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Abstract 

Nitric oxide (NO) and biologically relevant sources of NO such as S-nitrosothiols 

(RSNOs) have become a topic of great interest due to their regulation of biological 

functions including vasorelaxation, neurotransmission, and bronchodilation.  NO and 

RSNOs are also thought to interact with zinc-containing metalloproteins, such as 

metallothionein and zinc fingers, both of which contain Zn-S bonds due to coordination 

to cysteine residues within the proteins. 

In an effort to gain a better molecular level understanding of NO and RSNO 

reactivity with Zn-SR bonds, three families of zinc thiolate model complexes simulating 

His2Cys2Zn, His3Cys1Zn, and His1Cys3Zn sites are synthesized using beta-

diketiminate, tris(pyrazolyl)borate, and N-heterocyclic carbene ligands.  Nitric oxide 

itself is shown to be inert toward these complexes, however in the presence of an 

oxidant such as dioxygen, the Zn-S bonds are cleaved and an S-nitrosothiol is produced.  

S-nitrosothiols can interact with Zn-SR linkages to undergo transnitrosation.  

Thermodynamic preferences and kinetic parameters of this reaction are explored. 

The remediation of NO is also important in ecology as it is a component of 

photochemical smog.  NO and NOx are produced as a byproduct of high temperature 

combustion in automobiles, and catalytic converters cleave the N-O bond to product 
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dinitrogen and dioxygen.  These catalysts require high temperatures and expensive 

precious metals such as Pt, Pd, and Rh to cleave the N-O bond, however. 

Activation of the N-O bond by Ni could prove useful for new more cost effective 

catalysts.  Low-coordinate nickel nitrosyl complexes are explored using beta-

diketiminate and N-heterocyclic carbene ligands.  Calculations and preliminary 

experimental data are presented for the photochemical linkage isomerization of the Ni-

N-O bond from linear to a metastable side-on binding mode. 
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Introduction Part I 

Interactions of Nitric Oxide and S-Nitrosothiols with  

Zinc Metalloproteins 

Abstract 

Nitric oxide (NO) and related S-nitrosothiols (RSNOs) have been shown to affect zinc-

sulfur linkages in biology.  The structure, biological availability, and biological activity 

with respect to zinc metalloproteins of NO and RSNOs are reviewed. 

I1.1. Nitric Oxide in Biology 

Nitric oxide (NO), a small diatomic molecule, has been thought of as an 

environmental scourge for much of recent history.  As a by-product of high temperature 

hydrocarbon combustion in automobiles, it is a key factor in the development of 

photochemical smog.  More recently, however, nitric oxide has been found to play many 

vital roles in biology including vasodilation,1 cell signaling,2 immune response,3 and anti-

platelet aggregation4 among others.  In the mid 1980’s, Furchgott, Ignarro, and Murad 

discovered that NO was the previously uncharacterized endothelium-derived relaxing 

factor (EDRF), a discovery ultimately awarded the Nobel Prize in Physiology or 

Medicine in 1998.5  Subsequent research led to NO being named the molecule of the year 

in 1992 by Science magazine for the overwhelming breadth of previously unknown roles 

that NO plays in biology.6,7 

The functional versatility of NO is in part a product of its electronic structure.  

Bonding in NO is best described with by a diatomic molecular orbital diagram (Figure 
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I1.1).  Due to its 11 valence electrons, nitric oxide is a ground state radical with the 

unpaired electron resting in a π* orbital, giving NO a formal bond order of 2.5.  The N-O 

bond distance of 1.15 Å reflects this bond order as it is between that of a double (1.18 Å) 

and a triple (1.06 Å; NO+) N-O bond.8  The radical character of NO, which lies mainly on 

the nitrogen according to the molecular orbital diagram and ESR data,8 engenders NO 

with high reactivity, especially towards other radicals.  For example, NO readily reacts 

with dioxygen, a ground state diradical, to form NO2 (Eq. I1.1).  

The industrial and biological syntheses of NO are vastly different.  Industrially, NO is 

synthesized as a part of the Ostwald process which oxidizes ammonia to nitric oxide and 

water.  This process requires a Pt/Rh catalyst as well as pressures up to 10 atm and 

temperatures up to 900 ºC.   

N O 

2s 
2s 

2p 
2p 

σ1 

σ1
* 

σ2 

σ2
* 

π 

π
*  

Figure I1.1.  Molecular orbital diagram of nitric oxide. 

(Eq. I1.1) 
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Biology does not require such harsh conditions to synthesize NO, but instead uses 

heme-based enzymes in the various nitric oxide synthases (NOSs).9  There are three 

known isoforms of NOS, neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial 

NOS (eNOS).  Neuronal NOS produces NO in the nervous system where it is known to 

play a role in intercellular communication.  Inducible NOS produces NO for the purpose 

of immune defense in response to endotoxins or cytokines.  Endothelial NOS produces 

NO in the vasculature which activates guanylate cyclase, catalyzing the conversion of 

guanosine triphosphate (GTP) to 3’,5’-cyclic guanosine monophosphate (cGMP) causing 

vasodilation.10,11 

Though these three isozymes are distinct, they are all iron-heme (Figure I1.212,13) 

monooxygenases which convert L-arginine to L-citrulline and NO.  The exact mechanism 

by which they complete this process is still widely disputed, however the first step of the 

process is agreed to be the oxidation of L-arginine to form the intermediate NG-hydroxy-

Fe 

Figure I1.2.  X-ray diffraction structure of the iron-heme active site of human endothelial 
NOS.  Rendered from PDB ID: 1M9J. 

Cys184 
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L-arginine (Scheme I1.1).  There have been many proposed mechanisms of the second 

oxidation of NG-hydroxy-L-arginine to L-citrulline and NO,14 however the mechanism 

with the most support currently involves a hydrogen atom abstraction from the nitrogen 

of the H-N-OH site (Scheme I1.2).15  ENDOR (Electron-Nuclear DOuble Resonance) 

L-arginine 

Scheme I1.1.  Oxidation of L-arginine to L-citrulline and NO by nitric oxide synthase. 

NG-hydroxy-L-arginine 

NH

H3N

NH2H2N

COO
H

NH

H3N

NHH2N

COO
H

OH

NADPH + O2

NADP+ + H2O

0.5 NADPH + O2

0.5 NADP+ + H2O

NH

H3N

OH2N

COO
H

+ NO

L-citrulline 

Scheme I1.2.  Proposed mechanism for the oxidation of NG-hydroxy-L-arginine to L-
citrulline and NO through hydrogen atom abstraction. 
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spectroscopy,16 X-ray crystallography,17 and DFT (Density Functional Theory) 

calculations18 all agree that the N-H bond is oriented toward the iron center, providing 

support for this mechanism. 

After release from NOS, NO can travel up to several cell lengths through diffusion 

and act as an intercellular signaling molecule.19  The half-life of NO in the blood, 

however, is estimated at between 3 and 5 seconds,20,21 as it quickly reacts with 

oxyhemoglobin (oxyHb) or superoxide (O2
·-) to form nitrate (NO3

-) or peroxynitrite 

(ONOO-) respectively.22,23  The relatively short half-life of NO can be circumvented 

through the formation of the more stable S-nitrosothiols which are recognized as carriers 

of NO in the body.10  

I1.2. S-Nitrosothiols 

S-Nitrosothiols (RSNOs) are thought to be nitric oxide storage and delivery agents.24  

RSNOs, like NO, are known to play a role in vasodilation,21 signal transduction,25 and 

bronchodilation26 among other functions.  S-Nitrosothiols have a capacity for storing and 

delivering NO as a result of increased resistance to oxidation by superoxide, allowing for 

much longer lifetimes in vivo.27  A number of RSNOs are present in the human blood 

stream in sub-micromolar concentrations,28 most notably S-nitrosocysteine (Cys-SNO), 

S-nitrosoglutathione (GSNO), S-nitrosoalbumin (SNO-Alb), and S-nitrosohemoglobin 

(SNO-Hb) (Figure I1.3). 

Nitric oxide itself does not react with thiols to produce RSNOs, but rather 

disulfides.29,30  In the presence of oxygen, however, NO can form NO2, N2O3, NO2
-, and 

NO+ which readily nitrosate thiols to provide RSNOs.31-33   
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Scheme I1.3.  Syn-anti isomerization of S-nitrosothiols. 

syn anti 

Figure I1.4.  Structures of SNAP and Tmp-SNO. 

SNAP Tmp-SNO 

HO

O

NHAc

SNO

Ar

Ar

SNO

3

S-nitrosocysteine 

SNO-alb 

SNO

H2N
O

OH

HO

O

NH2

N
H

O
SNO

O

H
N

OH

O

SNO SNO

albumin hemoglobin

Figure I1.3.  Naturally occurring in vivo S-nitrosothiols. 

S-nitrosoglutathione 

SNO-Hb 
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As a consequence of the electronic structure of RSNOs, partial double bond character 

of the S-N bond exists, allowing for both syn and anti isomers (Scheme I1.3).  In primary 

and secondary aliphatic RSNOs the syn conformation appears to be favored, and in 

tertiary RSNOs the anti conformation predominates,34 however the barrier to syn/anti 

isomerization for primary, secondary, and tertiary RSNOs was calculated to be 11-12 

kcal/mol and both conformations quickly interconvert at room temperature.35  This trend 

also mirrors the UV/Vis spectra of RSNOs as primary and secondary RSNOs are red and 

tertiary RSNOs are green.  A forbidden nN→π* transition in the 550-600 nm region (ε ≈ 

20 cm-1M-1) is thought to determine the color of these molecules.36  This syn-anti 

isomerization is also been modeled in the X-ray crystal structures of the more stable 

tertiary RSNOs such as S-nitrosoacetyl-D,L-penicillamine (SNAP),37 S-

nitrosotriphenylmethanethiol (Ph3CSNO),34 and Tmp-SNO (Figure I1.4).38 

While high molecular weight (SNO-Alb) and tertiary RSNOs are much more stable 

than their low molecular weight and primary or secondary counterparts, all RSNOs can 

decompose in a number of different ways.  Two principle routes are through homolytic S-

N bond cleavage to form thiyl radicals •SR and NO and heterolytic S-N bond cleavage to 

form thiolate anions (-SR) and nitrosonium cations (NO+).   Consistent with theoretical 

calculations that predict an S-N bond dissociation energy between 20-32 kcal/mol,39,40 

RSNOs are thought to decompose thermally via homolytic bond cleavage to form 

disulfides and NO (Scheme I1.4)  This process could be the result of some higher order 

reactivity, however, such as dimerization of RSNOs as suggested by Houk.39 S-
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Nitrosothiols are also photosensitive to UV light, decomposing to thiyl radicals and NO 

when irradiated.41  Metal ions, most notably Cu+, can also decompose RSNOs to 

ultimately form disulfides and NO.42  Copper is notable because it is prevalent in the 

body.  In fact, the Cu-containing enzyme copper-zinc superoxide dismutase (CuZn-SOD) 

has been shown to decompose GSNO to produce NO.43  There are many physiological 

effects linked to this process as well, with mutations in CuZn-SOD known to cause ALS 

(amyotrophic lateral sclerosis)44 and overexpression of CuZn-SOD linked with Down’s 

syndrome.45 

The S-N bond can also be broken heterolytically through transnitrosation reactions 

which involve the reversible transfer of NO+ to another substrate.  This transnitrosation 

Scheme I1.4.  Decomposition routes of RSNOs. 

Scheme I1.5.  Transnitrosation between RSNOs and thiols and thiolates. 

nitroxyl disulfide 
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process between RSNOs and thiols has been studied extensively and the rate of exchange 

is dependent on the nucleophilicity of the thiol (Scheme I1.5).46  An interesting nitroxyl 

disulfide intermediate for the transnitrosation between the thiolate anion (-SR) and an 

RSNO has been proposed by Houk based on DFT studies.47  Evidence for this 

intermediate has been found experimentally by 15N NMR spectroscopy in the reaction 

between S-nitroso-L-cysteine ethyl ester and the corresponding thiolate.48 

These transnitrosation events are especially important in the body, as the S-nitrosation 

of protein thiols has been implicated in a number of biological functions.  

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an enzyme used during 

glycolysis, is deactivated when cysteine residues are S-nitrosated.49,50  Similarly, protein 

tyrosine phosphatases (PTPases), which are important in signal transduction cascades, are 

inhibited when S-nitrosated.51  In addition to nitrosation of protein thiols, both NO and S-

nitrosothiols are thought to modify metal-thiolate bonds in metalloproteins through 

transnitrosation. 

I1.3. Interactions of NO and RSNOs with Zinc Metalloproteins 

Zinc-containing metalloproteins contain many zinc-thiolate bonds which are 

susceptible to NO and RSNO reactivity.  In proteins, zinc is typically bound to cysteine 

through the sulfur coordination and histidine through nitrogen coordination.  The redox 

inactive Zn2+ ion is d10 and almost always possesses a four-coordinate, tetrahedral 

geometry.  This leads to a number of variations of the CysxHisyZn variety (Figure I1.5).   

These systems have been studied extensively due to their importance in the 

dealkylation of DNA.  The enzyme Ada contains a Cys4Zn active site that can remove 
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Me+ from the damaged phosphodiester backbone of DNA.52  This process has been 

studied in detail utilizing a [(PhS)4Zn]2- model complex which demethylates (MeO)3PO 

to form the thioether PhSMe, thus cleaving the Zn-S bond by transfer of Me+.53 

A similar process is thought to occur between Zn-S bonds and RSNOs whereby NO+ 

is transferred to cleave the Zn-S bond.  While no modeling studies of this zinc-mediated 

transnitrosation reaction has ever been done to look at the process at the molecule level, a 

number of zinc metalloproteins are known to react with RSNOs.54  Interestingly, there are 

many reports of NO itself reacting with these zinc metalloproteins.55-57  The 

consequences of Zn-S bond nitrosation are extensive as there are nearly 100 known 

enzymes that rely on zinc for catalysis58 and many hundreds of proteins that rely on zinc 

as a structural component.59  

Over 700 of these proteins contain domains called zinc fingers which are transcription 

factors that represent ca. 2% of the human genome.59-61  These domains consist of 

approximately 30 amino acids which form a finger-like structure where two beta strands 

are pinned to an alpha helix through coordination to a Zn2+ ion (Figure I1.612,62).  Though 

there are more than 10 types of zinc-binding domains in zinc fingers, the most common 

zinc-binding motif is Cys2His2Zn.59  The utility of zinc fingers lies in their ability to 

recognize and bind to specific sequences of nucleotides in DNA.  The α-helix of the Zn 

Zn

His

His Cys

Cys
Zn

His

His Cys

His
Zn

His

Cys Cys

Cys
Zn

Cys

Cys Cys

Cys

Figure I1.5.  Four permutations of CysxHisyZn system. 
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finger typically resides in the major grove of the DNA double helix, allowing for 

recognition of between 3 – 4 base pairs.63  These domains aid in many biological 

functions, of which one of the most studied is the regulation of DNA transcription by 

Zif268, which contains three Cys2His2Zn zinc fingers.64  Targeting the Zn-Cys bonds, 

NO and RSNOs have been shown to reversibly inhibit DNA binding activity of a number 

of transcription factors through S-nitrosation, possibly by causing conformational 

changes in the zinc finger structure.65-68 

Matrix metalloproteinases (MMPs) are another family of proteins that rely on Zn-S 

bonds for regulation of biological processes.  MMPs are ubiquitous in the body, serving 

as endopeptidases which destroy peptide bonds in proteins.  They contain a highly 

His21 

Figure I1.6.  X-ray diffraction structure of the Cys2His2Zn active site of a human zinc 
finger as rendered from PDB structure 4ZNF (left).  X-ray diffraction structure of MMP-
9 with phosphinate inhibitor as rendered from PDB structure 2OVZ (right).  The inactive 
form of MMP-9 has a Cys1His3Zn site with Cys73 being coordinated where the 
phosphinic acid inhibitor (5MR) is in the crystal structure. 

Zn 

Cys5 

Cys8 

His27 

5MR 

Zn 

His401 

His405 

His411 
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conserved Cys residue that can bond to the tetrahedral Zn active site, forming a 

Cys1His3Zn coordination sphere (Figure I1.6).12,69  These domains are sometimes referred 

to as “cysteine switches” because the enzyme is latent when the Cys residue is 

coordinated and is only activated when the Zn-Cys bond is cleaved.70  Both NO and 

RSNOs are thought to affect this Zn-Cys bond through S-nitrosation, activating the 

enzyme.71-73 

Alcohol dehydrogenase (ADH), which catalyzes the oxidation of alcohols to 

aldehydes, can also be S-nitrosated by NO or RSNOs.  When the Cys4Zn active site 

(Figure I1.712,74) of ADH is treated with the SNAP or endogenous NO, Zn2+ ions were 

released from the enzyme, deactivating the catalytic activity of ADH.75  Indeed, increased 

levels of NO are suggested to be found in alcohol-induced liver failure.76   

Similarly, metallothioneins (MTs) are especially cysteine-rich proteins which 

normally contain many Zn2+ ions, each tetrahedrally coordinated by cysteine donors as 

Cys4Zn or Cys3His1Zn sites (Figure I1.712,77).78  Among their many functions, 

metallothioneins participate in the homeostasis of the Zn2+ ion,79,80 releasing Zn2+ under 

the influence of mild oxidants such as glutathione disulfide (GSSG).81,82  NO has also 

been shown to release Zn2+ from MTs, providing a link between NO and cellular Zn2+ 

concentration in cellular signaling cascades.55-57 
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While it is clear that NO and RSNOs play a large regulatory role in many 

bioprocesses through their interactions with Zn-Cys bonds, the factors which govern the 

cleavage of the Zn-S bond by NO and RSNOs have not been studied in detail.  In order to 

gain a better understanding of these processes, synthetic complexes may be used to obtain 

molecular-level details such as selectivity and rates in reactions with NO and RSNOs.  As 

demonstrated by the previously mentioned proteins, all permutations of the CysxHisyZn 

system are utilized in vivo, therefore model complexes for each permutation are of 

interest.  The β-diketiminato Zn-thiolates in Chapter 1 are representative of the 

Cys2His2Zn system, the tris(pyrazolyl)borate Zn-thiolates in Chapter 2 simulate the 

Cys1His3Zn system, and finally the N-heterocyclic carbene supported Zn-thiolates in 

Chapter 3 bear semblance to the Cys3His1Zn system. 

Cys111 

Figure I1.X.  X-ray diffraction structure of the Cys4Zn active site of human alcohol 
dehydrogenase as rendered from PDB structure 1U3T (left).  X-ray diffraction structure 
of a metallothionein protein with Cys4Zn and Cys3His1Zn sites as rendered from PDB 
structure 1JJD (right). 

Zn 

Cys97 

Cys100 

Cys103 



14 

These models will allow for the study of zinc-mediated transnitrosation reactions in 

order to determine thermodynamic preferences, kinetic parameters, and possible 

intermediates of this important biological process.  These details could have important 

consequences for the rational design of NO releasing pharmaceuticals and the regulation 

of NO and RSNO mediated functions and disorders. 
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Chapter 1 

S-Nitrosothiol and Nitric Oxide Reactivity at  

β-Diketiminato Zinc Thiolates 

Abstract 

The β-diketiminato zinc halide [Me2NN]ZnCl2Li(THF)3 (1) is prepared in 51% 

isolated yield by addition of the lithium β-diketiminate Li[Me2NN] to ZnCl2 in THF.   

Reaction of 1 with 2 equiv. thallium thiolate TlSCy provides {[Me2NN]Zn(µ-SCy)2Tl} 2 

(2), a TlSCy adduct of [Me2NN]ZnSCy, as colorless crystals in 51% yield.  Reaction of 1 

with 1 equiv. TlSR provides the dinuclear {[Me2NN]Zn(µ-SR)}2 (R = Cy (3), tBu (4)) 

which possess unsymmetrically bridging thiolate ligands with pairs of dissimilar Zn-S 

distances in the solid state (2.350(3) and 2.417(3) Å for 3; 2.312(1) and 2.415(1) Å for 4).  

Reaction of 1 with LiSCPh3 results in the mononuclear zinc thiolates 

[Me2NN]ZnSCPh3(THF) (5) and [Me2NN]ZnSCPh3 (6) with shorter, but similar Zn-SR 

distances of 2.225(2) and 2.214(1) Å.  Variable temperature 1H NMR studies of 3 and 4 

in CDCl3 suggest that the aliphatic thiolates likely predominately exist as monomeric 

species in solution near room temperature, though at   

-50 °C two different β-diketiminato species are observed for 3.  Thiolate exchange among 

3, 4, and 6 also takes place on the NMR timescale near room temperature.  Both 4 and 6 

undergo transnitrosation with CySNO in CDCl3 to give {[Me2NN]ZnSCy}2 (3) and the 

corresponding new S-nitrosothiol tBuSNO or Ph3CSNO.  Nitric oxide does not react with 

4 or 6 under anaerobic conditions, but in the presence of O2, NO cleaves the zinc-thiolate 



 22 

bond of 4 to rapidly give tBuSNO.  Similarly, anaerobic NO2 reacts with 4 to give 

tBuSNO providing insight into the active nitrogen oxide species capable of cleaving Zn-

SR bonds. 

Introduction 

Zinc-thiolate linkages form important structural components in metalloproteins and 

confer redox activity to sites containing the non-redox active Zn2+ ion.1  For instance, 

zinc fingers which comprise the most common family of transcription factors 

representing ca. 2% of the human genome2,3 are highly conserved proteins of 

approximately 30 amino acids that form two β-sheets and one α-helix held together by a 

Zn2+ ion most commonly coordinated to two Cys residues and two His residues.4-6   

Metallothionein is an especially cysteine-rich protein which normally contains 7 Zn2+ 

ions each tetrahedrally coordinated by cysteine donors.7   

Nitric oxide is closely connected to the activity of zinc-thiolate based metalloproteins, 

affecting the release of Zn2+ or otherwise causing structural changes of functional 

consequence.  Nitric oxide releases Zn2+ from metallothioneins8-11 and can result in the 

formation disulfide bonds.12  Exposure of whole cells to nitric oxide also generates free 

intracellular zinc.13  Zinc fingers pose an additional target for nitric oxide attack.4,12,14-18  

Modification of zinc fingers by nitric oxide can regulate cellular gene expression via 

inhibition of DNA binding,14,15 which may be reversible in some cases.15  Due to the 

important roles of zinc fingers in gene regulation as well as signal transduction, NO and 

NO-containing species may be at the molecular basis of a number of cellular dysfunction 

mechanisms resulting from modification of the zinc coordination environment.4 
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Of the many NO-donors such as diazeniumdiolates [N2O2NR2]
-19 used in biological 

studies of zinc metalloproteins discussed above, S-nitrosothiols20,21 are perhaps the most 

biologically relevant,22-26 as S-nitrosocysteine is present at concentrations of 0.2 – 0.3 µM 

in human plasma.27  In contrast to NOgas, S-nitrosothiols are O2-stable biological carriers 

of NO.28-30  RSNOs may serve as either sources of NO+ or NO. depending on the reaction 

conditions, yielding the thiolate anion RS- or thiyl radial RS. subject to dimerization to 

give disulfides RSSR (Scheme 1.1.a).20  The latter pathway which generates NO gas is 

very efficiently catalyzed by Cu+ both in vitro20,31,32 and in vivo.33  Maret has shown that 

Zn-SR linkages in metallothionein are subject to cleavage by S-nitrosothiols, releasing 

Zn2+ ions via transnitrosation of the NO+ moiety to metallothionein cysteine residues 

(Scheme 1.1.b).34 This is to be contrasted with the sparse use of S-nitrosothiols in 

coordination chemistry as reagents to deliver NO to lower-valent redox active metals to 

form metal-nitrosyls,35-41 though an intriguing structure of a relatively unreactive S-

nitrosothiol complex of Ir(III) has recently been reported.42 

Scheme 1.1. a. RSNO decomposition by Cu+ ions to form disulfides and NO. b. 
Proposed release of Zn2+ by transnitrosation in metallothioneins. 
 

a. 

b. 
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In order to gain insight into the molecular pathways by which nitric oxide and its 

organic derivatives interact with ubiquitous zinc-thiolate linkages, we targeted the 

synthesis of complexes of the type [Me2NN]Zn-SR (Figure 1.1).  Such species possess 

one zinc-thiolate functional group and a β-diketiminate ancillary ligand which very 

roughly approximates double His ligation.  Owing to the high bridging propensity of 

zinc-thiolates, we felt that dinuclear species would be likely with this “smaller” β-

diketiminate; however, steric tuning through choice of the β-diketiminate N-aryl groups 

or the thiolate substituent R could result in mononuclear, three-coordinate zinc thiolates.   

Conceptually similar β-diketiminato zinc alkoxides have been studied for the co-

polymerization of CO and epoxides43-46 as well as anionic lactam polymerization.44,47-49 

These complexes exhibit similar bridging properties that depend on the steric bulk of the 

β-diketiminate supporting ligand as well as the alkoxide.  With the relatively small 2,6-

dimethyl-N-aryl β-diketiminate ligands, mononuclear structures are observed.43  By 

Figure 1.1. Target mononuclear and dinuclear β-diketiminato zinc-thiolates. 

[R2NN]ZnSR’ {[R2NN]Zn} 2(µ-SR’)2 
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increasing the steric bulk on both the N-aryl groups and the alkoxide, the three-coordinate 

β-diketiminato Zn alkoxide [iPr2NN]ZnOtBu was synthesized and crystallographically 

characterized.50    

While β-diketiminato Zn alkoxides have been extensively studied, prior to this work 

there were no examples of related zinc thiolates complexes. Herein we describe the 

synthesis and characterization of two families of β-diketiminato Zn-thiolates as well as 

preliminary account of their differential reactivity with S-nitrosothiols and NO gas.51 

Results and Discussion 

1.1.  Synthesis and characterization of a β-diketiminato zinc chloride 

β-diketiminato zinc halides similar to Roesky’s [iPr2NN]ZnI2Li(OEt2)2,
52

 

[ iPr2NN]ZnCl2Li(OEt2)2,
53 and {[Me2NN]Zn} 2(µ-F)2

54 offer the potential to provide the 

corresponding Zn-thiolates via salt metathesis reactions.  We find that deprotonation of 

Figure 1.2. The effect of sterics on the structure of β-diketiminate Zn alkoxides. 

{[Me 2NN]Zn} 2(µ-OMe)2 {[iPr2NN]Zn} 2(µ-OiPr)2 [iPr2NN]ZnOtBu 
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the β-diketiminate H[Me2NN] with BuLi in THF to generate Li[Me2NN] followed by 

addition to a stirring solution of ZnCl2 in THF gives the colorless 

[Me2NN]ZnCl2Li(THF)3 1 in 51% yield after crystallization (Scheme 1.2).  The X-ray 

structure of 1 contains two independent molecules of 1 in a 2:1 ratio (Figures 1.3 and 1.4; 

Tables 1.1).  While zinc shows tetrahedral coordination in each of these two molecules, 

the nature of the Li-Cl interactions differs.  Molecule 1 (Figure 1.3) exhibits distinct Zn-

Cl distances (Zn1-Cl1 = 2.312(1) and Zn1-Cl2 = 2.238(1) Å) which reflect coordination 

of the Li(THF)3 cation (possessing disordered THFs) to Cl1 with a Li1-Cl1 distance of 

2.372(8).  No significant interaction exists between Li1 and Cl1 which are separated by 

more than 3.2 Å.  The second molecule of 1 (Figure 1.4) is located on a plane of 

symmetry containing Zn2, Cl3, Cl4, and Li2, relating the “top” and “bottom” halves of 

the molecule.  This molecule contains similar Zn-Cl distances (Zn2-Cl3 = 2.268(2) and 

Zn2-Cl4 = 2.288 (2) Å) reflecting interaction of the Li(THF)3 cation (also containing 

disordered THFs) with both Cl atoms (Li2-Cl3 = 2.780(11) and 2.471(12) Å).   1H NMR 

spectroscopy of 1 in CDCl3 confirmed the presence of THF in 1, though in the solid state 

THF is easily lost in vacuo, perhaps to reflecting formation of a species related to 

[ iPr2NN]ZnCl2Li(OEt2)2.
53  It should be noted that prolonged standing of 1 in vacuo gives 

a solid insoluble in pentane, toluene, and CH2Cl2. 

Scheme 1.2.  Synthesis of [Me2NN]ZnCl2Li(THF)3 (1). 
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Figure 1.3.  X-ray structure of [Me2NN]ZnCl2Li(THF)3 (1) – molecule 1.  Selected bond 

lengths (Å) and angles (°):  Zn1-N1 1.981(3), Zn1-N2 1.988(3), Zn1-Cl1 2.312(1), Zn1-

Cl2 2.238(1), Cl1-Li1 2.372(8), N1-Zn1-N2 98.19(13), Cl1-Zn1-Cl2 103.99(4). 
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Figure 1.4.  X-ray structure of [Me2NN]ZnCl2Li(THF)3 (1) – molecule 2.  Selected bond 

lengths (Å) and angles (°):  Zn2-N1 1.973(3), Zn2-N2 1.973(3), Zn2-Cl3 2.268(2), Zn2-

Cl4 2.288(2), Cl3-Li2 2.780(1), Cl4-Li2 2.471(1), N3-Zn2-N3' 96.9(2), Cl3-Zn2-Cl4 

100.23(6). 
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Compd. 1 2 

formula C49.5H68.5Li 1.5N3O4.5Zn1.5 C33H47N4S2TlZn 

Mol. Wt. 992.39 805.59 

Temp.(K) 173(2) 173(2) 

crystal 
description         

block chunk 

crystal color colorless colorless 

crystal size (mm3) 0.42×0.40×0.39 0.36×0.20×0.16 

system orthorhombic triclinic 

Space group Pnma P-1 

a (Å) 14.539(1) 11.479(12) 

b (Å) 58.924(4) 12.973(13) 

c (Å) 12.252(1) 14.569(15) 

α (deg) 90.00  88.611(16) 

β (deg) 90.00 79.615(16) 

γ (deg) 90.00  64.265(14) 

Z 8 2 

θ range (deg) 1.96 – 28.30 2.00 - 28.29 

measd reflns 13069 8714 

unique reflns 8209 6649 

R(int) 0.0953 0.0546 

GOF of F2 1.085 0.960 

R1 ( I > 2σ(I)) 0.0725 0.0475 

wR2 (all data) 0.1674 0.1104 

Largest diff. peak 
and hole (e- · Å-3) 

0.735 and -2.373 3.789 and  
-1.390 

Table 1.1.  Crystallographic data for 1 and 2. 
 

* SQUEEZE subroutine of Platon§ employed in refinement of 2 which possesses 2 
equivalents of disordered pentane per molecule of dinuclear 2.   
§Spek, A. L. Acta Crystallogr. 1990, A46, C-34. 
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1.2.  Preparation and structure of a Tl-thiolate adduct of [Me2NN]ZnSR 

Owing to the affinity that the β-diketiminato zinc fragment of 1 has for LiCl, we 

attempted to prepare zinc-thiolates via thallium reagents TlSR which are easily prepared 

as yellow solids from the reaction of the corresponding thiol HSR with TlOEt.  Due to 

the relative insolubility of TlSCy in THF, initial exploration of the reactivity of 1 

employed excess TlSCy.  The addition of 2 equiv. TlSCy to 1 in THF results in the  

precipitation of TlCl and isolation of {[Me2NN]Zn(µ-SCy)2Tl} 2 (2) from 

dichloromethane in 51% yield (Scheme 1.3).  Recrystallization from pentane provides 

crystals of 2 · 2 pentane suitable for X-ray diffraction.  The X-ray structure of 2 may be 

conceptually viewed as an equivalent of TlSCy docked up to the desired three-coordinate 

[Me2NN]ZnSCy fragment to give the tetrahedral Zn center (Figure 1.5; Table 1.1).  The 

Zn-N distances (2.007(5) and 2.029(5) Å) in 2 are longer than in 1, consistent with the 

stronger donor ability of the thiolate ligand as compared to the chlorides in 1.  These 

thiolate ligands are symmetrically bound to the zinc center with Zn-S distances of 

2.369(3) and 2.370(2) Å.  Each thiolate bound to Zn also bridges to the Tl atom with Tl-

S1 and Tl-S2 distances 2.943(2) and 3.132(3) Å.  The Tl ion also engages another thiolate 

bound to a symmetry-related {[Me2NN]Zn(SCy)2}
- fragment with a Tl-S2’ distance of 

3.088(2) Å.  The Tl-SCy coordination environment in 2 compares favorably that in 

Scheme 1.3.  Formation of the Zn-Tl bis(thiolate) {[Me2NN]Zn(µ-SCy)2Tl} 2 (2). 
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TlSCy itself which possesses three-coordinate, trigonal pyramidal Tl centers with Tl-S 

distances of 2.826(3) – 3.034(2) Å and 2.965(2) – 3.133(2) Å for µ3- and µ4-SCy groups, 

respectively.55  Completing pseudo four-coordination at Tl in 2 is an interaction with one 

β-diketiminato N-aryl ring attached to N2 with a Tl-centroid distance of 3.449(8) Å.56  A 

long Tl···Tl separation of 4.433(3) Å rules out any direct interaction between the two Tl 

centers.56-58 
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Figure 1.5.  X-ray structure of {[Me2NN]Zn(µ-SCy)2Tl} 2 (2).  Selected bond lengths (Å) 

and angles (°):  Zn-N1 2.007(5), Zn-N2 2.029(5), Zn-S1 2.370(2), Zn-S2 2.369(3), S1-

C22 1.859(6), S2-C28 1.865(6), Tl-S1 2.943(2), Tl-S2 3.088(2), Tl-S2' 3.132(3), N1-Zn-

N2 95.7(2), S1-Tl-S2 94.34 (8), S2-Tl-S2' 89.10(7), S1-Zn-S2 71.37(7), S1-Tl-S2' 

96.94(8). 
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1.3.  Preparation and structures of dinuclear Zn-thiolates {[Me2NN]ZnSR}2 (R = Cy, 

tBu) 

Addition of 1 equiv. of the thallium thiolates TlSR to 1 in THF or dichloromethane 

results in the isolation of the dinuclear {[Me2NN]ZnSR}2 (R = Cy (3) or tBu (4)) in 44% 

and 36% yield as colorless crystals from dichloromethane (Scheme 1.4).  The X-ray 

crystal structures of the dinuclear 3 and 4 (Figures 1.6 and 1.7; Table 1.2) each show 

tetrahedral coordination at zinc through bridging of the thiolate ligand.  Both 3 and 4 

possess unsymmetrical Zn-SR linkages. The cyclohexyl derivative 3 displays two distinct 

Zn-S bond lengths of 2.350(3) and 2.417(3) Å while 4 exhibits an even greater disparity 

between the two Zn-S distances of 2.312(1) and 2.415(1) Å.  Coupled with the wider S-

Zn-S’ angle in 4 (109.18(6)°) vs. 3 (90.22(10)°), this may suggest a looser interaction 

between the two [Me2NN]Zn-SR units in 4 than 3.  Bridging thiolates in related four-

coordinate complexes may either be symmetrical such as in [ZnCl2(µ-SCH2CH2OH)]2
2- 

(Zn-S = 2.376 and 2.387 Å)59 or unsymmetrical as in the dimeric {Zn[2,6-

(SCPh2CH2)2py]} 2 (Zn – S = 2.349 and 2.423 Å for µ-SR groups).60  The cyclohexyl 

rings of 3 are disordered in the solid state such that the major conformer contains the S 

atom in an axial site (72%) and the minor conformer with the S atom in an equatorial site 

(28%). 



 34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6.  X-ray structure of {[Me2NN]ZnSCy}2 (3) – major occupancy of disordered 

cyclohexane ring shown.  Selected bond lengths (Å) and angles (°):  Zn-N1 1.996(6), Zn-

N2 2.001(6), Zn-S 2.350(3), Zn-S' 2.417(3), S-C22(A) 1.890(11), N1-Zn-N2 97.1(3), S-

Zn-S' 90.22(10). 
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Figure 1.7.  X-ray structure of {[Me2NN]ZnStBu}2 (4).  Selected bond lengths (Å) and 

angles (°):  Zn-N1 1.993(2), Zn-N2 1.985(2), Zn-S 2.312(1), Zn-S' 2.415(1), S-C22 

1.860(3), N1-Zn-N2 96.21 (8), S-Zn-S' 109.18(6). 

Zn 

N1 

N2 

N2' 

N1' 

Zn' 
S 

S' 

C22' 

C22 



 36 

1.4.  Preparation and structure of a mononuclear Zn-thiolate [Me2NN]ZnSCPh3 

In an attempt to isolate a mononuclear, three-coordinate Zn-thiolate, we employed the 

sterically demanding trityl group.61,62   Addition of 1 equiv. LiSCPh3 to 1 in THF results 

in isolation of the colorless [Me2NN]ZnSCPh3(THF) (5) in 39% yield as colorless 

crystals from THF/pentane. The X-ray crystal structure of 5 (Figure 1.8; Table 1.2) 

contains a Zn center best described as “flattened” trigonal pyramidal - the THF ligand in 

5 coordinates to a [Me2NN]ZnSCPh3 moiety which approaches trigonal planar 

coordination.  The sum of the angles about Zn to N1, N2, and S1 is 349.4(1)° and the Zn 

center is out of the N1-N2-S1 plane by only 0.356 Å.  Additionally, the Zn1-O1 bond 

length of 2.187(3) Å is at the high end of the range of Zn-O bonds in a 4-coordinate Zn 

center bound to THF of 2.12(9) Å (n = 70).45,63   The Zn1-S1 bond length of 2.225(2) Å 

is significantly shorter than any Zn-S bond in the dinuclear 2 - 4. 

If instead crystallization is performed in ether rather than in THF during the synthesis 

of 5, the three-coordinate [Me2NN]ZnSCPh3 (6) may be isolated (Figure 1.9; Table 1.2).  

While the Zn-N distances are contracted to 1.936(2) and 1.949(2) Å as a reflection of the 

lower coordination number as compared to 5, only a minimally shorted Zn-S distance Zn-

Scheme 1.4.  Synthesis of dinuclear and mononuclear zinc-thiolates 3 – 6. 
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S1 2.2141(7) Å which is a testament to the weak interaction of the THF in 5.  The three-

coordinate [Me2NN]ZnSCPh3 possesses a sum of angles about Zn of 355.46(9)° with the 

Zn atom out of the N1-N2-S1 plane by 0.245 Å.  This departure from idealized trigonal 

planar geometry is probably a reflection of the steric demands of the trityl group 

exacerbated by the Zn-S-C22 angle of 111.22(8)° resistant to further widening owing to 

the large S lone pairs.  [Me2NN]ZnSCPh3 represents a rare example of a mononuclear, 

three-coordinate zinc-thiolate alongside the anion [Zn(SAr’)3]
- (Ar’ = 2,3,5,6-Me4C6H1)

64 

and the neutral Zr(SAr*)2L (Ar* = 2,4,6-tBu3C6H2; L = ether,65 2,6-lutidine, PPh2Me)66 

with Zn-S distances of 2.194 – 2.242 Å. 
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Figure 1.8.  X-ray structure of [Me2NN]ZnSCPh3(THF) (5).  Selected bond lengths (Å) 

and angles (°):  Zn-N1 1.991(2), Zn-N2 1.956(2), Zn-S 2.2248(16), S-C22 1.866(3), Zn-

O 2.192(2), N1-Zn-N2 97.70(10), N1-Zn-S 105.52(8), N2-Zn-S 146.16(7). 
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Figure 1.9.  X-ray structure of [Me2NN]ZnSCPh3 (6).  Selected bond lengths (Å) and 

angles (°):  Zn-N1 1.936(2), Zn-N2 1.949(2), Zn-S 2.2142(6), S-C22 1.874(2), N1-Zn-N2 

98.70(9), N1-Zn-S 134.13(6), N2-Zn-S 122.63(6). 
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Table 1.2.  Crystallographic data, collection parameters, and refinement details for 3 – 
6. 

Compd. 3 4 5 6 

formula C27H36N2SZn C25H34N2SZn  C44H48N2OSZn C40H40N2SZn 

Mol. Wt. 486.01 459.97 718.27 646.17 

Temp.(K) 173(2) 173(2) 173(2) 173(2) 

crystal 
description         

plate block chunk needle 

crystal color colorless colorless colorless colorless 

crystal size 
(mm3) 

0.16× 0.10× 

0.10 

0.24 × 0.22 × 

0.22 

0.38 × 0.22 × 

0.14 

0.36 × 0.19 × 

0.16 

system monoclinic triclinic triclinic monoclinic 

Space group P2(1)/n P-1 P-1 P2(1) 

a (Å) 13.834(11) 10.606(5) 10.248(9) 8.4712(8) 

b (Å) 12.493(10) 10.943(5) 13.089(11) 19.2347(18) 

c (Å) 14.802(12) 12.117(6) 14.838(13) 10.7615(10) 

α (deg) 90.00  76.916(7) 98.641(13) 90.00 

β (deg) 103.487(1) 70.045(7) 94.487(14) 106.650(1) 

γ (deg) 90.00 66.813(7) 107.709(13) 90.00 

Z 4 2 2 4 

θ range (deg) 1.90 – 25.00 1.80 – 27.00 1.97 – 26.00 1.98 – 28.31 

measd reflns 4408 5224 7154 7859 

unique reflns 2087 4105 4865 6203 

R(int) 0.1361 0.0406 0.0611 0.0407 

GOF of F2 0.908 1.048 1.002 0.962 

R1 ( I > 2σ(I)) 0.0796 0.0396 0.0384 0.0366 

wR2 (all data) 0.2309 0.0996 0.1035 0.0716 

Largest diff. 
peak and hole 
(e- 

·Å-3) 

1.213 and  
-1.243 

0.783 and  
-0.490 

0.957 and -
1.301 

0.577 and -
0.302 
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1.5.  Solution behavior of ββββ-diketiminato zinc thiolates 

1H NMR spectra of the zinc thiolates 2 – 6 give important clues to their solution 

behavior.  Solutions of {[Me2NN]Zn(µ-SCy)2Tl} 2 (2) in CDCl3 show sharp 1H NMR 

signals for the β-diketiminato fragment at δ 4.83, 2.27, and 1.69 ppm for the backbone-

CH, Ar-Me, and backbone-Me groups.  The cyclohexyl moiety gives rise to many 

aliphatic signals, the most characteristic of which is a multiplet at δ 2.596 ppm 

corresponding to the Zn-SCH methine resonance.  The sharpness of the β-diketiminato 

resonances, coupled with the insolubility of TlSCy in chloroform, renders it unlikely that 

a TlSCy moiety dissociates from a monomeric [Me2NN]Zn(µ-SCy)2Tl unit in solution. 

The 1H NMR spectra of zinc-thiolates 3 and 4 in CDCl3 are particularly informative.   

While the β-diketiminato backbone-CH, Ar-Me, and backbone-Me 1H NMR signals at δ 

5.05, 2.17, and 1.74 ppm for {[Me2NN]ZnStBu}2 (4) are sharp at room temperature, the 

corresponding resonances at δ 4.97, 2.15, and 1.69 ppm for {[Me2NN]ZnSCy}2 (3) are 

broad at room temperature.  Cooling a solution of 3 to -50 °C results in the identification 

Figure 1.10.  1H NMR spectrum (300 MHz) of 2 in CDCl3 at 25 °C. 
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of two separate backbone-CH resonances at δ 4.97 (major) and 4.70 ppm (minor).  

Moreover, the ratio of the major and minor peak increases with increasing temperature, 

and these peaks coalesce near 10 °C to give a broad signal near δ 5.01 ppm which 

sharpens with increasing temperature.   

We interpret this behavior to stem from the reversible dissociation of the dinuclear 3 

into mononuclear [Me2NN]ZnSCy fragments which predominate in solution at room 

temperature (Scheme 1.5).  This process is also concentration dependent, giving 

qualitatively broader backbone-CH 1H NMR signals at room temperature in more dilute 

solutions of 3.  In contrast, cooling CDCl3 solutions of 4 to -50 °C results in no change in 

the shape or number of backbone-CH 1H NMR signals suggesting that 4 exists as the 

mononuclear [Me2NN]ZnStBu in solution over a broader temperature range.  This greater 

tendency towards dissociation to the mononuclear zinc-thiolate is consistent with the 

greater steric bulk of the thiolate in 4 over that in 3.  Moreover, this solution behavior 

mirrors that of the β-diketiminato zinc-alkoxide [iPr2NN]ZnOiPr possessing o-iPr 

substituents on the N-aryl rings which is dimeric in the solid state47 but exists 

predominately in its monomeric form in solution.44 

In CDCl3, the 1H and 13C NMR spectra for [Me2NN]ZnSCPh3(THF) (5) and 

[Me2NN]ZnSCPh3 (6) are indistinguishable except for the presence of free THF in 

samples of 5.  For instance, each gives a sharp backbone-CH resonance at δ 4.96 ppm at 

Scheme 1.5.  Dissociation of dinuclear thiolates 3 and 4 in CDCl3. 
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room temperature.  This strongly suggests that 6 exists as the three-coordinate 

[Me2NN]ZnSCPh3 in chloroform, not surprising since crystals of the three-coordinate 6 

may be isolated by recrystallizing 5 from ether. 

Furthermore, thiolate exchange between [Me2NN]ZnStBu and [Me2NN]ZnSCy as 

well as [Me2NN]ZnStBu and [Me2NN]ZnSCPh3 is facile in CDCl3 near room temperature 

(Scheme 1.6).  Even though the 1H NMR spectrum of {[Me2NN]ZnStBu}2 (4) exhibits a 

single, sharp backbone C-H resonance at room temperature, mixture of 3 and 4 (each ca. 

0.06 mM) gives rise to a single, though unsymmetrical, broad backbone-CH 1H NMR 

signal at δ 5.03 ppm indicating that exchange of thiolate ligands between these two types 

of Zn centers takes place on the NMR timescale.  Mixture of 4 and 6 (each ca. 0.06 mM) 

gives rise to two broadened signals at δ 5.05 and 4.97 ppm, near the expected positions 

for the backbone C-H resonances of 4 and 6.  Warming to 50 °C, however, results in 

coalescence of these signals as well as further broadening of the separate pairs of Ar-Me 

and backbone-Me resonances for 4 and 6.  Thus, thiolate exchange also takes place 

between the [Me2NN]Zn fragments of [Me2NN]ZnStBu and [Me2NN]ZnSCPh3, perhaps 

somewhat hindered by the bulky nature of these two thiolates. 

Scheme 1.6.  Dissociation of dinuclear thiolates 3 and 4 in CDCl3. 
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1.6.  Reactions of β-diketiminato Zn-thiolates with S-nitrosothiols 

Owing to the thermally sensitive nature of the CySNO and tBuSNO which are red and 

green liquids, respectively, each of these aliphatic S-nitrosothiols was generated 

immediately prior to use.20,21,67  CySNO and tBuSNO were prepared in situ from 

[NO]BF4 and TlSCy or TlStBu in CDCl3 in the presence of an internal standard 

(naphthalene) and used immediately (Scheme 1.7).  Characteristic 1H NMR signals for 

these S-nitrosothiols in this solvent consist of a broad multiplet at δ 4.34 ppm for the S-

CH group of CySNO and a sharp singlet at δ 1.91 ppm for tBuSNO.  Qualitatively, 

tBuSNO is more stable against spontaneous loss of NO to give the corresponding 

Figure 1.11.  1H NMR spectra (300 MHz) of a mixture of 4 and 6 in CDCl3 from 25 °C 

to 50 °C. 
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disulfide than CySNO, consistent with the previously observed trend that the kinetic 

stability of S-nitrosothiols increases with increasing substitution at the α-C atom.20,68 

The addition of 1 equiv. red CySNO to colorless [Me2NN]ZnSCPh3 (6) in CDCl3 

leads to a color change to green and the formation of {[Me 2NN]ZnSCy}2 (3) with less 

than 5% of 6 remaining as monitored by 1H NMR spectroscopy (Scheme 1.8).  The new 

S-nitrosothiol formed was Ph3SNO, isolated as green crystals from the solution that were 

identified by X-ray crystallography.69  Reaction of {[Me2NN]ZnStBu}2 (4) with 1 equiv. 

CySNO also results in the formation of {[Me2NN]ZnSCy}2 (3) along with tBuSNO as 

predominant products, though the extent of exchange is not complete as in the reaction of 

CySNO with 6; some unreacted CySNO remains after 15 min indicating the presence of 

an equilibrium (Scheme 1.9).  These scouting reactions suggest that one driving force in 

the reaction between these zinc-thiolates and S-nitrosothiols is the formation of the less 

hindered Zn-thiolates.  We unfortunately cannot further test this thermodynamic 

preference via similar reactions of these zinc-thiolates with free thiols HSR (R = Cy, tBu, 

Scheme 1.7.  In situ generation of S-nitrosothiols CySNO and tBuSNO. 

 

Scheme 1.8.  Transnitrosation of 6 with CySNO favors formation of 3. 

 



 46 

CPh3).  All thiols we have explored rapidly and irreversibly protonate the β-diketiminate 

ligand of 3 - 6 to give the free β-diketiminate H[Me2NN]. 

1.7.  Reactions of β-diketiminato Zn-thiolates with nitric oxide 

Bubbling several equivalents of NO gas into CDCl3 solutions of the β-diketiminato 

Zn-thiolates 4 and 6 under anaerobic conditions leads to no reaction as monitored by 1H 

NMR (Scheme 1.10, Figure 1.12).  No new signals appear, and no significant changes 

occur in the appearance of the sharp resonances for 4 and 6.  First saturating CDCl3 

solutions of 4 with dioxygen, however, followed by addition of 2 equiv. NO results in 

Scheme 1.9.  Transnitrosation of 4 with CySNO reversibly generates 3 and tBuSNO. 

 

{[Me 2NN]ZnStBu}2 

{[Me 2NN]ZnStBu}2 in O2 

{[Me 2NN]ZnStBu}2 + 4 eq. NO 

{[Me 2NN]ZnStBu}2 +4 eq. NO in O2 

tBuSNO 

no rxn 

no rxn 

Figure 1.12.  1H NMR spectra (300 MHz) of 3 with O2, anaerobic NO, and NO in an 

oxygen saturated solution of CDCl3. 
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immediate coloration of the solution to green and formation of a colorless precipitate.  

The green color results from tBuSNO as shown by its 1H NMR signal at δ 1.89 ppm.   

Colorless NO rapidly reacts with excess dioxygen to give NO2,
70 a brown, gaseous 

radical that often exhibits nitrosonium-like reactivity owing to its dimerization to N2O4 

which may disproportionate to [NO]+[NO3]
- in its reactions with inorganic71 and 

organic72-74 molecules. The addition of anaerobic NO2 gas to a CDCl3 solution of 4 under 

nitrogen gives similar results; rapid formation of green tBuSNO occurs with concomitant 

formation of a colorless precipitate (Scheme 1.10, Figure 1.12).  The reaction of NO2 

with zinc-thiolate 4 to generate tBuSNO bears semblance to the stoichiometric addition of 

N2O4 to thiols HSR which is an efficient means to generate S-nitrosothiols RSNO.67  In 

either reaction of 4 with aerobic NO or anaerobic NO2, we do not know the fate of the 

[Me2NN]Zn moiety, hampered by the insolubility of the precipitate that forms. This is 

unfortunate, for it could offer insight into the nature of the active nitrosating reagent as 

the {[Me2NN]Zn} + fragments might be expected to combine with NOx
- anions generated 

in this reaction.  Nonetheless, this simple reaction unambiguously demonstrates that nitric 

oxide alone does not cleave the Zn-SR bonds in these simple model complexes – an 

Scheme 1.10.  Reaction of zinc-thiolate 4 with NO (aerobic) and NO2 (anaerobic) forms 
tBuSNO. 
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oxidant such as dioxygen is required. 

1.8  Preparation and structures of mononuclear three-coordinate Zn-thiolates 

{[iPr 2NN]ZnSR}2 (R = tBu, Cy, Bn) 

Due to the dinuclear nature of many of the [Me2NN]ZnSR complexes, an additional 

family of β-diketiminate Zn-thiolates was synthesized with added steric bulk to the 

supporting ligand framework.  By modifying the ligand to incorporate isopropyl groups 

in the 2 and 6 positions on the aryl rings, the resulting family of [iPr2NN]ZnSR 

complexes are mononuclear. 

In a similar manner to 1, the zinc chloride complex [iPr2NN]ZnCl2LiTHF2 7 was 

synthesized by a modified literature procedure in 67% yield from the addition of 

[iPr2NN]Li in Et2O to a stirring solution of ZnCl2 in Et2O.  Crystals from an Et2O 

solution kept at -35 °C were obtained.  The original literature procedure noted the 

formation of 7, but mainly produced the LiCl free monomer [iPr2NN]ZnCl.53  In 

repeating the experiment several times, 7 was the only product to crystallize out of 

solution.75  To be sure of the structure, the single crystal X-ray structure was determined 

(Figure 1.13).  The same X-ray structure was determined by Roesky, but Figure 1.13 was 

collected at 100 K and Roesky’s structure was collected at 203 K.53 

Addition of thallium thiolates TlStBu, LiSCy, or TlSBn to 7 in CH2Cl2 gives the 

corresponding [iPr2NN]ZnStBu 8, [iPr2NN]ZnSCy 9, [iPr2NN]ZnSBn 10 complexes in 

76%, 62%, and 63% yields, respectively.  The single crystal X-ray structures of these 

complexes (Figure 1.14-16) show mononuclear structures with unusual distorted trigonal 
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planar geometries at the Zn center.  The steric bulk of the diisopropyl aryl substituted 

ligand seemingly prevents dimerization of these species. 

While these species are mononuclear, they do show a high affinity for Lewis bases as 

they are 16-electron, three-coordinate Zn complexes.  Any solvent with potentially 

donating atoms including THF and Et2O will coordinate and form the 4-coordinate, 

tetrahedral solvated structure.  This solvent scavenging gives rise to Et2O and THF peaks 

in the 1H NMR spectra of 8 and 9 and makes elemental analysis of the complexes 

extremely difficult.  These problems along with facile decomposition by protonation of 

the complexes led us away from pursuing three coordinate β-diketiminate Zn thiolates in 

more depth.  
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Figure 1.13.  X-ray structure of [iPr2NN]ZnCl2Li(OEt2)2 (7).  Selected bond lengths (Å) 

and angles (°):  Zn-N1 1.974(3), Zn-N2 1.983(3), Zn-Cl1 2.286(2), Zn-Cl2 2.310(2), Cl1-

Li 2.352(7), Cl2-Li 2.384(7), N1-Zn-N2 98.1(2), Cl1-Zn-Cl2 97.29(6). 
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Figure 1.14.  X-ray structure of [iPr2NN]ZnStBu (8).  Selected bond lengths (Å) and 

angles (°):  Zn-N1 1.930(4), Zn-N2 1.957(4), Zn-S 2.169(2), N1-Zn-N2 98.1(2). 
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Figure 1.15.  X-ray structure of [iPr2NN]ZnSCy (9).  Only major occupancies shown for 

the S atom and cyclohexyl group which exhibit 80/20 disorder.  Selected bond lengths 

(Å) and angles (°):  Zn-N1 1.933(2), Zn-N2 1.942(2), Zn-S 2.176(2), N1-Zn-N2 98.6(1). 
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Figure 1.16.  X-ray structure of [iPr2NN]ZnSBn (10).  Selected bond lengths (Å) and 

angles (°):  Zn-N1 1.9327(16), Zn-N2 1.9317(15), Zn-S 2.1868(6), N1-Zn-N2 98.96(7). 
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Compd. 7 8 9 

formula C37H61Cl2LiN2O2Zn C33H50N2SZn C35H52N2SZn 

Mol. Wt. 709.09 572.18 598.28 

Temp.(K) 100(2) 173(2) 173(2) 

crystal 
description         

block block block 

crystal color colorless colorless colorless 

crystal size 
(mm3) 

0.30×0.26×0.22 0.27×0.18×0.16 0.46×0.26×0.20 

system monoclinic monoclinic monoclinic 

Space group P21/n P21/c P21/n 

a (Å) 11.885(7) 20.633(3) 9.3664(6) 

b (Å) 21.174(13) 9.0017(12) 24.9823(17) 

c (Å) 15.872(10) 17.828(3) 14.2898(10) 

α (deg) 90.00  90.00 90.00 

β (deg) 100.457(9) 94.566(2) 93.9060(10) 

γ (deg) 90.00  90.00 90.00 

Z 4 4 4 

θ range (deg) 2.199 – 22.812 2.292 -27.317 2.168 – 27.659 

measd reflns 28526 25407 26592 

unique reflns 6901 6448 6570 

R(int) 0.1110 0.0868 0.0510 

GOF of F2 1.016 1.126 1.104 

R1 ( I > 2σ(I)) 0.0584 0.0762 0.0513 

wR2 (all data) 0.1299 0.2177 0.1407 

Largest diff. 
peak and hole (e- 
· Å-3) 

1.376 and -0.437 1.524 and -1.114 0.681 and  
-0.576 

 

Table 1.3.  Crystallographic data, collection parameters, and refinement details for 7-
9. 
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Compd. 10 

formula C36H48N2SZn 

Mol. Wt. 606.19 

Temp.(K) 100(2) 

crystal 
description         

block 

crystal color colorless 

crystal size 
(mm3) 

0.45×0.30×0.16 

system monoclinic 

Space group C2/c 

a (Å) 40.025(3) 

b (Å) 8.7519(6) 

c (Å) 18.9256(12) 

α (deg) 90.00  

β (deg) 91.2750(10) 

γ (deg) 90.00  

Z 8 

θ range (deg) 2.04 – 26.00 

measd reflns 34104 

unique reflns 6511 

R(int) 0.0414 

GOF of F2 1.059 

R1 ( I > 2σ(I)) 0.0334 

wR2 (all data) 0.0864 

Largest diff. 
peak and hole (e- 
· Å-3) 

0.426 and -0.438 

 

Table 1.4.  Crystallographic data, collection parameters, and refinement details for 10. 
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Summary 

β-Diketiminato zinc-thiolates 3 - 6 which are either dinuclear or mononuclear in the 

solid state may be prepared by addition of 1 equiv. thallium or lithium thiolates to 

[Me2NN]ZnCl2Li(THF)3.  The use of excess TlSCy results in the formation of 

{[Me 2NN]Zn(µ-SCy)2Tl} 2 (2), a TlSCy adduct of [Me2NN]ZnSCy which dimerizes via 

Tl-SR bridging interactions.  While the aliphatic thiolates {[Me2NN]ZnSR}2 (R = Cy (3) 

or tBu (4)) are dimeric in the solid state, 1H NMR studies of 3 and 4 in CDCl3 suggest 

that dissociation to the monomeric thiolates [Me2NN]ZnSR occurs in solution.  Only one 

β-diketiminato zinc species is observed for the t-butyl thiolate 4 from -50 °C to RT, but 

two separate β-diketiminato species are observed at -50 °C for the less hindered 

cyclohexyl thiolate 3 which interconvert on the NMR timescale at room temperature.  

The findings suggest that 4 exists predominately as the monomeric [Me2NN]ZnStBu in 

solution, similar to [Me2NN]ZnSCPh3 (6) which is three-coordinate in the solid state.  

Even for the bulkier thiolates [Me2NN]ZnStBu and [Me2NN]ZnSCPh3, formation of 

mixed dinuclear structures in solution is facile, as thiolate exchange among 3, 4, and 6 

take place on the NMR timescale near room temperature. 

These β-diketiminato zinc thiolates undergo rapid transnitrosation with S-

nitrosothiols, favoring the formation of the least hindered thiolate [Me2NN]ZnSCy when 

[Me2NN]ZnStBu or [Me2NN]ZnSCPh3 are exposed to an equivalent of CySNO in CDCl3.  

Under anaerobic conditions, nitric oxide does not react with [Me2NN]ZnStBu or 

[Me2NN]ZnSCPh3 in CDCl3, though addition NO to dioxygen-saturated solutions of 4 



 57 

rapidly results in the cleavage of the Zn-StBu linkage to give tBuSNO.  Reaction of 4 

with anaerobic NO2 also results in the rapid formation of tBuSNO, suggesting that NO2 

(or N2O4) may be the active electrophilic nitrosating agent in the aerobic reactions of NO 

with zinc-thiolates.  Thus, an oxidant is required for zinc-thiolates to react with nitric 

oxide – an important consideration in evaluating the NO reactivity of zinc enzymes.  

Moreover, transnitrosation and nitrosation at these putatively three-coordinate species in 

solution is essentially instantaneous at room temperature, effecting heterolytic cleavage 

of the Zn-SR linkage much faster than with alkylating reagents such as (MeO)3PO and 

MeI which often require reaction times of several hours at room temperature and 

above.76-78  

The above reactions represent rare examples of nitric oxide reactivity at zinc-thiolates 

in model complexes.  While thiols RSH and thiolate anions RS- are known to undergo 

transnitrosation with S-nitrosothiols,42,79-82 well-defined transnitrosation reactions of 

RSNOs have little precedent in transition metal chemistry.  Instead, RSNOs react with 

lower-valent, redox-active metal complexes to give metal nitrosyls35-41 as in the case of 

Fe2(CO)9 which leads to Fe(CO)2(NO)2 as well as [Fe(NO)2(SR)2]2.
36  The reversible 

transnitrosation observed between [Me2NN]ZnStBu and CySNO to give [Me2NN]ZnSCy 

and tBuSNO suggest that S-nitrosothiols can rapidly and reversibly modify zinc-thiolate 

linkages in other systems, provided that the new S-nitrosothiol formed is stable towards 

decomposition under the conditions employed.   

 While this family of β-diketiminato zinc-thiolates illustrates fundamental features of 

S-nitrosothiol and nitric oxide reactivity at well-defined zinc-thiolates, this system 
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possesses limitations that deserve note.  The tendency of the aliphatic thiolates, 

particularly the cyclohexyl derivative [Me2NN]ZnSCy, to undergo dimerization in the 

solid state and solution makes direct comparisons difficult to the mononuclear four-

coordinate zinc centers found in zinc fingers and many other zinc metalloproteins.  For 

instance, the use of a primary S-nitrosothiol R’SNO with [Me2NN]ZnSR (R = tBu or 

CPh3) might be expected to generate a more tightly bound dinuclear species 

{[Me 2NN]ZnSR’}2 which would cloud assessment of thermodynamic preferences for 

transnitrosation.   While it is clear that aerobic NO and anaerobic NO2 rapidly cleave the 

zinc-thiolate bond in [Me2NN]ZnStBu to give tBuSNO, the fate of the zinc fragment is 

unknown, its characterization hampered by poor solubility.  Perhaps the use of larger 

ancillary ligands would allow the isolation of the resulting zinc complex which would 

give important insight into the actual nitrogen oxide species responsible for zinc-thiolate 

cleavage.  For example, a zinc-nitrate might be expected if the actual nitrosating species 

is N2O4 reacting as [NO]+[NO3]
-. 

General Experimental Details 

All experiments were carried out in a dry nitrogen atmosphere using an MBraun 

glovebox and/or standard Schlenk techniques. 4A molecular sieves were activated in 

vacuo at 180 ºC for 24 h.  Dry toluene and dichloromethane were purchased from Aldrich 

and was stored over activated 4A molecular sieves under nitrogen. Diethyl ether, 

tetrahydrofuran (THF) and pentane were sparged with nitrogen and purified by passage 

through activated alumina columns before use.83  All deuterated solvents were sparged 

with nitrogen, dried over activated 4A molecular sieves and stored under nitrogen.  1H 
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and 13C spectra were recorded on a Mercury Varian 300 MHz spectrometer (300 and 

121.5 MHz, respectively) at 25 °C unless otherwise noted.  1H and 13C NMR spectra 

were indirectly referenced to TMS using residual solvent signals as internal standards.    

All thiols were obtained from Acros, anhydrous ZnCl2 from Strem, TlOEt from Aldrich, 

and NO and NO2 gases from MG Industries; all were used as received.  The thallium 

thiolates TlSCy and TlStBu were synthesized following a modified literature procedure 

by the reaction of free thiol with TlOEt in ether followed by washing of the yellow solids 

with pentane.84  The lithium thiolate was prepared by deprotonation of HSCPh3 by BuLi 

in toluene. CAUTION - tBuSH is extremely volatile and possesses a pungent odor 

essentially indistinguishable from EtSH contained in natural gas.  

Preparation of Compounds and Characterization 

H[Me2NN]. This procedure was adapted from a previously published literature 

procedure.85  To a suspension of p-toluenesulfonic acid monohydrate (18.6 g, 0.098 mol) 

in 300 mL of toluene was added 2,4-pentanedione (9.75 g, 0.098 mol) and 2,6-

dimethylaniline (26.6 g, 0.196 mol).  The mixture refluxed with stirring for 4 h using a 

Dean-Stark trap and then cooled. The resulting solid which is the protonated β-

diketiminate as its tosylate salt was isolated by filtration and air-dried.  This solid was 

then taken up in 300 mL of CH2Cl2 and stirred with 200 mL of saturated Na2CO3 solution 

for 1 h. The organic layer was separated and dried using MgSO4.  The volatiles were 

removed in vacuo to yield a yellow oil.  200 mL of ice cold MeOH was added to the 

yellow oil and after shaking for 1 minute, a white solid began to precipitate. The slurry 

was then kept at -35 °C to encourage further crystallization. The solid was isolated, 
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washed with ice cold methanol, and dried to yield 30.28 g (93 %) of product. No 

significant amount of product could be obtained from a second crystallization attempt. 1H 

NMR (CDCl3): δ 12.26 (s, 1, N-H), 7.08 (m, 4, Ar-H), 4.94 (s, 1, backbone-CH), 2.22 (s, 

12, Ar-o-CH3), 1.75 (s, 6, backbone-CH3). 

H[iPr 2NN]. This procedure was adapted from a previously published literature 

procedure.85  To a suspension of p-toluenesulfonic acid monohydrate (18.6 g, 0.098 mol) 

in 300 mL of toluene was added 2,4-pentanedione (9.75 g, 0.098 mol) and 2,6-

diisopropylaniline (34.7 g, 0.196 mol).  The mixture refluxed with stirring for 4 h using a 

Dean-Stark trap and then cooled. The resulting solid which is the protonated β-diketimine 

as its tosylate salt was isolated by filtration and air-dried.  This solid was then taken up in 

300 mL of CH2Cl2 and stirred with 200 mL of saturated Na2CO3 solution for 1 h. The 

organic layer was separated and dried using MgSO4.  The volatiles were removed in 

vacuo to yield a yellow oil.  200 mL of ice cold MeOH was added to the yellow oil and 

after shaking for 1 minute, a white solid began to precipitate. The slurry was then kept at 

-35 °C to encourage further crystallization. The solid was isolated, washed with ice cold 

methanol, and dried to yield 26.0 g (64 %) of product. No significant amount of product 

could be obtained from a second crystallization attempt. 1H NMR (CDCl3): δ 12.17 (s, 1, 

N-H), 7.18 (m, 4, Ar-H), 4.93 (s, 1, backbone-CH), 3.17 (sept, 4, iPr-H), 1.77 (s, 6, 

backbone-CH3), 1.27 (s, 6, iPr-CH3), 1.17 (s, 6, iPr-CH3). 

[Me2NN]ZnCl 2Li(THF) 3 (1).  A solution of n-BuLi in hexanes (12 mL, 1.6 M) was 

added to a solution of [Me2NN]H (6.00 g, 19.4 mmol) in 50 mL THF and stirred for 1 h.  

The resulting solution was added with stirring to a solution of ZnCl2 (2.65 g, 19.4 mmol) 



 61 

in 10 mL THF.  After stirring for 2 h, the solution was filtered over Celite and 

concentrated in vacuo.  The resulting solution was kept at -35 °C overnight producing 

crystals that were collected and dried to afford 5.850 g (51%) of the product.  1H NMR 

(CDCl3): δ 6.963 – 6.883 (m, 6, Ar-H), 4.738 (s, 1, backbone-CH), 3.567 (m, 8-12, THF-

CH2), 2.148 (s, 15, Ar-CH3), 1.688 (m, 8-12, THF-CH2). 1.525 (s, 6, backbone-CH3); 

13C{1H} NMR (CDCl3): δ 166.83, 147.25, 132.40, 127.75, 123.90, 92.27, 67.97, 25.67, 

22.98, 18.85.  Solid samples of 1 after drying in vacuo contain a variable amount of THF 

(1.5 – 3 molecules THF / Li) leading to irreproducible elemental analyses. 

{[Me2NN]Zn( µµµµ-SCy)2Tl} 2 (2).  A suspension of TlSCy (0.433 g, 1.51 mmol) in 10 mL 

THF was added with stirring to a solution of [Me2NN]ZnCl2Li(THF)3 (0.500 g, 0.754 

mmol) in 10 mL THF.  After stirring overnight, the solution was filtered over Celite and 

then the solvent was removed in vacuo.  The resulting solid was taken up in 10 mL of 

CH2Cl2 and filtered over Celite.  The solvent was removed and the solid was washed with 

5 mL of pentane to yield 0.310 g (51%) of white powder.  Recrystallization from pentane 

affords crystals of 2 · 2 pentane used for X-ray and elemental analyses. 1H NMR 

(CDCl3): δ 7.062 – 6.979 (m, 6, Ar-H), 4.832 (s, 1, backbone-CH), 2.596 (br, 2, Cy-H), 

2.271 (s, 12, Ar-CH3), 1.686 (s, 6, backbone-CH3), 1.530 (br, 10, Cy-CH2), 1.050 (br, 10, 

Cy-CH2); 
13C{1H} NMR (CDCl3): δ 167.10, 147.82, 132.94, 128.71, 124.75, 93.80, 

40.96, 40.55, 27.47, 25.65, 23.21, 19.49; Anal. Calcd for 2 · 2 pentane (1 pentane / Zn) 

C38H59N2S2TlZn: C, 51.99; H, 6.77; N, 3.99. Found C, 51.96; H, 6.49; N, 3.77. 

{[Me2NN]ZnSCy}2 (3).  A suspension of TlSCy (0.144 g, 0.452 mmol) in 5 mL THF 

was added with stirring to a solution of [Me2NN]ZnCl2Li(THF)3 (0.300 g, 0.452 mmol) 
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in 10 mL THF.  The solution was stirred for 2 h and the solvent was removed in vacuo.  

The resulting solid was taken up in 15 mL of CH2Cl2 and filtered over Celite.  The 

solution was concentrated kept at -35 °C overnight to yield 0.096 g (44%) of colorless 

crystals.  1H NMR (CDCl3, 25 °C): δ 7.092 – 6.921 (br, 6, Ar-H), 4.972 (br, 1, backbone-

CH), 3.746 (br, 1, S-CH), 2.151 (br, 12, Ar-CH3), 1.691 (br, 6, backbone-CH3), 1.402 (br, 

5, Cy-CH2), 0.810 (br, 5, Cy-CH2); 
1H NMR (CDCl3, -30 °C, partial) δ 4.974 (br, 

backbone-CH), 4.698 (s, backbone-CH) consistent with monomer and dimer. Poor 

solubility coupled with fluxional behavior limited number of 13C NMR signals obtained 

in room temperature in CDCl3; Anal. Calcd for C27H36N2SZn: C, 66.72; H, 7.47; N, 5.76. 

Found C, 67.05; H, 7.61; N, 5.65. 

{[Me2NN]ZnStBu}2 (4).  A solution of TlStBu (0.221 g, 0.754 mmol) in 5 mL CH2Cl2 

was added with stirring to a solution of [Me2NN]ZnCl2Li(THF)3 (0.500 g, 0.754 mmol) 

in 10 mL CH2Cl2.  The solution was stirred for 1 h and then filtered over Celite.  The 

resulting solution was concentrated and kept at -35 °C for 2 h to yield 0.123 g (36%) of 

colorless crystals.  1H NMR (CDCl3): δ 7.080 – 6.989 (m, 6, Ar-H), 5.048 (s, 1, 

backbone-CH), 2.172 (s, 12, Ar-CH3), 1.735 (s, 6, backbone-CH3), 0.891 (s, 9, tBu-CH3); 

13C{1H} NMR (CDCl3): δ 168.25, 147.05, 131.79, 128.72, 125.28, 95.55, 40.98, 37.51, 

23.35, 19.11; Anal. Calcd for C25H34N2SZn: C, 65.27; H, 7.45; N, 6.09. Found C, 64.90; 

H, 7.50; N, 6.03. 

[Me2NN]ZnSCPh3(THF) (5).  A solution of LiSCPh3 (0.062 g, 0.4219 mmol) in 4 mL 

THF was added with stirring to a solution of [Me2NN]ZnCl2Li(THF)3 (0.145 g, 0.219 

mmol) in 10 mL THF.  The solution was stirred for 3 h and then the volatiles were 
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removed in vacuo.  The light yellow residue was taken up in 10 mL toluene and filtered 

over Celite.  The solvent was removed in vacuo and the residue was crystallized from 

THF/pentane solution.  Upon standing overnight at -35 °C, 0.058g (37%) of colorless 

crystals were collected and dried.  1H and 13C NMR data for 5 in CDCl3 are identical for 

6 with the exception of resonances for free THF.  Elemental analyses were not attempted 

owing to the facile loss of THF in solution and in the solid state. 

[Me2NN]ZnSCPh3 (6).  A solution of LiSCPh3 (0.127 g, 0.452 mmol) in 4 mL THF was 

added with stirring to a solution of [Me2NN]ZnCl2Li(THF)3 (0.300 g, 0.452 mmol) in 10 

mL THF.  The solution was stirred overnight and then the volatiles were removed in 

vacuo.  The light yellow residue was taken up in 10 mL toluene and filtered over Celite.  

The solvent was removed in vacuo and the residue was recrystallized from Et2O.  Upon 

standing overnight at -35 °C, 0.145 g (50%) of colorless crystals were collected and 

dried.  1H NMR (CDCl3): δ 7.036 – 6.888 (m, 21, Ar-H), 4.955 (s, 1, backbone-CH), 

1.980 (s, 12, Ar-CH3), 1.636 (s, 6, backbone-CH3); 
13C{1H} NMR (CDCl3): δ 168.61, 

151.75, 146.63, 131.87, 129.28, 128.64, 127.55, 125.67, 125.28, 95.67, 23.34, 19.09; 

Anal. Calcd for C40H40N2SZn: C, 74.35; H, 6.24; N, 4.34. Found C, 73.91; H, 6.01; N, 

4.28.  

[iPr 2NN]ZnCl 2Li(OEt 2)2 (7).  To a suspension of ZnCl2 (395 mg, 2.90 mmol) in Et2O 

(10 mL) was slowly added a solution of [iPr2NN]LiOEt2
53 (1.44 g. 2.90 mmol) in Et2O 

(10 mL) at -35 °C. The mixture was allowed to warm to room temperature and then 

stirred for additional 3 h and filtered. The solution was concentrated to 10 mL and 

crystallized overnight at -35 °C to yield a colorless, crystalline solid (yield 1.36 g, 67 %).  
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A related procedure has been reported to give the halide-free monomer [iPr2NN]ZnCl, 

though two attempts at isolating the monomer only produced the LiCl adduct 

[iPr2NN]ZnCl2Li(OEt2)2.  
1H NMR (CDCl3): δ 1.16 (d, 12 H, CH(CH3)2), 1.20 (t, 12 H, 

ether-CH3), 1.25 (d, 12 H, CH(CH3)2), 1.81 (s, 6 H, CH3), 2.98 (sept, 4 H, CH(CH3)2), 

3.47 (quad, 8 H, ether-CH2), 5.10 (s, 1 H, CH), 7.17 (m, 6 H, ArH).  13C NMR (CDCl3): δ 

15.2, 23.2, 23.6, 24.2, 28.2, 65.8, 95.3, 123.6, 126.3, 141.5, 142.1, 170.1.  Anal. Calcd for 

C37H61Cl2LiN2O2Zn: C, 62.67; H, 8.67; N, 3.95. Found: C, 62.46; H, 8.81; N, 4.19.  

Single crystal X-ray unit cell P2(1)/n (at 100 K): a = 11.88 Å, b = 21.17 Å, c = 15.87 Å, ß 

= 100.46˚, V = 3927.8 Å3 corresponds to CSD entry EGOXON. 

 [iPr 2NN]ZnStBu (8).  A solution of 7 (0.400 g, 0.565 mmol) in 10 mL of CH2Cl2 was 

added to a stirring solution of TlStBu (0.166 g, 0.565 mmol) in 5 mL of CH2Cl2.  The 

solution immediately turned from yellow to white with a colorless precipitate and was 

allowed to stir for 1 hour.  The solution was dried in vacuo and then taken up in 5 mL of 

n-pentane and filtered over Celite.  The resulting solution was concentrated and 

crystallized at -35 °C to yield 0.246 g (76%) of colorless crystals.  1H NMR (CDCl3): δ 

7.16 – 7.11 (m, 6 Ar-H), 5.04 (s, 1, backbone-CH), 3.02 (sept, 4, iPr-CH), 1.79 (s, 6, 

backbone-CH3), 1.27 (d, 12, iPr-CH3), 1.21 (d, 12, iPr-CH3), 0.86 (s, 9, tBu-CH3)..  
13C 

NMR (CDCl3): δ 168.70, 143.87, 141.51, 125.87, 123.66, 95.12, 40.86, 37.63, 28.29, 

24.17, 23.80.  Anal. Calcd for C33H50N2SZn: C, 69.26; H, 8.81; N, 4.90. Found: C, 69.73; 

H, 9.29; N, 4.99. 

 [iPr 2NN]ZnSCy (9).  A solution of 7 (0.500 g, 0.711 mmol) in 10 mL of CH2Cl2 was 

added to a stirring solution of LiSCy 0.087 g, 0.711 mmol) in 5 mL of CH2Cl2.  The 
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solution was allowed to stir overnight.  The solution was dried in vacuo and then taken up 

in 5 mL of n-pentane and filtered over Celite.  The resulting solution was concentrated 

and crystallized at -35 °C to yield 0.261 g (62%) of colorless crystals.  1H NMR (CDCl3): 

δ 7.18 – 7.10 (m, 6 Ar-H), 5.03 (s, 1, backbone-CH), 3.02 (sept, 4, iPr-CH), 1.80 (s, 6, 

backbone-CH3), 1.62 (m, 1, S-CH), 1.32 (br, 5, Cy-CH2), 1.23 (d, 12, iPr-CH3), 1.20 (d, 

12, iPr-CH3), 0.83 (br, 5, Cy-CH2).  
13C NMR (CDCl3): δ 168.58, 143.53, 141.43, 125.96, 

123.64, 94.94, 40.07, 37.64, 28.19, 25.18, 24.22, 23.58, 22.38.  Anal. Calcd for 

C35H52N2SZn: C, 70.26; H, 8.76; N, 4.68.  Found: C, 70.31; H, 9.19; N, 4.69. 

 [iPr 2NN]ZnSBn (10).  A solution of 7 (0.400 g, 0.565 mmol) in 10 mL of CH2Cl2 was 

added to a stirring solution of TlSBn (0.185 g, 0.565 mmol) in 5 mL of CH2Cl2.  The 

solution immediately turned from yellow to white with a colorless precipitate and was 

allowed to stir for 1 h.  The solution was dried in vacuo and then taken up in 5 mL of n-

pentane and filtered over Celite.  The resulting solution was concentrated and crystallized 

overnight at -35 °C to yield 0.214 g (63%) of colorless crystals.  1H NMR (CDCl3): δ 

7.16 – 6.88 (m, 11, Ar-H), 5.08 (s, 1, backbone-CH), 3.05 (sept, 4, iPr-CH), 2.68 (s, 2, 

Bn-CH2), 1.83 (s, 6, backbone-CH3), 1.25 (d, 12, iPr-CH3), 1.24 (d, 12, iPr-CH3).  
13C 

NMR (CDCl3): δ 168.74, 143.76, 143.34, 141.49, 128.01, 127.82, 126.10, 125.65, 

123.74, 94.98, 28.18, 27.45, 24.21, 23.45, 23.29.  Anal. Calcd for C35H52N2SZn: C, 

71.32; H, 7.98; N, 4.62.  Found: C, 71.57; H, 8.38; N, 4.65. 

Reaction of [Me2NN]ZnSCPh3 (6) with CySNO.  Ca. 1 equiv. CySNO was generated in 

situ from the addition of a suspension of TlSCy (0.013g, 0.044 mmol) in CDCl3 to a 

stirring suspension of NOBF4 (0.006 g, 0.05 mmol) in CDCl3.  After stirring for 15 
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minutes, it was filtered into a solution of {[Me2NN]ZnStBu}2 (0.010 g, 0.0218 mmol) in 

1 mL CDCl3.  As the red CySNO solution was added to the colorless solution of 6, the 

reaction mixture turned green in color, consistent with the formation of tBuSNO.  

Analysis by 1H NMR spectroscopy indicated formation of {[Me2NN]ZnSCy}2 by the 

appearance of a broad peak at δ 4.96 ppm corresponding to the backbone proton 

resonance and a broad peak at δ 3.73 ppm corresponding to the α-CH resonance in the 

cyclohexyl groups.  1H NMR analysis of green crystals isolated from the reaction mixture 

corroborated with the spectra of independently synthesized Ph3CSNO.  In addition, a 

single crystal X-ray study confirmed that Ph3CSNO was present in the mixture. 

Reaction of {[Me2NN]ZnStBu}2 (4) with CySNO.  Ca. 1 equiv. CySNO was generated 

in situ from the addition of a suspension of TlSCy (0.013g, 0.044 mmol) in CDCl3 to a 

stirring suspension of NOBF4 (0.006 g, 0.05 mmol) in CDCl3.  After stirring for 15 

minutes, it was filtered into a solution of {[Me2NN]ZnStBu}2 (0.010 g, 0.0218 mmol) in 

1 mL CDCl3.  As the red CySNO solution was added to the colorless solution of 4, the 

reaction mixture turned green in color, consistent with the formation of tBuSNO.  

Analysis by 1H NMR spectroscopy indicates tBuSNO formation by the methyl proton 

resonance at δ 1.89 ppm and formation of {[Me2NN]ZnSCy}2 was confirmed by the 

appearance of a broad peak at δ 4.98 ppm corresponding to the backbone proton 

resonance and a broad peak at δ 3.74 ppm corresponding to the α-CH resonance in the 

cyclohexyl groups.  In addition, some unreacted CySNO and {[Me2NN]ZnStBu}2 were 

still present after 30 minutes suggesting an equilibrium that favors transnitrosation to 

form tBuSNO and {[Me2NN]ZnSCy}2. 
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Reaction of {[Me2NN]ZnStBu}2 with NO/O2.  Bubbling ca. 2 equiv. NO (5.3 mL, 0.218 

mmol) gas through an oxygen saturated solution of {[Me2NN]ZnStBu}2 (0.050 g, 0.109 

mmol) resulted in the solution turning green in color as well as the formation of a 

colorless precipitate.  1H NMR analysis confirmed the formation of tBuSNO by a sharp 

resonance at δ 1.89 ppm.    

Reaction of {[Me2NN]ZnStBu}2 with NO2.  Bubbling ca. 2 equiv. NO2 (5.3 mL, 0.218 

mmol) gas a solution of {[Me2NN]ZnStBu}2 (0.050 g, 0.109 mmol) resulted in the 

solution turning green in color as well as the formation of a colorless precipitate.  1H 

NMR analysis confirmed the formation of tBuSNO by a sharp resonance at δ 1.89 ppm. 
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Chapter 2 

Reactivity of Tris(pyrazolyl)borate Zinc Complexes with  

Nitric Oxide and S-nitrosothiols 

Abstract 

S-Nitrosothiols undergo reversible transnitrosation reactions at tris(pyrazolyl)borate zinc 

thiolates iPr2TpZn-SR.  These zinc thiolates are unreactive towards anaerobic NO, but 

rapidly react with NO in the presence of O2 or anaerobically with NO2 to release the S-

nitrosothiol with formation of the corresponding zinc nitrate. 

Introduction 

Nitric oxide is implicated in numerous biological roles ranging from vasodilation in 

the cardiovascular system1 to signaling in the respiratory system2 to host defense against 

microbial pathogens.3 While the various nitric oxide synthases generate NO in vivo, NO 

itself is unstable in the plasma, with an estimated half-life of 3 – 5 seconds.4 

Considerably more oxygen stable S-nitrosothiols (RSNOs) such as S-nitrosocysteine and 

S-nitrosoglutathione circulate at micromolar levels in the blood.5 Capable of serving as 

NO and NO+ donors,6,7 S-nitrosothiols have been implicated in a wide variety of 

physiological functions which often mirror those observed for nitric oxide itself.1,8 The 

nature of the molecular species involved in the biological reactivity of S-nitrosothiols, 

however, is clouded by the facile decomposition of RSNOs into free NO and disulfides 

by a copper-catalyzed process.6,9  
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The cleavage or formation of zinc thiolate linkages in biology is often connected to 

physiological function.10  In this context, both NO and RSNOs have been reported to 

modify Zn-SR linkages in biological environments.  For instance, Maret has shown that 

nitric oxide and S-nitrosothiols release Zn2+ ions from the sulfur-rich binding domains in 

metallothioneins (MTs) with concomitant formation of S-nitrosothiols and/or disulfides.11  

The release of zinc from MTs by S-nitrosothiols and NO has spurred investigation into 

the significance of both zinc and RSNOs in cellular signal transduction11,12 as well as 

their roles in respiratory function.13  Similarly, S-nitrosothiols and NO reversibly inhibit 

DNA transcription of some zinc fingers,14,15 metalloproteins in which Zn-thiolate bonds 

play especially important structural roles. 

Matrix metalloproteinases (MMPs) are a class of zinc enzymes involved in tissue 

remodeling connected to both normal and pathological processes such as inflammation, 

wound healing and cancer.16,17  The His3Zn2+ site responsible for MMP activity requires 

prior disruption of a Zn-SCys linkage in the enzyme’s latent form to allow for substrate 

binding and its subsequent cleavage.  Both nitric oxide and S-nitrosothiols have been 

proposed to activate this “cysteine switch” suggesting a molecular basis for NO and 

RSNO regulation of MMP activity.18-20 

While transnitrosation between S-nitrosothiols and free thiols as well as the 

corresponding thiolate anions has been observed in a variety of media,21-23 NO does not 

react readily under anaerobic conditions with free thiols HSR or thiolate anions –SR in 

the absence of an oxidant.6 In contrast, few molecular level details are known for 

transnitrosation at transition metal thiolates,24 though reductive nitrosylation of M-SR 
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linkages with NO is possible at redox active metal centers.25 Such transnitrosation 

reactions are thought to proceed via nitroxyl disulfide intermediates [RSN(O)NSR’]- 

theoretically considered by Houk et al.26 and observed via 15N NMR spectroscopy by 

Estrin et al. in the exchange between S-nitrosocysteine ethyl ester and its thiolate anion in 

methanol.23   

We recently demonstrated that transnitrosation between the β-diketiminato zinc-

thiolate {[Me2NN]Zn} 2(µ-SBut)2 and CySNO to give equilibrium quantities of 

{[Me 2NN]Zn} 2(µ-SCy)2 and tBuSNO.24  Unfortunately, the dinuclear nature of these zinc 

complexes clouded the thermodynamic preferences for transnitrosation equilibria. Herein 

we utilize well defined tris(pyrazolyl)borate zinc complexes27 iPr2TpM-SR to examine 

RSNO and NO reactivity at strictly mononuclear zinc-thiolate sites.28 

Results and Discussion 

2.1.  Synthesis and characterization of iPr2TpZnCl 

iPr2TpZnCl (1) was synthesized by the addition of the potassium salt of the Tp ligand 

iPr2TpK in CH2Cl2 to a stirring suspension of ZnCl2 in THF (Scheme 2.1).29  This 

complex can be made in good yield (92%) and on gram scales making it an ideal Zn 

starting material to prepare zinc-thiolates  

2.2.  Synthesis and characterization of zinc-thiolates iPr2TpZnSR 
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Through salt metathesis reactions between 1 and thallium thiolate salts, we 

synthesized and characterized a variety of iPr2TpZnSR compounds (Scheme 2.1).  Unlike 

many of the previously studied β-diketiminate zinc thiolates discussed in Chapter 1, all of 

the iPr2TpZnSR complexes synthesized are four-coordinate, mononuclear species.27 

The primary aliphatic iPr2TpZnSBn (2) was synthesized in 68% yield from the 

reaction of 1 and TlSBn.  Crystals suitable for single crystal X-ray diffraction were 

isolated from CH2Cl2.  The solid state structure of 2 (Figure 2.1) shows a slightly 

distorted tetrahedral geometry at the zinc center with the Bn group pointed between two 

of the pyrazole groups of the supporting ligand to minimize steric interactions.  In 

solution, the methylene proton resonance of 2 appears at δ 4.08 ppm in CDCl3 giving an 

ideal signature for studying the reactivity of the Zn-S bond. 

Similarly, the secondary aliphatic iPr2TpZnSCy (3) was synthesized in 40% yield from 

the reaction of 1 with TlSCy.  The low yield could be attributed to the relatively facile 

Scheme 2.1. Synthesis of zinc-thiolates 2-5. 
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decomposition of the TlSCy salt.  Crystals isolated from CH2Cl2 were obtained and the 

single crystal X-ray structure determined.  The structure of 3 (Figure 2.2) again shows a 

mononuclear zinc complex with a slightly distorted tetrahedral zinc coordination 

environment.  The sulfur and the cyclohexyl group are disordered over two positions with 

the sulfur being in the equatorial position in both cases.  The disorder was modeled with 

occupancies of 53% and 47% over the two different positions.  Unlike 2, the 1H NMR 

spectrum of 3 is not as ideal for reactivity studies due to the complex signals of the Cy 

group, though the Zn-SCH resonance appears as a multiplet at δ 2.95 ppm. 

Finally, the tertiary aliphatic iPr2TpZnStBu (4) was synthesized in 55% yield from the 

reaction of 1 with TlStBu in CH2Cl2.  The single crystal X-ray structure (Figure 2.3) 

shows a distorted tetrahedral zinc center with the Zn-S bond tipped up towards one 

pyrazole ring (N5-Zn-S 116.90(8)°) and the tBu group between the other two pyrazole 

rings.  This distortion is most likely caused by the steric interactions between the tBu 

group of the thiolate and the iPr groups on the supporting ligand.  The 1H NMR spectrum 

of 4 makes it straightforward to follow the reactivity of this zinc-thiolate due to the strong 

tBu resonance at δ 1.64 ppm in CDCl3.  The odor of solid 4 in air along with the 

associated tBuSNO and tBuSH, however, are similar to that of EtSH added to natural gas 

requiring precautions when working on larger scales. 
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Figure 2.1.  X-ray structure of iPr2TpZnSBn (2) (all H atoms omitted, only major 

occupancies shown – C11, C12, C14, C15).  Selected bond distances (Å) and angles 

(deg):  Zn-S 2.2207(17), Zn-N1 2.063(5), Zn-N3 2.038(4), Zn-N5 2.034(4), S-C28 

1.825(6), N1-Zn-N3 93.52(17), N1-Zn-N5 91.79(17), N3-Zn-N5 91.09(16), N1-Zn-S 

122.12(13), N3-Zn-S 115.68(13), N5-Zn-S 132.82(13), Zn-S-C28 108.5(2). 
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Figure 2.2. X-ray structure of iPr2TpZnSCy (3) (all H atoms omitted, only major 

occupancies shown – C28, C30, C31, C33).  Selected bond distances (Å) and angles 

(deg):  Zn-S 2.201(3), Zn-N1 2.056(3), Zn-N3 2.053(3), Zn-N5 2.039(3), S-C28 

1.857(10), N1-Zn-N3 92.36(13), N1-Zn-N5 92.34 (14), N3-Zn-N5 90.18(14), N1-Zn-S 

122.43(14), N3-Zn-S 133.09(13), N5-Zn-S 115.93(13), Zn-S-C28 108.3(3). 
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Figure 2.3. X-ray structure of iPr2TpZnStBu (4) (all H atoms omitted, only major 

occupancies shown – C25, C26, C27). Atom C16 is hidden by the ellipsoid of atom C17. 

Selected bond distances (Å) and angles (deg):  Zn-S 2.2185(11), Zn-N1 2.043(3), Zn-N3 

2.053(3), Zn-N5 2.046(3), S-C28 1.856(4), N1-Zn-N3 93.55(12), N1-Zn-N5 89.25(12), 

N3-Zn-N5 92.39(12), N1-Zn-S 129.37(9), N3-Zn-S 125.02(9), N5-Zn-S 116.87(8), Zn-S-

C28 111.29(13). 

 

  

Zn 

N1 N2 

S 

N3 N4 

N5 
N6 

B 



 82 

Compd. 2 3 4 

formula C34H53BN6SZn C33H57BN6SZn C31H55BN6SZn 

Mol. Wt. 654.06 646.09 620.05 

Temp.(K) 173(2) 173(2) 173(2) 

crystal 
description         

plate block block 

crystal color colorless colorless colorless 

crystal size 
(mm3) 

0.32×0.18×0.15 0.26×0.13×0.12 0.38×0.22×0.14 

system triclinic orthorhombic monoclinic 

Space group P-1 P212121 P21/n 

a (Å) 9.5050(8) 13.3036(7) 9.4257(13) 

b (Å) 12.0757(10) 16.3418(8) 17.722(3) 

c (Å) 16.4731(14) 16.7272(8) 20.879(3) 

α (deg) 85.2130(10) 90 90 

β (deg) 86.741(2) 90 91.776(2) 

γ (deg) 77.0360(10) 90 90 

Z 2 8 4 

θ range (deg) 1.74 - 26.12 1.74 - 26.00 1.51 - 26.00 

measd reflns 14650 29505 27878 

unique reflns 7155 7105 6851 

R(int) 0.0487 0.0942 0.0863 

GOF of F2 1.038 0.960 0.997 

R1 ( I > 2σ(I)) 0.0666 0.0495 0.0511 

wR2 (all data) 0.1611 0.1014 0.1147 

Largest diff. 
peak and hole (e- 
· Å-3) 

1.066 and -0.726 0.379 and -0.267 0.474 and -0.407 

 

Table 2.1.  Crystallographic data, collection parameters, and refinement details for 2 - 
4. 
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2.3.  Non-degenerate transnitrosation equilibria between iPr2TpZnSR and R’SNO 

In Chapter 1 we demonstrated the first example of transnitrosation at well defined 

zinc sites using β-diketiminato zinc thiolates.  The thermodynamic preferences of 

transnitrosation at these species was clouded by the dinuclear nature of the less sterically 

demanding {[Me2NN]ZnStBu}2 and {[Me2NN]ZnSCy}2 complexes.  The strictly 

mononuclear family of tris(pyrazolyl)borate zinc thiolates 2-4 allows the 

thermodynamics of zinc-mediated transnitrosation to be more fully examined. 

Reaction of the secondary and tertiary zinc-thiolates 3 and 4 with BnSNO (generated 

by addition of Tl-SBn in CDCl3 to dry NO[BF4]) allows for transnitrosation equilibria to 

be observed at room temperature in CDCl3 as outlined in Scheme 2.2.  By determining 

the relative concentrations of each species through integration of 1H NMR signals (Figure 

2.4 and 2.5), equilibrium constants were determined by Eq. 1 and 2.   

eq

[CySNO][TpZnSBn]
K =

[BnSNO][TpZnSCy]
      (Eq. 1) 

t

eq t

[ BuSNO][TpZnSBn]
K =

[BnSNO][TpZnS Bu]
      (Eq. 2) 

While there is no significant bias in the equilibrium between the secondary zinc-

thiolate 3 and the primary S-nitrosothiol BnSNO (Keq = 0.65(8)), transnitrosation favors 

Scheme 2.2.  Non-degenerate transnitrosation at zinc-thiolates 3 and 4. 
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the formation of the primary zinc-thiolate 2 and tertiary S-nitrosothiol tBuSNO (Keq = 

59(5)). 

While the above transnitrosation equilibria were generally complete within 5 min at 

approximate 0.1 mM concentrations of each reactant, transnitrosation between BnSNO 

with the bulkier iPr2TpZn-SBut complex is qualitatively slower than with the smaller 

cyclohexyl derivative iPr2TpZn-SCy. 

Figure 2.4.  1H NMR spectra (300 MHz, CDCl3, RT) of iPr2TpZnSCy (top), iPr2TpZnSBn 
(middle) and a 1:1 mixture of iPr2TpZnSCy and BnSNO (bottom). 

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.5
f1 (ppm)

*  BnSNO 
#  CySNO 

*  # 
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2.4.  Degenerate transnitrosation kinetics of iPr2TpZnSBn and BnSNO 

To more quantitatively define the timescale for transnitrosation, we monitored 

degenerate transnitrosation between iPr2TpZn-SBn and BnSNO by 1H NMR spectroscopy 

in CDCl3 (Scheme 2.3).  

Irradiation of the S-nitrosothiol PhCH2SNO resonance decreased the intensity of 

iPr2TpZn-SCH2Ph signal, demonstrating saturation transfer between these two exchanging 

species (Figure 2.6).  The pseudo first-order rate constant via saturation transfer increases 

linearly with increasing S-nitrosothiol concentration, leading to a second order rate law 

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

Figure 2.5.  1H NMR spectra (300 MHz, CDCl3, RT) of iPr2TpZnStBu (top), iPr2TpZnSBn 
(middle) and a 1:1 mixture of iPr2TpZnStBu and BnSNO (bottom). 
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#  tBuSNO 

*  
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k[Zn-SR][RSNO] with a rate constant 2.0(2) M-1s-1 at 60 °C (Figure 2.7).   No significant 

decomposition (less than 5%) of the S-nitrosothiols was observed under these conditions.  

Transnitrosation with S-nitrosothiols at zinc-thiolates is significantly faster than 

alkylation30-32 or disulfide exchange33 in related model complexes.  For instance, 

transnitrosation of iPr2TpZnCH2Ph (2) with PhCH2SNO is 500 times faster than alkylation 

by MeI in CDCl3 at 60 °C (k = 3.8(3) × 10-3 M-1s-1) (See Section 2.7). 

Scheme 2.3.  Degenerate transnitrosation at zinc-thiolate 2. 
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before irradiation of PhCH2SNO

after irradiation of PhCH2SNO

Figure 2.6.  1H NMR spectra (300 MHz, CDCl3, RT) of a 1:1 mixture of iPr2TpZnSBn 
and BnSNO employed for saturation transfer experiments. 
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Figure 2.7. Saturation transfer of degenerate transnitrosation reaction between 
iPr2TpZnSBn and BnSNO. 
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2.5.  S-nitrosothiol reactivity comparison between redox inactive Zn and redox 

active Cu complexes 

While S-nitrosothiols undergo transnitrosation at zinc thiolate complexes, the 

corresponding copper thiolate complexes studied by Dr. Marie Melzer undergo a 

different mode of reactivity with RSNOs.  An effort was made to directly compare these 

two systems.  Of the two iPr2TpCuSR complexes known, iPr2TpCuSC6F5 was chosen for 

reactivity studies with RSNOs and thus the corresponding iPr2TpZnSC6F5 (5)34 was used 

for the comparison. 

In the case of the redox inactive Zn complexes, the reaction of iPr2TpZnStBu with 1 

eq. of C6F5SNO in CDCl3 gave complete conversion to the iPr2TpZnSC6F5 complex and 

tBuSNO.  The Keq for this reaction was estimated to be greater than 10,000 from the 1H 

NMR spectrum of this reaction mixture and is most likely driven by the formation of the 

electron-poor, less sterically hindered zinc thiolate 5.  Figure 2.8 shows the 1H NMR of 

iPr2TpZnStBu and the independently synthesized iPr2TpZnSC6F5 as well as the reaction of 

4 with C6F5SNO to generate 5 and tBuSNO (δ 1.89 ppm). 

Scheme 2.4.  Reactivity of RSNOs with redox inactive ZnII-SR and redox active CuII-SR 

complex. 
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The redox active Cu complex iPr2TpCuSC6F5 reacts with tBuSNO to give the 

unsymmetrical disulfide C6F5SStBu and the copper(I) iPr2TpCuNO (Scheme 2.4).35  The 

19F NMR of the reaction mixture (Figure 2.9) shows the symmetrical disulfide 

C6F5SSC6F5 which is present from the decomposition of the Cu thiolate, and the growth 

of the unsymmetrical disulfide.  Formation of iPr2TpCuNO was confirmed by independent 

synthesize and UV/Vis analysis. 

These two reactions illustrate the importance of the metal center in determining 

reactivity with RSNOs.  The redox flexibility of copper allows for the formation of the 

iPr2TpCuI(NO) and elimination of disulfides while the redox inactive zinc complexes 

transfer NO+ between thiolates. 
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Figure 2.8.  1H NMR spectra (300 MHz, CDCl3, RT) of iPr2TpZnStBu (top), 
iPr2TpZnSC6F5 (middle) and a 1:1 mixture of iPr2TpZnStBu and C6F5SNO (bottom). The 
peaks at 7.5 and 7.7 ppm in the bottom spectra are the naphthalene standard. 
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Scheme 2.9.  (top) 19F NMR of iPr2TpCuC6F5 with some C6F5SSC6F5 decomposition. 
(bottom) Reaction of iPr2TpCuC6F5 with tBuSNO to form the new unsymmetrical 
disulfide C6F5SStBu.  Adopted from ref. 34. 
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2.6.  Thiol exchange equilibria between iPr2TpZnSR and RSH 

In order to put the equilibrium constants that were obtained for the various non-

degenerate transnitrosation complexes into context, the related equilibrium constants for 

the thiol exchange reactions were determined.  The thiol exchange reactions qualitatively 

came to equilibrium faster than the transnitrosation reactions.  By monitoring the 1H 

NMR spectra in CDCl3 and using Eqs. 3, the equilibrium constant for iPr2TpZnSCy with 

BnSH was determined to be 3.2(4).  Similarly, using Eq. 4, the equilibrium constant for 

iPr2TpZnStBu with BnSH was determined to be 750(50) (Figure 2.10).  These 

observations roughly mirror the thermodynamic preferences of the transnitrosation 

reaction with the formation of the less hindered iPr2TpZnSR being favored. 

eq

[CySH][TpZnSBn]
K =

[BnSH][TpZnSCy]
      (Eq. 3) 

t

eq t

[ BuSH][TpZnSBn]
K =

[BnSH][TpZnS Bu]
      (Eq. 4) 
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Figure 2.10.  1H NMR spectra (300 MHz, CDCl3, RT) of iPr2TpZnStBu (top), 
iPr2TpZnSBn (middle) and a 1:1 mixture of iPr2TpZnStBu and BnSH (bottom). 
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*  
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2.7.  Alkylation of iPr2TpZnSBn 

The wealth of zinc thiolate alkylation research gives a basis on which to compare the 

rate information gathered in section 2.4.31,36  A zinc thiolate closely related to 2, 

Ph,MeTpZnSBn, has been studied and the rate constants of the irreversible alkylation by 

MeI was found to be 1.8 × 10−2 M-1s-1 at room temperature in CDCl3.
31  The exact 

iPr2TpZnSBn system had not previously been examined however, and since the 

experiments in Section 2.4 were carried out at 60 °C, a detailed study of the alkylation of 

2 by MeI was conducted.  

Alkylation of 2 by MeI yields the thioether MeSBn and the zinc iodide iPr2TpZnI (6) 

(Scheme 2.5).  iPr2TpZnI (6) was independently synthesized from iPr2TpK and ZnI2 

(Scheme 2.6) to confirm the zinc containing product of these alkylation reactions.  Using 

4, 6, 8, and 10 eq. of MeI to solutions of iPr2TpZnSBn to ensure pseudo-first order 

reaction conditions, the experiments were monitored by 1H NMR for the decrease in 

iPr2TpZnSCH2Ph signal and the increase in MeSCH2Ph signal (Figure 2.11).  By 

integrating the iPr2TpZnSCH2Ph signal and watching the decay of the signal over time kobs 

values were extracted for each experiment.  Plotting the kobs values vs. the concentration 

of MeI in each experiment yielded the second order rate constant of 3.8(3) × 10−3 M-1s-1 

at 60 °C in CDCl3 (Figure 2.12-13).  The rate constant is approximately 500 times slower 

than that of the degenerate transnitrosation between iPr2TpZnSBn and BnSNO. 

Scheme 2.5.  Alkylation of 2 by MeI to generate the thioether and 6. 

 



 96 

Figure 2.11.  Sample 1H NMR spectra (400 MHz, CDCl3, 60 °C) of the reaction between 
iPr2TpZnSBn with 6 equiv. MeI.  The decrease in iPr2TpZnSCH2Ph signal at 4.03 ppm was 
monitored.  The signal at 3.67 ppm corresponds to MeSBn and grows in with time.  The 
time between each spectrum is 12.048 s. 

Scheme 2.6.  Independent synthesis of 6. 

 



 97 

 

Figure 2.12. Plots of ln[iPr2TpZnSCH2Ph] signal intensity vs. time at 60(2) °C with 
varying equivalents of MeI. 
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Figure 2.13. Plot of kobs vs. [MeI] for reaction of 2 at 60(2) °C.  Error bars are set at 
10 percent of the individual kobs values. 
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2.8.  Reactivity of iPr2TpZnStBu with nitric oxide 

In previous work, β-diketiminate zinc thiolates were shown to react with NO under 

aerobic conditions to cleave the Zn-S bond and generate the corresponding RSNO.  The 

zinc product remained a mystery, however, due to its probable dinuclear structure and 

low solubility.  The product was either thought to be the zinc nitrite or zinc nitrate 

complex made as a byproduct from the reaction of N2O3 or N2O4 with the zinc thiolate.  

With the reliably mononuclear structure of the iPr2TpZn complexes, the reaction of 

iPr2TpZnStBu with NO was investigated. 

Like the analogous β-diketiminate system, iPr2TpZnStBu does not react with either 

O2(g) or NO(g) as monitored by 1H NMR.  When 8 eq. NO(g) is bubbled through an 

oxygen saturated CDCl3 solution of iPr2TpZnStBu, however, the solution immediately 

turns green and a quantitative amount of tBuSNO is formed with an 1H NMR resonance 

at δ 1.92 ppm (Scheme 2.7, Figure 2.14).  A single Zn-containing species is also formed 

as shown by the 1H NMR.  Similarly, when 8 eq. of N2O4 is bubbled through an 

anaerobic solution of iPr2TpZnStBu the tBuSNO is again formed quantitatively and the 

same Zn product is seen by 1H NMR. 

Crystals isolated from both reaction mixtures yielded the same structure of the zinc 

nitrate iPr2TpZn(NO3) (7) (Figure 2.16).  X-ray analysis of the colorless product identifies 

it as iPr2TpZn(NO3) which has unsymmetric κ2-bonding of the nitrate anion to the Zn 

center with Zn-O distances of 1.954(2) and 2.488(3) Å.  This unsymmetric bonding is 

similar to the two other TpZn(NO3) complexes that have been crystallographically 

characterized.37,38  
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As N2O3 has been suggested as a potential nitrosating reagent under these conditions 

that could release the nitrite anion,39-41 iPr2TpZn(NO2) (8) was independently prepared by 

reaction of Zn(ClO4)2 with iPr2TpK and NaNO2 in MeOH  (Scheme 2.8).  The X-ray 

structure of the zinc nitrite complex 8 (Figure 2.17) is closely related to that of 7 with Zn-

O distances of 1.981(2) and 2.430(2) Å.  Importantly, nitrate/nitrite exchange between 

iPr2TpZn fragments is slow in CDCl3 solution at room temperature – an overlapping 8-line 

pattern is observed in the 1H NMR spectrum of a mixture of 7 and 8 resulting from 4 sets 

of diastereotopic CHMe2 groups (Figure 2.15).  Thus, the evidence points to the sole 

formation of the zinc nitrate 7 when zinc-thiolate 4 is exposed to NO with an excess of 

O2.  Under these conditions, the active nitrosating reagent behaves analogously to NO2 

which may exhibit electrophilic reactivity owing to its equilibrium with N2O4 which may 

react as [NO+][NO3
-].42-44 
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Scheme 2.7. Reactivity of 4 with NO and NO2. 

 

Scheme 2.8.  Independent syntheses of 6 and 7. 
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ppm (t1)
1.02.03.04.05.06.0

8 eq. NO (solution saturated with O2)

8 eq. NO (anaerobic)

saturated with O2 - no reaction

iPr2TpZn-SBut

8 eq. NO2 (anaerobic)

tBuSNO

iPr2Zn-SBut

Figure 2.14.  1H NMR spectra (300 MHz, CDCl3, RT) of iPr2TpZnStBu with O2, 
anaerobic NO, NO into a O2 saturated solution, and anaerobic NO2. 

Figure 2.15.  1H NMR spectra (300 MHz, CDCl3, RT) of iPr2TpZnNO3 and iPr2TpZnNO2 
in the same NMR sample. 
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Figure 2.16. X-ray structure of iPr2TpZn(NO3) (7) (all H atoms omitted). Selected bond 

distances (Å) and angles (deg):  Zn-O1 1.954(2), Zn-O2 2.488(3), Zn-N1 2.026(3), Zn-

N3 1.999(2), Zn-N5 2.003(2), O1-N7 1.268(4), N7-O2 1.258(4), N7-O3 1.217(4), N1-

Zn-N3 93.51(10), N1-Zn-N5 93.03(9), N3-Zn-N5 95.14(10). 
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Figure 2.17. X-ray structure of iPr2TpZn(NO2) (8) (all H atoms omitted). Selected bond 

distances (Å) and angles (deg):  Zn-O1 1.981(2), Zn-O2 2.430(2), Zn-N1 2.053(2), Zn-

N3 2.019(2), Zn-N5 2.024(2), O1-N7 1.267(4), N7-O2 1.229(4), N1-Zn-N3 92.14(9), 

N1-Zn-N5 92.91(9), N3-Zn-N5 94.60(9). 
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2.9.  Reactivity of iPr2TpZnStBu with NO+ 

Aerobic NO and anaerobic NO2 have been shown to cleave the Zn-S bond through 

the transfer of NO+ from N2O4 to form the RSNO.  To further support this mechanism, a 

direct reaction of iPr2TpZnStBu with NO+ was undertaken.  Treatment of 4 with NOBF4 

results in formation of iPr2TpZn(BF4) (7) along with tBuSNO (Scheme 2.9, Figure 2.18).  

The zinc-containing product 9 was confirmed by independent synthesis through the salt 

metathesis reaction of 1 with AgBF4.  The X-ray structure of 9 (Figure 2.19) appears to 

be an unusual example of Zn-BF4 coordination, with the BF4 anion exhibiting κ2-

coordination with Zn-F1 and Zn-F2 bond distances of 1.997(2) and 2.379(2) Å, 

respectively.  Related κ2-binding of the BF4 anion has been observed in Ni45 and Cu46 

complexes.  

Scheme 2.9.  Reaction of 4 with an NO+ source NOBF4. 

 

Figure 2.18. 1H NMR spectra (400 MHz, CDCl3, RT) of iPr2TpZn-SBut with NOBF4 to 
form iPr2TpZnBF4 and tBuSNO. 
 

tBuSNO
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Figure 2.19. X-ray structure of iPr2TpZn(BF4) (9) (all H atoms omitted). Selected bond 

distances (Å) and angles (deg):  Zn-F1 1.997(2), Zn-F2 2.379(2), Zn-N1 2.009(2), Zn-N3 

1.978(2), Zn-N5 1.987(2), F1-B2 1.448(4), F2-B2 1.408(4), N1-Zn-N3 93.46(8), N1-Zn-

N5 96.31(9), N3-Zn-N5 94.45(9). 
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Compd. 7 8 9 

formula C27H46BN7O3Zn C27H46BN7O2Zn C27H46B2F4N6Zn 

Mol. Wt. 576.89 576.89 617.69 

Temp.(K) 100(2) 173(2) 100(2) 

crystal 
description         

block block plate 

crystal color colorless colorless colorless 

crystal size 
(mm3) 

0.22×0.22×0.18 0.28×0.20×0.17 0.38×0.14×0.10 

system monoclinic monoclinic monoclinic 

Space group P21/c P21/c P21/c 

a (Å) 10.436(4) 9.8773(18) 10.457(3) 

b (Å) 18.589(7) 16.359(3) 16.327(5) 

c (Å) 16.493(6) 19.315(4) 19.006(6) 

α (deg) 90 90 90 

β (deg) 107.343(4) 98.318(3) 101.221(3) 

γ (deg) 90 90 90 

Z 4 4 4 

θ range (deg) 1.70 - 25.99 1.64 - 26.00 1.66 – 26.00 

measd reflns 23768 24040 24824 

unique reflns 5988 6049 6229 

R(int) 0.0335 0.0776 0.0374 

GOF of F2 1.130 0.926 1.075 

R1 ( I > 2σ(I)) 0.0448 0.0439 0.0421 

wR2 (all data) 0.1147 0.0995 0.1064 

Largest diff. 
peak and hole (e- 
· Å-3) 

0.993 and -0.395 0.674 and -0.524 1.008 and -0.520 

 

Table 2.2.  Crystallographic data, collection parameters, and refinement details for 7, 
8, and 9. 
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2.10.  Synthesis and structure of iPr2TpmZnI 2 – a tris(pyrazolyl)methane complex 

With a reasonable understanding of transnitrosation at neutral zinc thiolate complexes 

established, an effort was made to make structurally similar cationic zinc complexes.  

Investigating transnitrosation at cationic zinc thiolates was attractive because many of the 

zinc thiolates found in proteins are cationic. 

Using the neutral Tp analog tris(pyrazolyl)methane ligand (Tpm), iPr2TpmZnI2 (10) 

was synthesized by the addition of iPr2Tpm to ZnI2 in THF.  The 1H NMR spectrum of the 

complex showed a departure from the usual symmetry of Tp and Tpm complexes with 

several isopropyl C-H and CH3 signals. The single crystal X-ray structure illustrates this 

disruption of symmetry (Figure 2.20).  The iPr2Tpm ligand coordinates through only two 

pyrazole rings with the third pyrazole ring pointing away from the zinc center.  This 

allows for a distorted tetrahedral coordination environment at zinc. 

While many 5-coordinate zinc complexes are known with the anionic Tp ligand, it 

appears that the neutral Tpm ligand is apt to dissociate a pyrazole ring to form 4-

coordinate structures at zinc.  Due to this complication and the difficulty interpreting the 

related NMR spectra, we did not further pursue cationic [iPr2TpmZn-X]+ complexes. 
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Figure 2.20. X-ray structure of iPr2TpmZnI2 (10) (all H atoms omitted). Selected bond 

distances (Å) and angles (deg):  Zn-I1 2.5505(10), Zn-I2 2.5344(10), Zn-N1 2.055(5), 

Zn-N3 2.045(5), N1-Zn-N3 91.7(2). 
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2.11.  Reactivity of Ph,MeTpZnOH with H 2NOH 

As a compliment to the NO reactivity results, a preliminary reactivity study of the 

conceptually related nitroxyl (HNO) with a TpZn complex was conducted.  Nitroxyl is a 

reduced form of nitric oxide that is isoelectronic with dioxygen.  Unlike dioxygen, 

however, nitroxyl is a ground state singlet with the singlet-triplet energy gap of 18 

kcal/mol.47  Nitroxyl has been linked to a number of biological processes including the 

stimulation of the cardiovascular system during heart failure.48  The addition of copper-

zinc superoxide dismutase (CuZnSOD) to nitroxyl solutions has been shown to increase 

the vasorelaxation effect of HNO.49  While several transition metal HNO adducts have 

been described in the literature, only three such complexes have been crystallographically 

characterized using Ir,50 Os,13 and Rh51 metal centers. 

In an attempt to gain a better understanding of how HNO might interact with zinc 

metal centers, the literature complex Ph,MeTpZnOH52 was reacted with an excess of 

hydroxylamine (H2NOH) solution in water.  The Ph,MeTpZnOH was chosen because it is 

one of the only a few TpZnOH complexes that is known to be stable toward 

decomposition.  The loss of 2 eq. of H2O from the reaction of 2 eq. of Ph,MeTpZnOH with 

H2NOH should give a unique binding mode of HNO between to Zn centers. (Figure 2.21) 

The reaction of Ph,MeTpZnOH with excess H2NOH solution, however, gives a 

different product.  Colorless crystals obtained from the reaction mixture yielded the 

structure of TpPh,MeZn(H2NOH)Ph,Mepz (11) seen in Figure 20.21.  This nitrogen-bound 

binding mode of hydroxylamine to a transition metal has only been crystallographically 

characterized four times previously with Co,53 Ir,54 Re,55 and Ru.56 The structure of 11 
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shows one pyrazole arm of the Ph,MeTp ligand disassociated from the metal center and the 

H2NOH and an extra pyrazole anion coordinating to the zinc.  The hydroxylamine ligand 

is hydrogen bonded through the hydroxyl hydrogen to N8 of the pyrazole anion at a 

distance of 1.72 Å.  An equivalent of pyrazole seems to have been deprotonated by the 

hydroxyl group of Ph,MeTpZnOH forming the pyrazole anion.  The extra equivalent of 

pyrazole could come from ligand decomposition under these reaction conditions. While 

no nitroxyl species has been identified, this preliminary result provides a starting point 

for future zinc-nitroxyl chemistry. 
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Figure 2.21. X-ray structure of Ph,MeTpZn(H2NOH)(Ph,Mepz) (11) (all H atoms not 

associated with hydroxylamine omitted). Selected bond distances (Å) and angles (deg):  

Zn-N1 2.0113(17), Zn-N3 2.0150(16), Zn-N7 1.9483(17), Zn-N9 2.0583(18), N9-O 

1.432(2), N1-Zn-N3 97.98(7). 
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Compd. 10 11 

formula C28H46I2N6Zn C40H40BN9OZn 

CCl2H2 

Mol. Wt. 785.88 823.92 

Temp.(K) 100(2) 100(2) 

crystal description        block block 

crystal color colorless colorless 

crystal size (mm3) 0.22×0.10×0.08 0.26×0.24×0.16 

system orthorhombic triclinic 

Space group P212121 P-1 

a (Å) 11.666(3) 11.6649(7) 

b (Å) 16.691(4) 13.0906(7) 

c (Å) 17.292(4) 14.5693(8) 

α (deg) 90 68.7290(10) 

β (deg) 90 88.3460(10) 

γ (deg) 90 70.3700(10) 

Z 8 2 

θ range (deg) 2.11 – 26.00 1.51- 28.38 

measd reflns 26978 23647 

unique reflns 6589 9240 

R(int) 0.0886 0.0216 

GOF of F2 0.997 1.081 

R1 ( I > 2σ(I)) 0.0442 0.0411 

wR2 (all data) 0.0837 0.1155 

Largest diff. peak 
and hole (e- · Å-3) 

0.780 and -0.909 2.487 and -0.527 

 

Table 2.3.  Crystallographic data, collection parameters, and refinement details for 10 
and 11. 
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Summary 

These studies with well defined, mononuclear zinc thiolates demonstrate that thiolate 

nitrosation with reagents capable of serving as equivalents of NO+ such as S-nitrosothiols 

and aerobic NO are quite facile, particularly so when considering the steric bulk of the 

iPr2Tp ancillary ligand.  Owing to the redox stability of the Zn2+ ion, the zinc-thiolate 

bond exhibits no anaerobic NO reactivity under similar conditions.  Moreover, 

transnitrosation with the S-nitrosothiol PhCH2SNO is much faster than the conceptually 

related alkylation reaction with MeI.  Productive future studies may explore 

transnitrosation at various Zn coordination environments as well as probe the nature of 

the zinc intermediates in transnitrosation. 

General Experimental Details 

All experiments were carried out in a dry nitrogen atmosphere using an MBraun 

glovebox and/or standard Schlenk techniques. 4A molecular sieves were activated in 

vacuo at 180 ºC for 24 h.  Dry toluene and dichloromethane were purchased from Aldrich 

and were stored over activated 4A molecular sieves under nitrogen. Diethyl ether and 

tetrahydrofuran (THF) were first sparged with nitrogen and then dried by passage through 

activated alumina columns.57  Pentane was first washed with conc. HNO3/H2SO4 to 

remove olefins, stored over CaCl2 and then distilled before use from 

sodium/benzophenone. All deuterated solvents were sparged with nitrogen, dried over 

activated 4A molecular sieves and stored under nitrogen. 1H and 13C NMR spectra were 

recorded on an Inova Varian 300 MHz or 500 MHz spectrometer (300 or 500 and 75.4 or 

125.8 MHz, respectively). All NMR spectra were recorded at room temperature unless 
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otherwise noted and were indirectly referenced to TMS using residual solvent signals as 

internal standards. 19F NMR spectra were recorded at 282.344 MHz using an internal or 

external reference of C6F6 set to δ = -164.9 ppm. Elemental analyses were performed on a 

Perkin-Elmer PE2400 microanalyzer. 

All thiols were obtained from Acros, anhydrous ZnCl2, ZnI2, and NOBF4 from Strem, 

and TlOEt from Aldrich and were used as received. The hydrotris(3,5-

diisopropylpyrazol-1-yl)borate potassium salt (iPr2TpK) was synthesized according to 

literature procedure.58  The thallium thiolates TlStBu, TlSCy, TlSBn, and TlSC6F5 were 

synthesized following a modified literature procedure by the reaction of free thiol with 

TlOEt in ether followed by washing of the solids with pentane.59 The S-nitrosothiols 

tBuSNO, CySNO, BnSNO, and C6F5SNO were synthesized in situ by the reaction of the 

corresponding thallium thiolates with 1 eq. NOBF4 in CDCl3. Caution! tBuSH is 

extremely volatile and possesses a pungent odor essentially indistinguishable from EtSH 

contained in natural gas. 

Preparation of Compounds and Characterization 

iPr2TpZnCl (1). A solution of iPr2TpK (3.750 g, 7.443 mmol) in 20 mL CH2Cl2 was added 

with stirring to a solution of ZnCl2 (1.015 g, 7.443 mmol) in 20 mL THF. The solution 

was allowed to stir for 5 h. The volatiles were removed in vacuo and the white residue 

was extracted with 100 mL of CH2Cl2 and filtered through Celite. The solvent was 

removed in vacuo and the residue washed with 20 mL of n-pentane. The remaining solid 

was dried in vacuo to afford 3.860 g (92%) of the product. 1H NMR (CDCl3, 25 °C) δ 

5.86 (s, 3, pz), 3.45 (m, 3, CHMe2), 3.36 (m, 3, CHMe2), 1.29 (d, 18, CHMe2), 1.27 (d, 
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18, CHMe2); 
13C{1H} NMR (CDCl3, 25 °C) δ 160.45, 156.41, 97.62, 27.32, 26.35, 23.65, 

23.51; Anal. Calcd. for C27H46BClN6Zn: C, 57.26; H, 8.19; N, 14.84. Found: C, 57.17; H, 

8.22; N, 14.68. 

iPr2TpZnSBn (2). A solution of iPr2TpZnCl (0.150 g, 0.265 mmol) in 6 mL CH2Cl2 was 

added with stirring to a solution of TlSBn (0.087 g, 0.265 mmol) in 3 mL CH2Cl2. The 

solution was allowed to stir for 1 h. The white precipitate was allowed to settle and the 

clear solution was filtered over Celite. The solution was concentrated in vacuo to small 

volume (ca. 3 mL) and kept at -35 °C for 3 hours. Colorless crystals that formed were 

collected and dried in vacuo to afford 0.117 g (68%) of the product. 1H NMR (CDCl3, 25 

°C) δ 7.55 – 7.20 (aromatic), 5.88 (s, 3, pz), 4.08 (s, 2, CH2Ph), 3.49 (m, 3, CHMe2), 3.33 

(sept, 3, CHMe2), 1.30 (d, 18, CHMe2), 1.27 (d, 18, CHMe2); 
13C{1H} NMR (CDCl3, 25 

°C) δ 160.31, 156.30, 144.79, 128.56, 126.26, 97.29, 30.78, 27.70, 26.38, 23.97, 23.71; 

Anal. Calcd. for C34H53BN6SZn: C, 62.43; H, 8.17; N, 12.85. Found: C, 61.95; H, 8.04; 

N, 12.57. 

iPr2TpZnSCy (3). A solution of iPr2TpZnCl (0.250 g, 0.442 mmol) in 6 mL CH2Cl2 was 

added with stirring to a suspension of TlSCy (0.141 g, 0.442 mmol) in 3 mL CH2Cl2. The 

solution was allowed to stir for 10 h. The white precipitate was allowed to settle and the 

clear solution was filtered over Celite. The solution was concentrated in vacuo to small 

volume (ca. 3 mL) and kept at -35 °C for 3 hours. Colorless crystals that formed were 

collected and dried in vacuo to afford 0.115 g (40%) of the product. 1H NMR (CDCl3, 25 

°C) δ 5.81 (s, 3, pz), 3.42 (m, 3, CHMe2), 3.34 (m, 3, CHMe2), 2.95 (m, 1, Cy-Cα-H), 
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2.13 (b, 2, Cy), 1.76 (b, 2, Cy), 1.628-1.433 (b, 6, Cy), 1.24 (d, 18, CHMe2), 1.20 (d, 18, 

CHMe2); 
13C{1H} NMR (CDCl3, 25 °C) δ 160.43, 156.18, 97.16, 41.27, 39.85, 28.02, 

27.48, 26.36, 25.90, 23.95, 23.71; Anal. Calcd. for C33H57BN6SZn: C, 61.34; H, 8.89; N, 

13.01. Found: C, 61.06; H, 8.97; N, 12.89. 

iPr2TpZnStBu (4). A solution of iPr2TpZnCl (1.000 g, 1.769 mmol) in 15 mL CH2Cl2 was 

added with stirring to a solution of TlStBu (0.519 g, 1.769 mmol) in 5 mL THF. The 

solution immediately became cloudy and was allowed to stir overnight. The solution was 

filtered over Celite and the volatiles were removed in vacuo. The resulting solid was 

crystallized from n-pentane at -35 °C overnight. Colorless crystals that formed were 

collected and dried in vacuo to afford 0.605 g (55%) of the product. 1H NMR (CDCl3, 25 

°C) δ 5.84 (s, 3, pz), 3.55 (m, 3, CHMe2), 3.46 (m, 3, CHMe2), 1.64 (s, 9, tBu), 1.27 (d, 

18, CHMe2), 1.24 (d, 18, CHMe2); 
13C{1H} NMR (CDCl3, 25 °C) δ 160.50, 156.24, 

97.20, 40.60, 38.15, 27.38, 26.37, 23.93, 23.71; Anal. Calcd. for C31H55BN6SZn: C, 

60.05; H, 8.94; N, 13.55. Found: C, 59.54; H, 8.89; N, 13.37. 

iPr2TpZnSC6F5 (5). The synthesis of 5 was modified from a previously published 

procedure.34  A solution of iPr2TpZnCl (0.400 g, 0.708 mmol) in 5 mL CH2Cl2 was added 

to a stirring solution of TlSC6F5 (0.285 g, 0.708 mmol) in 10 mL THF. A white 

precipitate formed immediately and the solution was allowed to stir for 2 h at room 

temperature. The solution was filtered over Celite and the solvent was removed in vacuo 

to yield 0.335 g (65%) of colorless solid product.  1H NMR (CDCl3, 25 °C) δ 5.83 (s, 3, 
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pz), 3.43 (m, 3, CHMe2), 2.96 (m, 3, CHMe2), 1.25 (d, 18, CHMe2), 1.12 (d, 18, CHMe2); 

19F NMR (CDCl3, 25 °C) δ -136.9 (d, 2, o-Ar), -166.9 (m, 3, m,p-Ar). 

Synthesis of BnSNO.  BnSNO was prepared via an alternate route from previously 

reported syntheses.60-62  A solution of TlSCH2Ph (0.077 g, 0.234 mmol) in 1 mL CDCl3 

was added with stirring to dry NOBF4 (0.027 g, 0.234 mmol).  The solution turned red 

with a colorless precipitate and was allow to stir for 20 m.  Naphthalene was used as an 

internal standard to determine near quantitative yield of the product. 1H NMR (CDCl3, 25 

°C) δ 7.38 – 7.18 (aromatic), 4.72 (br, 2, CH2Ph); 13C NMR (CDCl3, 25 °C) δ 136.24, 

129.12, 128.97, 127.82, 37.34.  

Equilibrium measurement between iPr2TpZnSCy (3) and BnSNO.  iPr2TpZnSCy 

(0.030 g, 0.046 mmol) was dissolved in 0.8 mL CDCl3.  BnSNO was generated by the 

addition of TlSBn (0.076 g, 0.232 mmol) in 1 mL CDCl3 to stirring dry NOBF4 (0.027 g, 

0.232 mmol).  0.2 mL of the BnSNO solution was added to the iPr2TpZnStBu solution to 

make the sample.  The equilibrium was monitored by 1H NMR for 15 minutes.  Peaks at 

δ = 4.71 ppm (PhCH2SNO), 4.37 (Cy-Cα-H-SNO), 4.06 (TpZnSCH2Ph), and 2.99 

(TpZnSCy-Cα-H) were used to identify that the system was at equilibrium.  Using the 

integrations of these peaks, the equilibrium constant, Keq, was calculated to be 0.65(8). 

Equilibrium measurement between iPr2TpZnStBu (4) and BnSNO.  iPr2TpZnStBu 

(0.020 g, 0.032 mmol) was dissolved in 0.5 mL CDCl3.  BnSNO was generated by the 

addition of TlSBn (0.022 g, 0.065 mmol) in 1 mL CDCl3 to stirring dry NOBF4 (0.008 g, 

0.065 mmol).  Half of the BnSNO solution was added to the iPr2TpZnStBu solution to 
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make the sample.  The equilibrium was monitored by 1H NMR for 15 minutes.  Peaks at 

δ = 4.72 ppm (PhCH2SNO), 4.06 (TpZnSCH2Ph), 1.92 (tBuSNO), and 1.64 (TpZnStBu) 

were used to identify that the system was at equilibrium.  Using the integrations of these 

peaks, the equilibrium constant, Keq, was calculated to be 59(5). 

Reaction of iPr2TpZnStBu and C6F5SNO.  iPr2TpZnStBu (0.010 g, 0.016 mmol) was 

dissolved in 0.5 mL CDCl3.  C6F5SNO was generated from the addition of TlSC6F5 (0.032 

g, 0.080 mmol) in 1 mL CDCl3 to a stirring dry NOBF4 (0.009 g, 0.080 mmol).  The 

sample for 1H and 19F NMR was prepared by addition of 0.2 mL of C6F5SNO solution to 

the iPr2TpZnStBu solution.  Reaction immediately turned from red to green indicating the 

formation of the green tBuSNO and iPr2TpZnSC6F5 as confirmed by 1H and 19F NMR. 

Equilibrium measurement between iPr2TpZnSCy (3) and BnSH.  iPr2TpZnSCy (0.030 

g, 0.046 mmol) was dissolved in 1 mL CDCl3.  BnSH (0.006 g, 0.046 mmol) was added 

to the solution. The equilibrium was monitored by 1H NMR for 15 minutes.  Peaks at δ = 

4.03 (TpZnSCH2Ph), 3.75 ppm (PhCH2SH), 2.95 (TpZnSCy-Cα-H), and 2.81 (Cy-Cα-H-

SH) were used to identify that the system was at equilibrium.  Using the integrations of 

these peaks, the equilibrium constant, Keq, was calculated to be 3.2(4). 

Equilibrium measurement between iPr2TpZnStBu (4) and BnSH.  iPr2TpZnStBu (0.020 

g, 0.032 mmol) was dissolved in 1 mL CDCl3.  BnSH (0.004 g, 0.032 mmol) was added 

to the solution. The equilibrium was monitored by 1H NMR for 15 minutes.  Peaks at δ = 

4.04 (TpZnSCH2Ph), 3.75 ppm (PhCH2SH), 1.62 (TpZnStBu), and 1.44 (tBuSH) were 

used to identify that the system was at equilibrium.  Using the integrations of these peaks, 

the equilibrium constant, Keq, was calculated to be 750(50). 
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Degenerate exchange reactions between iPr2TpZnSBn and BnSNO.  Two stock 

solutions of 2 were made containing 40 mg and 60 mg per 0.5 mL of CDCl3 as well as 

naphthalene as an internal standard.  The 40 mg per 0.5 mL solution was prepared by 

dissolving 2 (0.320 g, 0.489 mmol) and naphthalene (0.063 g, 0.489 mmol) in 4 mL of 

CDCl3.  Similarly, the 60 mg per 0.5 mL solution was prepared by dissolving 2 (0.600 g, 

0.917 mmol) and naphthalene (0.117 g, 0.917 mmol) in 5 mL of CDCl3.  The T1 values of 

both of these solutions were investigated by inversion recovery 1H NMR and found to be 

1.44 (6) s-1 at 60 ºC.  BnSNO was generated by the addition of a slurry of TlSBn in 

CDCl3 to a stirring dry NOBF4.  Samples of the degenerate exchange reaction for 1H 

NMR analysis were prepared by mixing 0.5 mL of the stock solutions with 0.5 mL of 

BnSNO solutions.   

Kinetic parameters were investigated by 1H NMR using saturation transfer 

techniques.  Spectra of each sample were collected using a 90 degree pulse at 60 ºC.  An 

additional spectra for each sample was collected while selectively irradiating into the 

BnSNO resonance at δ 4.76 ppm and the change in the integration of the benzyl 

methylene resonance at δ 4.08 ppm was monitored.  Equation S5 was used to determine 

the pseudo-first order rate constant k1 using the initial intensity, irradiated intensity, and 

T1 of the benzyl methylene resonance iPr2TpZn-SCH2Ph.17 

0 1
1

1 0 irr

I T1
 = -T

k I -I
      (S1) 

The slope of the line is taken as the second order rate constant k2 (k1 = k2[BnSNO]) in 

the second order rate law k2[TpZn-SBn][BnSNO].  The average of the slopes from two 
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independent sets of experiments gives a value of 2.0(2) M-1s-1 for the second order rate 

constant k2.  The non-zero intercepts are likely a result of a small amount of decoupling 

power centered at δ 4.76 ppm leaking into the observed resonance at δ 4.08 ppm which 

gives some decrease in intensity of the benzyl methylene resonance iPr2TpZn-SCH2Ph 

even when no BnSNO is present. 

Synthesis of iPr2TpZnI (6) .  A solution of iPr2TpK (0.500 g, 0.992 mmol) in 10 mL 

CH2Cl2 was added with stirring to a suspension of ZnI2 (0.317 g, 0.992 mmol) in 5 mL 

THF.  A white precipitate formed immediately and the solution was allowed to stir for 2 

h.  The solvent was removed in vacuo and the remaining white solid was taken up in 

CH2Cl2 and filtered over Celite.  The filtrated was concentrated in vacuo and colorless 

crystals were obtained from a 1:2 CH2Cl2/n-pentane solution at -35 °C overnight.  The 

crystals were collected and dried to afford 0.453 g (70%) of the product. 1H NMR 

(CDCl3, 25 °C) δ 5.83 (s, 3, pz), 3.53 (sept, 3, CHMe2), 3.42 (sept, 3, CHMe2), 1.25 (m, 

18, CHMe2), 1.22 (m, 18, CHMe2); 
13C NMR (CDCl3, 25 °C) δ 160.58, 155.88, 97.47, 

26.82, 26.04, 23.46, 23.37. Anal. Calcd. for C27H46BIN6Zn: C, 49.30; H, 7.05; N, 12.78. 

Found: C, 49.27; H, 7.07; N, 12.72. 

Kinetic measurements between iPr2TpZnSBn (2) and MeI.  Pseudo-first order reaction 

conditions were employed by adding 4, 6, 8, and 10 equiv. aliquots of a 0.176 M stock 

solution of MeI in CDCl3 to solutions of iPr2TpZnSBn (0.020 g, 0.031 mmol) in CDCl3.  

The samples were diluted to 1.0 mL and monitored by 1H NMR spectroscopy at 60(2) °C.  

A calibrated 90° pulse was used with a d1 of 10 seconds.  Each sample was monitored at 
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12.048 s intervals until the reaction was complete according to the iPr2TpZnSCH2Ph 

signals.  Plots of ln[iPr2TpZnSCH2Ph] signal intensity vs. time gave linear lines with 

correlation coefficients between 0.997 and 0.991 to give kobs as the slope of these 

regression lines.  Plotting these kobs values vs. [MeI] concentration gives a second order 

rate constant k = 3.8(3) × 10−3 M-1s-1. 

Reactions of iPr2TpZnStBu with O2, NO, and NO2.  All reactions were carried out 

under nitrogen.  A stock solution was made containing 30 mg (0.048 mmol) of 

iPr2TpZnStBu and 6 mg (0.048 mmol) of naphthalene (internal standard) per 1 mL of 

CDCl3 and 1 mL aliquots were used for 1H NMR.  Aerobic reactions were saturated by 

bubbling O2 through the solution for approximately 1 min.  Using a syringe, 8 eq. (9.5 

mL, RT, 1 atm) of either NO or NO2 was slowly bubbled through the solutions over a 

period of about 1 min.  The solutions were then sparged with dry N2. 

Synthesis of iPr2TpZn(NO 3) (7).  In air, a solution of iPr2TpK (0.500 g, 0.993 mmol) in 

10 mL MeOH was added with stirring to a solution of Zn(NO3)2 6(H2O) (0.295 g, 0.993 

mmol) in 10 mL MeOH. The solution immediately became cloudy and was allow to stir 

for 1 h.  The colorless precipitate was collected and dried via vacuum filtration to yield 

0.410 g (73%) of the product. 1H NMR (CDCl3, 25 °C) δ 5.85 (s, 3, pz), 3.43 (sept, 3, 

CHMe2), 3.03 (sept, 3, CHMe2), 1.25 (d, 18, CHMe2), 1.20 (d, 18, CHMe2); 
13C NMR 

(CDCl3, 25 °C) δ 160.36, 156.85, 97.92, 27.53, 26.43, 23.63, 23.37; Anal. Calcd. for 

C27H46BN7O3Zn: C, 54.70; H, 7.82; N, 16.54. Found: C, 55.00; H, 8.19; N, 16.16. 
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Synthesis of iPr2TpZn(NO 2) (8).  In air, a solution of iPr2TpK (0.500 g, 0.993 mmol) in 

10 mL MeOH was added with stirring to a solution of Zn(ClO4)2 6(H2O) (0.370 g, 0.993 

mmol) and NaNO2 (0.069 g, 0.993 mmol) in 10 mL MeOH.  The solution immediately 

became cloudy and was allow to stir for 1 h.  The colorless precipitate was collected and 

dried via vacuum filtration to afford 0.488 g (90%) of the product. 1H NMR (CDCl3, 25 

°C) δ 5.83 (s, 3, pz), 3.43 (sept, 3, CHMe2), 2.99 (sept, 3, CHMe2), 1.24 (d, 18, CHMe2), 

1.16 (d, 18, CHMe2); 
13C NMR (CDCl3, 25 °C) δ 160.27, 156.48, 97.70, 27.24, 26.39, 

23.67, 23.46; Anal. Calcd. for C27H46BN7O2Zn: C, 56.21; H, 8.04; N, 17.00. Found: C, 

56.23; H, 8.30; N, 16.86. 

Reaction of iPr2TpZnStBu with NOBF4.  A solution of iPr2TpZnStBu (0.021 g, 0.035 

mmol) with 1,2,4,5-tetrachlorobenzene (0.015 g, 0.069 mmol) (internal standard) in 0.75 

mL CDCl3 was added to dry excess NOBF4 and stirred for approx. 4 min.  The reaction 

was monitored by 1H and 19F NMR to reveal the formation of tBuSNO at 1.92 ppm as 

well one new iPr2Tp zinc complex.  The formation of iPr2TpZn(BF4) was confirmed by 

independent synthesis from iPr2TpZnCl and AgBF4.  

Synthesis of iPr2TpZn(BF4) (9).  A solution of iPr2TpZnCl (0.150 g, 0.265 mmol) in 10 

mL CH2Cl2 was added with stirring to a suspension of AgBF4 (0.052 g, 0.265 mmol) in 5 

mL CH2Cl2.  A white precipitate formed immediately and the solution was allowed to stir 

for 2 h.  After 2 h, the precipitate had become light brown and the solution was filtered 

over Celite.  The filtrate was collected and the solvent was removed in vacuo.  Colorless 

crystals were obtained from an Et2O solution at -35 °C over two days.  The crystals were 
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collected and dried to afford 0.049 g (30%) of the product. 1H NMR (CDCl3, 25 °C) δ 

5.88 (s, 3, pz), 3.40 (sept, 3, CHMe2), 3.16 (sept, 3, CHMe2), 1.24 (m, 36, CHMe2); 
19F 

NMR (CDCl3, 25°C) δ -146.91, -154.50; 13C NMR (CDCl3, 25 °C) δ 160.74, 157.17, 

97.99, 27.00, 26.20, 23.26, 23.10. Anal. Calcd. for C27H46B2F4N6Zn: C, 52.50; H, 7.51; 

N, 13.60. Found: C, 52.28; H, 7.60; N, 13.35. 

Synthesis of iPr2TpmZnI 2 (10).  A solution of iPr2Tpm (0.600 g, 1.271 mmol) in 5 mL 

THF was added to a stirring suspension of ZnI2 (0.405 g, 1.271 mmol) in mL THF.  The 

solution was allowed to stir overnight and then concentrated in vacuo.  Colorless crystals 

were obtained at -35 °C and isolated from THF.  The X-ray crystal structure was 

determined but no further characterization was completed. 

Synthesis of Ph,MeTpZn(H 2NOH)PhMepz (11).  Excess H2NOH2 solution in water was 

added to a stirring solution of Ph,MeTpZnOH (0.200 g, 0.354 mmol) in CH2Cl2 in air.  The 

solution was allowed to crystallize at -20 °C over a period of a week open to the 

atmosphere.  Colorless crystals were obtained and the single crystal X-ray structure was 

determined.  No further characterization was completed. 

X-ray Structure Refinement Details 

Single crystals of each compound were mounted under mineral oil on glass fibers and 

immediately placed in a cold nitrogen stream at –100(2) °C on a Bruker SMART CCD 

system or at -173(2) °C on a Bruker APEXII CCD system. Either full spheres (triclinic) 

or hemispheres (monoclinic or higher) of data were collected (0.3° ω-scans; 2θmax = 56°; 

monochromatic Mo Ka radiation, λ = 0.7107 Å) depending on the crystal system and 
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integrated with the Bruker SAINT program. Structure solutions were performed using the 

SHELXTL/PCa suite and XSEED.b  Intensities were corrected for Lorentz and 

polarization effects and an empirical absorption correction was applied using Blessing’s 

method as incorporated into the program SADABS.c Non-hydrogen atoms were refined 

with anisotropic thermal parameters and hydrogen atoms were included in idealized 

positions. 

References for X-ray Structure Refinement Details 

(a)  SHELXTL-PC, Vers. 5.10; 1998, Bruker-Analytical X-ray Services, Madison, WI;  

      G. M. Sheldrick, SHELX-97, Universität Göttingen, Göttingen, Germany. 

(b)  L. Barbour, XSEED, 1999. 

(c)  SADABS; G. M. Sheldrick, 1996, based on the method described in R. H. Blessing,  

      Acta Crystallogr., Sect. A, 1995, 51, 33. 
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Chapter 3 

Synthesis and Reactivity of N-heterocyclic Carbene Supported Zinc 

Thiolates with Nitric Oxide, S-Nitrosothiols, and Methyl Iodide 

Abstract 

The synthesis of the trithiolate N-heterocyclic carbene supported IPrZn(SBn)3Tl from 

IPrZnI2(THF) and TlSBn is described along with preliminary reactivity with NO+, 

BnSNO, and MeI.  Alkylation of the Zn-S bonds by MeI is suspected to return the 

IPrZnI2 fragment which coordinates one equivalent of the thioether BnSMe. 

Introduction 

Previous studies with β-diketiminato1 and tris(pyrazolyl)borato2 zinc thiolates 

revealed the reactivity of Zn-SR bonds with nitric oxide and S-nitrosothiols at simulated 

His2Cys2 and His3Cys1 zinc centers.  While thermodynamic and kinetic data for 

transnitrosation was gleaned from these studies, the nitroxyl disulfide intermediate of 

transnitrosation (Scheme 3.1) was never observed and no Zn-bound RSNOs were ever 

characterized.  In an attempt to investigate these elusive targets, a more coordinating Zn 

center was sought in the form of a dithiolate complex LZn(SR)2 that is capable of binding 

an RSNO or of an anionic trithiolate complex LZn(SR)3
- that is capable of binding NO+. 

Scheme 3.1. Transnitrosation reaction with nitroxyl disulfide intermediate. 
nitroxyl disulfide 
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The N-heterocyclic carbene (NHC) supporting ligand is neutral, monodentate, and is 

readily amenable to a wide variety of synthetic modifications.3  It has also been employed 

in Zn chemistry with some success in the literature.  The first NHCZn complexes were 

diethyl zinc complexes synthesized by Arduengo and coworkers.4 Tolman has employed 

NHCZn alkoxides for the polymerization of D,L-lactide5,6 and Buchmeiser has reported 

copolymerization of carbon dioxide and cyclohexene oxide using NHCZn complexes.7 

No NHC supported zinc thiolates, however, have yet been characterized in the 

literature.  These complexes should provide thiolates-rich Zn sites which are of great 

interest due to their biological relevance.  For instance, the Cys4Zn active site of the Ada 

protein repairs DNA by alkylation of Zn-S bonds.8  This process has been studied with 

many thiolate-rich Zn model complexes.9,10  The reactivity of thiolate-rich Zn 

environments are also of interest in the study of cysteine rich zinc finger9,11 and 

metallothionein proteins.9,12 

  For this work, the bulky N,N’-bis(2,6-diisopropylphenyl)imidazole (IPr) ligand was 

chosen to provide solubility and a reasonable amount of steric bulk to the Zn center        

Figure 3.1. Prototypical NHCZn complex. 
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in mono-NHC complexes.  The lone pair donated by the carbene to the metal center may 

be viewed as similar to that of the nitrogen lone pair of a histidine ligand, though is likely 

considerably more basic owing to the relative electronegativities of C and N.  

Nonetheless, the synthesis of dithiolate or anionic trithiolate complexes IPrZn(SR)2 and 

[IPrZn(SR)3]
- would simulate His1Cys2Zn or [His1Cys3Zn]- sites.  The synthesis, 

characterization, and preliminary reactivity of such complexes are described below. 

Results and Discussion 

3.1. Synthesis and characterization of IPrZnI2(THF) 

As with the previously families of zinc thiolates, a zinc halide starting material was 

synthesized as an entry point for the N-heterocyclic carbene supported complexes.  

Addition of the free carbene (IPr) to zinc diiodide in THF and crystallization from THF 

Scheme 3.2. Synthesis of 1. 

1 
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gives IPrZnI2(THF) (1) complex (Scheme 3.2).  This complex is similar to the previously 

reported IMesZnCl2(THF) synthesized by Buchmeiser.7  Crystallization from THF seems 

to be a key step to producing a mononuclear zinc starting material, as 1H NMR spectra 

from the product crystallized from n-pentane are extremely complex, indicating an 

unsymmetric, possibly dinuclear product.  The 1H NMR when crystallized from THF is 

straightforward with the isopropyl methine signal at δ 2.90 ppm and 1 bound THF 

molecule represented by sharp multiplets at δ 3.67 and 1.78 ppm (Figure 3.2).  

The single crystal X-ray structure of 1 (Figure 3.3) clearly shows zinc in its favored 

four-coordinate tetrahedral geometry.  The IPr ligand does provide some steric bulk to the 

coordination sphere, but it is easy to imagine that a dinuclear zinc complex such as 

{IPrZnI} 2(µ-I)2 could form similar in structure to the literature compound 

{IMesZnOBn}2(µ-OBn)2
5 if THF were removed from the coordination sphere.  While 

this complex is normally stable under inert atmosphere, it is susceptible to protonation to 

form imidazolium salts. 

Figure 3.2. 1H NMR spectrum of IPrZnI2(THF).  Spectrum was taken in CDCl3 at 25 ºC 

and 400 MHz. 
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3.2.  Synthesis and characterization of IPrZnSR complexes 

With 1 in hand, the synthesis of N-heterocyclic carbene supported zinc thiolates was 

attempted through the previously used salt matathesis reaction.  Addition of 1 to a stirring 

solution of 2 equivalents of TlSBn in CH2Cl2 produced a yellow TlI precipitate indicating 

the reaction proceeded forward.  The desired IPrZn(SBn)2 complex was not isolated 

however.  The single crystal X-ray structure of the product crystallized from Et2O (Figure 

3.4) shows the IPrZn(SBn)2 fragment coordinated to another equivalent of TlSBn to form 

the unusual IPrZn(SBn)3Tl (2).  All three thiolates are coordinated to both the Zn and Tl 

ions in the structure with only slight anisotropy in the bond distances.  The Zn-Tl bond 

distance is the shortest ever measured according to the CSD at 3.2534(3) Å which is 

shorter than the sum of their van der Waal radii of 3.35 Å.13   

Carrying out the reaction with the proper 3:1 TlSBn : 1 stoichiometry followed by 

crystallization from Et2O gives a yield of 59%.  (Scheme 3.3).  The 1H NMR spectrum of 

2 in C6D6 (Figure 3.5) shows a broad signal at 3.60 ppm that corresponds to the 6 protons 

of the benzyl CH2 groups which could indicate some fluxional behavior or a slight 

amount of anisotropy in the binding of the thiolates.  The single septet for the four 

isopropyl methine groups at 2.90 ppm indicates that this structure retains some symmetry 

in solution.  Other than the benzyl CH2 peaks, the signals are decidedly sharp including 

the peaks at δ 3.26 and 1.11 ppm which correspond one molecule of Et2O from the 

crystal lattice of 2 • Et2O. 
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The reaction of 1 with 2 equivalents of TlSBn in THF, a much more coordinating 

solvent than dicholormethane or diethylether, and crystallization from THF again gives 2 

as the product instead of a dithiolate THF adduct. 

Scheme 3.3. Reaction of IPrZnI2(THF) (1) with 2 eq. TlSBn to give IPrZn(SBn)3Tl (2). 

1 2 

Figure 3.5. 1H NMR spectrum of IPrZn(SBn)3Tl.  The crystals contain 1 eq. of Et2O.  

Spectrum was taken in C6D6 at 25 ºC with a 400 MHz NMR. 

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)
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Figure 3.3. X-ray structure of IPrZnI2(THF) (1) (all H atoms omitted).  Selected bond 

distances (Å) and angles (deg):  C1-Zn 2.044(3), Zn-I1 2.6172(9), Zn-I2 2.5600(9), Zn-O 

2.118(2), C1-Zn-I1 107.75(9), C1-Zn-I2 119.98(8), C1-Zn-O 110.46(10), O-Zn-I1 

102.89(7), O-Zn-I2 101.22(6). 
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Figure 3.4. X-ray structure of IPrZn(SBn)3Tl (2) (all H atoms omitted).  One molecule of 

Et2O has been omitted.  Selected bond distances (Å) and angles (deg):  C1-Zn 2.045(2), 

Zn-Tl 3.2534(3), Zn-S1 2.3671(6), Zn-S2 2.3521(6), Zn-S3 2.3615(6), Tl-S1 3.0020(6), 

Tl-S2 2.9461(6), Tl-S3 2.9255(6), Zn-S1-Tl 73.525(16), Zn-S2-Tl 74.827(17), Zn-S3-Tl 

75.110(16). 
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Compd. 1 2 

formula C31H44I2N2OZn C52H67N2OS3Tl

Zn 

Mol. Wt. 779.85 1102.00 

Temp.(K) 100(2) 100(2) 

crystal description        block block 

crystal color colorless colorless 

crystal size (mm3) 0.28×0.18×0.14 0.50×0.46×0.35 

system monoclinic monoclinic 

Space group C2/c P21/n 

a (Å) 40.705(19) 12.2583(10) 

b (Å) 9.607(5) 19.6926(17) 

c (Å) 17.039(8) 20.7373(18) 

α (deg) 90 90 

β (deg) 99.680(6) 97.0290(10) 

γ (deg) 90 90 

Z 8 4 

θ range (deg) 2.03 – 26.00 1.84 - 28.00 

measd reflns 25166 44361 

unique reflns 6445 11790 

R(int) 0.0612 0.0245 

GOF of F2 1.044 1.054 

R1 ( I > 2σ(I)) 0.0283 0.0241 

wR2 (all data) 0.0631 0.0598 

Largest diff. peak 
and hole (e- · Å-3) 

0.747 and -0.693 1.004 and -0.530 

 

Table 3.1.  Crystallographic data, collection parameters, and refinement details for 1 
and 2. 
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3.3.  Reaction of IPrZn(SBn)3Tl with sources of NO+ 

 In an attempt to exchange the Tl+ ion of 2 with NO+, 2 was exposed to the NO+ 

sources [NO]BF4 and [NO]SbF6.  The aim was to produce a zinc-bound BnSNO adduct, 

possibly IPrZn(SBn)3NO.  Reaction of IPrZn(SBn)3Tl with excess NOBF4 in CDCl3 

produced no reaction, however the addition of the slightly more soluble NOSbF6 to a 

solution of 2 in CDCl3 did react to give BnSNO at 4.67 ppm and a new IPrZn species 

when monitored by 1H NMR (Figure 3.6).  The excess NO+ appears to have cleaved all of 
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Figure 3.6. 1H NMR spectrum of IPrZn(SBn)3Tl which crystallizes with 1 equiv. of Et2O 

(top). 1H NMR spectrum of IPrZn(SBn)3Tl with excess NOSbF6 added (bottom).  Both 

spectra were taken in CDCl3 at 25 ºC with a 400 MHz NMR. 
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the Zn-S bonds in 2 to form BnSNO.  The IPrZn product is speculated to be IPrZn(SbF6), 

similar to the iPr2TpZnBF4 that is seen as the product from iPr2TpZnSBn reacting with 

NOBF4.
2  Crystallization attempts to isolate the IPr product have not been successful so 

far though and no further characterization data is available. 

3.4.  Reaction of IPrZn(SBn)3Tl with S-nitrosothiols 

In another attempt to synthesize a Zn-bound RSNO, excess BnSNO was added to 2 in 

hope that an equiv. of TlSBn could exchange out an equiv. of BnSNO to form a 

1.01.52.02.53.03.54.04.55.05.56.06.57.07.5
f1 (ppm)
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Figure 3.7. 1H NMR spectrum of IPrZn(SBn)3Tl which crystallizes with 1 equiv. of Et2O 

(top). 1H NMR spectrum of IPrZn(SBn)3Tl with excess BnSNO added (bottom).  Both 

spectra were taken in C6D6 at 25 ºC with a 400 MHz NMR. 
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Zn(BnSNO) adduct such as IPrZn(SBn)3(µx-NO) (x = 2,3).  When monitored by 1H NMR 

spectroscopy, the addition of excess BnSNO to 2 in C6D6 (Figure 3.7) again shows the 

formation of a new IPrZn product.  The only benzyl methylene proton signals are of 

BnSNO at 4.09 ppm and BnSSBn at 3.35 ppm.  The disulfide is a product of BnSNO 

decomposition.  Crystallization attempts of this solution were unsuccessful, but it is 

interesting to note the formation of a new IPrZn product, as the reaction of iPr2TpZnSBn 

with BnSNO only leads to degenerate exchange with no new TpZn products observed. 

3.5.  Reaction of IPrZn(SBn)3Tl with MeI 

Since reactions of 2 with NO+ and BnSNO provided no readily identifiable IPrZn 

complex, we turned our attention to the alkylation of 2 with MeI.  Alkylation reactions 

with thiolate rich Zn model complexes have been studied previously because of the 

importance of zinc thiolates alkylation in biology.9  The addition of 3.3 equiv. MeI to a 

solution of 2 in THF was expected to return 1 and generate 3 equiv. of BnSMe.  The 

reaction mixture was analyzed by 1H NMR (Figure 3.8) and found to give a new IPrZn 

product, however.  Indeed, BnSMe was generated in the reaction given the peaks at 3.62 

and 1.87 ppm, but the two isopropyl methine signals at 2.78 and 2.33 ppm as well as the 

four isopropyl CH3 signals indicate a break in IPr ligand symmetry in the new IPrZn 

complex.  While this new complex has yet to be fully characterized, we propose the 

binding of 1 equiv. BnSMe to the IPrZnI2 fragment to form IPrZnI2(BnSMe) (3) (Scheme 

3.4).  The signals at 2.11 and 8.06 ppm in the 1H NMR of the reaction mixture could be 

Zn-bound BnSMe.  Based on the integrations, the peak at 2.11 ppm is most likely the 

signal for the BnSCH3 protons and the peak at 8.06 ppm the signal for the PhCH2SMe 
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protons.  The deshielding of the PhCH2SMe protons could be in part due to aromatic ring 

currents from the aryl rings on the IPr ligand (Figure 3.9).  This proposed product would 

be an interesting example of the alkylated product remaining coordinated to the Zn 

center.  Further characterization of this product is currently underway. 

Scheme 3.4. Alkylation of 2 with excess MeI to form the proposed product 3 and 

MeSBn. 

2 3 

Figure 3.9. End-on view of proposed IPrZnI2(BnSMe) 3 showing methylene protons on 

the outside of IPr aryl rings. 
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Summary 

Using the monodentate IPr ligand, a new zinc trithiolate complex IPrZn(SBn)3Tl (2) 

was made in good yield from the addition of 3 equiv. of TlSBn to the IPrZnI2(THF) (1).  

Complex 2 is shown to react with excess NO+ to cleave the Zn-S bond and form BnSNO 

and a new, uncharacterized IPrZn complex.  Similarly, 2 reacts with excess BnSNO to 

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

Figure 3.8. 1H NMR spectrum of IPrZn(SBn)3Tl which crystallizes with 1 equiv. of Et2O 

(top).  1H NMR spectrum of IPrZnI2(THF) (middle).  1H NMR spectrum of 

IPrZn(SBn)3Tl with 3.3 equiv. MeI added (bottom).  Signals denoted by *  are speculated 

to be Zn-bound BnSMe. All spectra were taken in CDCl3 at 25 ºC with a 400 MHz NMR. 

THF 

PhCH2SCH3 

IPrZn(SCH2Ph)3Tl 

* * 
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give a new IPrZn complex and the disulfide BnSSBn.  Alkylation of 2 with MeI 

generates BnSMe and a new IPrZn complex which is speculated to be IPrZnI2(BnSMe), 

though full characterization of this new complex is still underway. 

General Experimental Details 

All experiments were carried out in a dry nitrogen atmosphere using an MBraun 

glovebox and/or standard Schlenk techniques. 4A molecular sieves were activated in 

vacuo at 180 ºC for 24 h.  Dry toluene and dichloromethane were purchased from Aldrich 

and were stored over activated 4A molecular sieves under nitrogen. Diethyl ether and 

tetrahydrofuran (THF) were first sparged with nitrogen and then dried by passage through 

activated alumina columns.14  Pentane was first washed with conc. HNO3/H2SO4 to 

remove olefins, stored over CaCl2 and then distilled before use from 

sodium/benzophenone. All deuterated solvents were sparged with nitrogen, dried over 

activated 4A molecular sieves and stored under nitrogen. 1H and 13C NMR spectra were 

recorded on a Varian 400 MHz spectrometer (399.490 and 100.465 MHz, respectively). 

All NMR spectra were recorded at room temperature unless otherwise noted and were 

indirectly referenced to TMS using residual solvent signals as internal standards. 19F 

NMR spectra were recorded at 375.845 MHz using an external reference of C6F6 set to δ 

= -164.9 ppm. Elemental analyses were performed on a Perkin-Elmer PE2400 

microanalyzer in our laboratories. 

Zinc iodide (ZnI2) was obtained from Strem Chemicals and used as received. All 

other reagents were obtained from Acros Organics and used as received. N, N’-bis(2,6-

diisopropylphenyl)imidazolium chloride (IPr·HCl)15 was synthesized according to 
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published literature procedures. IPr·HCl was deprotonated with KOtBu in THF and the 

free IPr was isolated as a brown solid using a modified literature procedure.16 

Preparation of Compounds and Characterization 

IPrZnI 2(THF) (1). A solution of the free NHC N, N’-bis(2,6-

diisopropylphenyl)imidazole (IPr) (0.115 g, 0.296 mmol) in 5 mL THF was added with 

stirring to a solution of ZnI2 (0.095 g, 0.296 mmol) in 5 mL THF. The solution was 

allowed to stir for ca. 1 h at room temperature. The solvent was removed in vacuo and the 

remaining solid washed with n-pentane three times.  The resulting off white crystals were 

dried and collected to yield 0.203 g (88%) of product.  1H NMR (CDCl3, 25 °C) δ 7.51 (t, 

4, Ar-m-H), 7.32 (s, 2, backbone-H), 7.23 (d, 2, Ar-p-H), 3.76 (m, 4, THF), 2.63 (sept, 4, 

iPr-CH), 1.78 (m, 4, THF), 1.39 (d, 12, iPr-CH3), 1.14 (d, 12, iPr-CH3); 
13C{1H} NMR 

(CDCl3, 25 °C) δ 145.46, 133.31, 131.16, 124.28, 124.55, 109.99, 68.47, 28.76, 25.66, 

25.37, 23.59; Anal. Calcd. for C31H45I2N2OZn: C, 47.68; H, 5.81; N, 3.59. Found: C, 

47.38; H, 5.96; N, 3.53. 

IPrZn(SBn)3Tl (2). A suspension of TlSBn (0.189 g, 0.578 mmol) in 10 mL THF was 

added with stirring to a solution of 1 (0.150 g, 0.193 mmol) in 10 mL THF.  The solution 

was allowed to stir for 1 h. The yellow precipitate was filtered over Celite and the solvent 

removed in vacuo. The resulting solid was crystallized from Et2O at -35 °C overnight to 

yield 0.116 g (59%) of colorless crystals. The product crystallizes with an equivalent of 

Et2O in the lattice. 1H NMR (C6D6, 25 °C) δ 7.36 (d, 6, Bn-o-H), 7.19 (t, 2, Ar-p-H), 7.11 

(d, 4, Ar-m-H), 7.02 (d, Bn-m-H), 6.88 (t, 3, Bn-p-H), 6.47 (s, 2, backbone-H), 3.54 (br, 
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6, Bn-CH2), 3.21 (q, 4, Et2O), 2.85 (sept, 4, iPr-CH), 1.58 (d, 12, iPr-CH3), 1.06 (t, 6, 

Et2O), 0.99 (d, 12, iPr-CH3); 
13C{1H} NMR (C6D6, 25 °C) δ145.77, 145.14, 145.11, 

135.05, 130.37, 128.48, 128.02, 125.46, 124.26, 124.08, 65.49, 31.41, 29.02, 25.34, 

22.77, 15.17; Anal. Calcd. for C52H68N2OS3TlZn: C, 56.62; H, 6.21; N, 2.54. Found: C, 

56.33; H, 5.90; N, 2.67. 

X-ray Structure Refinement Details 

Single crystals of each compound were mounted under mineral oil on glass fibers and 

immediately placed in a cold nitrogen stream at -100(2) °C or -173(2) °C on a Bruker 

SMART CCD system or Bruker APEX II CCD system. Either full spheres (triclinic) or 

hemispheres (monoclinic or higher) of data were collected (0.3° ω-scans; 2θmax = 56°; 

monochromatic Mo Ka radiation, λ = 0.7107 Å) depending on the crystal system and 

integrated with the Bruker SAINT program. Structure solutions were performed using the 

SHELXTL/PC suitea and XSEED.b Intensities were corrected for Lorentz and 

polarization effects and an empirical absorption correction was applied using Blessing’s 

method as incorporated into the program SADABS.c Non-hydrogen atoms were refined 

with anisotropic thermal parameters and hydrogen atoms were included in idealized 

positions. 

References for X-ray Structure Refinement Details 

(a)  SHELXTL-PC, Vers. 5.10; 1998, Bruker-Analytical X-ray Services, Madison, WI;  

      G. M. Sheldrick, SHELX-97, Universität Göttingen, Göttingen, Germany. 

(b)  L. Barbour, XSEED, 1999. 

(c)  SADABS; G. M. Sheldrick, 1996, based on the method described in R. H. Blessing,  
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      Acta Crystallogr., Sect. A, 1995, 51, 33. 
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Introduction Part II 

Low-Coordinate Nickel Nitrosyl Complexes 

Abstract 

The remediation of nitric oxide from the atmosphere is an important research area 

because NO has been shown to contribute to photochemical smog, the destruction of 

ozone, and acid rain.  Modern automotive catalytic converters can remove a good portion 

of NO and NOx from the exhaust stream, but the precious metals that they employ as 

catalysts are expensive and not completely efficient.  The possibility of using less 

expensive metals for the remediation of NO has spurred a renewed interest in metal 

nitrosyl complexes.  The recent discovery of a side-on M(η2-NO) binding mode in the 

crystal structure of copper nitrite reductase coupled with the photochemical linkage 

isomerization of CpNiNO complexes to form a similar side-on nitrosyl has  driven 

interest in exploring low-coordinate nickel nitrosyls to provide insight into new pathways 

for NO remediation. 

I2.1. Remediation of nitric oxide  

Despite its important roles in biological systems,1 NO and its derived products are 

atmospheric pollutants which contribute to photochemical smog.  NO is generated from 

high temperature combustion reactions that oxidize the N2 in air to NOx.  Nitrogen 

dioxide (NO2) is responsible, along with airborne particulates, for the brown color that 

drapes over many smog blanketed cities.  NOx is removed from the atmosphere within 

days though, as opposed to CO2 which resides in the atmosphere for years.2  NOx is 
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primarily removed by reaction with hydroxyl radicals to form HNO3, a contributor to acid 

rain.2  The disproportionation of NO to N2 and O2 is actually favored thermodynamically, 

though this process initially involves breaking the strong N-O bond which has a bond 

strength of 150.7 kcal/mol.3-5  A catalyst is required to cleave the N-O bond and in 

modern catalytic converters this catalyst is a rhodium/platinum bed (Scheme I2.1).   

Modern automotive catalytic converters have reduced the amount of NOx emitted into 

the atmosphere by up to 90%, but the technology still has several shortcomings.5  First, 

rhodium and platinum are extremely expensive metals at $2,630 and $1,459 per ounce 

respectively as of November 2009.6  Second, for the proper conversion of NOx to N2 and 

O2, these catalysts require a “rich burn,” which uses fossil fuels in a near stoichiometric 

ratio with air, rather than a “lean burn” which can have air to fuel ratios up to 65:1.  

Lastly, much of the NOx is emitted when the car is first started as the current catalyst bed 

only works at high temperature.  These limitations provide ample ambition to design new 

catalysts for the remediation of NOx.  Using cheaper metals will lower cost and any 

Scheme I2.1. Interaction of NO with a metal surface. 

Scheme I2.2. Thermochemistry for NO bond breaking reactions.4 
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improvement in catalytic performance could allow for fuel-saving lean burn vehicles and 

a reduction in NOx emission during warm up. 

One of the difficulties in NO remediation, however, is that 5 electrons are required to 

cleave the NO bond which has a formal bond order of 2.5 (Figure I2.1).  Reduction or 

oxidation of NO can significantly change the reactivity of NO by altering the N-O bond 

order.  A one electron reduction forms the nitroxyl anion (NO-) and a one electron 

oxidation forms the nitrosonium cation (NO+) (Scheme I2.3).  The nitroside anion 

receives the extra electron in a π* orbital, thereby reducing the formal bond order to 2.  

The nitrosonium cation, however, loses the lone electron in the π* orbital, giving a formal 

bond order of 3.  The N-O bond distance and the N-O stretching frequency are 

characteristic of each species.  The N-O bond distance of NO is 1.15 Å, between that of 

the double bonded NO- at 1.26 Å and the triple bonded NO+ at 1.06 Å.5  Similarly, the N-

N O 

2s 
2s 

2p 
2p 

σ1 

σ1
* 

σ2 

σ2
* 

π 

π
*  

Figure I2.1.  Molecular orbital diagram of nitric oxide. 
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O stretching frequency of NO is 1875 cm-1, with NO- at 1470 cm-1 and NO+ at 2377 cm-

1.5 

Understanding the redox properties of NO is vital to understanding how NO interacts 

with remediation catalysts.  The bonding and structure of metal nitrosyls has been an 

active field for many decades and still remains pertinent to both environmental and 

biological chemistry today. 

I2.2. Metal nitrosyls 

Nitric oxide bonds to metals primarily through the nitrogen as a nitrosyl ligand.  The 

related isonitrosyls, where NO is bound to the metal through the oxygen, are extremely 

rare.  In fact, a 10-coordinate barium complex is the only example of a 

crystallographically characterized terminal isonitrosyl.7  In contrast, metal nitrosyl 

complexes are abundant, with over 2300 crystallographically characterized complexes 

known.  

Nitric oxide can bond to metals as nitrosyls in three principle ways (Figure I2.2).  The 

mode of bonding is determined by the coordination number of the metal, the d electron 

count of the complex, and the back-donation properties of the metal.  When a nitrosyl 

Scheme I2.3. Oxidation and reduction products of NO. 

N-O (Å):   1.26      1.15                    1.06 
νNO:(cm-1):   1470      1875        2377 
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ligand binds to a metal, one electron is either donated to the metal, forming a bound 

nitrosonium ion, or one electron is removed from the metal, forming a bound nitroside 

anion.  With one electron donated to the metal, the NO+ ligand is isoelectronic with CO, 

and also donates the lone pair on the nitrogen to the metal, giving a net donation of 3 

electrons.  Both the nitrogen and oxygen in NO+ are sp hybridized, which makes the M-

N-O bond angle approximately linear.  When one electron is removed from the metal, 

both the nitrogen and oxygen in NO- are sp2 hybridized, giving a bent M-N-O bond angle 

of approximately 120º and a total net donation of only 1 electron.  The third bonding 

mode of NO is side-on coordination of NO-.  In this configuration, a covalent M-N bond 

and a dative M-O bond donate a total of 3 electrons to the metal.  This binding mode is 

extremely rare and has only been crystallographically characterized in the ground state 

within the active site of copper nitrite reductase (Cu NiR) from the addition of excess NO 

to the fully reduced Cu NiR (Figure I2.38,9).  In this structure, the Cu-N-O is particularly 

acute at approximately 67.4º and the N-O bond angle particularly long at 1.459 Å.  

Computational studies of the Cu NiR active site as well as structural mimic complexes 

Figure I2.2. Bonding modes of mononuclear metal nitrosyls. 
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indicate that the energy difference between the linear and side on state is minimal, 

leading to ground state or metastable side on Cu-NO binding, though the relevance of this 

crystal structure and binding mode to the actual biological function of Cu NiR is still 

being debated.10-12 With these three binding modes, NO is an extremely flexible ligand, 

and can accommodate a wide variety of coordination centers.   

I2.3. Linkage isomerization of metal nitrosyls 

Nitric oxide has a unique ability to coordinate as a 3 electron donating linear nitrosyl 

(NO+), the 1 electron donating bent nitrosyl (NO-), and the 3 electron donating side-on 

nitrosyl (η2-NO-).  The flexibility of NO to interconvert between these binding modes has 

been seen in several different systems and can be induced by the electron count of the 

complex, electrochemical means, addition of a ligand, and photolysis.  As an example, 

both the bent and linear isomers of [Ir(NO)(η
3-C3H5)(PPh3)2]

+ can be isolated in the solid 

state and show νNO stretches of 1763 cm-1 and 1631 cm-1 respectively.  In solution, 

Figure I2.3. Active site of Cu nitrite reductase bound to a side-on nitrosyl.  Rendered 
from PDB ID: 1SNR. 
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however, the 16 electron bent nitrosyl isomer and the 18 electron linear nitrosyl isomer 

interconvert faster than the NMR timescale, even at -50 ºC.13 

One of the most interesting examples of the linear-bent nitrosyl isomerization is the 

photolysis of CpNiNO.  The ground state of CpNiNO can best be described as an 18 

electron complex where the Ni-NO bond is nearly linear.  When photoexcited, the 

nitrosyl can isomerize to form the CpNi(η2-NO) side on metastable state which is 

relatively stable at low temperature with a half-live of several hours (Scheme I2.4).14  The 

side-on nitrosyl is still a 3 electron donor, with 1 electron from the Ni-N bond and two 

electrons donated from an oxygen lone pair, giving again an 18 electron complex.  In 

fact, in the crystallographically characterized and related Cp*NiNO complex, the ground 

state has a nearly linear Ni-N-O angle at 179.2º and when it is photoexcited to the 

metastable state with an argon laser, the Ni-N-O angle bends to 93º.15  The change in 

nitrosyl bonding also dramatically affects the N-O stretching frequency.  In an argon 

matrix at 20 K, the linear CpNiNO showed a νNO of 1839 cm-1.  After excitation with UV 

Scheme I2.4. Photochemical linkage isomerization of CpNiNO. 

νNO:(cm-1):    1839           1390 

CpNi(0)-NO CpNi(II)-NO 
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light, the absorption at 1839 cm-1 decreased in intensity and a new peak corresponding to 

the side on metastable nitrosyl began to grown in at 1390 cm-1.14,16   

I2.4. Low-coordinate nickel nitrosyls 

The discovery of the M(η2-NO) binding mode and the ability to induce this mode via 

photochemical excitation has peaked interest in low-coordinate metal nitrosyls.  Low-

coordinate metal complexes have the best opportunity to capture this unique and 

somewhat elusive binding mode in the ground state, however very few 3-coordinate 

metal nitrosyls are known and no 2-coordinate species is known.  In fact only 4 crystal 

structures of 3-coodinate metal nitrosyl complexes exist in the CSD and they are all linear 

Ni nitrosyl complexes.17-19 

With very few examples of these complexes known, there exists a great opportunity 

to explore the limits of low-coordinate metal nitrosyls.  Using the bidentate β-

diketiminate ligand and the monodentate N-heterocyclic carbene ligand, two families of 

new 3-coordinate nickel nitrosyls are described below.  Exploration of low-coordinate 

metal nitrosyls is a worthwhile endeavor for the potential NOx remediation applications.  

The use of inexpensive metals such as nickel in remediation catalysts could potentially 

lower the cost and increase the efficiency of catalytic converters, lowering NOx pollution 

from automobiles. 
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Chapter 4 

Synthesis and Reactivity of Three-Coordinate β-Diketiminato 

Supported Nickel Nitrosyl Complexes 

Abstract 

A family of three-coordinate Ni nitrosyls were prepared to determine the effect of various 

β-diketiminate supporting ligands on the properties of the Ni-NO linkage.  The possibility 

of photochemical linkage isomerization to form side-on Ni nitrosyl excited states was 

investigated theoretically with calculations and experimentally by IR spectroscopy.   

Introduction 

Nitric oxide (NO) is one byproduct of high temperature combustion in automobiles 

and a component of photochemical smog.  Modern catalytic converters remediate much 

of the nitric oxide produced by cars, but they rely on expensive precious metals such as 

Pt and Pd to catalytically disproportionate NO to N2 and O2.
1  The low-coordination 

environment encountered by NO at the metal surface and the availability of other low-

coordinate metal atoms nearby helps to cleave the NO bond and form the 

thermodynamically more stable dinitrogen and dioxygen.2   With the explosive expansion 

of automobiles in lower income developing countries like India and China, progress 

toward catalytic converters that use less expensive metals such as Ni, the other group 10 

element with Pt and Pd, could bring down the cost of the catalyst and encourage 

automakers in developing countries to include these devices to reduce harmful emissions. 
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The exploration of NO chemistry at well-defined low-coordinate metal centers should 

provide insights as to how the NO bond is reduced and finally cleaved in catalytic 

converters and how this process can be improved.  Very few low-coordinate metal 

nitrosyls have been structurally characterized, however, with only four examples of three-

coordinate metal nitrosyls are found in the Cambridge Structural Database (CSD), all of 

them nickel nitrosyls.3-5    All three of these structures have linear Ni-N-O bonds as well.  

The linear nitrosyl ligand can be thought of as NO+, which actually has a bond order of 3 

as opposed to free NO which has a bond order of 2.5. 

One well studied family of nickel nitrosyls that can reduce this bond order are Cp 

supported nickel nitrosyl complexes.  CpNiNO and Cp*NiNO can adopt metastable side-

on Ni(η2-NO) structures upon excitation with light at low temperatures which has been 

characterized by X-ray and IR spectroscopy (Scheme 4.1).6  The conversion of the linear 

CpNiNO nitrosyl to the side-on nitrosyl represents a reduction of the nitrosyl ligand from 

NO+ to NO- and a reduction in the bond order from 3 to 2.6-8 

A new series of low-coordinate nickel nitrosyls that stabilize a metastable side-on η
2-

Scheme 4.1. Photochemical linkage isomerization of CpNiNO. 

νNO:(cm-1):    1839           1390 

CpNi(0)-NO CpNi(II)-NO 
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nistrosyl or even favor this unique binding mode in the ground state would be of great 

interest. The bidentate β-diketiminate supporting ligand is an excellent platform to begin 

synthesizing such complexes because it can be modified to provide ample steric bulk in 

order to prevent dinuclear structures and to provide a variety of different electronic 

environments in order to examine the effects of metal-to-ligand backbonding.  Herein we 

describe the synthesis of a family β-diketiminate three-coordinate nickel nitrosyls.  

Density functional theory (DFT) calculations of these species predict the presence of a 

metastable side-on η2-nistrosyl and preliminary experimental IR data collected by Prof. 

Thomas Bitterwolf at the University of Idaho indicates the formation of such a complex. 

Results and Discussion 

4.1.  Synthesis of new Ni(II) and Ni(I) β-diketiminate precursors 

In previous work by Dr. Simona Puiu, the three-coordinate β-diketiminate nickel 

nitrosyls [Me2NN]NiNO and  [Me3NN]NiNO was synthesized from the addition of 

NO(g) to ether solutions of the Ni(I) precursors [Me2NN]NiNO and [Me3NN]Ni(2,4-

lutidine).5,9  While this synthesis gives reasonable yields, the persistence of the 2,4-

lutidine base complicated the synthetic workup involving the isolation of the final 

product.  Crystals of the pure product are brick red, but often excess lutidine would 

persist giving sticky, deep red crystals.  To simplify the workup, a base was needed that 

could be more easily removed in vacuo.  The related substituted pyridine 2-picoline was 

chosen as a replacement for 2,4-lutidine.  2-Picoline still has a methyl group in the 2-

position to provide some sterically induced lability, but the boiling point is 129 ºC, 30 ºC 

less that that of 2,4-lutidine. 
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Addition of [Me3NN]Tl to a stirring suspension of NiI2 and 2-picoline in THF gives 

the green Ni(II) product [Me3NN]NiI(2-picoline) (1) in 90% yield after the workup 

(Scheme 4.2).  Reduction of 1 with 1% Na/Hg in THF gives the red Ni(I) product 

[Me3NN]Ni(2-pic) (2) in 80% yield after crystallization (Scheme 4.3).  The single crystal 

X-ray structures of both 1 and 2 were determined (Figure 4.1 and 4.2) and are similar to 

that of their 2,4-lutidine analogues.9  Due to the d8 electron configuration, four-coordinate 

Ni(II) complexes with strong field ligands normally have a square planar geometry 

around the metal center.  In the case of 1, however, the steric bulk of the β-diketiminate 

ligand, iodide anion, and 2-picoline force a pseudo-tetrahedral coordination geometry 

similar to that of [Me3NN]NiI(2,4-lutidine).10  In the structure of 1, the 2-picoline is 

nearly orthogonal to the β-diketiminate backbone as shown by the C1-N1-Ni-N3 and C3-

Scheme 4.2. Synthesis of 1. 

1 
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N2-Ni-N3 torsion angles of 79.3º and 90.9º and the iodide anion is almost coplanar with 

the β-diketiminate with C1-N1-Ni-I and C3-N2-Ni-I angles of 162.8º and 141.3º.  The 

single crystal X-ray structure of 2 shows a three-coordinate distorted T-shaped geometry 

around the Ni center.  The three nitrogen atoms and Ni center are nearly coplanar with 

the sum of the angles around Ni being 359.94º.  The distortion of the N2-Ni-N3 angle to 

156.15(8)º along with the N1-Ni-N3 angle of 107.02(8)º indicates this structure is more 

T-shaped than trigonal planar. 

While this Ni(I) precursor does react with NO to give [Me3NN]NiNO product, an 

alternative synthesis that bypasses the need for a Ni(I) starting material was developed, 

negating the need for this precursor in this case.  The 2-picoline Ni(I) starting material 2 

Scheme 4.3. Reduction of 1 to give 2. 
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has been used with more success than the 2,4-lutidine complex in the synthesis of Ni(II) 

sulfide and selenide complexes,11 however, as well as nitrosobenzene adducts.12 



165 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. X-ray structure of [Me3NN]NiI(2-pic) (1) (all H atoms omitted). Selected 

bond distances (Å) and angles (deg):  N1-Ni 1.958(6), N2-Ni 1.966(6), Ni-I 2.5851(19), 

Ni-N3 2.053(6), N1-Ni-N2 95.2(2), N1-Ni-I 108.08(19), N2-Ni-I 136.3(2), N1-Ni-N3 

108.1(3), N2-Ni-N3 97.5(2), I-Ni-N3 109.02(19). 
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Figure 4.2. X-ray structure of [Me3NN]Ni(2-pic) (2) (all H atoms omitted).  Selected 

bond distances (Å) and angles (deg):  N1-Ni 1.938(2), N2-Ni 1.896(2), Ni-N3 1.967(2), 

N1-Ni-N2 96.77(8), N1-Ni-N3 107.02(8), N2-Ni-N3 156.15(8). 
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Compd. 1 2 

formula C29H36IN3Ni C29H36N3Ni 

Mol. Wt. 612.22 485.32 

Temp.(K) 100(2) 100(2) 

crystal description        block block 

crystal color purple red 

crystal size (mm3) 0.34×0.32×0.26 0.46×0.42×0.40 

system triclinic monoclinic 

Space group P-1 P21/c 

a (Å) 8.303(7) 11.279(8) 

b (Å) 9.999(8) 14.546(10) 

c (Å) 17.983(14) 16.476(11) 

α (deg) 79.343(13) 90 

β (deg) 86.933(13) 106.120(11) 

γ (deg) 72.405(12) 90 

Z 2 4 

θ range (deg) 2.17 – 25.00 1.90 - 28.19 

measd reflns 10430 22370 

unique reflns 4574 6123 

R(int) 0.0459 0.0400 

GOF of F2 1.059 1.081 

R1 ( I > 2σ(I)) 0.0631 0.0437 

wR2 (all data) 0.1805 0.1147 

Largest diff. peak 
and hole (e- · Å-3) 

2.211 and -2.374 0.463 and -0.728 

 

Table 4.1.  Crystallographic data, collection parameters, and refinement details for 1 
and 2. 
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4.2.  Synthesis of β-diketiminate nickel nitrosyl complexes 

The previously reported [Me3NN]NiNO (3) was synthesized by addition of NO(g) to 

a solution of a Ni(I) precursor.5  The Ni(I) precursors are somewhat difficult to synthesize 

however and they also decompose by a number of different routes (Scheme 4.4).  

Anaerobically, both [Me3NN]Ni(2,4-lutidine) and [Me3NN]Ni(2-picoline) can abstract 

chlorine from solvent molecules such as dichloromethane in the atmosphere to form the 

Ni(II) chloride products [Me3NN]NiCl(2,4-lutidine) and [Me3NN]NiCl(2-picoline).  

Aerobically, they can react with oxygen and an unknown H-atom donor to give the Ni(II) 

hydroxide product {[Me3NN]Ni} 2(µ-OH)2.
13-15  Because of these reasons, a route to 

three-coordinate nickel nitrosyl complexes that avoids the synthesis of Ni(I) precursors 

was developed. 

Scheme 4.4.  Undesired reactivity of the Ni(I) starting material [Me3NN]Ni(2-pic). 

2 
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The unusual Ni(0) starting material Ni(I)NO(THF)x (x ≈ 2) was synthesized 

according to a literature procedure (Scheme 4.5)16 and reacted with 1 equiv. [Me3NN]Tl 

in THF.  Insoluble, yellow TlI immediately precipitated and the solution turned deep 

green.  After filtration and crystallization from Et2O, [Me3NN]NiNO was isolated in 80% 

yield (Scheme 4.6).  While the Ni(I)NO(THF)x is not well defined due to the varying 

amount of THF that can coordinate, this procedure eliminates two steps to the nickel 

nitrosyl as compared to the Ni(I) route.  All characterization data including the single 

Scheme 4.6. Alternate synthesis of 3 and 4 that avoids the extremely reactive Ni(I) 

complex 2. 

X = Me, R = Me (3) 
X = Cl, R = H (4) 

Scheme 4.5.  Synthesis of Ni(0) starting material. 
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crystal X-ray structure (Figure 4.3)5 agree with the data previously found for this 

complex. 

With a reliable route to nickel nitrosyls established, a small family complexes was 

synthesized in order to investigate the effect that ligand substituents could have on the 

nickel nitrosyl linkage.  The electron deficient nickel nitrosyl [Cl2NN]NiNO (4) can be 

synthesized in a similar manner as 3 from the related thallium salt [Cl2NN]Tl and the 

Ni(I)NO(THF)x starting material.  After filtration and crystallization from Et2O, green 

crystals of 4 were isolated in 71% yield.  The single crystal X-ray structure of 4 (Figures 

4.4 and 4.5) is similar to that of 3 in that is crystallizes in the P21/n space group with 2 

unique [Cl2NN]NiNO molecules per asymmetric unit.  The coordination sphere of 3 and 

4 are also very similar.  The Ni1-N3 and Ni2-N6 distances of 4 are around 1.622(3) and 

1.620(3) Å which are not significantly different from the N1-N3 distance of 1.610(3) Å 

of 3.  Reduced nickel-nitrosyl backbonding imparted by the electron withdrawing β-

diketiminate ligand should shorten the N-O bond, but the N-O distances of 4 (1.177(3) 

and 1.174(4)) are not significantly shortened as compared to those of 3.  Accuracy of N-

O distances also suffer from vibrational disorder which can give artificially short N-O 

bond distances.  The electron withdrawing effect of the [Cl2NN] ligand can also be 

measured through IR spectroscopy.  The νNO stretching frequency of 4 is slightly higher 

at 1793 cm-1 as compared to that of 3 which is 1785 cm-1.  Though this effect is modest, it 

indicates slightly less nickel-nitrosyl backbonding imparted by the electron poor [Cl2NN] 

ligand. 
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To induce a more dramatic effect in the reduction of nickel-nitrosyl backbonding, a 

considerably more electron withdrawing β-diketiminate ligand was needed.  The 

[H2NNF] ligand, which has CF3 groups on the backbone and no substituents on the aryl 

rings, was chosen because it had been previously described in the literature.17,18   The 

reaction of [H2NNF]Tl with Ni(I)NO(THF)x did not give the three-coordinate nickel 

nitrosyl however, but did give the bis-ligand complex [H2NNF]2Ni which is thought to be 

the result of the reduced steric bulk of the [H2NNF] ligand as compared to [Me3NN] and 

[Cl2NN].  Addition of [H2NNF]Tl to Ni(I)NO(THF)x in the presence of the base 2,4-

lutidine does give the four-coordinate nickel nitrosyl [H2NNF]NiNO(2,4-lutidine) 5 in 

79% yield (Scheme 4.6, Figure 4.7).  Removal of the base can be accomplished by 

adding BF3(OMe2) to form the three-coordinate [H2NNF]NiNO 6 in 82% yield (Scheme 

4.8).  The single crystal X-ray structure of 6 (Figure 4.7 and 4.8) again crystallizes in the 

Scheme 4.7.  Synthesis of 5. 

5 
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P21/n space group with 2 independent molecules in the asymmetric unit, similar to the 

structures of 3 and 4.  However, the Ni-NO bonds of 6 at 1.6279(17) and 1.6256(17) Å 

are slightly longer and the N-O bonds are slightly shorter at 1.153(2) and 1.154(2) Å than 

those of 3 and 4, indicating some level of decreased nickel-nitrosyl backbonding.  This is 

borne out in the IR spectrum of 6 which has a νNO stretching frequency 35 cm-1 higher 

than that of 4 at 1827 cm-1. 

 

Scheme 4.8.  Synthesis of 6. 

6 5 
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Compound molecule Ni-NO (Å) N-O (Å) Ni-N-O (º) νNO (cm-1) 

1 1.610(3) 1.170(3) 171.0(3) [Me3NN]NiNO 

(3) 2 1.616(3) 1.161(3) 174.3(3) 
1785 

1 1.622(3) 1.177(3) 166.7(3) [Cl2NN]NiNO 

(4) 2 1.620(3) 1.174(4) 168.2(3) 
1793 

[H2NNF]NiNO

(2-lut) (5) 
 1.690(3) 1.060(4) 169.5(3) 1771 

1 1.6279(17) 1.153(2) 174.29(17) [H2NNF]NiNO 

(6) 2 1.6256(17) 1.154(2) 166.94(17) 
1827 

 

Table 4.2.  Selected bond distances, angles, and IR stretching frequencies for nickel 
nitrosyls 
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Figure 4.3. X-ray structure of [Me3NN]NiNO (3) (all H atoms omitted).5  One molecule 

of [Me3NN]NiNO has been omitted.  Selected bond distances (Å) and angles (deg):  N1-

Ni 1.883(2), N2-Ni 1.885(2), Ni-N3 1.610(3), N3-O1 1.170(3), N1-Ni-N2 95.79(10), N1-

Ni-N3 134.63(11), N2-Ni-N3 129.14(11), Ni-N3-O 171.0(3). 
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Figure 4.4. X-ray structure of [Cl2NN]NiNO (4) (molecule 1 of 2 in asymmetric unit, all 

H atoms omitted).  Selected bond distances (Å) and angles (deg):  N1-Ni1 1.889(2), N2-

Ni1 1.892(2), Ni1-N3 1.622(3), N3-O1 1.177(3), N1-Ni1-N2 95.72(11), Ni1-N3-O1 

166.7(3). 
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Figure 4.5. X-ray structure of [Cl2NN]NiNO (4) (molecule 2 of 2 in asymmetric unit, all 

H atoms omitted).  Selected bond distances (Å) and angles (deg):  N4-Ni2 1.893(3), N5-

Ni2 1.885(3), Ni2-N6 1.620(3), N6-O2 1.174(4), N4-Ni2-N5 95.30(11), Ni2-N6-O2 

168.2(3). 
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Figure 4.6. X-ray structure of [H2NNF]NiNO(2,4-lutidine) (5) (all H atoms omitted).  

Selected bond distances (Å) and angles (deg):  N1-Ni 1.977(3), N2-Ni 1.976(3), Ni-N3 

2.077(3), Ni-N4 1.690(3), N4-O 1.060(4), N1-Ni-N2 94.76(11), Ni-N4-O 169.5(3). 
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Figure 4.7. X-ray structure of [H2NNF]NiNO (6) (molecule 1 of 2 in asymmetric unit, all 

H atoms omitted).  Selected bond distances (Å) and angles (deg):  N1-Ni1 1.8966(16), 

N2-Ni1 1.8984(16), Ni1-N3 1.6279(17), N3-O1 1.153(2), N1-Ni1-N2 96.90(6), Ni1-N3-

O1 174.29(17). 
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Figure 4.8. X-ray structure of [H2NNF]NiNO (6) (molecule 2 of 2 in asymmetric unit, all 

H atoms omitted).  Selected bond distances (Å) and angles (deg):  N4-Ni2 1.8934(15), 

N5-Ni2 1.8956(15), Ni2-N6 1.6256(17), N6-O2 1.154(2), N4-Ni2-N5 97.19(7), Ni2-N6-

O2 166.94(17). 
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Compd. 3 4 

formula C23H29N3NiO1 C17H13Cl4N3NiO 

Mol. Wt. 422.20 475.82 

Temp.(K) 173(2) 100(2) 

crystal description        block block 

crystal color green green 

crystal size (mm3) 0.44×0.36×0.20 0.20×0.18×0.16 

system monoclinic monoclinic 

Space group P21/n P21/n 

a (Å) 8.7841(10) 8.1203(8) 

b (Å) 32.094(4) 15.9115(16) 

c (Å) 16.5738(19) 30.501(3) 

α (deg) 90 90 

β (deg) 104.775(2) 93.179(2) 

γ (deg) 90 90 

Z 4 4 

θ range (deg) 1.27 – 27.00 1.34 – 26.00 

measd reflns 27944 30581 

unique reflns 9837 7700 

R(int) 0.0621 0.0593 

GOF of F2 0.903 1.024 

R1 ( I > 2σ(I)) 0.0466 0.0427 

wR2 (all data) 0.0947 0.1003 

Largest diff. peak 
and hole (e- · Å-3) 

0.396 and -0.327 1.134 and -0.401 

 

Table 4.3.  Crystallographic data, collection parameters, and refinement details for 3 
and 4. 
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Compd. 5 6 

formula C29H36IN3Ni C17H11F6N3NiO 

Mol. Wt. 612.22 446.00 

Temp.(K) 173(2) 173(2) 

crystal description        block needle 

crystal color green/purple green/brown 

crystal size (mm3) 0.34×0.32×0.26 0.44×0.14×0.12 

system triclinic monoclinic 

Space group P-1 P21/n 

a (Å) 8.303(7) 19.655(2) 

b (Å) 9.999(8) 9.2695(10) 

c (Å) 17.983(14) 19.800(2) 

α (deg) 79.343(13) 90 

β (deg) 86.933(13) 101.345(3) 

γ (deg) 72.405(12) 90 

Z 2 4 

θ range (deg) 2.17 - 25.00 1.33 - 28.32 

measd reflns 10430 30704 

unique reflns 4574 8433 

R(int) 0.0459 0.0356 

GOF of F2 1.059 1.049 

R1 ( I > 2σ(I)) 0.0631 0.0344 

wR2 (all data) 0.1805 0.0819 

Largest diff. peak 
and hole (e- · Å-3) 

2.211 and -2.374 0.414 and -0.322 

 

Table 4.4.  Crystallographic data, collection parameters, and refinement details for 5 
and 6. 



182 

4.3.  Computational study of ground and excited state β-diketiminate nickel 

nitrosyls  

A series of new three-coordinate nickel nitrosyls were synthesized and characterized, 

though all of the species isolated exhibit the linear bonding mode of the nitrosyl ligand.  

The previously mentioned CpNiNO and related complexes have been shown to undergo 

photochemical linkage isomerization, whereby the ground state linear nickel nitrosyl 

linkage isomerizes to a side-on binding mode when in the excited state.  In order to 

determine if such an isomerization is possible with three-coordinate β-diketiminate nickel 

nitrosyls, the ground and excited states of 3, 4, and 6 were investigated using the 

computational chemistry program ADF 2007. 

Before running calculations on the full model complexes 3, 4, and 6, a scaled down β-

diketiminato model, [H5C3N2]NiNO, was used to determine the lowest energy side-on 

NO binding mode (Figure 4.9).  The lowest energy side-on binding mode was most likely 

either in the β-diketiminate plane, where the Ni is pseudo-square planar, or orthogonal to 

the β-diketiminate plane, where the Ni is pseudo-tetrahedral.  In order to compare the 

energies of these two structures the linear [H5C3N2]NiNO was geometry optimized and 

used as the reference point.  The in-plane side-on [H5C3N2]Ni(η2-NO) model geometry 

optimized and with an energy of +16.0 kcal/mol higher than that of the linear 

[H5C3N2]NiNO.  The out-of-plane side-on [H5C3N2]Ni(η2-NO) optimized in the S=1 spin 

state and with a calculated ∆E of +36.6 kcal/mol compared to the linear [H5C3N2]NiNO.  

The linear isonitrosyl was also calculated to have an energy of +40.6 kcal/mol above the 

linear nitrosyl binding mode.  Because of the high energy of the out-of-plane and 
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isonitrosyl conformations with respect to both the linear and in-plane geometries, these 

isomers were not considered in further studies. 

Using the X-ray coordinates as starting points, the full model, linear ground states of 

3, 4, and 6 were optimized and their energies calculated.  The computational models 

show good agreement with their X-ray counterparts with respect to the Ni-NO and N-O 

bond distances.  The largest bond distance disagreement between the models and X-ray 

structures is 0.014 Å (Table 4.5). 

Figure 4.9.  Calculated isomers of [H5C3N2]NiNO. 
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With the electronic energies of the ground states as reference points, the excited state 

structures of 3, 4, and 6 were optimized and their energies calculated using the in-plane 

side-on [C3H5N2]NiNO as a guide to the starting geometry for each calculation.  In each 

case, the excited state was approximately 16-17 kcal/mol higher in electronic energy than 

the ground state, neglecting zero-point and entropic effects.  Though the effect is small, 

there seems to be a relationship between the electron withdrawing power of the β-

diketiminate ligand and the difference in energy between the ground and excited states.  

The most electron donating ligand complex [Me3NN]NiNO has a difference of 17.0 

kcal/mol between the ground and excited state where the most electron withdrawing 

ligand complex [H2NNF]NiNO has a difference of 16.4 kcal/mol.  Based on this trend, the 

decreased electron density at the metal center could help to stabilize the side-on nickel 

nitrosyl binding mode. 

 Linear Bent 

Compound Ni-NO (Å) N-O (Å) Ni-N-O (º) Ni-NO (Å) N-O (Å) Ni-N-O (º) 

∆E 
(kcal/

mol) 

[Me3NN]NiNO 1.624 1.176 177.7 1.726 1.224 85.2 17.0 

[Cl2NN]NiNO 1.624 1.171 177.9 1.728 1.221 83.7 16.7 

[H2NNF]NiNO 1.627 1.167 178.1 1.732 1.213 85.5 16.4 

 

Table 4.5.  Selected bond distances and angles for calculated structures of 3, 4, and 6. 
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Figure 4.10.  Calculated structures of 3, 4, and 6 in both the linear and bent 
conformations with the calculated ∆E. 
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Based on calculations of the ground and excited states of 3, 4, and 6, the side-on 

nickel nitrosyl excited state is higher in energy than the ground state, but not by an 

unreasonable amount of energy and significantly less than the +24 kcal/mol calculated 

difference for CpNiNO.19  While the initial isomerization from the linear to side-on state 

occurs via an excited state photochemical route, the relaxation of the side-on nitrosyl 

back to the linear isomer can occur thermally, and an estimation of the energy barrier for 

this relaxation can give an estimation of the lifetime of the side-on isomers. 

In order to better understand the energy barrier for the isomerization between the 

linear and side-on binding modes, a series of calculations using the small β-diketiminate 

model [H5C3N2]NiNO were considered.  Beginning with the in-plane side-on 

[H5C3N2]Ni(η2-NO), the Ni-N-O angle was varied from 70º to 180º in 25 steps (4.6º 

/step), with the geometry allowed to converge at each step with a fixed Ni-N-O angle in 

order to calculate a relative energy for each structure (Figure 4.11).  This rough energy 

profile gives a ∆E between the ground and side-on isomers of 16 kcal/mol and an 

activation barrier of 18 kcal/mol for the relaxation from the side-on back to the linear 

isomer.  This relaxation activation barrier is twice as large as the activation barrier 

calculated for the CpNiNO system of 9 kcal/mol,19 which indicates that the three-

coordinate β-diketiminate nickel nitrosyls should have longer lived metastable side-on 

states.  A transition state search was preformed and found an electronic energy of +34 

kcal/mol with respect to the linear ground state, however the frequency analysis of this 

structure is contaminated with an out of plane Ni-N-O vibration (-345 cm-1), leading to 

two imaginary frequencies with the in-plane Ni-N-O vibration at -583 cm-1. 
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4.4.  Preliminary photochemical linkage isomerization study of [Me2NN]NiNO 

Based on the somewhat crude energy profile calculations for the relaxation of the 

side-on isomer back to the linear isomer, the metastable side-on complex should have an 

appreciable lifetime at low temperatures, making it possible to observe experimentally.  

In collaboration with Prof. Thomas Bitterwolf of the University of Idaho, the previously 

synthesized [Me2NN]NiNO,5 a complex similar to 3, was studied by low temperature FT-

IR spectroscopy to gain a preliminary assessment of β-diketiminate nickel nitrosyl 

photochemical linkage isomerization. 

Figure 4.11.  Linear transit calculation in which the Ni-N-O bond was varied from 70 to 
180 degrees. 
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Irradiation of [Me2NN]NiNO at 450 nm in a Nujol mull at 90 K results in the 

decrease of the linear [Me2NN]NiNO νNO stretch at 1804 cm-1 and a new peak at 1409 

cm-1 which can be attributed to the [Me2NN]Ni(η2-NO) νNO stretch (Figure 4.12).  To 

confirm this, 15NO labeling studies will be required.  The decrease in the NO stretching 

frequency from the linear 1804 cm-1 to the bent 1409 cm-1 is consistent with the linear 

nitrosyl, which is most like NO+, converting to the bent nitrosyl, which is most like NO-.  

The reduction in bond order from 3 in the case of NO+ to 2 in the case of NO- leads the a 

Figure 4.12.  FT-IR spectrum of [Me2NN]Ni(NO) in Nujol matrix at 90 K (top).  
Difference FT-IR spectrum after irradiation at 90 K with λ ≈ 450 nm light (middle). FT-
IR difference spectrum with respect to photoexcitation at λ ≈ 450 nm (middle) after 
irradiation at 90 K with λ ≈ 350 nm (bottom). 
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dramatic decrease in the NO stretching frequency.  Warming of the sample or irradiation 

by lower wavelength light results in isomerization back to the linear nitrosyl and a growth 

of the peak at 1804 cm-1.  Frequency calculations on the [H5C3N2]NiNO and 

[H5C3N2]Ni(η2-NO) model complexes estimate a similar reduction in the νNO stretching 

frequency from 1795 cm-1 in the linear nitrosyl to 1425 cm-1 in the side-on nitrosyl. 

With preliminary data suggesting that a metastable side-on [Me2NN]Ni(η2-NO) 

exists, labeling studies must be conducted to confirm the side-NO stretching frequency.  

It would also be instructive to carry out photochemical linkage isomerization studies on 

the series 3, 4, and 6 to explore the effect that the β-diketiminate ligand has on this 

process. 

Summary 

Utilizing a new method for the preparation of three-coordinate β-diketiminate nickel 

nitrosyls, a small family of these complexes was developed and characterized.  

Computational studies found that these complexes have a side-on nitrosyl binding mode 

that is only 16-17 kcal/mol higher than the ground state and that the isomerization from 

the side-on to the linear nitrosyl has a fairly high activation barrier of ca. 18 kcal/mol 

when compared to that of CpNiNO.  Preliminary IR experiments suggest that three-

coordinate β-diketiminate nickel nitrosyls do indeed form metastable side-on nickel 

nitrosyls which have a lifetime long enough to be measured at low temperatures.  The 

reduction in the NO bond order from 3 in the linear nitrosyl to 2 in the bent nitrosyl is an 

interesting consideration for future experiments regarding the activation of nitric oxide.  

General Experimental Details 
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All experiments were carried out in a dry nitrogen atmosphere using an MBraun 

glovebox and/or standard Schlenk techniques. 4A molecular sieves were activated in 

vacuo at 180 ºC for 24 h.  Dry toluene and dichloromethane were purchased from Aldrich 

and were stored over activated 4A molecular sieves under nitrogen. Diethyl ether and 

tetrahydrofuran (THF) were first sparged with nitrogen and then dried by passage through 

activated alumina columns.20  Pentane was first washed with conc. HNO3/H2SO4 to 

remove olefins, stored over CaCl2 and then distilled before use from 

sodium/benzophenone. All deuterated solvents were sparged with nitrogen, dried over 

activated 4A molecular sieves and stored under nitrogen. 1H and 13C NMR spectra were 

recorded on a Varian 400 MHz spectrometer (399.490 and 100.465 MHz, respectively). 

All NMR spectra were recorded at room temperature unless otherwise noted and were 

indirectly referenced to TMS using residual solvent signals as internal standards. 19F 

NMR spectra were recorded at 375.845 MHz using an external reference of C6F6 set to δ 

= -164.9 ppm. Elemental analyses were performed on a Perkin-Elmer PE2400 

microanalyzer in our laboratories. 

NO gas was obtained from Aldrich and used as received.  All other reagents were 

obtained from Acros Organics and used as received.  Ni(I)NO(THF)2
16 and TlBArF4

21
 

were synthesized according to published literature procedures.  The [Me3NN]H and 

[Cl2NN]H ligands were synthesized according to a modified literature procedure.22  The 

[H2NNF]H ligand was synthesized by a modified literature procedure,23 but a more direct 

route has since been described in the literature.17,18 

Preparation of Compounds and Characterization 



191 

[Me3NN]NiI(2-picoline) (1). A solution of 1.68 g (3.20 mmol) [Me3NN]Tl in 10 mL of 

THF was added to a solution of 1.0 g (3.20 mmol) NiI2 and 298 mg (3.20 mmol) 2-

picoline in 20 mL of THF. The solution was allowed to stir for 3 h at room temperature 

and then filtered through Celite. The solution was concentrated to dryness and the 

resulting solid was crystallized from ether at -35°C to afford 1.73 g ( 2.88 mmol, 90 % 

yield) of dark green crystals. Recrystallization from ether at -35°C afforded crystals 

suitable for single crystal X-ray crystallography. µeff = 2.39 B.M., UV-Vis λmax = 537 nm 

(ε = 434 L mol-1 cm-1), 627 nm (ε = 573 L mol-1 cm-1), 681 nm (ε = 651 L mol-1 cm-1).  

1H NMR (C6D6, RT): δ 47.56 (s, 6, p-Ar-Me), 34.69 (s, 12, o-Ar-Me), 32.72 (s, 4, Ar-H), 

-11.10 (br, 1, backbone-CH), -46.19 (s, 6, backbone-Me). 

[Me3NN]Ni(2-picoline) (2). To a solution of 0.595 g (1.91 mmol) NiI2 and 177 mg (1.91 

mmol) 2-picoline in 5 mL of THF was added 1.0 g (1.91 mmol) [Me3NN]Tl. The reaction 

mixture was allowed to stir for 1 h before filtered through Celite. To the resulting 

solution was added 11.0 g Na/Hg (0.5% Na by weight) and the solution was allowed to 

stir for 1 h before decanted and filtered through Celite. The solution was concentrated to 

dryness and the remaining solid was crystallized from ether to afford 718 mg (1.52 mmol, 

80%) of  red crystals at -35°C. Recrystallization from ether at -35°C resulted in crystals 

suitable to single crystal X-ray crystallography. UV-Vis λmax = 392 nm (ε = 1902 L mol-1 

cm-1), 513 nm (ε = 787 L mol-1 cm-1). 
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Figure 4.13. X-band EPR spectrum of [Me3NN]Ni(2-picoline) (2) in toluene at RT. 
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Figure 4.14. X-band EPR spectrum of [Me3NN]Ni(2-picoline) with excess 2-picoline (2) 
in toluene at 89K as a frozen glass. 
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Tl[H 2NNF].  To a solution of [H2NNF]H (2 g, 5.58 mmol) in 5 mL of THF was added 

with stirring to TlOEt (1.39 g, 5.58 mmol) in 5 mL THF.  The reaction mixture was 

stirred for 2 hours at room temperature.  The solution was filtrated and the solvent 

removed in vacuo. The product was recrystallized from Et2O, yielding 2.553 g yellow 

crystals (81.5% yield). 1H NMR (C6D6): δ 7.135 (m, 4H), 6.936 (t, 2H), 6.787 (d, 4H), 

6.038 (s, 1H); 13C{1H} NMR (C6D6): δ 150.061, 130.014, 124.623, 123.135, 91.041, 

68.571, 26.645; 19F NMR (C6D6) δ -62.429.  Anal. Calcd. for C17H11F6N2Tl: C, 36.35; H, 

1.97; N, 4.99. Found: C, 36.09; H, 1.88; N, 4.84. 

[Me3NN]NiNO (3). A solution of [Me3NN]Tl (0.200 g, 0.372 mmol) in approx. 10 mL of 

THF was added to a stirring solution of Ni(I)NO(THF)2 (0.0.133 g, 0.372 mmol) in 

approx. 5 mL of THF.  A yellow precipitate formed immediately and the solution turned 

from deep blue to dark green.  The solution was allowed to stir for ca. 1 h and then 

filtered over Celite.  The solvent was removed in vacuo and the resulting green solid was 

taken up in a minimal amount of Et2O.  The solution was crystallized overnight at -35 ºC.  

The dark green crystals were isolated from the mother liquor and dried to yield 0.126 g 

(80%) of product.  1H NMR (C6D6, 25 °C) δ 7.00 (s, 4, Ar-p-H), 4.40 (s, 1, backbone-H), 

2.59 (s, 12, Ar-o-CH3), 2.25 (s, 6, Ar-p-CH3),  1.51 (s, 6, backbone-CH3);  
13C{1H} NMR 

(C6D6, 25 °C) δ 160.79, 151.18, 133.61, 130.65, 129.25, 94.17, 21.37, 20.57, 18.80; υNO 

(NaCl plate, film from Et2O, cm-1): 1785. 

[Cl 2NN]NiNO (4). A solution of [Cl2NN]Tl (0.822 g, 1.39 mmol) in approx. 10 mL of 

THF was added to a stirring solution of Ni(I)NO(THF)2 (0.500 g, 1.39 mmol) in approx. 
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5 mL of THF.  A yellow precipitate formed immediately and the solution turned from 

deep blue to dark green.  The solution was allowed to stir for 30 min. and then filtered 

over Celite.  The solvent was removed in vacuo and the resulting green solid was taken 

up in 3 mL of Et2O.  The solution was crystallized overnight at -35 ºC.  Dark green 

crystals were isolated from the mother liquor and dried to yield 0.472 g (71%) of product.  

1H NMR (C6D6, 25 °C) δ 7.11 (d, 4, Ar-m-H), 6.41 (t, 2, Ar-p-H), 4.33 (s, 1, backbone-

H), 1.51 (s, 6, backbone-CH3);  
13C{1H} NMR (CDCl3, 25 °C) δ 162.49, 149.88, 131.29, 

129.25, 125.70, 95.33, 21.70; υNO (NaCl plate, film from Et2O, cm-1): 1793. 

[H 2NNF]Ni(NO)(2,4-lut)  (5).  A solution of [H2NNF]Tl (0.4 g, 0.712 mmol) in 5mL 

THF was added dropwise to a solution of Ni(I)(NO)(THF)2 (0.256 g, 0.712 mmol) and 

2,4-lutidine (0.164 mL, 1.424 mmol) in 5 mL of THF at -35 ºC. The solution turned to 

green-brown and a white precipitate formed. After stirring for 1 hour, the solution was 

filtrated through Celite, the filtrate was concentrated and diluted with ether. The resulting 

solution was cooled at -35ºC to afford 0.31 g dark green crystals (79% yield). 1H NMR 

(C6D6):  δ 7.530 (s, br, 1, lutidine o-H), 7.342 (d, 4, o-Ar-H), 7.141 (m, 4, m-Ar-H), 6.916 

(tr, 2,  p-Ar-H), 6.306 and 6.440 (s, br, 1, lutidine m-H), 5.699 (s, 1, backbone-CH), 2.073 

(s, br, 3, lutidine o-CH3), 1.690 (s, br, 3, lutidine p-CH3); 
13C{1H} NMR (C6D6): δ 153.9, 

129.404, 126.346, 124.805, 124.393, 120.608; νNO (cm-1): 1771; 19F NMR (C6D6): δ -

61.98; Anal. Calcd. for C24H20F6N4NiO: C, 52.11; H, 3.64; N, 10.13. Found: C, 52.23; H, 

3.72; N, 9.94. 
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[H 2NNF]Ni(NO)  (6).  A solution of BF3(OMe2) (0.021 g, 0.186 mmol) in Et2O was 

added dropwise to a solution of [H2NNF]NiI(2-picoline) (0.100 g, 0.186 mmol) 

approximately 5 mL of THF at -35ºC.  After stirring for 1 hour, the solvent was removed 

in vacuo and the green solid taken up in n-pentane.  The solution was filtered over Celite, 

concentrated in vacuo and allowed to crystallize at -35 ºC to afford 0.068 g green crystals 

(82% yield).  1H NMR (C6D6):  δ 7.48 (d, 4, o-Ar-H), 7.13 (m, 4, m-Ar-H), 6.91 (t, 2, p-

Ar-H), 5.53 (s, 1, backbone-CH); 13C{1H} NMR (C6D6): δ 152.83, 149.61, 128.32, 

125.89, 123.79, 122.24, 119.40, 86.09;  υNO (NaCl plate, film from Et2O, cm-1): 1827; 19F 

NMR (C6D6): δ -59.29; Anal. Calcd. for C17H11F6N3NiO: C, 45.78; H, 2.49; N, 9.42. 

Found: C, 45.58; H, 2.41; N, 9.32. 

X-ray Structure Refinement Details 

Single crystals of each compound were mounted under mineral oil on glass fibers and 

immediately placed in a cold nitrogen stream at -100(2) °C or -173(2) °C on a Bruker 

SMART CCD system or Bruker APEX II CCD system. Either full spheres (triclinic) or 

hemispheres (monoclinic or higher) of data were collected (0.3° ω-scans; 2θmax = 56°; 

monochromatic Mo Ka radiation, λ = 0.7107 Å) depending on the crystal system and 

integrated with the Bruker SAINT program. Structure solutions were performed using the 

SHELXTL/PC suitea and XSEED.b Intensities were corrected for Lorentz and 

polarization effects and an empirical absorption correction was applied using Blessing’s 

method as incorporated into the program SADABS.c Non-hydrogen atoms were refined 

with anisotropic thermal parameters and hydrogen atoms were included in idealized 

positions. 
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References for X-ray Structure Refinement Details 

(a)  SHELXTL-PC, Vers. 5.10; 1998, Bruker-Analytical X-ray Services, Madison, WI;  

      G. M. Sheldrick, SHELX-97, Universität Göttingen, Göttingen, Germany. 

(b)  L. Barbour, XSEED, 1999. 

(c)  SADABS; G. M. Sheldrick, 1996, based on the method described in R. H. Blessing,  

      Acta Crystallogr., Sect. A, 1995, 51, 33. 

Computational Details 

The DFT calculations employed the Becke-Perdew exchange correlation functional1 

using the Amsterdam Density Functional suite of programs (ADF 2007.01).2  Slater-type 

orbital (STO) basis sets employed for H, C, and N atoms were of triple-ζ quality 

augmented with two polarization functions (ZORA/TZ2P) while an improved triple-ζ 

basis set with two polarization functions (ZORA/TZ2P+) was employed for the Ni atom.  

Scalar relativistic effects were included by virtue of the zero order regular approximation 

(ZORA).3  The 1s electrons of C and N as well as the 1s – 2p electrons of Ni were treated 

as frozen core.  The VWN (Vosko, Wilk, and Nusair) functional was used for LDA (local 

density approximation).4  Default convergence (∆E = 1 × 10-3 hartree, max. gradient = 1 

× 10-2
 hartree / Å, max. Cartesian step = 1 × 10-2 Å) and integration (4 significant digits) 

parameters were employed for geometry optimizations. 

Experimental X-ray coordinates for [Me3NN]NiNO, [Cl2NN]NiNO, and 

[H2NNf]NiNO (3, 4, and 6) were used as the starting point for the geometry optimizations 

of linear Ni nitrosyl structures in a restricted (S = 0) calculation.  Initial coordinates for 

the bent nitrosyl structures of 3, 4, and 6 were generated using the optimized ground state 
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structure and then modifying the Ni-N-O bond angle and Ni-N, and N-O distances to be 

consistent with the previously optimized model complex [H5C3N2]NiNO.  These 

structures were then geometry optimized to convergence.  ADFview [2a] was used to 

prepare the three-dimensional representations of the structures shown in Figure 4.9 and 

4.10 as well as the plot of energy versus bond angle in Figure 4.11.  Frequency 

calculations were scaled by a factor of 0.99. 

 
References for Computational Details 

(1)  (a) Becke, A.  Phys. Rev. A 1988, 38, 3098. (b)  Perdew, J. P.  Phys. Rev. B 1986, 34, 

7406. (c) Perdew, J. P.  Phys. Rev. B 1986, 33, 8822. 

(2)  (a) http://www.scm.com – last accessed Sept 18, 2009.  (b) te Velde, G.; Bickelhaupt, 

F. M.; Baerends, E. J.; Fonseca Guerra, C.; Van Gisbergen, S. J. A.; Snijders, J. G.; 

Ziegler, T.  J. Comput. Chem. 2001, 22, 931.  (c) Fonseca Guerra, C.; Snijders, J. G.; te 

Velde, G.; Baerends, E. J.; Acc., T. C.  Theor. Chem. Acc. 1998, 99, 391. 

(3)  (a) Snijders, J. G.; Baerends, E. J.; Ros, P.  Mol. Phys. 1979, 38, 1909. (b) Ziegler, 

T.; Tschinke, V.; Baerends, E. J.; Snijders, J. G.; Ravenek, W. K.  J. Phys. Chem. 1989, 
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Chapter 5 

Synthesis and Structure of Three-coordinate N-heterocyclic  

Carbene Nickel Nitrosyl Complexes 

Abstract 

Using the N-heterocyclic carbene N,N’-bis(2,6-diisopropylphenyl)imidazole (IPr), a 

series of three-coordinate nickel nitrosyl complexes (IPrNi(X)NO) has been established. 

Attempts to remove coordinating anions to form a cationic two-coordinate nickel nitrosyl 

lead to the three-coordinate {[IPr][IPr´]Ni(NO)}+[BAr F
4]

- where one of the IPr ligands is 

unusually bound through C(5) coordination to the metal center. 

Introduction 

Recent attention to the role of nitric oxide (NO) in biological systems, especially 

interactions with metalloproteins, has generated a great deal of interest in metal-nitrosyl 

research. Nitrite reductase, an enzyme that reduces nitrate and nitrite anions to nitric 

oxide in bacteria, is one such metalloprotein that contains a rare side-on Cu nitrosyl.1 

While no other ground state side-on metal nitrosyls are known, the light induced 

metastable CpNi(η2-NO)2,3 and Cp*Ni(η2-NO)4 complexes have been studied 

extensively, including crystallographically in the case of Cp*Ni(η2-NO).4 The linear end-

on ground states of the Cp’NiNO complexes are also rare, however, as most nickel-

nitrosyl complexes in the literature are four-coordinate. In fact, very few three-coordinate 

terminal metal-nitrosyl complexes have been characterized.5-8 The 1,2-bis(di-tert-

butylphosphino)ethane (dtbpe) supported [(dtbpe)Ni(NO)][BAr F
4] (BArF

4 = tetrakis(3,5-
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bis(trifluoromethyl)phenyl)borate) complex recently reported by Hillhouse and 

coworkers is the only example of a cationic three-coordinate nickel nitrosyl, however the 

ground-state structure still consists of a linear nitrosyl ligand.7  Taking advantage of our 

previous experience with three-coordinate β-diketiminato nickel nitrosyl complexes,8 we 

report the further exploration of low-coordinate nickel nitrosyl chemistry utilizing neutral 

N-heterocyclic carbene (NHC) ancillary ligands, specifically the sterically bulky N,N’-

bis(2,6-diisopropylphenyl)imidazole (IPr) ligand.9
 

Results and Discussion 

5.1  Synthesis and characterization of IPrNi(I)NO and IPrNi(OTf)NO 

Addition of Ni(I)NO(THF)2
10

 to the free IPr ligand gives the mononuclear dark blue  

IPrNi(I)NO (1) in 52% yield. Crystals of 1 from Et2O were unsuitable for single crystal 

Scheme 5.1. Synthesis of IPrNi(OTf)NO (2). 

1 

2 
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X-ray diffraction due to severe twinning.  

Exchange of the anion through addition of 1 eq. of AgOTf to 1 in Et2O gave 

IPrNi(OTf)NO (2) in 65% yield (Scheme 5.1). The single-crystal X-ray structure of 2 

(Figure 5.1) shows a three-coordinate distorted T-shaped environment at the Ni center. 

The N3-Ni-O2 plane is skewed from the N1-C1-N2 plane by ca. 30° to seemingly lessen 

the steric interaction between the aryl isopropyl groups and the coordinating OTf anion. 

The Ni-N3-O1 angle is nearly linear at 163.78(2)°, indicating the NO group is most like a 

coordinating nitrosonium group giving a 16 electron Ni(0) complex.  

Solid state IR spectra of 1 and 2 show a shifting of the vNO stretching frequency from 

1766 cm-1 in the case of 1 to 1816 cm-1 in the case of 2 (Figures 5.2 and 5.3). This shift is 

attributed to the addition of the more electron withdrawing OTf anion which reduces 

backbonding to the nitrosyl. 
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Figure 5.1. X-ray structure of IPrNi(OTf)NO (2) (all H atoms omitted).  Selected bond 

distances (Å) and angles (deg): Ni-C1 1.937(2), Ni-N3 1.630(2), Ni-O2 1.946(2), N3-O 

1.159(2), C1-Ni-N3 121.59(8), Ni-N3-O 163.78(2), N3-Ni-O2 137.25(8). 
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Compd. 2 

formula C28H36F3N3NiO4S 

Mol. Wt. 626.37 

Temp.(K) 173(2) 

crystal 
description         

block 

crystal color blue 

crystal size 
(mm3) 

0.42×0.30×0.30 

system triclinic 

Space group P-1 

a (Å) 9.0451(4) 

b (Å) 9.9916(5) 

c (Å) 18.6756(9) 

α (deg) 80.5300(10) 

β (deg) 80.5280(10) 

γ (deg) 68.5620(10) 

Z 2 

θ range (deg) 2.20 - 26.00 

measd reflns 16586 

unique reflns 6029 

R(int) 0.0342 

GOF of F2 1.132 

R1 ( I > 2σ(I)) 0.0363 

wR2 (all data) 0.0933 

Largest diff. 
peak and hole (e- 
· Å-3) 

0.524 and -0.314 

 

Table 5.1.  Crystallographic data, collection parameters, and refinement details for 2. 
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Figure 5.2. IR spectrum of IPrNi(I)NO (1) (film from Et2O on NaCl). 
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Figure 5.3. IR spectrum of IPrNi(OTf)NO (2)  (film from Et2O on NaCl). 
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5.2. Attempted reduction of IPrNi(OTf)NO by NiCp2 

Reaction of 2 with 1 equiv. of Cp2Ni for 24 h provides the bright red IPrNi(OTf)Cp 

(3) as well as the previously characterized nickel nitrosyl CpNi(NO) (Scheme 5.2). 

Reaction of the 16-electron complex 2 with the 20-electron Cp2Ni result in a 

comproportionation of sorts, providing the 18-electron Ni(II) complex 3 as well as the 

18-electron Ni(0) CpNi(NO). Spectroscopic analysis of the reaction mixture before 

crystallization confirms the formation of CpNi(NO) in the reaction with an 1H NMR 

resonance in C6D6 at δ 4.96 ppm in a 1 : 1 ratio with the Cp-H resonance of 3 at δ 3.91 

(Figure 5.4). The vNO stretching frequency of 1811 cm-1 in the reaction mixture also 

indicated the formation of CpNiNO.2  Crystallization at -35 °C from an Et2O solution 

Scheme 5.2. Synthesis of IPrNi(OTf)Cp (3). 
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afforded crystals of 3 suitable for single crystal X-ray diffraction. The X-ray structure of 

3 (Figure 5.5) shows a distorted T-shaped coordination environment around the Ni center, 

similar to that of triflate complex 2. 

5.3.   Synthesis and characterization of the electron-rich IPrNi(Cp)NO complex 

Addition of 1 equiv NaCp to 3 in Et2O readily provides the deep red IPrNi(Cp)NO (4) 

in 87% yield (Scheme 5.3). The single crystal X-ray structure of 4 (Figure 5.6) shows a 

stark difference in the nitrosyl coordination from that of 2. While the N-O bond length of 

4 (1.163(3) Å) is almost identical to that of 2 (1.158(2) Å), the Ni-N-O bond angle is 

significantly different. The Ni-N-O angle in the structure of 2 is close to linear at 

163.7(2)° while the corresponding angle in the structure of 4 is severely bent at 129.9(2)°. 

The vNO stretching frequency as measured by IR of 2 and 4 are remarkably different as 

well at 1816 and 1568 cm-1, respectively. Based on the large difference in the Ni-N-O 

bond angle as well as the vNO stretching frequency, coordination of the Cp anion modifies 

the Ni-NO interaction from a three-electron donating linear nitrosonium ion in 2 to a one-

Figure 5.4. 1H NMR spectrum of IPrNi(OTf)Cp with CpNiNO reaction mixture (C6D6, 25 

ºC). 
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electron donating bent nitrosyl anion in 4. The change in coordination of the NO ligand 

prevents the formation of a 20-electron species and instead gives the 18-electron Ni(II) 

complex 4. 

Scheme 5.3. Synthesis of IPrNi(Cp)NO (4). 

2 4 
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Figure 5.5. X-ray structure of IPrNi(OTf)Cp (3) (all H atoms omitted). Selected bond 

distances (Å) and angles (deg):  Ni-C1 1.895(2), Ni-O1 1.968(2), Ni-C28 2.135(2), Ni-

C29 2.032(2), Ni-C30 2.169(2), Ni-C31 2.201(2), Ni-C32 2.142(2), C1-Ni-O1 97.68(6). 
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Figure 5.6. X-ray structure of IPrNi(Cp)NO (4) (all H atoms omitted). Selected bond 

distances (Å) and angles (deg):  Ni-C1 1.913(3), Ni-N3 1.779(3), N3-O 1.163(3), Ni-C28 

2.290(3), Ni-C29 2.226(3), Ni-C30 2.184(3), Ni-C31 2.202(3), Ni-C32 2.276(3), C1-Ni-

N3 97.29(11), Ni-N3-O 129.9(2). 
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Compd. 3 4 

formula C33H41F3N2NiO3S C32H41N3NiO 

Mol. Wt. 661.45 542.39 

Temp.(K) 100(2) 173(2) 

crystal 
description         

block block 

crystal color orange red 

crystal size 
(mm3) 

0.21×0.20×0.20 0.40×0.40×0.18 

system triclinic monoclinic 

Space group P-1 P21/n 

a (Å) 10.1295(9) 9.8436(7) 

b (Å) 12.2420(11) 18.6377(14) 

c (Å) 13.4105(12) 16.9527(12) 

α (deg) 88.6660(10) 90.00 

β (deg) 80.4400(10) 102.9270(10) 

γ (deg) 84.8120(10) 90.00 

Z 2 4 

θ range (deg) 1.54 – 26.50 1.65 - 26.00 

measd reflns 18003 23638 

unique reflns 6712 5949 

R(int) 0.0246 0.0544 

GOF of F2 1.037 1.006 

R1 ( I > 2σ(I)) 0.0345 0.0450 

wR2 (all data) 0.0866 0.1020 

Largest diff. 
peak and hole (e- 
· Å-3) 

0.827and -0.416 0.923 and -0.364 

 

Table 5.2.  Crystallographic data, collection parameters, and refinement details for 3 
and 4. 
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5.4. Synthesis and characterization of the Ni nitrosyl trityl thiolate IPrNi(SCPh 3)NO 

Addition of the bulky thallium trityl thiolate to 1 gives IPrNi(SCPh3)NO (5) in 63 % 

yield.  While both 5 and 2 are formally 16-electron Ni(0) complexes, the single crystal X-

ray structure of 5 (Figure 5.7) shows significant differences in the coordination sphere as 

compared to 2.  The bulk of the trityl group increases the angle between the N1-C1-N2 

plane and the S-Ni-N3 plane to 66° while the analogous N1-C1-N2 and O2-Ni-N3 planes 

of 2 intersect at an angle of 30°.  This change in coordination sphere allows for the most 

linear Ni-N-O bond angle in this series of compounds at 172.8(2)° with a vNO stretching 

frequency of 1772 cm-1. 

5.5.  Reduction of IPrNi(I)NO by sodium amalgam 

Reduction of 1 by addition of 1 equiv 1% Na/Hg amalgam provides the dinuclear 

deep purple {IPrNi}2(µ-NO)(µ-I) (6) in 51% yield (Scheme 5.4). The single crystal X-ray 

structure of 6 (Figure 5.8) shows a relatively short Ni-Ni bond at 2.314(1) Å. Based on 

the short Ni-Ni distance and the diamagnetic 1H NMR spectrum of 6, the presence of a 

metal-metal interaction seems likely. For instance, considering 6 to result from the 

interaction of separate IPrNiI and IPrNi(NO) (bent) fragments, each two-coordinate 

species would be d9 Ni(I) complexes, each possessing at least one unpaired electron.  As 

a consequence of the close Ni-Ni distance and the large size of the iodide anion, the Ni1-

I-Ni2 bond angle is extremely acute at 54.44(2)°.  While the bridging mode of NO 

between two metal atoms has been crystallographically characterized before with of 

metals including as Cr,11 Mn,12,13 Fe,14,15 Co,16-19 and Cu,20 this is the first example 

bridging between two Ni atoms. The Ni1-N5-Ni2 angle of 82.2(2)° is similar to those 
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found in previously synthesized Cp-supported dinuclear Co17 and Fe15 complexes. The 

relatively long N5-O1 bond distance of 1.222(5) Å, bent Ni1-N5-O1 angle at 137.7(3)°, 

and vNO stretching frequency at 1681 cm-1 are indicative of a bound NO- group. Counting 

the NO group as an anion and including a Ni-Ni bond gives two 16-electron NiI centers in 

the complex, accounting for the diamagnetic 1H NMR spectrum. 

5.6.  Synthesis and structure of a cationic Ni nitrosyl complex 

In an attempt to isolate a two-coordinate Ni nitrosyl, 1 and 6 were each reacted with 

thallium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (TlBArF4)
21 to exchange the 

coordinated iodide anions with the non-coordinating BArF
4 anion. When 1 equiv of 

TlBAr F
4 reacts with either 1 or 6 in Et2O, precipitation of TlI is observed and the green, 

three-coordinate {[IPr][IPr´]Ni(NO)}+[BAr F
4]

- 7 complex is formed (Scheme 5.5).  The 

Scheme 5.4. Synthesis of {IPrNi}2(µ-NO)(µ-I) (6). 

1 

6 
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formation of 7 in both reactions has been confirmed by single crystal X-ray diffraction 

and each reaction mixture possesses a common vNO stretching frequency of 1784 cm-1. 

The X-ray structure of 7 (Figure 5.9) shows that one NHC ligand is bound to the Ni 

through typical C(2) coordination while the other NHC ligand is bound through more 

unusual C(5) coordination. This binding mode of N-heterocyclic carbenes has been seen 

before with bis-NHC complexes, especially the sterically bulky NHC ligands IMes (N, 

N’-bis(2,4,6-trimethylphenyl)imidazole) and IPr. For instance, Nolan’s bis-IMes Pd(II) 

chloride and the similar IPr structure both exhibit C(5) coordination.22 The Ni center in 7 

possesses a slightly distorted trigonal planar geometry with similar Ni-C distances of 

1.970(3) Å (Ni-C1) and 1.931(3) Å (Ni-C30). The Ni-N3-O1 bond angle is nearly linear 

Scheme 5.5. Synthesis of {[IPr][IPr´]Ni(NO)}+[BAr F
4]

- (7). 

1 

7 

6 
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at 164.6(3)° and the N3-O1 bond distance is extremely short at 1.093(3) Å indicating a 

coordinating nitrosonium group. Counting the NO group as a three electron nitrosonium 

group gives a 16-electron Ni(0) cationic complex which is charge balanced by the non-

coordinating BArF4 anion. 

Though the transformations from both 1 and 6 to 7 are likely complex, it appears as 

though two routes may lead to the product 7 (Scheme 4). When 1 reacts with TlBArF4, 

the resulting two-coordinate Ni nitrosyl formed may formally attack another molecule of 

1 and binds the NHC through C(5), releasing NiINO. When 6 is reacted with TlBArF4, 

the resulting three-coordinate {[IPr][IPr´]Ni(NO)}+[BAr F
4]

- may undergo a 

rearrangement to form 7 and an equivalent of nickel metal. 
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Figure 5.7. X-ray structure of IPrNi(SCPh3)NO (5) (all H atoms omitted).   Selected 

bond distances (Å) and angles (deg): Ni-C1 1.944(2), Ni-N3 1.629(2), Ni-S 2.1553(6), 

N3-O 1.165(2), C1-Ni-N3 127.31(9), Ni-N3-O 172.8(2), N3-Ni-S 132.10(7), C1-Ni-S 

99.73(6). 
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Figure 5.8. X-ray structure of {IPrNi}2(µ-NO)(µ-I) (6) (all H atoms omitted).   Selected 

bond distances (Å) and angles (deg): Ni1-Ni2 2.3135(8), Ni1-C1 1.897(4), Ni2-C28 

1.893(4), Ni1-N5 1.763(4), Ni2-N5 1.758(4), Ni1-I 2.5375(7), Ni2-I 2.5204(7), N5-O1 

1.222(5), Ni1-N5-O1 137.7(3), Ni2-N5-O1 137.5(3), Ni1-N5-Ni2 82.16(17), Ni1-I-Ni2 

54.44(2). 
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Figure 5.9.  X-ray structure of the {[IPr][IPŕ]Ni(NO)} + cation in (7) (all H atoms, the 

BArF
4 anion, and a molecule of Et2O omitted).   Selected bond distances (Å) and angles 

(deg): Ni-C1 1.970(3), Ni-C30 1.933(3), Ni-N3 1.651(3), N3-O1 1.092(3), C1-Ni-C30 

121.36(12), Ni-N3-O1 164.6(4).  
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Compd. 5 6 7 

formula C46H51N3NiOS C58H82IN5Ni2O2 C90H94BF24N5NiO2 

Mol. Wt. 752.67 1125.61 1803.22 

Temp.(K) 100(2) 100(2) 100(2) 

crystal 
description         

plate plate plate 

crystal color green purple blue 

crystal size 
(mm3) 

0.35×0.20×0.10 0.59×0.52×0.20 0.50×0.41×0.15 

system triclinic monoclinic triclinic 

Space group P-1 P21/n P-1 

a (Å) 10.6615(5) 11.903(2) 12.942(3) 

b (Å) 11.1114(6) 23.439(4) 18.441(4) 

c (Å) 19.6342(10) 20.744(4) 19.515(4) 

α (deg) 74.8880(10) 90.00 99.589(3) 

β (deg) 82.8800(10) 100.631(2) 99.181(3) 

γ (deg) 64.5230(10) 90.00 92.918(3) 

Z 2 4 2 

θ range (deg) 2.09 - 26.00 1.32 - 28.00 1.41 – 26.00 

measd reflns 21720 49477 48177 

unique reflns 7937 13455 17665 

R(int) 0.0388 0.0958 0.0519 

GOF of F2 1.001 0.956 1.068 

R1 ( I > 2σ(I)) 0.0394 0.0592 0.0589 

wR2 (all data) 0.0862 0.1385 0.1322 

Largest diff. 
peak and hole (e- 
· Å-3) 

0.651 and -0.254 1.990 and -1.617 0.640 and -0.762 

 

Table 5.3.  Crystallographic data, collection parameters, and refinement details for 5, 
6, and 7. 
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Summary 

We have synthetically explored  a new family of three-coordinate nickel nitrosyl 

complexes IPrNi(X)NO utilizing the bulky, monodentate N-heterocyclic carbene ligand 

IPr.  By changing the electron donating or withdrawing properties of the X ligand, the 

coordination mode of the nitrosyl ligand can be switched from a coordinated nitrosonium 

ion (NO+) or a coordinated nitroxyl anion (NO-).  Reduction of IPrNi(I)NO (1) gives the 

dinuclear bridging nitrosyl complex 6 which possesses a new binding mode of NO 

between two nickel atoms.  Removal of the iodide from 1 with TlBArF
4 in an attempt to 

synthesize a two-coordinate Ni-nitrosyl gives the unusual bis-IPr cation product 7, with 

one of the IPr ligands bound through C(5) coordination.  Based on this result, it appears 

that in this system, the two-coordinate Ni-nitrosyl is extremely reactive and 

disproportionates to give 7.  

General Experimental Details 

All experiments were carried out in a dry nitrogen atmosphere using an MBraun 

glovebox and/or standard Schlenk techniques. 4A molecular sieves were activated in 

vacuo at 180 ºC for 24 h.  Dry toluene and dichloromethane were purchased from Aldrich 

and were stored over activated 4A molecular sieves under nitrogen. Diethyl ether and 

tetrahydrofuran (THF) were first sparged with nitrogen and then dried by passage through 

activated alumina columns.23 Pentane was first washed with conc. HNO3/H2SO4 to 

remove olefins, stored over CaCl2 and then distilled before use from 

sodium/benzophenone. All deuterated solvents were sparged with nitrogen, dried over 

activated 4A molecular sieves and stored under nitrogen. 1H and 13C NMR spectra were 
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recorded on a Varian 400 MHz spectrometer (399.490 and 100.465 MHz, respectively). 

All NMR spectra were recorded at room temperature unless otherwise noted and were 

indirectly referenced to TMS using residual solvent signals as internal standards. 19F 

NMR spectra were recorded at 375.845 MHz using an external reference of C6F6 set to δ 

= -164.9 ppm. Elemental analyses were performed on a Perkin-Elmer PE2400 

microanalyzer in our laboratories. 

Silver trifluoromethanesulfonate (AgOTf), 2.0 M sodium cyclopentadienylide in 

THF (NaCp), and Ni powder were obtained from Aldrich and used as received. 

Bis(cyclopentadienyl)nickel (Cp2Ni) was obtained from Strem Chemicals and used as 

received. All other reagents were obtained from Acros Organics and used as received. N, 

N’-bis(2,6-diisopropylphenyl)imidazolium chloride (IPr·HCl),9 Ni(I)NO(THF)2,
10 and 

TlBAr F
4
21 were synthesized according to published literature procedures. IPr·HCl was 

deprotonated with KOtBu in THF and the free IPr was isolated as a brown solid using a 

modified literature procedure.24 

Preparation of Compounds and Characterization 

IPrNi(I)NO (1) . A solution of the free NHC N, N’-bis(2,6-diisopropylphenyl)imidazole 

(IPr) (1.345 g, 3.463 mmol) in 20 mL THF was added with stirring to a solution of 

Ni(I)NO(THF)2 (1.245 g, 3.463 mmol) in 20 mL THF. The solution was allowed to stir 

overnight at room temperature. The solution was filtered through Celite and the solvent 

was removed in vacuo. The remaining solid was washed with 20 mL of n-pentane and 

then dried in vacuo to afford 1.088 g (52%) of dark blue product. 1H NMR (CDCl3, 25 

°C) δ 7.45 (t, 2, Ar-p-H), 7.33 (s, 2, backbone-H), 7.30 (d, 4, Ar-m-H), 2.74 (sept, 4, iPr-
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CH), 1.39 (d, 12, iPr-CH3), 1.19 (d, 12, iPr-CH3); 
13C{1H} NMR (CDCl3, 25 °C) δ 

192.41, 145.39, 134.96, 130.28, 125.19, 124.08, 28.70, 25.16, 23.43; υNO (NaCl plate, 

film from Et2O, cm-1): 1766; Anal. Calcd. for C27H36IN3NiO: C, 53.67; H, 6.01; N, 6.95. 

Found: C, 54.08; H, 6.43; N, 7.01. 

IPrNi(OTf)NO (2) . A suspension of AgOTf (0.255 g, 0.994 mmol) in 10 mL Et2O was 

added with stirring to a solution of 1 (0.600 g, 0.994 mmol) in 10 mL Et2O. The solution 

was allowed to stir for 3 h. The brown precipitate was filtered over Celite and the solvent 

removed in vacuo. The resulting solid was crystallized from Et2O at -35 °C overnight to 

yield 0.407 g (65%) of dark blue crystals. 1H NMR (CDCl3, 25 °C) δ 7.44 (t, 2, Ar-p-H), 

7.32 (s, 2, backbone-H), 7.26 (d, 4, Ar-m-H), 2.64 (sept, 4, iPr-CH), 1.39 (d, 12, iPr-

CH3), 1.22 (d, 12, iPr-CH3); 
13C{1H} NMR (CDCl3, 25 °C) δ 184.60, 144.52, 133.91, 

130.31, 125.01, 124.03,  30.85, 26.83, 25.80; 19F NMR (CDCl3, 25 °C) δ -80.121; υNO 

(NaCl plate, film from Et2O, cm-1): 1816; Anal. Calcd. for C28H36F3N3NiO4S: C, 53.69; 

H, 5.79; N, 6.71. Found: C, 53.58; H, 5.48; N, 6.69. 

IPrNi(OTf)Cp (3) . A solution of NiCp2 (0.075 g, 0.400 mmol) in 5 mL Et2O was added 

with stirring to a solution of 2 (0.250 g, 0.400 mmol) in 5 mL Et2O. The solution was 

allowed to stir for 24 h. The solution was filtered over Celite and the solvent was 

removed in vacuo.  The solid was taken up in a minimal amount of Et2O and crystallized 

at -35 °C.  Two crystallization attempts yielded 0.139 g (53%) of red crystals.  The signal 

at 4.96 ppm in Figure S2 is assigned to CpNiNO.  1H NMR (C6D6, 25 °C) δ 7.28 (t, 2, 

Ar-p-H), 7.19 (d, 4, Ar-m-H), 6.77 (s, 2, backbone-H), 3.91 (s, 5, Cp-H), 2.82 (sept, 4, 
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iPr-CH), 1.42 (d, 12, iPr-CH3), 0.93 (d, 12, iPr-CH3); 
13C{1H} NMR (C6D6, 25 °C) δ 

175.93, 146.34, 137.05, 130.07, 125.66, 123.94, 92.06, 28.63, 26.02, 22.68; 19F NMR 

(C6D6, 25 °C) δ -77.77; Anal. Calcd. for C33H41F3N2NiO3S: C, 59.92; H, 6.25; N, 4.24. 

Found: C, 59.46; H, 6.25; N, 4.30. 

IPrNi(Cp)NO (4) . A solution of NaCp (0.08 mL, 0.160 mmol) in THF was added with 

stirring to a solution of 2 (0.100 g, 0.160 mmol) in 5 mL Et2O. The solution immediately 

changed from dark blue to dark red in color and was allowed to stir for 1 h. The solution 

was filtered over Celite and the volatiles were removed in vacuo. The resulting solid was 

crystallized from n-pentane at -35 °C overnight. Red crystals that formed were collected 

and dried in vacuo to afford 0.076 g (87%) of the product. 1H NMR (C6D6, 25 °C) δ 7.18 

(t, 2, Ar-p-H), 7.07 (d, 4, Ar-m-H), 6.59 (s, 2, backbone-H),  4.99 (s, 5, Cp-H), 2.85 (sept, 

4, iPr-CH), 1.22 (d, 12, iPr-CH3), 0.97 (d, br, 12, iPr-CH3); 
13C{1H} NMR (C6D6, 25 °C) 

δ 145.50, 129.68, 123.87, 95.29, 93.39, 31.07, 28.30, 25.44; 13C NMR peaks are broad 

possibly due to exchange with CpNiNO and IPr in solution. C32H41N3NiO: C, 70.86; H, 

7.62; N, 7.75. Found: C, 70.62; H, 7.94; N, 7.62. 

IPrNi(SCPh3)NO (5). A solution of 1 (0.500 g, 0.828 mmol) in 5 mL THF was added 

with stirring to a suspension of TlSCPh3 (0.397 g, 0.828 mmol) in 10 mL THF. The 

solution immediately formed a yellow precipitate and changed from deep blue to dark 

green in color.  The solution was allowed to stir for 2 h. The solution was filtered over 

Celite and the volatiles were removed in vacuo. The resulting solid was crystallized from 

n-pentane at -35 °C overnight.  Green crystals that formed were collected and dried in 
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vacuo to afford 0.392 g (63%) of the product. 1H NMR (CDCl3, 25 °C) δ 7.46 (m, 8, Ar-

H), 7.25 (m, 7, Ar-H), 7.00 (m, 8, Ar-H), 2.71 (sept, 4, iPr-CH), 1.23 (d, 12, iPr-CH3), 

1.15 (d, 12, iPr-CH3); 
13C{1H} NMR (CDCl3, 25 °C) δ 195.16, 152.73, 145.85, 135.54, 

130.57, 129.93, 126.40, 124.83, 123.84, 66.21, 28.70, 25.32, 22.99; υNO (Et2O film, cm-1):  

1772; Anal. Calcd. for C46H51N3NiOS: C, 73.40; H, 6.83; N, 5.58. Found: C, 73.07; H, 

6.90; N, 5.08. 

{IPrNi} 2(µ-NO)(µ-I) (6). A 1.0 wt. % amalgam of sodium in mercury (0.762 g, 0.331 

mmol) was added to a stirring solution of 1 (0.200 g, 0.331 mmol) in 10 mL Et2O. The 

dark blue solution immediately began to turn purple in color and formed a white 

precipitate.  The solution was allowed to stir for 24 h and the resulting solution was 

filtered over Celite. The solution was concentrated to about 1 mL in vacuo and 

crystallized at -35 °C two days.  Purple crystals were collected over two crops and dried 

in vacuo to afford 0.088 g (51%) of the product. 1H NMR (C6D6, 25 °C) δ 7.18 (t, 2, Ar-

H), 7.15 (d, 4, Ar-H), 6.68 (s, 2, Ar-H), 2.88 (sept, 4, iPr-CH), 1.22 (d, 12, iPr-CH3), 1.09 

(d, 12, iPr-CH3); 
13C{1H} NMR (CDCl3, 25 °C) δ 197.90, 145.56, 136.55, 129.00, 

123.35, 122.84, 28.21, 24.71, 23.44; υNO (NaCl plate, film from Et2O, cm-1):  1681; Anal. 

Calcd. for C54H72N5Ni2O: C, 61.89; H, 7.34; N, 6.22. Found: C, 62.08; H, 7.48; N, 6.40. 

{[IPr][IPr ´]Ni(NO)} +[BAr F
4]

- (7).  A solution of IPr (0.164 g, 0.422 mmol) in 5 mL 

Et2O was added to a stirring solution of 1 (0.255 g, 0.422 mmol)  in 5 mL Et2O.  The 

solution was stirred for 10 minutes.  A solution of TlBArF
4 (0.450 g, 0.422 mmol) in 5 

mL Et2O was added to the stirring solution and a white precipitate formed immediately.  
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The solution was allowed to stir overnight and then filtered over Celite.   The solution 

was concentrated in vacuo and stored at -35 °C for two days.  Blue crystals were isolated 

and dried from the mother liquor in two crops to yield 0.245 g (34 %) of product.  1H 

NMR (CDCl3, 25 °C) δ 8.14 (t, 1H, Ar-H), 8.06 (d, 1H, Ar-H), 7.62 (s, 8H, BAr-H), 7.53 

(t, 1H, Ar-H), 7.42 (s, 6H, BAr-H), 7.31 (d, 3H, Ar-H), 7.28 (s, 2H, Ar-H), 7.20 (t, 2H, 

Ar-H), 7.17 – 7.11 (m, 2H, Ar-H), 7.09 (d, 1H, Ar-H), 6.99 (d, 2H, Ar-H), 3.20 (d, 1H, 

Ar-H), 2.71 (sept, 2H, iPr-CH), 2.66 – 2.57 (sept, 2H, iPr-CH), 2.52 (sept, 1H, iPr-CH), 

2.29 – 2.17 (sept, 2H, iPr-CH), 2.09 (sept, 1H, iPr-CH), 1.24 (d, 3H, iPr-CH3), 1.18 – 

1.14 (m, 15H, iPr-CH3), 1.14 – 1.10 (m, 15H, iPr-CH3), 1.07 (m, 9H, iPr-CH3), 1.03 (d, 

3H, iPr-CH3), 0.99 (d, 3H, iPr-CH3). 
13C{1H} NMR (CDCl3, 25 °C) δ 187.13, 186.81, 

162.71, 161.61, 145.134, 145.00, 144.64, 136.23, 135.32, 134.74, 134.24, 134.00, 133.13, 

130.73, 130.63, 130.21, 129.72, 128.92, 128.58, 128.29, 125.85, 125.63, 125.22, 125.10, 

124.92, 124.31, 124.27, 124.20, 124.11, 123.98, 123.14, 120.42, 117.43, 65.82 (Et2O) 

29.23, 28.75, 28.73, 28.70, 28.40, 25.17, 24.93, 24.88, 24.38, 24.31, 23.99, 23.89, 23.83, 

23.74, 23.68, 23.55, 23.47, 23.41, 23.27, 23.08, 15.24 (Et2O). 19F NMR (CDCl3, 25 °C) δ 

-65.60; υNO (NaCl plate, film from Et2O, cm-1): 1784.  Anal. Calcd. for 

C86H84BF24N5NiO: C, 59.74; H, 4.90; N, 4.05. Found: C, 59.65; H, 5.16; N, 3.87. 

X-ray Structure Refinement Details 

Single crystals of each compound were mounted under mineral oil on glass fibers and 

immediately placed in a cold nitrogen stream at -100(2) °C or -173(2) °C on a Bruker 

SMART CCD system or Bruker APEX II CCD system. Either full spheres (triclinic) or 
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hemispheres (monoclinic or higher) of data were collected (0.3° ω-scans; 2θmax = 56°; 

monochromatic Mo Ka radiation, λ = 0.7107 Å) depending on the crystal system and 

integrated with the Bruker SAINT program. Structure solutions were performed using the 

SHELXTL/PC suitea and XSEED.b Intensities were corrected for Lorentz and 

polarization effects and an empirical absorption correction was applied using Blessing’s 

method as incorporated into the program SADABS.c Non-hydrogen atoms were refined 

with anisotropic thermal parameters and hydrogen atoms were included in idealized 

positions. 

References for X-ray Structure Refinement Details 

(a)  SHELXTL-PC, Vers. 5.10; 1998, Bruker-Analytical X-ray Services, Madison, WI;  

      G. M. Sheldrick, SHELX-97, Universität Göttingen, Göttingen, Germany. 

(b)  L. Barbour, XSEED, 1999. 

(c)  SADABS; G. M. Sheldrick, 1996, based on the method described in R. H. Blessing,  

      Acta Crystallogr., Sect. A, 1995, 51, 33. 
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