0.1 ml of Et3N and 0.2 mL H2O2 (12 %) was 
added at -60 °C and the color changed to green. UV-Vis experiments on this 
reaction were performed. 

5.3.7.7 Reaction of [Ni(14-tmc)](ClO4)2/[Ni(tetB)](ClO4)2
 and Na2O2 

20 mg (0.039 mmol) of [Ni(14-tmc)](ClO4)2 and 20 mg (0.039 mmol) of 
[Ni(tetB)](ClO4)2 were dissolved in a small amount of acetonitrile. To both solu-
tions 3.0 mg (0.039 mmol) of Na2O2 and [15]-crown-5 was added. UV-Vis spec-
tra of the resulting solutions were recorded. 
 

5.3.7.8 Reaction of [Ni(tetB)](ClO4)2 and KO2 

20 mg (0.037 mmol) of [Ni(tetB)](ClO4)2 and 2.6 mg (0.037 mmol) of KO2 were 
dissolved in a small amount of acetonitrile. The color of the solution turned to 
brown. UV-Vis spectra of the solutions were recorded. 
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6 Summary/Zusammenfassung 

6.1 Summary 

Today, almost all industrial chemicals have involved a catalytic reaction step 
during their manufacturing process with palladium and platin compounds being 
used as the most common catalysts. However, nickel also forms a wide variety 
of organometallic compounds and the big advantage of using them as catalysts 
is the much lower cost (ten to fifty times cheaper than Pd and Pt). A large 
number of Ni(0) complexes is used as homogenous catalyst in cyclooligomeriza-
tion reactions of alkenes, cycloalkenes, dienes, alkynes and carboxylation reac-
tions of dienes. The aim of this work therefore was to gain a better understand-
ing of the reactivity of Ni(0) complexes and thus finding novel ways to replace 
expensive noble metal catalysts based on Pd and Pt.  
 
Bicyclopropylidene (bcp), dicyclopropylacetylene (dcpa) and 1,4-dimethoxy-2-
butyne (dmbu), which have been synthesized previously in the research group of 
Prof. A. de Meijere (University of Göttingen, Institute for Organic Chemistry), 
are interesting molecular building blocks in various transition metal-catalyzed 
cyclization reactions. Ni(0) complexes with these ligands were synthesized ac-
cording to the following equation shown in Figure 6.1:  
 

 

Figure 6.1: Scheme for the reaction of [Ni(bipy)(COD)] with the unsaturated lig-

ands bcp, dcpa and dmbu. 

This substitution reaction has been investigated kinetically by UV-Vis spectros-
copy using “stopped-flow” techniques. Details on these studies are presented in 
chapter 2 of this work. From the results of the kinetic investigations a mecha-
nism with a highly ordered transition state in course of the reaction of 
[Ni(bipy)(COD)] with bcp and dmbu is proposed. Investigations on the reaction 
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with dcpa could not be evaluated due to a reversible substitution reaction. 
However, the reaction rate was significantly slower compared to the reaction 
with bcp and dmbu. The rate constants of the reaction of [Ni(bipy)(COD)] with 
bcp and dmbu were very different though; at 20.2 °C dmbu reacted by a factor 
of 1000 slower than bcp at 5.2 °C. Nevertheless, the obtained results are promis-
ing for possible future applications of these compounds in synthetic organic 
chemistry. Furthermore, molecular structures of the product complexes could be 
obtained. As an example the molecular structure of [Ni(bipy)(dcpa)] is shown in 
Figure 6.2. 
 

 

Figure 6.2: ORTEP plot of [Ni(bipy)(dcpa)], hydrogen atoms are omitted for clari-

ty. Ellipsoids are drawn at 50 % probability level.[143] 

Additionally, the molecular structures of the isoelectronic copper(I) complexes 
[Cu(bipy)(bcp)]+ and [Cu(bipy)(dcpa)]+ were obtained. X-ray analysis showed 
that they are isostructural to the corresponding Ni(0) complexes. So far only 
titanium, cobalt and platinum complexes with the ligand bcp have been  
reported. 
 
The reaction of a more complex olefin is described in chapter 3. In collaboration 
with the research group of Prof. P. R. Schreiner (JLU Gießen, Institute for Or-
ganic Chemistry) efforts were made to obtain copper(I) and nickel(0) coordina-
tion polymers with the adamantane derivative tetracyclo[7.3.1.14,12.02,7]tetradeca-
6.11-diene (tctd). Unfortunately, the uncharged coordination polymer 
[Nix(tctd)y]n could not be isolated. In contrast, it was possible to obtain the cop-
per(I) polymer [Cu2Cl2)(CH3CN)(tctd)]n for the first time. The molecular struc-
ture of the complex is shown in Figure 6.3. 
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Figure 6.3: ORTEP plot of a fragment of the copper(I) chain 

[Cu2Cl2)(CH3CN)(tctd)]n. Ellipsoids are drawn at 50% probability 

level. 

Furthermore, studies on ligand exchange reactions of the nickel(0) complex 
bis(cyclooctadiene)nickel(0) ([Ni(COD)2]) and N-Donor ligands have been per-
formed which are presented in chapter 4. Efforts synthesizing a binuclear nick-
el(0) complex using the tetradentate ligand 1,2-bis(2,2'-bipyridine-6-yl)ethane 
(O-BPy) afforded the complex [Ni2(O-BPy)(η2–C4H6)2] with coordinated butadi-
ene instead of COD. The molecular structure determined by X-ray diffraction 
studies is shown in Figure 6.4. 
 

 

Figure 6.4: ORTEP plot of the binuclear complex [Ni2(O-BPy)(η2–C4H6)2]. Ellip-

soids are drawn at 50% probability level.[141] 

Since no butadiene was used as an educt in this reaction a cleavage of COD 
catalyzed by the nickel(0) complex was supposed. This was a remarkable result 
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due to the fact that one molecule COD is lower of energy than two molecules 
1,3-butadiene. Within a collaboration with the research group of Prof.  
M. C. Holthausen (Goethe University Frankfurt am Main, Institute for Inorgan-
ic and Analytical Chemistry) DFT calculations for the formation of the binucle-
ar as well as a mononuclear nickel complex with O-BPy were performed. Calcu-
lated Gibbs energies showed that the formation of [Ni(O-BPy)] should be more 
spontaneous than the formation of [Ni2(O-BPy)(COD)2]. Therefore, efforts were 
made to investigate this reaction in more detail using the ligand O-BPy and 
derivatives. Unfortunately, the binuclear nickel(0) complex with coordinated 
butadiene could not be isolated during this work. However, it was possible to 
structurally characterize several mononuclear complexes with the applied lig-
ands (see Figure 6.5): [Ni(O-BPy)], [Ni(pmbd)] and [Ni(mpmbd)]).  
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Figure 6.5: Structures of the ligands 1,2-bis(2,2'-bipyridine-6-yl)ethane (O-BPy), 

N,N’-bis((6-methylpyridine-2-yl)methylene)butane-1,4-diamine 

(mpmbd) and N,N‘-bis(pyridine-2-ylmethylene)butane-1,4-diamine 

(pmbd). 

As an example, the molecular structure of the mononuclear Ni(0) complex 
[Ni(O-BPy)] is shown in Figure 6.6. 
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Figure 6.6: ORTEP plot of the complex [Ni(O-BPy)]. Ellipsoids are drawn at 50 % 

probability level. Solvent molecules are omitted for clarity. 

Due to difficulties isolating and characterizing the sensitive nickel(0) complexes 
isoelectronic copper(I) complexes with O-BPy were also prepared. It was possi-
ble to synthesize the copper(I) complex [Cu2(O-BPy)(COD)2] which was ex-
pected by the reaction of [Ni(COD)2] and O-BPy in the first place. The molecu-
lar structure of this complex is presented in Figure 6.7.  
 

 

Figure 6.7: ORTEP plot of the cation [Cu2(O-BPy)(COD)2]2+. Ellipsoids are drawn 

at 50 % probability level. 
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The obtained results showed that the cleavage of COD is highly depending on 
the reaction conditions applied which emphasizes the sensitivity of nickel(0) 
complexes. DFT calculations showed generally higher stability of the mononu-
clear complexes. The experimental results presented herein confirmed these cal-
culations. Instead of nickel, the dinuclear copper(I) complex with coordinated 
COD could be obtained. However, a cleavage of COD into butadiene was not 
observed.  
 
Developing transition metal complexes, which are able to selectively and cata-
lytically oxidize organic substrates under mild conditions, is a fascinating and 
challenging task in today’s chemistry. Therefore, studies on the activation of 
small molecules (e.g. O2, NO, N2O) and the formation and reactivity of short-
lived model metal-oxygen intermediates are of great interest.  
The number of reported nickel-oxygen intermediates has been comparatively 
low in this field. So far, recent results published by Nam and co-workers trig-
gered our interests in nickel-dioxygen adduct complexes and their reactivity 
(chapter 5). In that regard, macrocyclic ligands proved to be quite useful for the 
synthesis of mononuclear metal–O2 complexes. Efforts were made in this work 
to synthesize nickel-dioxygen adducts with the macrocyclic ligands 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane (14-tmc) and rac-5,5,7,12,12,14-
hexymethyl-1,4,8,11-tetraazacyclotetradecane (tetB). Therefore, the respective 
nickel(II) complexes were reacted with hydrogen peroxide, sodium peroxide as 
well as potassium superoxide with the aim of isolating a nickel end-on superoxo 
species. Performed UV-Vis experiments showed the formation of a nickel end-on 
superoxo complex. However, it was not possible to isolate and structurally char-
acterize the nickel-dioxygen adduct yet. By reducing [Ni(14-tmc)](ClO4)2 with 
sodium amalgam to the nickel(I) complex and reacting it with gaseous nitrous 
oxide, it was the aim to obtain the “nickel-oxo” complex. This species was most 
likely formed as an intermediate. However, it was only possible to isolate  
and characterize the nickel-hydroxo complex Na[Ni2(14-tmc)2(OH)2](ClO4)3 
(Figure 6.8). 
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Figure 6.8: ORTEP plot of the full complex molecule of Na[Ni2(14-

tmc)2(OH)2](ClO4)3. Solvent molecules are omitted for clarity. Ellip-

soids are drawn at 50 % probability level. 

The analogue complex with triflate as counter ion was able to activate N2O and 
a brown solution stable at -80 °C could be obtained. Low temperature UV-Vis 
experiments on this reaction have been performed and are presented herein. Un-
fortunately, the nickel nitrous oxide adduct complex could not be isolated and 
structurally characterized yet. However, the stability of this adduct complex is 
promising for future experiments and might provide access to a “nickel-oxo” 
species.  
 

6.2 Zusammenfassung 

In der heutigen Zeit wird angenommen, dass fast alle chemischen Erzeugnisse 
eine katalytische Stufe in ihrem Produktionsprozess durchlaufen. Hierbei sind 
Organokatalysatoren auf Basis von Palladium und Platin sehr weit verbreitet 
und werden am häufigsten genutzt. Dennoch bietet es sich an Nickel zu verwen-
den, welches ebenfalls eine Vielzahl an organometallischen Verbindungen bildet, 
dabei aber um ein Vielfaches günstiger ist (zehn bis fünfzig Mal billiger als Pd 
und Pt). Nickel(0)-Komplexe stellen eine große Anzahl an homogenen Nickel-
Katalysatoren dar und sind weit verbreitet bei Cyclooligomerisierungsreaktionen 
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von Alkenen, Cycloalkenen, Dienen und Alkinen sowie bei Carboxylierungsreak-
tionen von Dienen.  
Ziel dieser Arbeit war es, das Reaktionsverhalten von Ni(0)-Komplexen besser 
zu verstehen, um neue Wege zu finden teure Edelmetallkatalysatoren auf Pd- 
und Pt-Basis zu ersetzen. 
 
Bicyclopropyliden (bcp), Dicyclopropylacetylen (dcpa) und 1,4-Dimethoxy-2-
butin (dmbu) sind interessante Verbindungen, welche als „molekulare Baustei-
ne“ in zahlreichen Übergangsmetall-katalysierten Reaktionen verwendet werden.  
Diese Verbindungen wurden zuvor in der Arbeitsgruppe von Prof. A. de Meijere 
(Universität Göttingen, Institut für Organische Chemie) dargestellt und als Lig-
anden genutzt, um die entsprechenden Ni(0)-Komplexe nach folgender Reakti-
onsgleichung darzustellen: 
 

 

Abbildung 6.9: Schema der Reaktion von [Ni(bipy(COD)] mit den ungesättigten 

Liganden bcp, dcpa und dmbu. 

Kinetische Untersuchungen zu dieser Ligandenaustauschreaktion wurden mit 
Hilfe von „Stopped-Flow“-Messungen durchgeführt (Kapitel 2). Ergebnisse die-
ser Untersuchungen lassen bei der Reaktion von [Ni(bipy)(COD)] mit bcp und 
dmbu auf einen Mechanismus mit einem hochgeordneten Übergangszustand 
schließen. Die Reaktion des Ni(0) Komplexes mit dem Liganden dcpa konnten 
aufgrund einer reversiblen Reaktion nicht ausgewertet werden. Dennoch ist zu 
erkennen, dass die Austauschreaktion deutlich langsamer verläuft als mit den 
Liganden bcp und dmbu. Die Geschwindigkeitskonstanten der Reaktion zwi-
schen [Ni(bipy)(COD)] und bcp sowie dmbu unterschieden sich jedoch stark. 
Bei 20,2 °C verlief die Reaktion mit dmbu um den Faktor 1000 langsamer als 
mit bcp bei 5,2 °C. Insgesamt sind die durch die Untersuchungen erhaltenen 
Ergebnisse vielversprechend für zukünftige mögliche Anwendungen im syntheti-
schen Bereich. Des Weiteren konnten die Molekülstrukturen der Produktkom-
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plexe erhalten werden. Beispielhaft ist dabei die Struktur des Komplexes 
[Ni(bipy(dcpa)] in Abbildung 6.10 gezeigt. 
 
 

 

Abbildung 6.10: Molekülstruktur des Komplexes [Ni(bipy)(dcpa)]. Ellipsoide mit  

50 % Aufenthaltswahrscheinlichkeit.  

Zusätzlich konnten die isoelektronischen Kupfer(I)-Komplexe [Cu(bipy)(bcp)]+ 
und [Cu(bipy)(dcpa)]+ kristallographisch charakterisiert werden. Diese zeigten 
isostrukturelle Eigenschaften zu den Nickel(0)-Komplexen. Bisher konnten nur 
Metallkomplexe mit Titan, Kobalt sowie Platin mit dem Liganden bcp charak-
terisiert werden. 
 
Die Reaktion mit einem etwas ungewöhnlicheren und komplexen Olefin ist in 
Kapitel 3 dieser Arbeit beschrieben. In Kooperation mit der Arbeitsgruppe von 
Prof. P. R. Schreiner (JLU Gießen, Institut für Organische Chemie) wurde ver-
sucht organische Kupfer(I)- sowie Nickel(0)-Koordinationspolymere mit dem 
Adamantan-Derivat tetracyclo[7.3.1.14,12.02,7]tetradeca-6,11-dien (tctd) darzustel-
len. Leider konnte das ungeladene Nickel-Koordinationspolymer des Typs 
[Nix(tctd)y]n nicht isoliert und charakterisiert werden. Im Gegensatz dazu war es 
möglich das Kupfer-Koordinationspolymer [Cu2Cl2)(CH3CN)(tctd)]n erstmals 
darzustellen und kristallographisch zu charakterisieren. Die Molekülstruktur des 
Komplexes ist in Abbildung 6.11 dargestellt. 
 



6 Summary/Zusammenfassung 

156 

 

Abbildung 6.11: Molekülstruktur eines Fragments des Kupfer(I)-Koordinations-

polymers [Cu2Cl2)(CH3CN)(tctd)]n. Ellipsoide mit 50 % Aufent-

haltswahrscheinlichkeit. 

Des Weiteren wurden Untersuchungen zu Ligandenaustauschreaktionen des 
Komplexes Bis(cyclooctadien)nickel(0) ([Ni(COD)2]) mit N-Donor Liganden 
durchgeführt (Kapitel 4). Bei dem Versuch einen zweikernigen Nickel(0)-
Komplex mit dem Liganden 1,2-Bis(2,2'-bipyridin-6-yl)ethan (O-BPy) darzustel-
len wurde stattdessen der Komplex [Ni2(O-BPy)(η2–C4H6)2] mit koordiniertem 
1,3-Butadien erhalten. Die Molekülstruktur des Komplexes ist in Abbildung 6.12 
gezeigt. 
 

 

Abbildung 6.12: Molekülstruktur des dimeren Komplexes [Ni2(O-BPy)(η2–C4H6)2]. 

Ellipsoide mit 50 % Aufenthaltswahrscheinlichkeit.[141] 
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Da bei der Reaktion kein Butadien als Edukt eingesetzt wurde, wird eine Spal-
tung des COD Liganden, katalysiert durch den Nickel(0)-Komplex, vermutet. 
Dies ist ein überraschendes Ergebnis, da ein Molekül COD energieärmer ist als 
zwei Moleküle Butadien. In Zusammenarbeit mit der Arbeitsgruppe von Prof. 
M. C. Holthausen wurden DFT-Berechnungen (Goethe Universität Frankfurt 
am Main, Institut für Anorganische und Analytische Chemie) für die Bildung 
des zweikernigen sowie eines einkernigen Nickel-Komplexes mit O-BPy durchge-
führt. Berechnete Gibbs-Energien zeigten dabei, dass die Bildung des Komplexes 
[Ni(O-BPy)] der Bildung des Komplexes [Ni2(O-BPy)(COD)2] bevorzugt sein 
müsste. Daraufhin wurde diese Reaktion sowohl unter Verwendung des Ligan-
den O-BPy als auch verschiedener Derivate weiter untersucht. Leider konnte 
dabei der zweikernige Nickel-Komplex mit koordiniertem Butadien nicht erhal-
ten werden. Jedoch war es möglich mehrere einkernige Komplexe mit den ver-
wendeten Liganden (vgl. Abbildung 6.13Abbildung 6.) darzustellen und kris-
tallographisch zu charakterisieren: [Ni(O-BPy)], [Ni(pmbd)] und [Ni(mpmbd)]).  
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Abbildung 6.13: Strukturen der Liganden 1,2-Bis(2,2'-bipyridin-6-yl)ethan (O-

BPy), N,N’-Bis((6-methylpyridin-2-yl)methylen)butan-1,4-diamin 

(mpmbd) und N,N‘-Bis(pyridin-2-ylmethylen)butan-1,4-diamin 

(pmbd). 

Beispielhaft ist dabei die Molekülstruktur des Komplexes [Ni(O-BPy)] in Ab-
bildung 6.14 gezeigt. 
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Abbildung 6.14: Molekülstruktur des einkernigen Komplexes [Ni(O-BPy)]. Ellipsoi-

de mit 50 % Aufenthaltswahrscheinlichkeit. 

Aufgrund der sehr empfindlichen Nickel(0)-Komplexe und der dadurch er-
schwerten Darstellung und Charakterisierung, wurden auch isoelektronische 
Kupfer(I)-Komplexe mit O-BPy synthetisiert. Dabei war es möglich den zwei-
kernigen Cu(I)-Komplex [Cu2(O-BPy)(COD)2] kristallographisch zu charakteri-
sieren, welcher zunächst in der Reaktion von Nickel mit O-BPy erwartet wurde. 
Die Molekülstruktur des Komplexes ist in Abbildung 6.15 gezeigt. 
 

 

Abbildung 6.15: Molekülstruktur des Kations [Cu2(O-BPy)(COD)2]2+. Ellipsoide mit 

50 % Aufenthaltswahrscheinlichkeit. 
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Die Ergebnisse zeigten, dass die Spaltung von COD sehr stark von den gewähl-
ten Reaktionsbedingungen abhängt, welches die Empfindlichkeit der Nickel(0) 
Systeme noch einmal verdeutlicht. DFT Berechnungen zeigten, dass generell 
eine höhere Stabilität der einkernigen Komplexe vorliegt. Die in dieser Arbeit 
ermittelten Ergebnisse bestätigen diese Theorie. Anstatt eines zweikernigen Ni-
ckel-Komplexes mit koordiniertem COD konnte der entsprechende Kupfer(I)-
Komplex dargestellt werden. Jedoch war eine Spaltung von COD zu Butadien 
nicht zu beobachten. 
 
Die Entwicklung von Übergangsmetallkomplexen, welche katalytisch und selek-
tiv in der Lage sind organische Verbindungen unter milden Reaktionsbedingun-
gen zu oxidieren, ist eine herausfordernde und vorherrschende Fragestellung in 
der heutigen Chemie. Dabei sind Untersuchungen zur Aktivierung kleiner Mole-
küle (z.B. O2, NO, N2O) und die Bildung sowie das Reaktionsverhalten von 
kurzlebigen Metall-Sauerstoff-Intermediaten von großem Interesse. 
Die Anzahl an publizierten Nickel-Sauerstoff-Komplexen ist dabei sehr gering. 
Kürzlich veröffentlichte Ergebnisse von Nam et al. weckten jedoch unser Inte-
resse an Nickel-Sauerstoff-Addukten und deren Untersuchung. Im Hinblick da-
rauf erwiesen sich makrozyklische Liganden bei der Stabilisierung solcher Spe-
zies als besonders nützlich. Mit Hilfe der makrozyklischen Liganden 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecan (14-tmc) und rac-5,5,7,12,12,14-
hexymethyl-1,4,8,11-tetraazacyclotetradecan (tetB) sollten Nickel-Sauerstoff-
Adduktkomplexe dargestellt werden. Dabei wurden die jeweiligen Nickel(II)-
Komplexe mit Wasserstoffperoxid, Natriumperoxid und Kaliumsuperoxid umge-
setzt, mit dem Ziel einen end-on Superoxo-Komplex zu erhalten. UV-Vis spekt-
roskopische Untersuchungen bestätigten die Bildung dieser Spezies, jedoch 
konnten bisher keine geeigneten Kristalle für eine Einkristallmessung isoliert 
werden. Durch Reduktion von [Ni(14-tmc)](ClO4)2 mit Natriumamalgam konnte 
der entsprechende Nickel(I)-Komplex dargestellt werden. Dieser wurde mit  
Distickstoffmonoxid umgesetzt, um einen „Nickel-Oxo-Komplex“ darzustellen.  
Es war jedoch nur möglich, den Nickel-Hydroxo-Komplex Na[Ni2(14-
tmc)2(OH)2](ClO4)3 darzustellen und kristallographisch zu charakterisieren 
(vgl.Abbildung 6.16), wobei ein „Nickel-Oxo-Komplex“ wahrscheinlich interme-
diär vorlag. 
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Abbildung 6.16: Molekülstruktur des Komplexes Na[Ni2(14-tmc)2(OH)2](ClO4)3. 

Ellipsoide mit 50 % Aufenthaltswahrscheinlichkeit. Lösungsmit-

telmoleküle wurden zur besseren Übersicht weggelassen. 

Der analoge Komplex mit Triflat als Gegenion war in der Lage N2O zu aktivie-
ren. Dabei konnte bei der Umsetzung eine braune Lösung erhalten werden, wel-
che bei Temperaturen unterhalb von -80 °C stabil blieb. UV-Vis spektroskopi-
sche Untersuchungen wurden hierzu bei tiefen Temperaturen durchgeführt. Lei-
der konnten bisher keine messbaren Kristalle des „Ni–N2O-Adduktkomplexes“ 
erhalten werden. Jedoch ist die Stabilität des Komplexes sehr vielversprechend 
und könnte zukünftig die Darstellung eines „Nickel-Oxo-Komplexes“ ermögli-
chen. 
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