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1 Introduction 
 

Nitric oxide is a compound with a checkered history. For a long time, it was regarded only as an air 

pollutant, being involved in the formation of acid rain, [4 7] various types of cancer [8, 9] and contributing 

to the depletion of the ozone layer.[10 13] In the late 1970s, the biological relevance of nitric oxide was 

discovered. It was found to play a role in a variety of physiological processes, acting as a blood-pressure 

regulator [14, 15] and secondary messenger.[16, 17] Furthermore, it was found to be involved in the human 

immune system, [18 20] exhibiting antimicrobial and even tumoricidal activity.[21 23] These findings led  

to a revival of the compound in scientific research. Due to its significance, nitric oxide was declared 

''molecule of the year'' by Science magazine in 1992, [24, 25] followed by the founding of the ''Nitric Oxide 

Society'' in 1996 in order to promote research on this compound in all academic fields.[26] In 1998, 

Furchgott, Ignarro and Murad were awarded the Nobel Prize in Physiology or Medicine ''for their 

discoveries concerning nitric oxide as a signalling molecule in the cardiovascular system''.[27] 

 

 

1.1 General properties of nitric oxide 
 

Formed in a highly endothermic reaction, nitric oxide represents the simplest oxide of nitrogen. Large 

amounts of nitric oxide are produced as an intermediate in the Ostwald process, the most common 

industrial method for the synthesis of nitric acid from ammonia. For laboratory use, several synthetic 

routes are known, most of them involving the reduction of nitrite in the presence of acid. NO of high 

purity can be generated by reacting sodium nitrite with iodide or iron(II) salts in sulfuric acid.[28]  

N2 + O2         2 NO       ȹ r H   = 180.62 kJ molҍ1 

Scheme 1.1: Reaction of nitrogen and oxygen to nitric oxide.[28] 
 

In life sciences, NO adducts of amino acids, such as S-nitrosocysteine, as well as nitrosamine com-

pounds such as N-nitrosopyrrolidine are used as a nitric oxide source for biochemical experiments.[29, 30] 

At room temperature, the compound is a colorless gas and highly toxic despite its poor water solubility 

(1.93 1.95 × 10ҍ6 mol cmҍ3 atmҍ1), the latter being due to its low dipole moment of 5.29 × 10ҍ31 C m.[31, 32] 

On contact with air, it reacts immediately to NO2, recognizable by the formation of brown fumes. With 

halogens, it forms products of the composition NOX, such as nitrosyl chloride (NOCl).[28] Because of its 

odd number of fifteen electrons, nitric oxide is a free radical. It is best described by the resonance 

structures depicted in Scheme 1.2. 

 

Scheme 1.2: Resonance structures of nitric oxide.[28] 
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As in the molecular orbital (MO) diagram in Figure 1.1, the unpaired electron is located in one of the 

two degenerate 1 *̄  orbitals. The 2ʎ   (HOMOҍ1) and 1 *̄  (HOMO) frontier orbitals can be used to form 

bonding and antibonding interactions with d orbitals of transition metals, leading to a stabilization of 

said electron in the resulting metal nitrosyl complexes. In the case of the 2ʎ   orbital, a ʎ -type bond 

with the metal's symmetrically matching e orbitals can be formed. The two 1 *̄  orbitals each can form 

a ̄  bond with the t2 orbitals of the metal center. Due to the larger lobes of the relevant MOs being 

located on the nitrogen atom, the nitrosyl ligand usually coordinates via the əN-binding mode under 

normal conditions.[33] 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Molecular orbital (MO) diagram of nitric oxide, adopted from Ref. [33]. The h - and ɓ-spin electrons are 

symbolized by up- and down-arrows, respectively. Electrons involved in the formation of dative bonds to the 

metal center are highlighted in red. As an alternative numbering, the MOs shown in the diagram are also com-

monly labeled (in order of increasing energy) as 1ʎ, 2ʎ, 1 ,̄ 3ʎ, 2  ̄and 4ʎ. 

 

Due to its radical character, nitric oxide is a highly reactive species. When coordinating to a metal, it 

can either be oxidized to the nitrosonium cation NO
+
 or reduced to the nitroxyl anion NO

ҍ
. Both ions 

are isoelectronic with several species of high relevance in coordination chemistry: NO
+
 is isoelectronic 

with N2, CO and CN
ҍ
, while NO

ҍ
 is isoelectronic with O2. Uncharged NOω can be considered isoelectronic 

with O2
+
.[34] This redox activity, together with the fact that the oxidation states of the metal center and 

the nitrosyl ligand cannot be determined unequivocally by direct physical measurement, lead to nitric 

oxide being referred to as a so-called ''non-innocent ligand''. This means that for a given MNO moiety, 

it is not possible to determine whether this entity exists as MNO
0
, M

ҍ
NO

+
 or M

+
NO

ҍ
 in the com-

plex.[35 37] To overcome this problem, Enemark and Feltham introduced a notation in which the nitrosyl 

complex is described as an {M(NO)x}
n fragment, with x being the number of NO ligands binding to the 

metal and n the sum of the metal's d electrons and 1 *̄  electrons of the nitrosyl ligand.[38] Besides          
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the different oxidation states, terminally bonded nitric oxide can also adapt various bond angles rela-

tive to the metal center. Prior to this work, as a general consensus, it became common to assign linearly 

bonded nitric oxide as 1NO
+
 and strongly bent (around 120°) as 1NO

ҍ
, regardless of the coordinating 

metal and its electronic configuration. For the former, this is based on the notion that, due to its 

isoelectronicity with carbon monoxide, NO
+
 enables ̄  backbonding to the metal center and, thus, will 

favor a linear coordination. Hence, with more obtuse angles, other oxidation states such as 2NO0 (bond 

angles around 140°) and 3NO
ҍ
 (160° 180°) are expected.[34, 39] Spectroscopic and structural charac-

teristics can be used in order to gain insights into the electronic state of nitrosyl complexes. More 

precisely, the infrared band of the N O stretching vibration, the M N and N O bonds as well as             

the M N O bond angle provide information for determining the nitrosyl binding mode.[34] Since the 

structural data are usually obtained by X-ray crystallography, there is often a need for suitable crystal-

lization methods in addition to the usual development of new synthetic methods for obtaining novel 

compounds. As can be seen in Figure 1.2, according to the consensus mentioned above, the geometry 

of the MNO fragment determines the binding interactions that occur: In a linear entity, a ʎ   bond is 

generated due to the donation of electron density from the nitrosyl ligand's 2ʎ   orbital into the dz 2 

orbital of the metal. In addition to this ʎ   basicity, the 1 *̄  orbitals can act as electron donors or                   

acceptors with the matching dxz and dyz orbitals, forming either two ̄ bonds or, in the case of a bent 

MNO moiety, one ̄  interaction and one ʎ   bond with a strong dz 2 participation of the metal. For 

complex species consisting of NO
+
 linearly bound to an electron-rich metal center, the nitrosyl ligand 

also acts as a ̄ acid, causing strong backdonation from the metal atom's dxz and dyz orbitals into the 

ligand's 1 *̄  orbitals.[34, 38, 39] 

 

 

 

 

 

 
 

Figure 1.2: Possible interactions involved in metal-nitrosyl bonding. Left: ʎ   bond (2ʎ   + dz 2), middle:  ̄bond(s) 

(1 *̄xz + dxz and 1 *̄yz + dyz). These bonds and the previously mentioned ʎ   interaction apply to a linear MNO moiety. 

Right: ʎ   bond (1 *̄yz + dz 2) in a bent MNO moiety.[34, 38, 39] 

 

Although most known nitrosyl complexes contain terminally bonded NO, compounds with one or more 

nitrosyl ligands bridging up to three metal centers have been discovered as well.[40, 41] While the NO 

entity usually binds via the nitrogen atom to the metal center, some nitrosyl complexes have shown 

the ability to change to əO (isonitrosyl)- or ə2N,O (side-on)-binding mode upon irradiation with light in 
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the range of 350 nm to 580 nm.[42, 43] If metastable below a certain temperature, these excited states 

can be observed using IR spectroscopy, differential scanning calorimetry, and even photocrystallo-

graphy.[44, 45] This phenomenon, called photoinduced linkage isomerism (PLI), was first detected for 

sodium nitroprusside (SNP), Na2[Fe(CN)5(NO)]·2 H2O.[46, 47] Following this discovery, other metal nitrosyl 

complexes with Ru, Os, Mo, Ni and Pt were also found to show this behavior.[48, 49] Since the linkage 

isomers of a PLI-active compound differ in their absorptive properties and photorefractive characte-

ristics, such complexes have been considered candidates for new forms of information storage and 

other optical applications.[50] 

 

 

1.2 Biological relevance and pharmacology of nitric oxide 
 

As mentioned earlier, besides its image as an air pollutant and use in inorganic chemistry, nitric oxide 

was also found to be of significant biological relevance. Initially, it was recognized only as a signaling 

molecule in the cardiovascular system of mammals.[51 53] Produced in endothelial cells by NO synthases 

(NOS), nitric oxide is generated enzymatically via oxidation of L-arginine to L-citrulline (Scheme 1.3).[54] 

In this context, the NO released in blood vessels activates guanylate cyclase (GC), causing it to produce 

cyclic guanosine monophosphate (cGMP). This in return initiates the relaxation of the surrounding 

smooth muscle tissue, subsequently increasing the blood flow and lowering vascular pressure. This 

mechanism of action also provided an explanation for the long known vasodilatative action of heart 

medications such as sodium nitroprusside as well as organic nitro and nitrate compounds such as amyl 

nitrite and nitroglycerin. While SNP was shown to directly liberate NO in solution, the latter first react 

with SH groups to S-nitrosothiols which then decompose under release of nitric oxide.[53] By nitro-

sylating thiol groups in enzymes and other proteins, nitric oxide can regulate their activity and function. 

Like its role as a vasodilatator, it was later found that this mechanism is not limited to the cardio-

vascular system, but also occurs in brain tissues.[55] Being a radical in its free, neutral form, NO can also 

act as an antioxidant, scavenging other harmful radicals such as reactive oxygen species (ROS). As such, 

it was found to terminate chain reactions that occur during lipid peroxidation (the breakdown of lipids 

by ROS that cause damage to the cell membrane).[56] However, it should be noted that besides these 

beneficial functions, the role of nitric oxide in biological systems is not just purely positive, but rather 

double-edged. Being a reactive species itself due to its radical character, nitric oxide is also capable           

of causing oxidative stress and damage to cells. It can react with superoxide radicals (O2
ωҍ) to form 

peroxynitrite ions (ONO2
ҍ
) which can damage lipids, proteins and DNA bases, provoking cell death by 

necrosis. In addition, peroxynitrite is also able to induce apoptosis via caspase activation.[57] More-

over, the use of NO as a vasodilatating drug can come with drawbacks as well: When inhaled, it 

coordinates to hemoglobin, oxidizing the iron(II) center to iron(III) in the process. The resulting met-

hemoglobin cannot carry oxygen, therefore reducing its overall availability in the body and creating 
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severe complications. The application of gaseous NO is primarily used for the treatment of pulmonary 

hypertension in neonates, where usual dosages of up to 40 ppm have been found to create significant 

levels of methemoglobin in the blood, making nitric oxide therapy the subject of ongoing research.[58] 

 

 

 

 

 

 

Scheme 1.3: Endogenous synthesis of NO catalyzed by nitric oxide synthase (NOS): oxidation of L-arginine (L-Arg)                           

to L-citrulline (L-Cit) with N˖-hydroxy-L-arginine (NOHLA) as intermediate.[54] 

 

This dual behavior of NO was also observed for its role in immune response. Under resting conditions, 

it was found to act as an anti-inflammatory agent by initiating a negative feedback loop that suppresses 

cytokine production.[59] On the other hand, activated macrophages have been shown to produce NO 

in order to enhance chemokine production, therefore maintaining the inflammatory response. It is 

believed that the effect of nitric oxide on this response depends on its (spatial) concentration in the 

cell: low NO levels seem to promote inflammation, while high levels help to clear it.[60] This duality is 

also observed for the relationship between nitric oxide and cancer. Over the last two decades, plenty 

of evidence was found that NO plays a critical role in regulating the hallmarks of cancer. This means 

that the control and outcome of processes such as tumor growth, angiogenesis (development of blood 

vessels for its supply), metastasis and evasion of tumor apoptosis depend on the spatial and temporal 

concentration of nitric oxide as well as on its source. The compound initiates tumor-enhancing or               

-suppressing responses that are mediated by cGMP-dependent processes or protein modifications 

(such as S-nitrosylation or nitration). Other cancer hallmarks such as inflammation and genome insta-

bility are influenced as well.[61] In the latter case, NO reacts with superoxide or molecular oxygen to 

form reactive nitrogen species (RNS) that can deaminate bases of the DNA, causing potentially car-

cinogenic mutations.[62, 63] The species generated in this process include nitrogen dioxide (NO2) and 

dinitrogen trioxide (N2O3), the latter being formed by reaction with another equivalent of nitric oxide. 

As mentioned before, the reaction of NO with ROS can also lead to peroxynitrite, which, in turn, can 

form other RNS such as nitrite (by reaction with thiols) or nitrate (via CO2-catalyzed isomerization with 

nitrosoperoxocarbonate ONOOCO2
ҍ
 as an intermediate). Alternatively, peroxynitrite can be broken 

down by CO2 into NO2 and CO3
ωҍ.[64, 65] Deamination of a DNA base will result in the substitution of an 

amino group for a keto function, transforming cytosine, adenine, guanine and 5-methylcytosine to 

uracil, hypoxanthine, xanthine and thymine, respectively.[62] 
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NOR 

In addition to the abovementioned functions that nitric oxide performs in mammals, it also plays an 

important role in other organisms such as bacteria, plants or insects. For example, as a defense against 

microbes, mammalian macrophages treat the pathogens simultaneously with NO and H2O2. Upon 

reaction with metalloproteins in the cell membrane (mainly iron-sulfur clusters), nitric oxide is con-

verted to nitrite and metal ions from the active site are released into the bacterium, where they react 

with hydrogen peroxide to yield ROS that can damage the microbial DNA.[66] Another defense mecha-

nism uses NO to poison the bacterium's purine metabolism in order to prevent proliferation.[67] As a 

detoxifying strategy, many pathogenic species have developed nitric-oxide-reducing enzymes which 

catalyze the two-electron reduction of two NO equivalents to less toxic nitrous oxide (N2O) and water 

(Scheme 1.4).[54] Other organisms such as denitrifying bacteria, archaea, some protozoa and fungi also 

use NO reductases (NOR) in their anaerobic breathing process.[68, 69] The ability of some microorga-

nisms to consume nitric oxide is also exploited in industry: In the so-called BioDeNOx process, nitrogen 

oxides (NOX) are removed from fossil flue gases with the help of denitrifying bacteria. In order to 

scavenge nitric oxide from the waste gas, the exhaust is first treated with an aqueous solution of iron(II) 

chelates, with EDTA being the most commonly used ligand for this purpose. Complex species such          

as [Fe(edta)]
2ҍ

 bind nitric oxide very effectively and the resulting [Fe(edta)(NO)]
2ҍ

 is then subsequently 

processed into harmless N2 in a bioreactor. However, since [Fe(edta)]
2ҍ

 can easily be oxidized to the 

corresponding iron(III) species by O2 from the flue gas, the bacteria need to be fed a substrate such as 

ethanol or glucose in order to regenerate the ferrous complex and sustain the process.[33, 70] In a modi-

fication of the procedure, the bioreactor is replaced with a chemical one so that the collected NO can 

be used to synthesize useful chemical products such as, for example, oximes.[71] 

2 NO + 2 e
ҍ
 + 2 H

+
                 N2O + H2O 

Scheme 1.4: Two-electron reduction of NO to nitrous oxide (N2O) catalyzed by nitric oxide reductase (NOR). The 

different classes of NORs use various co-factors as electron source, including NADH, NADPH and FMNH2.
[33] 

 

However, nitric oxide does not always pose a threat to bacteria. Recently, the bacterium Kuenenia 

stuttgartiensis was found to grow on NO by coupling anaerobic ammonium oxidation (anammox) with 

nitric oxide reduction. Anammox species usually couple the reduction of nitrite with ammonium oxida-

tion, resulting in the formation of nitrate and molecular nitrogen with nitric oxide and hydrazine as 

intermediates. However, by using the process mentioned above, K. stuttgartiensis can grow without 

nitrite and produces only N2.
[72] Since anammox bacteria have been estimated to be responsible for 

about 50 % of all atmospheric dinitrogen emissions, nitric oxide represents an important intermediate 

in this process of the biological nitrogen cycle.[73] The other major process involving NO in this context 

is the transformation of nitrite to N2 by denitrifying bacteria. The gaseous nitrogen generated by these 

two processes is then made accessible to plants by nitrogen-fixating soil bacteria.[74] In plants them-

selves, nitric oxide acts mainly against oxidative stress (e.g. ROS), but also as a signaling molecule.[75] 

As for the role of NO in insects, little research has been done compared to that on mammals, bacteria 



Introduction 

 - 7 -  

and plants. So far, it was found to be involved in the immune response of some insect species. In 

addition, some blood-sucking insects such as bed- and kissing bugs were shown to use nitric oxide's 

vasodilatative effect in order to increase the blood flow in their host. When piercing into a vessel, they 

first inject nitrophorines in the blood. In these NO-loaded FeIII heme proteins, nitric oxide is only weakly 

bound to the metal center, much more weakly than in analogous FeII heme enzymes such as GC or 

NOR. Moreover, the bond strength also depends on the pH: stored in the insect's glands at pH  5, NO 

binds about ten times more tightly to the ferric center than in the blood of the host at pH > 7. Hence, 

when injected, NO dissociates into the blood stream, causing the vessel to dilate.[76] 

 

 

1.3 Structural and IR-spectroscopic properties of {CoNO}8 complexes 
 

Most cobalt nitrosyls can be described as {CoNO}8 according to the EnemarkFeltham notation. Prior 

to this work, with the exception of just a few compounds, all of the so far structurally characterized 

complexes feature a distinctly bent CoNO moiety. Together with the often observed diamagnetic 

behavior, this led to low-spin d6-cobalt(III) and 1NO
ҍ
 as predominant oxidation-state assignment for 

these species. While the largest subset of recorded crystal structures comprises metalloporphyrin 

complexes, such data were also collected for a variety of {CoNO}8 compounds with non-biological 

ligands.[77] Besides N4-ligation as the most common environment, among others, coordination with 

oxygen, sulfur, phosphorus and arsenic ligands is known as well (see Figures 1.3 and 1.4). For com-

plexes with (N/O/S)4- and N2(O/S)2-ligation, a square pyramidal shape is usually found. In addition to 

this, also a few octahedral species such as [Co(NO)(NH3)5]
2+

 and trans-[Co(Cl/ClO4)(en)2(NO)]
+
 have 

been described. As a peculiarity, they show a significant trans effect, i.e. a much greater Co L bond 

length for the ligand trans to NO compared to those in the equatorial plane.[78 80] In the case of the 

phosphorus and arsenic derivatives, a trigonal bipyramidal geometry is observed for most complexes. 

Moreover, linear Co N O angles close to 180° are found in some structures such as [CoI2(NO)(PMe3)2] 

and [Co(diars)2(NO)]
2+

 (see Table 1.1 for an overview). However, other {CoNO}8 species with P2X2- or 

As4-ligation feature the bent nitrosyl moiety, but at an angle that is slightly more obtuse than the usual 

value. Examples include [CoCl2(NO)(PMe3)2] and trans-[Co(diars)2(NO)(SCN-əN)]
+
.[81, 82] Within the 

group of P2X2-derivatives, additional structural irregularities were discovered: the halogenido com-

pounds [Co(Br/Cl)2(NO)(PMePh2)2] both show disorder of the nitrosyl ligand, with NO bonded linearly 

in the major disorder form of the bromido complex while coordinating at a more acute angle in the 

major form of the chlorido derivative.[83] 
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Figure 1.3: Overview of some structurally characterized {CoNO}8 complexes with N4-ligation. For clarity, the 

species are depicted without counterions and non-cobalt fragments. For references and information on struc-

tural and IR-spectroscopic parameters, see Table 1.1. 

 

 

[Co(NH3)5(NO)]Cl2 trans-[Co(en)2(NO)(X)]ClO4 

X = ClO4 , Cl  

[Co(NO)(12-tmc)](ClO4)2  n = 2 

[Co(NO)(13-tmc)](ClO4)2  n = 3 

[Co(bpdap)(NO)] [Co(dmgH)2(NO)] 

[Cl(NO)Co(µ-doen)(R)]BPh4  

R = Mg(H2O)(Me3tacn) 

[Co(tc-3,3)(NO)]  n = 3 

[Co(tc-4,4)(NO)]  n = 4 [Co(NO)(tpp)] 
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Figure 1.4: Overview of some structurally characterized {CoNO}8 complexes with N2O2-, O4-, N2S2-, S4-, P2X2- or 

As4-ligation. For clarity, the species are depicted without counterions and non-cobalt fragments. For references 

and information on structural and IR-spectroscopic parameters, see Table 1.1. 

 

As for the infrared NO stretching vibration of the nitrosyl ligand, a trend can be observed in that the 

vast majority of complexes with a strongly bent CoNO moiety comes at around 1600 cmҍ1 to 1700 cmҍ1 

while species with a linear entity show nitrosyl stretches at slightly higher energies around 1770 cmҍ1 

to 1850 cmҍ1 (see Table 1.1). However, it should be noted that data on (partly) linear {CoNO}8 com-

plexes is scarce, as only four such compounds have been crystallized to date.[81 83] 

[Co(NO)(PMeR2)2(X)2] 

R = Me; X = Cl , l  

R = Ph; X = Cl , Br 

[Co(esal)2(NO)] 

 

[Co(fpin)(L)(NO)] 

L = en, N,N-dmen, trmen, tmen, 

bpy, phen, dmphen 

[Co(bme-dach)(NO)] 

[(NO)Co(µ-bme-dach)(R)] 

R = W(CO)4  

[Co(acac)2(NO)] 
 

(NBnMe3)2[Co(fpin)2(NO)] 
 

[Co(mdtc)2(NO)] 
 

trans-[Co(diars)2(NO)(SCN-əN)]SCN 
 

[Co(diars)2(NO)](ClO4)2 
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Table 1.1: X-ray and IR data of select structurally characterized {CoNO}8 compounds. 

 NςO /  Å CoςN /  Å  ᷂CoςN O /  ° ’ /  cmҍ1 Ref. 

[Co(NH3)5(NO)]Cl2 1.154 1.871 119.0 1620 [d] 78, 84 

trans-[Co(ClO4)(en)2(NO)]ClO4 [a] 1.15 1.805 122.7 1663 [e] 80, 85 

trans-[CoCl(en)2(NO)]ClO4 1.109 1.820 124.4 1611 [e] 79, 85 

[Co(12-tmc)(NO)](ClO4)2
 1.155 1.7844 128.50 1712 [f] 86 

[Co(bpdap)(NO)] 1.1551 1.7890 125.97 1645 [d] 87 

[Co(dmgH)2(NO)] [b] 1.110 1.800 128.5 1641 [e] 88, 89 

[Cl(NO)Co(µ-doen)(R1)]BPh4 1.149 1.856 122.1 1636 [g] 90 

[Co(tc-3,3)(NO)] 1.137 1.785 127.3 1656 [d] 91 

[Co(tc-4,4)(NO)] [a] 1.151 1.779 128.9 1584 [d] 91 

[Co(NO)(tpp)] [a] 1.01 1.833 135.2 1689 [d] 92 

[Co(esal)2(NO)] 1.16 1.738 129 1645 [e] 93 

[Co(N,N-dmen)(fpin)(NO)] 1.165 1.799 126.6 1667 [g] 94, 95 

[Co(fpin)(NO)(phen)] 1.161 1.825 122.1 1702 [g] 94, 95 

[Co(bme-dach)(NO)] 1.187 1.787 123.8 1603 [h] 96 

[(NO)Co(µ-bme-dach)(R2)] 1.21 1.80 123.1 1638 [h] 96 

[Co(acac)2(NO)] 1.163 1.820 120.4 1675 [d] 97, 98 

(NBnMe3)2[Co(fpin)2(NO)] 1.185 1.793 120.6 1638 [g] 95, 99 

[Co(mdtc)2(NO)] [a] 1.112 1.746 135.7 1630 [e] 100 

[CoCl2(NO)(PMe3)2] [a, c] 0.88 2.00 129.0 
1637, 
1725 [e] 

81 

[CoI2(NO)(PMe3)2] 1.024 1.706 179.6 1753 [e] 81 

[CoCl2(NO)(PMePh2)2] [a, c] 1.106 1.721 156.9 
1655, 
1771 [h] 

83 

[CoBr2(NO)(PMePh2)2] [a, c] 1.055 1.706 171.9 
1771, 
1664 [h] 

83 

tr.-[Co(diars)2(NO)(SCN-əN)]SCN [c] 1.18 1.87 132.3 
1587, 
1561 [i] 

82 

[Co(diars)2(NO)](ClO4)2 1.16 1.68 178 1852 [i] 82 
 

[a] Disorder of the nitrosyl ligand. The given structural data refers to the major disorder form. 
[b] Structural values calculated as mean of three discrete entities in the unit cell. 
[c] Split band of the NO vibration in the IR spectrum. The band with the higher relative intensity is listed first. 
[d] KBr disk,  [e] nujol mull,  [f] MeCN solution,  [g] ATR,  [h] DCM solution,  [i] nujol mull between KBr disks. 

Non-cobalt fragments: R1: Mg(H2O)(Me3tacn), R2: W(CO)4. 
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1.4 Current perception of the bonding situation in {CoNO}8 species 
 

The abovementioned interpretation of bent {CoNO}8 entities as CoIII 1NO
ҍ
 pairs is a widely accepted 

consensus within the coordination chemistry community.[101 104] On the other hand, linear nitrosyls of 

transition metals are often found to resemble the shape of their carbonyl and cyanido counterparts, 

and since NO
+
 is isoelectronic to CO and CN, a linear MNO moiety seems to reflect the binding of NO

+
 

as a typical ʎ -donor- -̄acceptor ligand. However, the validity of this claim should be questioned for 

several reasons. First, cobalt(III) species were found to be almost exclusively octahedral for N/O-

coordination, since only this geometry allows for a large ligand field stabilization energy of ҍ24 Dq at 

maximum field splitting. An exception to this are complexes such as metalloporphyrins, in which the 

metal center is sterically shielded by a tetradentate ligand.[94] One explanation for the pentacoordi-

nation of {CoNO}8 nitrosyls involves the compounds trans-[Co(Cl/ClO4)(en)2(NO)]ClO4 in which the 

ligand trans to NO binds to the metal at a distance that exceeds the usual CoIII Cl/O bond lengths by 

about 0.3 Å. In this context, the trans influence of the 1NO
ҍ
 ligand as a strong ʎ -donor and weak                

-̄acceptor is big enough to leave the sixth coordinating position unoccupied.[79, 80] However, the 

structure of the perchlorato derivative suffers from a disorder of the nitrosyl ligand, which makes ratio-

nalization of its bonding situation difficult due to an unreliable Co N O bond angle and imprecisely 

determined Co N and N O distances. Other cases of disordered {CoNO}8 structures not allowing for      

a clear assessment of the nitrosyl bonding include compounds such as [Co(NO)(NH3)5]Cl2, which was 

initially found to be linear, but in a more recent determination of the crystal structure proved to be 

bent with a fourfold disorder of the NO ligand.[78, 105, 106] Similar problems with disorder or unreliable 

ellipsoids of the nitrosyl ligand were encountered in the X-ray analyses of the phosphorus and arsenic 

complex species [Co(Cl/I)2(NO)(PMe3)2], [Co(Br/Cl)2(NO)(PMePh2)2] and [Co(diars)2(NO)](ClO4)2, there-

fore leaving the very small class of linear {CoNO}8 compounds with no unambiguously solved crystal 

structure.[81 83] This represents the second point of criticism for the derivation of the nitrosyl ligand's 

charge from the Co N O angle: Most of the known {CoNO}8 crystal structures are poorly solved, thus 

leaving this general consensus on a speculative basis. As of 2021, there are fewer than two dozen well-

defined structures of such compounds that allow for an in-depth discussion of the nitrosyl moiety's 

bonding situation.[94] The concept of unquestioningly categorizing all nitrosyl complexes with linearly- 

and bent bonded nitric oxide into NO
+
 respectively NO

ҍ
 was also extended to the IR analysis of such 

compounds. In the case of {CoNO}8, nitrosyl stretching vibrations at lower wavenumbers in the range 

around 1600 cmҍ1 to 1700 cmҍ1 are assigned to CoIII NO
ҍ
 while IR stretches around 1800 cmҍ1 are 

associated with CoI NO
+
.[101, 102, 104] Furthermore, this questionable mindset has also found its way into 

the instructions for determining the oxidation state of metal nitrosyls published a few years ago by the 

International Union of Pure and Applied Chemistry.[103, 107, 108] 
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1.5 Aim of this work 
 

As was shown in Section 1.4, the assignment of charges and oxidation states in metal nitrosyl com-

plexes based on the MN O bond angle or infrared nitrosyl stretch remains problematic, since this 

consenus is founded on the generalization that such compounds resemble the bonding situation of 

their related carbonyl and cyanido derivatives due to the isoelectronicity of their ligands. In the case 

of {CoNO}8 compounds, there are only a few well-solved crystal structures that can be used as a reliable 

basis for discussing these issues. Therefore, the main goal of this thesis was to prepare and crystallize 

further bent and linear {CoNO}8 complexes in order to provide well-solved crystal structures and ana-

lyze their bonding situation. For this purpose, the structures presented in this work all comply with a 

set of defined quality criteria: a) No, or at least well-solved disorder of the nitrosyl ligand (meaning 

that a disordered NO moiety can be refined anisotropically by splitting the position of nitrogen in order 

to generate two separate NO entities); b) No unreliable ellipsoids that are either stretched along            

the N O bond or largely expanded normal to this axis (the latter being an indicator for disorder of the 

oxygen atom); c) No unreliable NO distances shorter than 1.10 Å. Together with the recorded IR 

nitrosyl stretches, the newly gained structural and spectroscopic data were used as input for quantum-

chemical calculations on the compounds, including DFT structural optimization, QTAIM charge analysis 

and the assignment of effective oxidation states (EOS). Hence, the overall aim of this work was to          

re-assess the correlation between structure and bonding in {CoNO}8 complexes based on more reliable 

crystallographic data and modern theoretical methods. 

 

Severall compounds served as starting points for the synthesis of the novel cobalt nitrosyls presented 

in this work. Inspired by Riggenmann, who already succeeded in preparing a series of bent penta-

coordinated {CoNO}8 complexes with the composition [Co(fpin)(L)(NO)] that bear several diamines and 

N-heterocycles as co-ligands, a first objective was to extend this product class by creating further 

derivatives with other N-ligands, but using also phosphanes. The structurally similar [Co(fpin)2(NO)]
2ҍ

 

was recently shown by Klüfers et al. to not fit into the abovementioned framework, since it was found 

to be a CoI NO
+
 pair.[99] The class of hexacoordinated trans-[Co(en)2(NO)(X)]

+
 species, first synthesized 

by Feltham et al., [85] should also be extended, not only by varying the diamine co-ligand, but also by 

incorporating other anionic and uncharged ligands in the position trans to NO. Another objective was 

the structural characterization of [Co(L)2(NO)]
2+

 compounds. Showing unusually high nitrosyl stretches 

at around 1800 cmҍ1 similar to the linear [Co(diars)2(NO)]
2+

 (1852 cmҍ1), [82] these complexes have long 

been known to literature in bulk form, but could never be crystallized.[109] Finally, since the analysis of 

the monophosphane species [Co(NO)(PR3)2(X)2] has proven to be difficult due to the aforementioned 

occurrence of disorders and split nitrosyl bands, [81, 83] the synthesis of new {CoNO}8 products of the 

related type [Co(L)(NO)(X)2] with diphosphanes as co-ligands was attempted in order to gain a better 

insight into the bonding situation of this class of cobalt nitrosyls.
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2 Results 
 

2.1 Perfluoropinacolatocobalt nitrosyls with diamines  

 and aromatic N-heterocycles as co-ligands 

 

Crystalline {CoNO}8 compounds with perfluoropinacolate and several nitrogen-bearing mono- and 

bidentate co-ligands (1a k) were synthesized by using a modified procedure originally developed by 

Riggenmann:[94, 95] In a Schlenk tube under an atmosphere of argon, cobalt(II) triflate was dissolved in 

a methanolic (NBnMe3)2(fpin) stock solution followed by the addition of the respective co-ligand. All 

reagents were used in stoichiometric ratios. To assist dissolution, a certain amount of a polar organic 

solvent (MeOH, acetone or THF) was added. The argon atmosphere was then changed with gaseous 

nitric oxide, immediately turning the reaction mixture dark brown. Crystallization of the nitrosyl com-

pounds was almost exclusively achieved by isothermal diffusion of the solvent into DMSO. For this 

purpose, the solution was transferred to one compartment of a two-chambered Schlenk tube, with 

the other chamber being filled with DMSO. The separating glass wall only extended to about half the 

length of the tube to allow for slow evaporation of the solvent. The batch was then stored under argon 

at room temperature. With some co-ligands, however, the solution of the respective nitrosyl complex 

will lose NO when stored under argon, which can be observed as a clearly visible brightening of the 

previously dark solution over the course of a few minutes. In such cases, the introduction of nitric oxide 

was carried out directly in the two-chambered Schlenk tube previously loaded with DMSO in order to 

enable crystallization under NO atmosphere. The single-crystalline nitrosyl compounds are obtained 

as brown blocks, platelets or needles within a few days, forming on the glass wall and /  or in the mother 

liquor. They cannot be redissolved in common alcohols. Stored under argon, they are stable for several 

months. This even applies to the compounds that could only be crystallized under NO atmosphere.  

 

The ability of some nitrosyl compounds to lose NO under inert gas atmosphere was further investi-

gated. For this purpose, argon was bubbled at a defined rate through a freshly prepared solution            

of the complex for ten minutes while monitoring the brightening of the solution. It was found that 

those nitrosyls with co-ligands bearing N-heterocyclic aromatic systems would lose NO rapidly over a 

period of one to eight minutes, with considerable brightening of the solution to a color similar to that 

before NO introduction. Further nitrosyls showed slow decay with only slight brightening of the com-

plex batch (see Table 2.1 for a complete overview of this compound class). Upon repeated exposure 

to NO, the argon-purged solution of such an unstable nitrosyl would immediately revert to its typical 

dark brown color, restoring the nitrosyl species. This cycle of nitrosyl formation and decay can be 

repeated multiple times, as shown below for the example of [Co(bpym)(fpin)(NO)] (1j), which was 

monitored by time-resolved in-situ IR spectroscopy (Figure 2.1). First, the formation of the nitrosyl 

complex is indicated by the emergence of the NO stretching vibration at 1700 cmҍ1 upon introduction 
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of nitric oxide at 4:30 min, reaching its maximum about five minutes later. With subsequent argon 

purge starting at 12:00 min, the simultaneous decay of this absorption band is observed. The highest 

rate of decay is observed within the first eight minutes of bubbling, with the band reaching a plateau 

at about 29:00 min. After reintroduction of NO at 35:00 min, this absorption increases again within 

five minutes to a maximum similar to that of the first one. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Three-dimensional plot of the time-resolved in-situ IR spectrum (left: side view, right: top view) of 

the formation of [Co(bpym)(fpin)(NO)] (1j), subsequent decay upon argon purge and regeneration under NO. All 

measurements are relative to a background spectrum of the reaction mixture prior to NO introduction, taken           

at 3:10 min. The precursor mixture consisted of a 40 mM methanolic Co(NO3)2·6 H2O solution, stoichiometric 

amounts of fpinH2 and bpym and two equivalents of NEt3. 

 

X-ray diffraction of the single-crystalline products revealed a new library of electroneutral, fivefold-

coordinated nitrosyls with the formula [Co(fpin)(L)(NO)] or, in the case of the monodentate co-ligands, 

[Co(fpin)(L)2(NO)] (1a n, see Table 2.1). In each compound, the two chelating ligands are bent toward 

each other, resulting in a distortion of the coordination geometry, which can be best described as a 

distorted square pyramid according to Alvarez's continous-shape measures (CShM) calculations.[110, 111] 

In every specimen, the nitrosyl ligand is located at the apical position. The complex species closest to 

an ideal square pyramid (1i, 1j, 1l), as well as the most distorted one (1k), all possess N-heterocyclic 

aromatic co-ligands. All shape measures deviate from the Berry path. A detailed geometrical classifi-

cation of the crystal structures within the range of relevant five-vertex polyhedra is given in Figure 2.2. 

These reference polyhedra comprise of the ideal, undistorted square pyramid (SPY-5), trigonal bipy-

ramid (TBPY-5) and vacant octahedron (vOC-5). The latter differs from a SPY-5 geometry in that the 

metal center lies in the pyramid's basal L4 plane, resulting in a planar CoL4 moiety.[110] 
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Figure 2.2: CShM map of compounds 1a n (red data points) for fivefold-coordinated species, based on the X-ray 

structural data of the crystalline products. Ideal, undistorted polyhedra (yellow data points): trigonal bipyramid 

(TBPY-5) at (0, 5.382), square pyramid (SPY-5) at (5.382, 0) and vacant octahedron (vOC-5) at (7.344, 1.740). The 

solid gray lines mark the Berry path (pseudorotation), the umbrella distortion [112, 113] (''folding'' of the equatorial 

plane in TBPY-5 along the unique axis) and the pyramidalization path (movement of the central metal in SPY-5 

from the pyramid's center to its basal plane), respectively. For the compound 1i, only the first entity in the asym-

metric unit (see Figure 2.12) is plotted, since its CShM values do not differ significantly from those of the second 

entity. The values of the latter (1iϞ) are listed in Table 7.23 in the appendix. 

 

In all structures, the CoNO moiety is bent at an angle ranging from 122.1° (1j) to 126.4° (1e), with the 

nitrosyl ligand pointing away from the CF3 groups of the perfluoropinacolate and the organic side 

group(s) of the respective co-ligand. The CoN bond is between 1.786 Å (1d) and 1.824 Å (1j) long,           

the N O bond is ranging from 1.151 Å (1f) to 1.176 Å (1a). The majority of the structures exhibit a non-

disordered nitrosyl moiety with only one complex molecule in the asymmetric unit. The infrared stret-

ching vibration of the nitrosyl ligand is within a range from 1643 cmҍ1 (1a) to 1704 cmҍ1 (1i). It is striking 

that complexes with co-ligands containing an N-heterocyclic aromatic system exhibit a higher vibra-

tional frequency and slightly longer Co N bond compared to those with saturated side groups. A 

complete overview of the structural and vibrational data of the nitrosyl moieties is given in Table 2.1. 

With these findings, all the compounds of class 1 match Riggenmann's related cobalt nitrosyls with 

perfluoropinacolate and N,N -ligands. His pioneering work focused on the synthesis and characte-
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rization of fpin nitrosyls bearing ethylenediamine and its methylated derivatives (from men to tmen) 

as well as aromatic N-heterocyclic ligands such as phenanthroline, bipyridine and 2,9-dimethylphenan-

throline. Their Co N O angles range between 121.2° and 126.6°, the Co N bond ranges from 1.793 Å 

to 1.825 Å and for the N O bond, lengths between 1.156 Å and 1.185 Å were found.[94, 95]  

 

Table 2.1: X-ray and IR data of the crystalline {CoNO}8 compounds 1a n related to the CoNO moiety and loss       

of NO upon argon bubbling in solution. Decomposition of the nitrosyl species was rated as not occurring (),           

slow (ωύΣ ƳƻŘŜǊŀǘŜ όωωύ ƻǊ ǊŀǇƛŘ όωωωύΦ 

1  NςO /  Å CoςN /  Å  ᷂CoςN O /  ° ’ /  cmҍ1 NO loss 

a [Co(2-aepyrr)(fpin)(NO)] 1.176 1.787 123.8 1643  

b [Co(2-aepip)(fpin)(NO)] 1.172 1.792 123.8 1644  

c [Co(2-aemor)(fpin)(NO)] 1.169 1.788 125.2 1658 ω 

d [Co(bnen)(fpin)(NO)]·S1 1.176 1.786 125.4 1659 ω 

e [Co(dpipe)(fpin)(NO)] 1.171 1.798 126.4 1660 ω 

f [Co(fpin)(NO)(teen)] [a] 1.162 1.800 125.3 1655 ω 

g [Co(2-aepy)(fpin)(NO)] 1.169 1.804 123.8 1683 ω 

h [Co(fpin)(mampy)(NO)]·S1 [b] 1.153 1.796 123.0 
1673, 
1653 

 

i [Co(bpm)(fpin)(NO)] [c] 1.166 1.814 122.4 1704 ωωω 

j [Co(bpym)(fpin)(NO)]·S2 1.158 1.824 122.1 1692 ωω 

k [Co(dmdpphen)(fpin)(NO)] 1.161 1.809 125.5 1701 ωω 

l [Co(fpin)(NO)(py)2] 1.173 1.807 123.8 1682 ωω 

m [Co(fpin)(NO)(pydz)2] 1.168 1.807 122.4 1693 ωωω 

n [Co(fpin)(mim)2(NO)] 1.167 1.809 123.1 1671 ωωω 
 

[a] Disorder of the nitrosyl ligand. The given structural data refer to the major disorder form. 
[b] Split band of the NO vibration in the IR spectrum. The band with the higher relative intensity is listed first. 
[c] Mean structural data of the two entities in the asymmetric unit. 

Co-crystallized solvents: S1: DMSO, S2: MeOH. 

 

Plots of the crystal structures of мŀ ƴ are shown on the next pages. In compounds with co-ligands 

bearing an unsubstituted amino group, classical hydrogen bonds are formed between said moiety and 

one alkoxido group of the perfluoropinacolate from the neighboring complex. A pair of two such bonds 

forms a cyclic motif, as seen for example in 1b (Figure 2.3), which are described by the descriptor R2
2 (8) 

according to graph-set analysis [2, 3] όbн Iтнмϊϊϊhнi Co1i N2i H721iϊϊϊhн /ƻм  ƛƴ ǘƘŜ ǳƴŀǊȅ ƎǊŀǇƘ 
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set). With partial substitution on the amino group (1d+h), also hydrogen bonds to the oxygen atom of          

the co-crystallized DMSO are built. Details on all classical hydrogen bonds occurring in the crystal struc-

tures are listed in Table 2.2.  

 

Furthermore, non-classical hydrogen bonds occur between the aliphatic and aromatic / I ƎǊƻǳǇǎ ƻŦ 

the respective co-ligand and the perfluoropinacolate (O, F) as well as the nitrosyl moiety (N, O). Com-

pared to the classic interactions, they represent the majority of hydrogen bonds in all compounds of 

this class. As can be seen in Figure 2.3, they also form intramolecular ring motifs such as S1
1 (5) ό /ф

Iфнϊϊϊhо /ƻм bо  ƛƴ ǘƘŜ ǳƴŀǊȅ ƎǊŀǇƘ ǎŜǘύΦ CƻǊ ŀ Ŏƻmplete overview of all non-classical hydrogen 

bonds in the crystalline compounds of class 1, see Table 7.16 in the appendix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Plot of the pattern of classical (dashed yellow lines) and non-classical (dashed violet lines) hydrogen 

bonds in crystals of 1b. Symmetry codes: i мҍx, мҍy, мҍz ; ii x, ҍ1+y, z ; iii ҍ1+x, y, z. 
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Table 2.2: Distances and angles of classical hydrogen bonds in crystalline compounds of class 1. The standard 

deviation of the last decimal digit is given in parentheses. Values without a standard deviation refer to hydrogen 

atoms calculated on idealized positions, riding on their parent atoms. 

1 DςH ··· A d(DςH) /  Å d(H ··· A) /  Å d(D ··· A) /  Å  ᷂(DςH ··· A) /  ° 

a bн Iтнм ··· O2i 0.91 2.14 2.931(3) 145 

b bн Iтнм ··· O2i 0.91 2.13 2.941(4) 148 

c bн Iтнм ··· O2i 0.91 2.07 2.883(3) 149 

d bн Iтнм ··· O2ii 0.91 2.02 2.891(3) 161 

 bо Iто ··· O4i 1.00 1.97 2.907(3) 155 

g bн Iтнм ··· O2i      0.88(3)      2.19(3) 3.042(2)      163(2) 

h bн Iтн ··· O4iii 1.00 1.84 2.824(4) 167 

j hп Iуп ··· N5iv      0.79(4)      2.34(4) 3.072(2)      156(3) 
 

Symmetry codes: i мҍx, мҍy, мҍz ; ii мҍx, ҍy, мҍz ; iii ҍ1+x, y, z ; iv 1+x, y, z. 
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Figure 2.4: ORTEP plot of [Co(2-aepyrr)(fpin)(NO)] in crystals of 1a. Thermal ellipsoids drawn at 50 % probability 

level at 102 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal digit 

given in parentheses: Co1N1 1.787(2), Co1N2 1.968(2), Co1N3 1.971(2), Co1O2 1.902(2), Co1O3 1.851(2), 

N1 O1 1.176(3), Co1bмO1 123.8(2), N2/ƻмO3 152.34(8), N3/ƻмO2 171.29(8), N2Co1 N3 86.8(1), O2

/ƻмO3 86.24(7), N2/ƻмO2 93.00(8), N3/ƻмO3 89.90(9), N1/ƻмN2 96.9(1), N1/ƻмN3 93.6(1), N1

/ƻмO2 95.04(9), N1/ƻмO3 110.76(9). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: ORTEP plot of [Co(2-aepip)(fpin)(NO)] in crystals of 1b. Thermal ellipsoids drawn at 50 % probability 

level at 102 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal digit 

given in parentheses: Co1N1 1.792(3), Co1N2 1.962(3), Co1N3 1.986(3), Co1O2 1.906(3), Co1O3 1.857(3), 

N1 O1 1.172(5), Co1bмO1 123.8(3), N2/ƻмO3 154.6(1), N3/ƻмO2 169.1(1), N2/ƻмN3 86.7(1), O2

/ƻмO3 85.7(1), N2/ƻмO2 92.6(1), N3/ƻмO3 90.3(1), N1/ƻмN2 96.1(2), N1/ƻмN3 94.7(1), N1/ƻмO2 

96.2(1), N1/ƻмO3 109.2(1). 
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Figure 2.6: ORTEP plot of [Co(2-aemor)(fpin)(NO)] in crystals of 1c. Thermal ellipsoids drawn at 50 % probability 

level at 105 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal digit 

given in parentheses: Co1N1 1.788(2), Co1 N2 1.958(2), Co1N3 1.995(2), Co1O2 1.902(2), Co1O3 1.857(2), 

N1 O1 1.169(2), Co1bмO1 125.2(1), N2/ƻмO3 153.54(8), N3/ƻмO2 169.68(8), N2/ƻмN3 86.73(7), O2

/ƻмO3 85.66(7), N2/ƻмO2 91.86(7), N3/ƻмO3 91.04(7), N1/ƻмN2 97.64(8), N1/ƻмN3 93.27(8), N1

/ƻмO2 97.05(7), N1/ƻмO3 108.82(8). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: ORTEP plot of [Co(bnen)(fpin)(NO)]·DMSO in crystals of 1d·DMSO. Thermal ellipsoids drawn at 50 % 

probability level at 103 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last 

decimal digit given in parentheses: Co1N1 1.786(2), Co1N2 1.963(3), Co1N3 1.994(2), Co1O2 1.903(2), Co1

O3 1.863(2), N1O1 1.176(3), H73O4i 1.97, Co1bмO1 125.4(2), N2/ƻмO3 155.47(8), N3/ƻмO2 165.10(7), 

N2 /ƻмN3 85.69(8), O2/ƻмO3 86.06(8), N2/ƻмO2 93.82(9), N3/ƻмO3 88.26(8), N1/ƻмN2 96.5(1), 

N1 /ƻмN3 98.21(9), N1/ƻмO2 96.64(8), N1/ƻмO3 107.85(9). Symmetry code: i 1ҍx, 1ҍy, 1ҍz. 
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Figure 2.8: ORTEP plot of [Co(dpipe)(fpin)(NO)] in crystals of 1e. Thermal ellipsoids drawn at 50 % probability 

level at 102 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal digit 

given in parentheses: Co1N1 1.798(2), Co1N2 1.988(1), Co1N3 2.030(2), Co1O2 1.885(1), Co1 O3 1.880(1), 

N1 O1 1.171(2), Co1bмO1 126.4(1), N2/ƻмO3 169.15(6), N3/ƻмO2 155.78(6), N2/ƻмN3 86.96(6), O2

/ƻмO3 85.62(5), N2/ƻмO2 91.58(6), N3/ƻмO3 91.30(6), N1/ƻмN2 92.10(7), N1/ƻмN3 98.82(7), N1

/ƻмO2 105.40(6), N1/ƻмO3 98.75(6). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: ORTEP plot of [Co(fpin)(NO)(teen)] in crystals of 1f. The nitrosyl moiety of the minor disorder form 

(23 %) is depicted in light colors. Thermal ellipsoids are drawn at 50 % probability level at 173 K. Interatomic 

distances (Å) and bond angles (°) with the standard deviation of the last decimal digit given in parentheses: Co1

N1 1.800(4), Co1N1A 1.793(1), Co1N2 2.015(1), Co1N3 2.053(1), Co1O2 1.885(1), Co1O3 1.873(1), N1O1 

1.162(5), N1AO1A 1.151(1), Co1bмO1 125.3(4), Co1bм!O1A 124.7(1), N2/ƻмO3 162.23(6), N3/ƻмO2 

164.50(6), N2/ƻмN3 87.09(6), O2/ƻмO3 85.17(5), N2/ƻмO2 91.04(5), N3/ƻмO3 91.94(5), N1/ƻмN2 

97.0(1), N1/ƻмN3 93.5(1), N1/ƻмO2 102.0(1), N1/ƻмO3 100.7(1). 
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Figure 2.10: ORTEP plot of [Co(2-aepy)(fpin)(NO)] in crystals of 1g. Thermal ellipsoids drawn at 50 % probability 

level at 102 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal digit 

given in parentheses: Co1N1 1.804(2), Co1 N2 1.960(2), Co1N3 1.957(2), Co1O2 1.895(1), Co1O3 1.865(2), 

N1 O1 1.169(2), Co1bмO1 123.8(1), N2/ƻмO3 153.66(7), N3/ƻмO2 169.94(6), N2/ƻмN3 95.41(7), O2

/ƻмO3 85.87(6), N2/ƻмO2 88.19(6), N3/ƻмO3 86.77(7), N1/ƻмN2 98.61(7), N1/ƻмN3 92.87(7), N1

/ƻмO2 95.88(6), N1/ƻмO3 107.51(7). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: ORTEP plot of [Co(fpin)(mampy)(NO)]·DMSO in crystals of 1h·DMSO. Thermal ellipsoids drawn            

at 50 % probability level at 173 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of 

the last decimal digit given in parentheses: Co1N1 1.796(3), Co1N2 1.953(3), Co1N3 1.934(3), Co1O2 

1.865(3), Co1O3 1.883(2), N1O1 1.153(5), H72O4i 1.84, Co1bмO1 123.0(2), N2/ƻмO3 169.1(1), N3/ƻм

O2 157.4(1), N2 /ƻмN3 83.3(1), O2/ƻмO3 85.9(1), N2/ƻмO2 92.6(1), N3/ƻмO3 94.0(1), N1/ƻмN2 

93.8(1), N1/ƻмN3 96.1(1), N1/ƻмO2 106.4(1), N1/ƻмO3 97.0(1). Symmetry code: i ҍ1+x, y, z. 
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Figure 2.12: ORTEP plot of [Co(bpm)(fpin)(NO)] in crystals of 1i. Thermal ellipsoids drawn at 50 % probability level 

at 102 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal digit given 

in parentheses: left molecule (1i): Co1 N1 1.819(6), Co1N2 1.936(6), Co1N3 1.934(5), Co1O2 1.878(3), Co1

O3 1.869(4), N1O1 1.172(8), Co1bмO1 121.5(5), N2/ƻмO3 166.3(2), N3/ƻмO2 161.7(2), N2/ƻмN3 

89.7(2), O2/ƻмO3 86.3(2), N2/ƻмO2 90.1(2), N3/ƻмO3 89.6(2), N1/ƻмN2 96.4(2), N1 /ƻмN3 97.2(2), 

N1 /ƻмO2 101.0(2), N1/ƻмO3 97.2(2); right molecule (1iϞ): Co2 N6 1.808(6), Co2N7 1.943(6), Co2N8 

1.923(5), Co2O5 1.871(4), Co2O6 1.873(4), N6O4 1.160(7), Co2bсO4 123.3(5), N7/ƻнO6 166.8(2), N8

/ƻнO5 161.1(2), N7/ƻнN8 89.5(2), O5/ƻнO6 86.1(2), N7/ƻнO5 90.4(2), N8/ƻнO6 89.7(2), N6/ƻн

N7 96.0(2), N6/ƻнN8 97.0(2), N6/ƻнO5 101.8(2), N6/ƻнO6 97.2(2). 
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Figure 2.13: ORTEP plot of [Co(bpym)(fpin)(NO)]·MeOH in crystals of 1j·MeOH. Thermal ellipsoids drawn at 50 % 

probability level at 103 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last 

decimal digit given in parentheses: Co1N1 1.824(2), Co1N2 1.940(1), Co1N3 1.920(2), Co1O2 1.872(1), Co1

O3 1.847(1), N1O1 1.158(2), H84i N5 2.34(3), Co1bмO1 122.1(1), N2/ƻмO3 163.82(6), N3/ƻмO2 

168.43(6), N2/ƻмN3 82.52(6), O2/ƻмO3 86.99(6), N2/ƻмO2 94.63(6), N3/ƻмO3 92.70(6), N1/ƻмN2 

95.72(6), N1/ƻмN3 94.28(6), N1/ƻмO2 97.17(6), N1/ƻмO3 100.06(5). Symmetry code: i ҍ1+x, y, z. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14: ORTEP plot of [Co(dmdpphen)(fpin)(NO)] in crystals of 1k. Thermal ellipsoids drawn at 50 % proba-

bility level at 102 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal 

digit given in parentheses: Co1N1 1.809(3), Co1N2 1.974(3), Co1N3 1.953(3), Co1O2 1.884(2), Co1O3 

1.873(3), N1O1 1.161(4), Co1bмO1 125.5(2), N2/ƻмO3 147.0(1), N3/ƻмO2 171.6(1), N2/ƻмN3 

83.1(1), O2/ƻмO3 84.8(1), N2/ƻмO2 96.4(1), N3/ƻмO3 91.0(1), N1/ƻмN2 102.8(1), N1/ƻмN3 

94.4(1), N1/ƻмO2 93.9(1), N1/ƻмO3 110.0(1). 
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Figure 2.15: ORTEP plot of [Co(fpin)(NO)(py)2] in crystals of 1l. Thermal ellipsoids drawn at 50 % probability level 

at 100 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal digit given 

in parentheses: Co1N1 1.807(2), Co1N2 1.964(2), Co1N3 1.955(2), Co1O2 1.885(2), Co1O3 1.872(2), N1

O1 1.173(2), Co1bмO1 123.8(1), N2/ƻмO3 166.88(7), N3/ƻмO2 160.28(7), N2/ƻмN3 89.93(7), O2

/ƻмO3 86.14(6), N2/ƻмO2 90.35(7), N3/ƻмO3 89.16(7), N1/ƻмN2 94.91(7), N1/ƻмN3 97.01(7), N1

/ƻмO2 102.61(7), N1/ƻмO3 98.20(7). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16: ORTEP plot of [Co(fpin)(NO)(pydz)2] in crystals of 1m. Thermal ellipsoids drawn at 50 % probability 

level at 100 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal digit 

given in parentheses: Co1N1 1.807(3), Co1N2 1.949(2), Co1N3 1.934(2), Co1O2 1.885(2), Co1O3 1.872(2), 

N1 O1 1.168(4), Co1bмO1 122.4(2), N2/ƻмO3 169.01(9), N3/ƻмO2 162.4(1), N2/ƻмN3 93.39(8), O2

/ƻмO3 85.93(8), N2/ƻмO2 89.25(8), N3/ƻмO3 88.32(9), N1/ƻмN2 92.9(1), N1/ƻмN3 93.8(1), N1

/ƻмO2 103.4(1), N1/ƻмO3 97.8(1). 
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Figure 2.17: ORTEP plot of [Co(fpin)(mim)2(NO)] in crystals of 1n. Thermal ellipsoids drawn at 50 % probability 

level at 173 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal digit 

given in parentheses: Co1N1 1.809(1), Co1N2 1.943(2), Co1N3 1.943(1), Co1O2 1.863(1), Co1O3 1.898(1), 

N1 O1 1.167(2), Co1bмO1 123.1(1), N2/ƻмO3 170.63(5), N3/ƻмO2 155.15(6), N2/ƻмN3 92.84(6), O2

/ƻмO3 85.36(5), N2/ƻмO2 87.04(5), N3/ƻмO3 91.76(6), N1/ƻмN2 94.20(7), N1 /ƻмN3 94.22(6), N1

/ƻмO2 110.59(5), N1/ƻмO3 93.59(5). 
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2.2 Perfluoropinacolatocobalt nitrosyls with aminoethyl-substituted  

 phosphanes as co-ligands 

 

Using the previously described method, two crystalline {CoNO}8 compounds [Co(fpin)(L)(NO)] with per-

fluoropinacolate and P,N-ligands were synthesized. As with the phosphorus-free analogs, the brown 

crystals of 2a+b are insoluble in common alcohols and can be stored under argon. They show no signs 

of NO loss in solution when treated with argon. Both crystal structures are similar to those of class 1 

with regard to the Co N and NO bond lengths, showing similar NO stretching vibrations as well. For 

a complete overview, see Table 2.3.  

 

Table 2.3: X-ray and IR data of the crystalline {CoNO}8 compounds 2a+b related to the CoNO moiety and loss         

of NO upon argon bubbling in solution. Decomposition of the nitrosyl species was rated as not occurring (). 

2  NςO /  Å CoςN /  Å  ᷂CoςN O /  ° ’ /  cmҍ1 NO loss 

a [Co(2-aedpp)(fpin)(NO)]·0.5 S [a] 1.171 1.783 129.6 1653  

b [Co(2-aedip)(fpin)(NO)] 1.138 1.783 132.3 1649  
 

[a] Mean structural data of the two entities in the asymmetric unit. 

Co-crystallized solvent (S): MeOH. 

 

 

 

 

 

 

  

 

 

 

 

Figure 2.18: CShM map of compounds 2a+b (green data points) for fivefold-coordinated species, based on           

the X-ray structural data of the crystalline products. For the compound 2a, the CShM values of both entities               

in the asymmetric unit (2a and 2aϞ, see Figure 2.19) are plotted. Ideal, undistorted polyhedra (yellow data points) 

as reference. The solid gray lines mark the Berry path, the umbrella distortion and the pyramidalization path, 

respectively. 
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The compounds possess a molecular structure similar to 1a n, featuring a bent CoNO moiety and a 

coordination geometry which can be best described as distorted-square pyramidal in terms of CShM 

calculations (Figure 2.18). However, the CoN O angle in 2a+b is slightly greater than in the class 1 

species.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19: ORTEP plot of [Co(2-aedpp)(fpin)(NO)]·0.5 MeOH in crystals of 2a·0.5 MeOH. Thermal ellipsoids 

drawn at 50 % probability level at 102 K. Due to the chosen perspective, the hydrogen atoms H741 and H87 are 

obscured in the plot by their respective parent atoms N4 and O7. Interatomic distances (Å) and bond angles (°) 

with the standard deviation of the last decimal digit given in parentheses: left molecule (2a): Co1 N1 1.777(2), 

Co1 N2 1.978(1), Co1P1 2.1732(5), Co1O2 1.936(1), Co1O3 1.871(1), N1O1 1.175(2), H721O7 2.29, Co1

bмO1 129.3(2), N2/ƻмO3 158.73(6), P1/ƻмO2 158.01(4), N2/ƻмP1 86.53(4), O2/ƻмO3 85.61(5), N2

/ƻмO2 90.46(5), P1/ƻмO3 89.34(4), N1/ƻмN2 94.72(7), N1/ƻмP1 96.54(6), N1/ƻмO2 105.41(7), N1

/ƻмO3 106.49(6); right molecule (2aϞ): Co2 N3 1.788(2), Co2N4 1.978(1), Co2P2 2.1865(5), Co2O5 1.948(1), 

Co2 O6 1.873(1), N3O4 1.166(3), Co2bоO4 129.8(2), N4/ƻнO6 158.55(6), P2/ƻнO5 159.92(4), N4/ƻн

P2 85.58(4), O5/ƻнO6 85.27(5), N4/ƻнO5 90.15(5), P2/ƻнO6 91.57(4), N3/ƻнN4 95.65(7), N3/ƻн

P2 97.41(7), N3/ƻнO5 102.53(8), N3/ƻнO6 105.80(7). 
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Figure 2.20: ORTEP plot of [Co(2-aedip)(fpin)(NO)] in crystals of 2b. Thermal ellipsoids drawn at 50 % probability 

level at 173 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal digit 

given in parentheses: Co1N1 1.783(2), Co1N2 1.984(2), Co1P1 2.2226(7), Co1 O2 1.937(1), Co1O3 1.878(1), 

N1 O1 1.138(3), Co1bмO1 132.3(2), N2/ƻмO3 151.32(7), P1/ƻмO2 163.28(5), N2/ƻмP1 85.75(5), O2

/ƻмO3 85.09(5), N2/ƻмO2 87.46(7), P1/ƻмO3 93.61(4), N1/ƻмN2 100.11(7), N1/ƻмP1 99.62(6), N1

/ƻмO2 96.60(7), N1/ƻмO3 108.24(7). 

 

 

As with the analogs of class 1, the crystal structures 2a+b feature classical hydrogen bonds between 

the amino group of the co-ligand and the adjacent perfluoropinacolate, forming cyclic motifs of the 

type R2
2 (8). A detailed overview of all occurring classical hydrogen bonds is given below in Table 2.4. 

For the non-classical hydrogen bonds, which also form patterns similar to those of the diamine com-

pounds, see Table 7.17 in the appendix. 

 

Table 2.4: Distances and angles of classical hydrogen bonds in crystalline compounds of class 2. The standard 

deviation of the last decimal digit is given in parentheses. Values without a standard deviation refer to hydrogen 

atoms calculated on idealized positions, riding on their parent atoms. 

2 DςH ··· A d(DςH) /  Å d(H ··· A) /  Å d(D ··· A) /  Å  ᷂(DςH ··· A) /  ° 

a bн Iтнм ··· O7 0.91 2.29 3.045(3) 140 

 bн Iтнн ··· O2i 0.91 2.09 2.957(2) 158 

 bп Iтпм ··· O5ii 0.91 1.99 2.865(2) 160 

b bн Iтнм ··· O2iii 0.91 2.00 2.847(2) 154 
 

Symmetry codes: i мҍx, мҍy, ҍz ; ii нҍx, 1ҍy, мҍz ; iii ҍ1+x, y, z. 
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2.3 Perfluoropinacolatocobalt nitrosyls with mono- and  

 diphosphanes as co-ligands 

 

The third subclass of newly synthesized perfluoropinacolatocobalt compounds consists of four penta-

coordinated {CoNO}8 complexes with mono- and diphosphanes as co-ligands (3a d). Being IR-spectro-

scopically similar concerning their NO stretch, the crystal structures do not differ significantly from 

those of classes 1+2 either. However, the CoNO moiety in the phosphane complexes is even more 

obtuse-angled than in 2a+b. Like the other subclasses, the crystalline compounds of class 3 cannot be 

redissolved in common alcohols and are storable under inert gas for several months. In solution, they 

are stable against NO loss. A complete overview of the compound class is given in Table 2.5. For the 

synthesis of 3d, the general crystallization procedure had to be modified in such a way that the pre-

cursor solution was treated only briefly with nitric oxide and the gas atmosphere changed back to 

argon afterwards. In this case, a prolonged exposure to excess NO resulted in an almost complete 

decoloration of the previously dark brown solution, probably due to the formation of the phosphane 

oxide, which would not form a nitrosyl complex under the given reaction conditions. 

 

Table 2.5: X-ray and IR data of the crystalline {CoNO}8 compounds 3a d related to the CoNO moiety and loss       

of NO upon argon bubbling in solution. Decomposition of the nitrosyl species was rated as not occurring (). 

3  NςO /  Å CoςN /  Å  ᷂CoςN O /  ° ’ /  cmҍ1 NO loss 

a [Co(dppe)(fpin)(NO)] 1.168 1.779 134.4 1645  

b [Co(dppp)(fpin)(NO)] 1.153 1.783 134.5 1652  

c [Co(dppb)(fpin)(NO)] 1.162 1.789 133.0 1654  

d [Co(fpin)(NO)(PMePh2)2] [a] 1.142 1.770 135.5 1644  
 

[a] Mean structural data of the two entities in the asymmetric unit. 

 

According to CShM calculations, all structures exhibit a distorted square pyramidal coordination geo-

metry (see Figure 2.21). With regards to their degree of distortion, the compounds of class 3 show an 

overall higher deviation from the ideal SPY-5 coordination than the nitrosyls of classes 1+2. They also 

exhibit a greater deviation from the ideal trigonal bipyramidal geometry than most compounds of the 

other two subclasses. Plots of the crystal structures of оŀ Ř are depicted on the next pages. A list of 

the non-classical H-bonds occurring in this compound class is given in Table 7.18 in the appendix. 
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Figure 2.21: CShM map of compounds 3a d (blue data points) for fivefold-coordinated species, based on the          

X-ray structural data of the crystalline products. Ideal, undistorted polyhedra (yellow data points) as reference. 

The solid gray lines mark the Berry path, the umbrella distortion and the pyramidalization path, respectively.         

For the compound 3d, only the first entity in the asymmetric unit (see Figure 2.25) is plotted, since its CShM 

values do not differ significantly from those of the second entity. The values of the latter (3dϞ) are listed in 

Table 7.23 in the appendix. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22: ORTEP plot of [Co(dppe)(fpin)(NO)] in crystals of 3a. Thermal ellipsoids drawn at 50 % probability 

level at 102 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal           

digit given in parentheses: Co1N1 1.779(2), Co1P1 2.1910(6), Co1P2 2.2095(7), Co1O2 1.898(1), Co1O3 

1.907(1), N1O1 1.168(3), Co1bмO1 134.4(2), P1/ƻмO3 155.63(5), P2/ƻмO2 166.63(5), P1/ƻмP2 

86.25(2), O2/ƻмO3 85.20(6), P1/ƻмO2 89.88(4), P2/ƻмO3 93.08(5), N1/ƻмP1 92.87(7), N1/ƻмP2 

94.24(6), N1/ƻмO2 98.74(7), N1/ƻмO3 111.46(8). 
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Figure 2.23: ORTEP plot of [Co(dppp)(fpin)(NO)] in crystals of 3b. Thermal ellipsoids drawn at 50 % probability 

level at 102 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal        

digit given in parentheses: Co1N1 1.783(2), Co1P1 2.2249(5), Co1P2 2.2144(6), Co1 O2 1.897(1), Co1O3 

1.919(1), N1O1 1.153(3), Co1bмO1 134.5(2), P1/ƻмO3 164.67(5), P2/ƻмO2 155.42(5), P1/ƻмP2 

94.61(2), O2/ƻмO3 84.31(6), P1/ƻмO2 87.09(4), P2/ƻмO3 88.06(5), N1/ƻмP1 94.21(7), N1/ƻмP2 

93.67(7), N1/ƻмO2 110.69(8), N1/ƻмO3 100.69(8). 
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Figure 2.24: ORTEP plot of [Co(dppb)(fpin)(NO)] in crystals of 3c. Thermal ellipsoids drawn at 50 % probability 

level at 102 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last decimal         

digit given in parentheses: Co1N1 1.789(2), Co1P1 2.2476(6), Co1P2 2.2382(6), Co1O2 1.925(1), Co1O3 

1.891(1), N1O1 1.162(3), Co1bмO1 133.0(2), P1/ƻмO3 155.76(5), P2Co1 O2 163.85(5), P1/ƻмP2 

98.97(2), O2/ƻмO3 83.86(6), P1/ƻмO2 86.60(5), P2/ƻмO3 85.03(5), N1/ƻмP1 91.61(7), N1/ƻмP2 

94.18(7), N1/ƻмO2 100.85(8), N1/ƻмO3 112.04(8). 
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Figure 2.25: Left: ORTEP plot of [Co(fpin)(NO)(PMePh2)2] in crystals of 3d. For clarity, only one entity in the 

asymmetric unit is depicted. Thermal ellipsoids are drawn at 50 % probability level at 173 K. Interatomic            

distances (Å) and bond angles (°) with the standard deviation of the last decimal digit given in parentheses: 

First molecule (3d, pictured): Co1 N1 1.774(3), Co1P1 2.2400(9), Co1P2 2.226(1), Co1O2 1.916(2), Co1O3 

1.887(2), N1O1 1.155(4), Co1bмO1 134.7(2), P1/ƻмO3 150.27(8), P2/ƻмO2 160.85(8), P1/ƻмP2 

97.34(4), O2/ƻмO3 84.0(1), P1/ƻмO2 85.10(8), P2/ƻмO3 84.66(8), N1/ƻмP1 96.06(9), N1/ƻмP2 

97.0(1), N1/ƻмO2 101.7(1), N1/ƻмO3 113.2(1); Second molecule (3dϞ, not shown): Co2 N2 1.765(3), Co2

P3 2.218(1), Co2P4 2.231(1), Co2 O5 1.914(2), Co2O6 1.887(2), N2O4 1.129(4), Co2bнO4 136.2(2), P3

/ƻнO6 149.37(8), P4/ƻнO5 159.73(8), P3/ƻнP4 97.91(4), O5/ƻнO6 83.5(1), P3/ƻнO5 86.35(8), P4

/ƻнO6 82.93(8), N2/ƻнP3 96.35(9), N2/ƻнP4 96.0(1), N2/ƻнO5 103.3(1), N2/ƻнO6 114.1(1). The 

ORTEP plot of the second entity is given in the appendix (Figure 7.47). Right: Plot of the asymmetric unit in 3d. 

For clarity, hydrogen atoms and CF3 groups are omitted. Furthermore, all remaining organic groups are depicted 

as wireframe. 
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2.4 Bis(diamine)cobalt nitrosyls with anionic and neutral  

 co-ligands in trans position 

 

With the use of DMSO as an antisolvent in the previously described crystallization method, a new  

series of eleven crystalline {CoNO}8 compounds was synthesized. They feature a distorted octahedral 

structure consisting of two (in some cases N-substituted) ethylenediamine ligands in the equatorial 

plane, with NO and another monodentate co-ligand occupying the apical positions. The products have 

the composition trans-[Co(NO)(R-en)2(X)]X or trans-[Co(L)(NO)(R-en)2]X2, depending on the co-ligand's 

charge. The first members of this class were derived from trans-[Co(ClO4)(en)2(NO)]ClO4 (4a) by reac-

ting an acetonic solution of this complex with lithium chloride, iodide or nitrate in order to replace the 

coordinating perchlorate with the respective counteranion. Addition of the lithium salt induced preci-

pitation of the product complex from the solution as a brown solid. Like the synthesis of the bis(per-

chlorate) precursor, this procedure was originally developed by Feltham et al., who already assigned 

one of the perchlorate anions in 4a to the coordination sphere of cobalt.[85] 

 

The first crystal structure of the precursor compound was published by Johnson et al., showing a 

disorder of the nitrosyl ligand that was solved by refinement with a fixed NO bond length of 1.15 Å 

for both NO entities and plotted with thermal ellipsoids drawn at only 16 % probability level.[80] While 

the original structure was recorded from crystals that were grown from a methanolic bulk solution by 

slow cooling, it was now found that they can also be obtained from an aqueous solution of the bulk 

product using the DMSO method. That way, it was possible to redetermine the structure of 4a with 

higher quality and resolution (see Figure 2.26). In comparison to the reported structure, the new one 

ŜȄƘƛōƛǘǎ ǎƭƛƎƘǘƭȅ ƭƻƴƎŜǊ /ƻ b ōƻƴŘǎ ƻŦ мΦум7 Å and 1.826 Å (reference: 1.803 Å and 1.805 Å) as well as 

longer N O distances with lengths of 1.160 Å and 1.172 ÅΦ ¢ƘŜ /ƻ h ŘƛǎǘŀƴŎŜ ǘƻ the trans perchlorate 

appears slightly shorter (2.331 Å vs. 2.360 Å in the reference). For the angle of the bent CoNO moiety, 

values of 122.0° and 121.0° are observed, compared to 122.0° and 122.7°. Like all class 4 products 

described in this chapter, the crystal structure of this compound features an extensive network of 

classical hydrogen bonds between the amino groups of the ethylenediamine ligands and the respective 

adjacent counterions. In 4a, each amino moiety forms three H-bonds to oxygen atoms of the per-

chlorate ions (see Table 2.6). A plot of the pattern is given in Figure 2.27. Cyclic ring motifs consisting 

of intramolecular H-bonds occur, such as S1
1 (6) ό bп Iтпн ···O3iv Cl1iv O2iv /ƻм  ƛƴ ǘƘŜ ǳƴŀǊȅ ƎǊŀǇƘ 

set), as well as intermolecular bonds, such as in R2
2 (8) ό bн Iтнмϊϊϊhуi Cl2i O7iϊϊϊIтпм bп /ƻм  ƛƴ 

the binary graph set) or R4
4 (8) (···H722···O5i···H742···O3iv···H722vi···O5iv···H742vi···O3i··· in the quarter-

nary graph set). Besides that, non-classical interactions between the / I ƎǊƻǳǇǎ ŀƴŘ counterions and 

between NH2 groups and NO are formed as well (see Table 7.19 for all compounds of this class). For 

the newly synthesized crystals, the IR stretch of the NO moiety was found at 1657 cmҍ1, which is in 

good agreement with the value of 1663 cmҍ1 reported by Feltham.[85]  
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Figure 2.26: ORTEP plot of trans-[Co(ClO4)(en)2(NO)]ClO4 in crystals of 4a grown by isothermal solvent diffusion 

into DMSO. The nitrosyl moiety of the minor disorder form (32 %) is depicted in light colors. Thermal ellipsoids 

drawn at 50 % probability level at 101 K. Interatomic distances (Å) and bond angles (°) with the standard deviation 

of the last decimal digit given in parentheses: Co1N1 1.817(6), Co1N1A 1.826(1), Co1O2i 2.331(2), Co1N2 

1.961(2), Co1N3 1.986(2), Co1N4 1.969(2), Co1N5 1.975(2), N1O1 1.160(7), N1AO1A 1.172(1), H742O3i 

2.36, Co1bмO1 122.0(4), Co1bм!O1A 121.0(1), N1/ƻмO2i 170.7(4), N2/ƻмN5 171.6(1), N3/ƻмN4 

169.2(1), N2/ƻмN3 84.90(8), N4/ƻм bр 85.46(8), N2/ƻмN4 92.58(8), N3/ƻмN5 95.52(8), N1/ƻмN2 

89.9(3), N1/ƻмN3 92.6(2), N1/ƻмN4 97.9(2), N1/ƻмN5 98.5(3), O2i /ƻмN2 90.67(9), O2i /ƻмN3 

78.18(8), O2i /ƻмN4 91.38(8), O2i /ƻмN5 81.21(9). Symmetry code: i ҍ1+x, y, z. 

 

 

Table 2.6: Distances and angles of classical hydrogen bonds in crystals of 4a grown by isothermal solvent diffusion 

into DMSO. The standard deviation of the last decimal digit is given in parentheses. Values without a standard 

deviation refer to hydrogen atoms calculated on idealized positions, riding on their parent atoms. 

DςH ··· A d(DςH) /  Å d(H ··· A) /  Å d(D ··· A) /  Å  ᷂(DςH ··· A) /  ° 

bн Iтнм ··· O8i 0.91 2.11 2.999(3) 164 

bн Iтнн ··· O3i 0.91 2.37 3.099(3) 137 

bн Iтнн ··· O5i 0.91 2.48 3.093(3) 125 

bо Iтом ··· O4ii 0.91 2.31 2.779(3) 112 

bо Iтом ··· O6iii 0.91 2.25 3.018(3) 141 

bо Iтон ··· O9ii 0.91 2.25 3.129(3) 163 
 

Symmetry codes: i 1ҍx, 1ҍy, мҍz ; ii ¹ѷіҌx, ¹ѷіҍy, ¹ѷіҌz ; iii x, y, 1+z ; iv ҍ1+x, y, z. 
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Table 2.6, continued. 

DςH ··· A d(DςH) /  Å d(H ··· A) /  Å d(D ··· A) /  Å  ᷂(DςH ··· A) /  ° 

bп Iтпм ··· O7i 0.91 2.16 3.065(3) 174 

bп Iтпн ··· O3iv 0.91 2.36 3.147(3) 145 

bп Iтпн ··· O5i 0.91 2.47 3.080(3) 125 

bр Iтрм ··· O3ii 0.91 2.53 3.285(3) 141 

bр Iтрм ··· O4ii 0.91 2.59 2.950(3) 104 

bр Iтрн ··· O8ii 0.91 2.16 3.059(3) 170 
 

Symmetry codes: i 1ҍx, 1ҍy, мҍz ; ii ¹ѷіҌx, ¹ѷіҍy, ¹ѷіҌz ; iii x, y, 1+z ; iv ҍ1+x, y, z. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.27: Plot of the pattern of classical hydrogen bonds (dashed yellow lines) in crystals of 4a with view           

along [м00]. The crystals were grown by isothermal solvent diffusion into DMSO. For clarity, only the nitrosyl 

moieties of the major disorder form (68 %) are depicted. Symmetry codes: i мҍx, мҍy, мҍz ; ii ҍ¹ѷіҌx, ¹ѷіҍy, ¹ѷіҌz ; 
iii x, y, 1+z ; iv ҍ1+x, y, z ; v ¹ѷіҌx, ¹ѷіҍy, ¹ѷіҌz ; vi ҍx, 1ҍy, 1ҍz. 
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The first X-ray structure of a derivative of 4a was recorded by Snyder et al., who crystallized the chlo-

rido analog trans-[CoCl(en)2(NO)]ClO4 from a cold-saturated aqueous solution.[79] Contrary to the pre-

cursor compound, the nitrosyl moiety in the chlorido complex is not disordered. The reported dis-

tances for the N O and CoN bond are 1.109 Å and 1.820 Å, respectively. The CoNO moiety is bent at 

an angle of 124.4°. With a distance of 2.575 Å, the Co Cl bond is even longer than the analogous           

Co O bond in 4a. However, infrared data were only provided for the bulk product, with the nitrosyl 

stretch reported to be at 1611 cmҍ1. The complex was synthesized as a dichloride salt as well, using 

cobalt(II) chloride as educt (bulk: 1635 cmҍ1).[85] As an alternative to these procedures, it has now been 

found that this species can also be crystallized reproducibly by isothermal diffusion of an aqueous bulk 

solution into DMSO, yielding it as trans-[CoCl(en)2(NO)]Cl·H2O (4b·H2O). Compared to the product 

known from the literature, the crystal structure of the dichloride compound (Figure 2.28) exhibits 

longer N O and Co N distances of 1.154 Å and 1.830 Å, respectively. With a length of 2.6135 Å, the 

Co Cl bond is longer as well. The CoNO moiety has an angle of 123.5°. The N O stretch was found to 

be at 1629 cmҍ1. As can be seen in Figure 2.29, the co-crystallized water molecules are linking both the 

coordinating and non-binding chloride ions as well as the amino groups of neighboring complexes via 

classical hydrogen bonds. Structural details on all H-bonds occurring in 4b·H2O are given in Table 2.7. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.28: ORTEP plot of trans-[CoCl(en)2(NO)]Cl·H2O in crystals of 4b·H2O. Thermal ellipsoids drawn at 50 % 

probability level at 102 K. Interatomic distances (Å) and bond angles (°) with the standard deviation of the last 

decimal digit given in parentheses: Co1N1 1.830(2), Co1Cl1 2.6135(7), Co1N2 1.958(2), Co1N3 1.976(3), 

Co1 N4 1.972(3), Co1N5 1.978(2), N1O1 1.154(4), H731Cl2 2.40, H732O91 2.06, Co1bмO1 123.5(2), N1

/ƻмCl1 173.8(1), N2/ƻмN5 174.8(1), N3/ƻмN4 173.9(1), N2/ƻмN3 85.7(1), N4/ƻм bр 85.9(1), N2

/ƻмN4 92.4(1), N3/ƻмN5 95.6(1), N1/ƻмN2 95.3(1), N1/ƻмN3 95.1(1), N1/ƻмN4 90.8(1), N1 /ƻмN5 

89.7(1), Cl1/ƻмN2 90.93(8), Cl1/ƻмN3 85.48(8), Cl1/ƻмN4 88.83(8), Cl1/ƻмN5 84.12(8). 
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Table 2.7: Distances and angles of classical hydrogen bonds in crystals of 4b·H2O. The standard deviation of the 

last decimal digit is given in parentheses. Values without a standard deviation refer to hydrogen atoms calculated 

on idealized positions, riding on their parent atoms. 

DςH ··· A d(DςH) /  Å d(H ··· A) /  Å d(D ··· A) /  Å  ᷂(DςH ··· A) /  ° 

bн Iтнм ··· Cl2i 0.91 2.61 3.430(3) 150 

bн Iтнн ··· Cl1ii 0.91 2.48 3.351(3) 160 

bо Iтом ··· Cl2 0.91 2.40 3.271(3) 160 

bо Iтон ··· O91 0.91 2.06 2.961(4) 172 

bп Iтпм ··· Cl2i 0.91 2.38 3.267(3) 165 

bп Iтпн ··· O91ii 0.91 2.43 3.333(4) 171 

bр Iтрн ··· Cl1iii 0.91 2.51 3.305(3) 147 

hфм Iфмм ··· Cl1iii      0.82(3)      2.31(3) 3.117(3)      168(3) 

hфм Iфмн ··· Cl2iv      0.81(3)      2.33(3) 3.104(3)      160(3) 
 

Symmetry codes: i мҍx, ҍ¹ѷіҌy, мҍz ; ii мҍx, ҍ¹ѷіҌy, ҍz ; iii мҍx, ¹ѷіҌy, ҍz ; iv нҍx, ¹ѷіҌy, 1ҍz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.29: Plot of the pattern of classical H-bonds (dashed yellow lines) in crystals of 4b·H2O. Symmetry codes: 
i мҍx, ҍ¹ѷіҌy, мҍz ; ii мҍx, ҍ¹ѷіҌy, ҍz ; iii мҍx, ¹ѷіҌy, ҍz ; iv нҍx, ¹ѷіҌy, 1ҍz ; v x, ҍ1+y, z ; vi нҍx, ҍ¹ѷіҌy, 1ҍz ; vii x, y, ҍ1+z ; 
viii ҍ1+x, y, ҍ1+z. 
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Apart from the chlorido derivative, no crystal structures of other halogenido analogs of 4a have been 

published to date. By using the DMSO method, it was now possible to crystallize the iodido species in 

the same way as 4a and 4b·H2O, yielding it as trans-[Co(en)2I(NO)](ClO4)0.6I0.4 (4c). The crystal structure 

is depicted in Figure 2.30. While the coordination site trans to the NO ligand is fully occupied by iodide, 

the non-coordinating perchlorate ion was only partially replaced. The nitrosyl ligand is disordered, 

exhibiting N O distances of 1.152 Å and 1.127 ) ŀƴŘ /ƻ b ōƻƴŘ ƭŜƴƎǘƘǎ ƻŦ 1.832 Å and 1.829 Å. The 

/ƻ L ōƻƴŘ ƛǎ 3.0477 Å long. For the CoNO moiety, bond angles of 121.9° and 122.2° are found, similar 

to 4a+b. The nitrosyl stretching vibration was recorded at 1632 cmҍ1. In comparison, for the reported 

bulk product trans-[Co(en)2I(NO)]ClO4 by Feltham et al., a value of 1654 cmҍ1 has been published.[85] 

Attempts to obtain single crystals of the bromido anlog were unsuccessful (reported NO stretching 

vibration of bulk trans-[CoBr(en)2(NO)]ClO4: 1640 cmҍ1).[85]   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.30: ORTEP plot of trans-[Co(en)2I(NO)](ClO4)0.6I0.4 in crystals of 4c. The nitrosyl moiety of the minor 

disorder form (16 %) and the non-coordinating iodide ion partially disordered with the perchlorate are depicted 

in light colors. Thermal ellipsoids drawn at 50 % probability level at 103 K. Interatomic distances (Å) and bond 

angles (°) with the standard deviation of the last decimal digit given in parentheses: Co1N1 1.832(3), Co1N1A 

1.829(2), Co1I1 3.0477(4), Co1N2 1.968(2), Co1N3 1.979(2), Co1N4 1.950(2), Co1N5 1.974(2), N1O1 

1.152(4), N1AO1A 1.127(2), H722I1 3.04, H722O2 2.57, Co1bмO1 121.9(2), Co1bм!O1A 122.2(2), N1

/ƻмI1 173.5(1), N2/ƻмN5 173.36(8), N3/ƻмN4 173.23(9), N2/ƻмN3 85.74(7), N4/ƻм bр 85.66(7), N2

/ƻмN4 93.12(7), N3/ƻмN5 94.71(7), N1/ƻмN2 90.2(1), N1/ƻмN3 90.5(1), N1/ƻмN4 96.2(2), N1/ƻм

N5 96.4(1), I1/ƻмN2 85.94(6), I1/ƻмN3 83.96(9), I1/ƻмN4 89.30(6), I1CoмN5 87.52(6). 
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Table 2.8: Distances and angles of classical hydrogen bonds in crystals of 4c. The standard deviation of the last 

decimal digit is given in parentheses. Values without a standard deviation refer to hydrogen atoms calculated on 

idealized positions, riding on their parent atoms. 

DςH ··· A d(DςH) /  Å d(H ··· A) /  Å d(D ··· A) /  Å  ᷂(DςH ··· A) /  ° 

bн Iтнм ··· O2i 0.91 2.09 2.978(3) 166 

bн Iтнм ··· I2i 0.91 2.98 3.862(4) 165 

bн Iтнн ··· I1 0.91 3.04 3.509(2) 114 

bн Iтнн ··· O2 0.91 2.57 3.246(4) 132 

bо Iтом ··· I1ii 0.91 2.93 3.697(2) 143 

bо Iтон ··· O4iii 0.91 2.32 3.116(4) 147 

bп Iтпм ··· O4i 0.91 2.12 2.990(3) 160 

bп Iтпм ··· I2i 0.91 2.94 3.820(4) 162 

bп Iтпн ··· I1iv 0.91 2.81 3.597(2) 146 

bр Iтрм ··· O5v 0.91 2.43 3.083(3) 129 

bр Iтрн ··· O3iii 0.91 2.43 3.219(4) 145 

bр Iтрн ··· O4iii 0.91 2.42 3.269(3) 154 

bр Iтрн ··· I2iii 0.91 2.98 3.881(4) 173 
 

Symmetry codes: i мҍx, мҍy, мҍz ; ii ¹ѷіҌx, ¹ѷіҍy, ¹ѷіҌz ; iii ҍ¹ѷіҌx, ¹ѷіҍy, ¹ѷіҌz ; iv ҍx, мҍy, 1ҍz ; v x, y, 1+z. 

 

A plot of the classical hydrogen bond pattern is given in Figure 2.31. In addition to intermolecular ring 

motifs, also one intramolecular ring occurs, which can be described as S1
1 (4) ό bн IтннϊϊϊLм /ƻм  ƛƴ 

the unary graph set). The non-coordinating iodide ions disordered with the perchlorates are integrated 

into the H-bond network as well. In part, they bind to the same donors as the perchlorate ions located 

at their sites. A detailed overview of all classical hydrogen bonds in 4c is given in Table 2.8. Similar          

to the chlorido analog, no non-classical hydrogen bonds are found between the diamine ligands and 

the halogenide ions (see Table 7.19). Instead, such interactions are formed with the perchlorate ion, 

similar to those in the bis(perchlorate) precursor. 
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Figure 2.31: Plot of the pattern of classical hydrogen bonds (dashed yellow lines) in crystals of 4c. For clarity, only 

the nitrosyl moieties of the major disorder form (84 %) are depicted. Furthermore, the organic ligand residues 

are depicted as wireframe. Symmetry codes: i мҍx, мҍy, мҍz ; ii ¹ѷіҌx, ¹ѷіҍy, ¹ѷіҌz ; iii ҍ¹ѷіҌx, ¹ѷіҍy, ¹ѷіҌz ; iv ҍx, 1ҍy, 1ҍz ; 
v x, y, 1+z. 
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By using the respective lithium salt, the nitrato derivative of 4a can be obtained as well. Feltham et al. 

reported a nitrosyl stretch at 1643 cmҍ1 for trans-[Co(en)2(NO)(NO3)]ClO4 in the bulk.[85] The first crystal 

structure of the complex was recorded by Ampßler, who obtained trans-[Co(en)2(NO)(NO3)]NO3 (4d) 

from a cold NO-saturated 1:2 solution of cobalt(II) nitrate and ethylenediamine. For this methanolic 

reaction mixture, a nitrosyl stretch at 1653 cmҍ1 was published. However, an infrared spectrum of the 

solid was not recorded.[94] As an alternative route, it was now found that single crystals of 4d can be 

obtained reproducibly in larger quantities by isothermal diffusion of an aqueous bulk solution into 

dimethyl sulfoxide. The bulk product used for this recrystallization was synthesized via Feltham's 

procedure. In accordance with the cited values, the N O stretch for crystalline 4d is found at 1636 cmҍ1. 

X-ray analysis of the crystals obtained by the DMSO method revealed that they are structurally iden-

tical to the product synthesized by Ampßler (Figure 2.32).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.32: ORTEP plot of trans-[Co(en)2(NO)(NO3)]NO3 (4d) based on structural data from Ref. [94]. Thermal 

ellipsoids are drawn at 50 % probability level at 105 K. Interatomic distances (Å) and bond angles (°) with the 

standard deviation of the last decimal digit given in parentheses: Co1N1 1.820(3), Co1O2 2.304(2), Co1N2 

1.953(3), Co1N3 1.960(3), Co1N4 1.973(3), Co1N5 1.980(3), N1O1 1.173(4), H721O5 2.33(4), H732O3 

2.42(3), H741O5 2.38(4), H742O2 2.50(4), H752O3 2.25(3), Co1bмO1 121.3(2), N1 /ƻмO2 174.4(1), N2

/ƻмN5 172.2(1), N3/ƻмN4 172.1(1), N2/ƻмN3 85.3(1), N4/ƻм bр 85.4(1), N2/ƻмN4 93.6(1), N3/ƻм

N5 94.6(1), N1/ƻмN2 95.5(1), N1/ƻмN3 96.0(1), N1/ƻмN4 91.9(1), N1/ƻмN5 92.3(1), O2/ƻмN2 

84.78(9), O2/ƻмN3 89.7(1), O2/ƻмN4 82.5(1), O2/ƻмN5 87.4(1). 
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In the published structure, the nitrosyl ligand is well ordered, with N O and /ƻ b distances of 1.173 Å 

and 1.820 Å, respectively. Similar to 4aΣ ǘƘŜ /ƻ h ŘƛǎǘŀƴŎŜ ǘƻ ǘƘŜ ŎƻƻǊŘƛƴŀǘƛƴƎ ƴƛǘǊŀǘŜ ion is 2.304 Å 

long. For the CoNO moiety, a bond angle of 121.3° is found.[94] Looking at the pattern of classical 

hydrogen bonds shown in Figure 2.33, two intramolecular ring motifs can be identified: S1
1 όпύ ό bп

Iтпнϊϊϊhн /ƻм  ƛƴ ǘƘŜ ǳƴŀǊȅ ƎǊŀǇƘ ǎŜǘύ ŀƴŘ S1
2 (6) ό bо IтонϊϊϊhоϊϊϊIтрн bр /ƻм  ƛƴ ǘƘŜ ōƛƴŀǊȅ 

graph set). A detailed overview of all classical hydrogen bonds is given in Table 2.9. Contrary to all of 

the previously mentioned compounds of this class, in 4d, these interactions by far outnumber the non-

classical hydrogen bonds, with only one such bond occurring between a diamine's / I ƎǊƻǳǇ ŀƴŘ ǘƘŜ 

nitrato ligand. Details on this interaction are listed in Table 7.19. 

 

Table 2.9: Distances and angles of classical hydrogen bonds in crystals of 4d based on structural data from Ref. [94]. 

The standard deviation of the last decimal digit is given in parentheses. 

DςH ··· A d(DςH) /  Å d(H ··· A) /  Å d(D ··· A) /  Å  ᷂(DςH ··· A) /  ° 

bн Iтнм ··· O4i 0.84(4) 2.44(3) 3.073(3) 134(3) 

bн Iтнм ··· O5 0.84(4) 2.33(4) 2.907(4) 127(2) 

bн Iтнн ··· O6ii 0.85(4) 2.17(4) 2.988(4) 164(3) 

bо Iтом ··· O4iii 0.79(3) 2.41(4) 3.075(3) 143(3) 

bо Iтон ··· O3 0.87(3) 2.42(3) 3.117(4) 137(3) 

bо Iтон ··· O7iv 0.87(3) 2.53(3) 3.249(4) 140(3) 

bп Iтпм ··· O5 0.81(4) 2.38(4) 3.094(4) 148(3) 

bп Iтпн ··· O2 0.87(4) 2.50(4) 2.831(4) 104(3) 

bп Iтпн ··· O6ii 0.87(4) 2.27(4) 2.929(4) 133(3) 

bр Iтрм ··· O3iii 0.80(4) 2.45(4) 3.159(4) 149(3) 

bр Iтрм ··· O7v 0.80(4) 2.58(4) 3.193(4) 134(3) 

bр Iтрн ··· O3 0.90(4) 2.25(3) 2.941(4) 134(3) 
 

Symmetry codes: i ¹ѷіҍx, ҍ¹ѷіҌy, ҍ¹ѷіҌz ; ii мҍx, 1ҍy, ¹ѷіҌz ; iii ҍx, мҍy, ҍ¹ѷіҌz ; iv ¹ѷіҍx, ҍ¹ѷіҌy, ¹ѷіҌz ; v ҍ¹ѷіҌx, ³ѷіҍy, z. 
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Figure 2.33: Plot of the pattern of classical hydrogen bond (dashed yellow lines) in crystals of 4d based on 

structural data from Ref. [94]. For clarity, the organic ligand residues are depicted as wireframe. Symmetry codes: 
i ¹ѷіҍx, ҍ¹ѷіҌy, ҍ¹ѷіҌz ; ii мҍx, мҍy, ¹ѷіҌz ; iii ҍx, мҍy, ҍ¹ѷіҌz ; iv ¹ѷіҍx, ҍ¹ѷіҌy, ¹ѷіҌz ; v ҍ¹ѷіҌx, ³ѷіҍy, z ; vi ¹ѷіҌx, ¹ѷіҍy, z ; vii ҍ1+x, y, z. 

 

 

Deviating from the aforementioned ligand-exchange procedure, further novel nitrosyl complexes of 

this compound class were synthesized directly without the use of a precursor. By reacting the respec-

tive cobalt salt and ligand with NO, trans-[Co(BF4)(en)2(NO)]BF4 (4e) was obtained from methanol using 

the DMSO crystallization method. As it can be seen in the crystal structure (Figure 2.34), the spatial 

orientation of both tetrafluoroborate ions in the asymmetric unit strongly resembles the arrangement 

of the perchlorate ions in the analogous 4a, therefore forming an almost identical pattern of classical 

hydrogen bonds (Figure 2.35). As expected, the H···F interactions in 4e (Table 2.10) are slightly shorter 

than the analogous H···O bonds in 4a. Both compounds also exhibit a similar pattern of non-classical 

hydrogen bonds (see Table 7.19). Furthermore, it can be seen that 4e crystallizes isotypical to 4a. This 

means that both compounds crystallize in the same space group (P 21 /n) and have similar lattice para-

meters (e.g. 4a: a = 7.7695 Å, �� = 104.291° vs. 4e: a = 7.6626 Å, �� = 104.552°). Like in the bis(perchlo-

rate) product, the nitrosyl ligand in 4e is disordered, with N O distances of 1.143 Å and 1.131 Å and 

/ƻ b ōƻƴŘ ƭŜƴƎǘƘǎ ƻŦ 1.824 Å and 1.804 Å. With a length of 2.326 )Σ ǘƘŜ /ƻ C ōƻƴŘ is more similar to 

the analogous /ƻ h ōƻƴŘ ƛƴ 4a than the corresponding /ƻ · bonds of the halogenido derivates. The 

CoNO moiety is bent in the usual range, angles of 121.6° and 121.5° are observed. The nitrosyl stretch 

was recorded at 1659 cmҍ1. 

  


