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ABSTRACT 

 

Since the discovery of nitric oxide (NO) in 1772, this simplest, stable free 

radical with one unpaired electron has been a target of ongoing research as an industrial 

intermediate, environmental pollutant, and more recently, an important signaling 

molecule in biology.  Nitric oxide is a very important intermediate for synthesis of nitric 

acid with an estimated annual global production of 10 million metric tons. Despite this 

massive scale of production, there are relatively few direct uses of NO in synthesis.  

Nitric oxide is also well known as a toxic gas from cars, factories and tobacco.  It leads 

to photochemical smog and can cause acid rain.  Nonetheless, over the last 3 decades, 

the reputation of NO has changed dramatically: NO and its biochemical relatives are 

central to a number of biochemical signaling pathways and are involved in many 

physiological response such as vasodilation.  

This thesis centers on reactivity of nitric oxide and several of its congeners such 

as nitroxyl (HNO), nitrite (NO2
-
), nitrous oxide (N2O) and nitrogen dioxide (NO2) with 

biomimetic models of copper and zinc enzymes.  In addition, metal-free frustrated 

Lewis pairs are used to capture and activate NO.  Tris(pyrazolyl)borate complexes of 

copper were employed to examine the coordination and NO reactivity of nitrosobenzene 
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(PhNO), an HNO analogue stable towards irreversible dimerization, that provides 

insight into how HNO can bind to biologically relevant copper enzymes. 

Tris(pyrazolyl)borate complexes of zinc were used to model the reactivity of zinc bound 

nitrite (NO2
-
) with thiols RS-H that generates S-nitrosothiols RSNO that decompose to 

NO, outlining a new pathway for NO production from NO2
-
. Reaction of NO with two 

coordinate -diketiminato copper complexes was consistent with the production of 

oxidizing cis-hyponitrite intermediates subject to N2O loss to form copper-oxo species.  

These studies offer insight into mechanism of anaerobic oxidation of methane catalyzed 

by nitrite reductase and particulate methane monooxygenase which are both copper 

based enzymes. Lastly, a phosphorus and boron frustrated Lewis pair was used to 

capture and activate nitrogen oxides towards hydrogen atom abstraction and other 

reactions, illustrating new pathways for the metal-free NO reactivity.    
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CHAPTER 1 

Copper C-nitroso Compounds with Tridentate N-donor Ligands:  

Hydroxylamine Activation and NO Reactivity 
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Abstract 

Nitroxyl (HNO) is a one electron reduced form of nitric oxide (NO) with biological function 

similar to nitric oxide such a vasodilation, neurotransmission. Unique to HNO, however, is the 

ability to promote cardiac muscle contraction.  In a synthetic modeling approach, we examined 

possible Cu-HNO binding modes through the use of the related C-nitroso compound 

nitrosobenzene (PhNO).   Addition of nitrobenzene to tris(pyrazolyl)borato copper(I) complexes 

RR
TpCu(MeCN) and the N,N-bis(imino)pyridine copper(I) complex ({[

iPr2
PDI]Cu(MeCN)2}

+
)  

gives the corresponding nitrosobenzene adducts 
RR

TpCu(κ
1
-N(O)Ph) and {[

iPr2
PDI]Cu κ

1
-

(N(O)Ph)}
+
.   All of adducts feature κ

1
-N binding mode and in the case of the TpCu, the more 

electron donating group, the stronger the π-backbonding was observed. 
iPr2

TpCu(MeCN) also 

induces disproportion of phenylhydroxylamine (PhNHOH) to produce  
iPr2

TpCu(κ
1
-N(O)Ph) and 

aniline.   Addition of slight excess of NOg to  
iPr2

TpCu(κ
1
-N(O)Ph) resulted to formation of 

formation of copper(II) diazeniumdiolates ,  
iPr2

TpCu(κ
2
-O2N2Ph) which exhibits a square 

pyramidal geometry.   This reports the reactivity of PhNO and PhNHOH to copper(I) complexes 

that gives importance insight into how biologically important molecules HNO and 

hydroxylamine (NH2OH) can interact with copper-centered enzymes. 
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Introduction 

From its ability to induce vasodilation to its involvement to neurodegenerative disorders such 

as Alzheimer’s
1-4

 and Parkinson’s
2,5

 disease, nitric oxide (NO) has been target much 

investigation in the field of biochemistry and pharmacology.   NO is a signaling molecule which 

induces physiological responses such as vasorelaxation, immune defense, and at high 

concentrations, apoptosis. NO can be converted to wide array of nitrogen oxide derivatives such 

as nitrogen dioxide, nitrite, hydroxylamine and HNO.  Interestingly, these molecules also have 

significant biological activities which are distinct from NO.
6-9

 

 

 

 

 

 

 

 

 

Nitroxyl (HNO) is a one electron reduced form of nitric oxide. The past decade has witnessed 

a large number of investigations focused nitroxyl due to its biological and pharmacological 

significance.  In a study done by Paolocci, the HNO donor Angeli’s salt was found to have 

positive inotropic effect, an increase in myocardial contraction in failing cardiac muscle and 

balanced venous and arterial dilation in failing cardiovascular systems.
10

  Vasorelaxation is a 

well-known effect of nitric oxide; however, the effect of HNO is significantly slower and longer 

lasting than nitric oxide.  The vasorelaxation is also enhanced with copper zinc superoxide 

NO 

cytostasis 

gastrointestinal 

motility 

bronchodilation 

immune function 

antiplatelet 

action 

neurotransmission 

vasorelaxation 

uterine relaxation 

Figure 1.1.  Biological functions of nitric oxide (NO). 
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dismutase (CuZnSOD).
11

 This result suggests that HNO is converted to NO with the aid of 

CuZnSOD.  Furthermore, HNO may be along the pathway of endogenous NO production at 

nitric oxide synthases (NOSs).
12

  

1.1.a. Chemical and biological properties of HNO 

 HNO has a pKa of 11.4 that indicates that the NO
-
 ion should exist as HNO in 

physiological pH.
13

  Its deprotonation is slow because of the change in spin state upon removal 

of the proton from a singlet HNO to triplet NO
-
.   Unlike NO which has affinity for Fe(II), HNO 

is more reactive towards Fe(III) to produce nitrosyl complex.  Iron(II) in hemoglobin can be 

oxidized by HNO to produce nitric oxide and oxyheme.  HNO is also thiophilic: upon reaction 

with 2 equivalents of thiols (RSH), the corresponding disulfide and hydroxylamine are produced 

(Scheme 1.1). HNO also dimerizes significantly fast (k = 8.6 × 10
6
 M

-1
s

-1
) making it a 

challenging target to study.
6,14

    

 

 

 

 

 

Perhaps owing to its relative ease of oxidation to NO (BDE (H-NO) 47 kcal/mol; E1/2 = 

0.5-0.6 eV vs NHE ay physiological conditions
15

), HNO has similar biological effects as nitric 

Scheme 1.1. Reactivity of HNO (a) and its dimerization (b). 
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oxide.  It acts as an antioxidant, facilitates signal transduction and it is involved in platelet 

aggregation by inducing glycoprotein expression.
8,14

   One interesting activity of HNO is its 

positive inotropic effect and unlike NO which induces aortic dilation, induces contraction of the 

left ventricle and venodilation which might be useful in treating cardiac depression.
16,17

 

 The best chemically known sources of HNO are Angeli’s salt (AS, Na2N2O3) and Piloty’s 

acid (PA, C6SO3NH2).  AS decomposes at pH 4.0 upon protonation to produce nitrous ion and 

nitroxyl.  Just like AS, decomposition of PA is pH dependent.  At basic pH, PA decomposes 

readily with HNO as one of the products, however PA can also be oxidized and release NO 

rather than HNO.
7,14,15

 Other HNO donors are available such as acyl nitroso which can be 

derived from N-hydroxyurea.  Acyl nitroso releases HNO upon ydrolysis
14

. 

While its biological production has not been unequivocally established, there are several 

reasonable ways of producing HNO endogenously.  Hydroxylamine can react with nitric oxide to 

produce HNO.  Nitric oxide can be also reduced by ferrous heme. S-nitrosothiols RSNO can 

react with thiols H-SR’ to produce the disulfide RS-SR’and HNO as shown in (Scheme 1.1a). 
6,7

 

HNO may be intimately involved in the biological synthesis of NO in which L-arginine is 

converted to citrulline accompanied by the release of NO at the heme-based NOS enzymes.  The 

Scheme 1.2. Chemical sources of HNO. 



6 

 

Scheme 1.3. (a) Oxidation of L-arginine to L-citrulline catalyzed by nitric oxide synthase 

Schmidt group performed an in vitro analysis of this route which gave insight into the 

importance of copper-zinc superoxide dismutase (CuZnSOD) in the production of NO.  In their 

study, they did not detect nitric oxide in the absence of CuZnSOD, instead they observed the 

presence of N2O and NH2OH which result from HNO formation.
12

  In an electrochemical study 

done by Nelli, they reported that CuSO4 catalyzes the oxidation of HNO generated from Angeli’s  

 

salt to produce NO.
18

 CuZnSOD converts HNO to NO with bimolecular constant of 9.4 × 10
4
 M

-

1
s

-1
.
7
 These findings suggest that CuZnSOD and perhaps other copper enzymes may play an 

important role in oxidation of HNO to NO in biological systems.   

Hydroxylamine (NH2OH) is a biological relative of both nitric oxide (NO) and nitroxyl 

(HNO). In the NOS pathway of NO synthesis, NH2OH is a byproduct (scheme 1.3). In the study 

done by Sakano et al exposure of NH2OH to copper(II) in the presence of NADH and oxygen, 

leads to its conversion to NO which could react with other radicals such as peroxide to form 

peroxynitrite which  induces DNA depurination. 
19

 Two successive one-electron oxidation-

deprotonation steps convert NH2OH to HNO.   This route has been used by Hillhouse to prepare  
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Scheme 1.4. Copper catalyzed oxidation of hydroxylamine to generate NO. 

 

 

 

 

a  ReL5(HNO) coordination complex by oxidizing the corresponding  hydroxylamine complex 

(Scheme 1.6).
20

 

  1.1.b.  Copper-zinc superoxide dismutase 

 Copper-zinc superoxide dismutase is an oxidoreductase that facilitates the dismutation of 

superoxide (O2
-
) to oxygen and hydrogen peroxide.

21
  Thus, CuZnSOD plays a very important 

role in relieving oxidative stress in a eukaryotic cell.  It is a major source of copper ions in the 

bloodstream, present at ca. 20 µM in red blood cells.
22,23

  CuZnSOD is a homodimer which has 

two subunits. The copper ion is coordinated to four histidine residues where one acts a bridging 

ligand with Zn ion.  The coordination environment can be best described as distorted square 

planar when the enzyme is in its oxidized form.
21

 When the copper center is reduced, the 

bridging imidazole (
63

His) increases its distance from the Cu center, resulting in a trigonal planar 

structure considering the remaining histidine ligands.
21

 

 

 

Cu 

Zn 

Figure 1.2   Active site of human CuZnSOD, showing the Cu(II)  coordination environment.  
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The conversion of HNO to NO occurs between 0.5 to 0.6 eV under physiological conditions.  

Given that the potential of CuZnSOD is 0.4 eV, the electron transfer is more feasible via inner 

sphere mechanism (Scheme 1.5). 
10

 

1.1.c.  Metal-HNO complexes 

 Isolated metal-nitroxyl complexes have been very elusive owing to the extreme reactivity 

of nitroxyl towards dimerization irreversibly producing N2O and H2O.
24

. HNO complexes have 

been synthesized by protonation of a bound nitrosyl ligand using triflic acid
25

 or via hydride 

reduction,
26

 or oxidation of a hydroxylamine to HNO.
20

 Most characterized metal-HNO 

complexes possess a d
6
 metal ion in an octahedral environment.  This configuration stabilizes the 

metal-HNO linkages since this geometry and electronic configuration is kinetically inert.
24

 All 

characterized metal-HNO complexes have a κ
1
-N binding mode.

24
 The NO bond lengths for 

Ru(S4py)(HNO) and IrHCl2(HNO)(PPh3)2 are 1.242(9) and 1.234(11)Å respectively. (Scheme 

1.6)
25,26

  The NO distance in free HNO is 1.21 Å thus NO bond is not very activated in these 

complexes.  If X-ray structure is unavailable, the NO bond stretching frequency, νNO is a good 

indication of HNO complexation which exhibit νNO in the range from 1550 to 1350 cm
-1

.  For 

instance, Hillhouse reported that Re(CO)3(PPh3)2(HNO) has νNO of 1391 cm
-1

.
20

 The presence of 

HNO in these metal complexes can be also confirmed by having a low-field proton around 15 

ppm which splits into doublet in the presence of 
15

N (I = ½) isotope.
24

  

 

Scheme 1.5  Stepwise, inner-sphere oxidation of HNO to NO at [Cu]. 
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1.1.d.  Nitrobenzene as a HNO analogue 

 Nitrosobenzene may be considered structurally and chemically similar to HNO in many 

ways. Just like nitroxyl, C-nitroso compounds can exhibit homolytic and heterolytic C-NO bond 

cleavage
27

 and can be reduced to hydroxylamines RNHOH.  Moreover, they often dimerize to 

form the corresponding azodioxy species RN(O)N(O)R (Scheme 1.7).
28

    

 

 

 

 

Scheme 1.6  Synthesis of d
6
-metal HNO complexes. 
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1.1.e. Copper nitrosoarene complexes 

 Copper nitrsoarene complexes [Cu](ONAr) have been of interest to many researchers due 

to its importance in catalytic C-N bond formation as well as modeling the [Cu](O2) interaction.  

For instance, the cationic copper nitrosoarene complex [Cu(κ
1
-N(O)Ph)3]

+
, which serves as a 

catalyst for C-H amination of allylic substrates
29

, is prepared by reacting phenylhydroxylamine 

(PhNHOH) with [Cu(MeCN)4]
+
.
29

  Unlike the [Cu(κ
1
-N(O)Ph)3]

+
 which has a κ

1
-N(O)Ph 

Scheme 1.7  Dimerization of nitrosobenzene. 

Figure 1.3   Structure of mononuclear copper(I) nitrosoarene complexes.  
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binding mode, tripodal [Me6tren]Cu
+
 fragment led to a 

1
-O adduct which is used a model for 

superoxide binding.
30

  Using β-diketiminate copper(I) complexes, our group reported the PhNO  

adduct [Me2NN]Cu(η
2
-ONPh) that features η

2
-binding mode which shows a strong π-back 

donation of copper to the nitrosoarene.  Addition of another equivalent of [Me2NN]Cu led to the 

formation of dicopper adduct {[Me2NN]Cu}2(-
2
:

1
-ONAr).

31
 

 

 

 

 

 

 

 

 

This study aims to examine the fundamental chemistry of HNO at copper sites using 

copper C-organitroso complexes as synthetic models.  The chemistry of HNO at copper will be 

probed using tris(pyrazolyl)borate (
RR

Tp) and N,N-bis(imino)pyridine (PDI) ligands (Figure  

1.5).   Both ligands provide a tridentate N-donor environment but in different geometries.   

Tris(pyrazolyl)borato copper(I) features a tetrahedral geometry upon binding with a substrate 

while N,N-bis(imino)pyridine copper(I) has a more planar structure due to the rigidity of the PDI 

ligand. 

 

 

Figure 1.4   Structure of dinuclear copper(I) nitrosoarene complexes.  
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Results and Discussion 

1.2.a.  Density functional theory - binding of HNO to copper 

 Using density functional theory (DFT) calculations, we have explored the different 

possible binding modes of nitroxyl (HNO) to the parent tris(pyrazolyl)borato copper(I) fragment 

TpCu.  We employed the ADF2007.1 suite of programs with the BP86 functional and TZ2P(+) 

basis sets; scalar relativistic effects were included by virtue of the zero order regular 

approximation (ZORA).  In estimating energy differences among isomeric structures and in 

chemical equations, only changes in electronic energies (ΔE) have been considered which 

neglect zero-point and entropic contributions.  

 Using the unsubstituted Tp ligand for computational efficiency, we considered three 

different binding modes for HNO at the TpCu fragment.  Explorations of the different binding 

modes were done in order to determine their relative stabilities and to assess the likelihood of  

 

Figure 1.5. Structures of trispyrazolyl borato copper (I), 
RR

TpCu
I
 (left) and N,N-           

bis(imino)pyridine (PDI)  copper(I), [
iPr2

PDI]Cu
I
 (right).   
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experimentally observing a given binding mode.  Just as in previously characterized metal-HNO 

complexes, the 
1
-NO binding mode was found to be the most stable structure.    

The calculated energies of the 
1
-N(O)H and η

2
-ONH bonding modes show only a 

modest energy difference suggesting that either would could be potentially accessible at room 

temperature. The N-O bond is elongated due to the π-backdonation of copper to NO bond (DFT 

calculated HNOfree, NO-1.21 Å).  

 

 

 

 

 

Figure 1.6.  DFT calculated binding modes of HNO for mononuclear copper.  

 


1
-N(O)H 

0.0 kcal/mol 

N-O bond : 1.25 Å 

      νNO  : 1392 cm
-1 

η
2
-N(O)H 

+ 4.9 kcal/mol 

N-O bond  : 1.32 Å 

νNO  : 1146 cm
-1

 
 


1
-ONH 

+ 15.6 kcal/mol 

N-O bond  :  1.27 Å 

νNO  : 1432 cm
-1
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       The side on binding mode features a more activated NO bond as compared to the other two 

structures having greatest NO  distance and lowest νNO . The extent of -backbonding can be 

determined by IR spectroscopy in the absence of X-ray crystal structure.   The stronger the -

backbonding, the lower the observed νNO stretching frequency. 

Dinuclear systems were also explored computationally, motivated by the dinuclear 

dioxygen binding mode reported by Kitajima where dioxygen bridges out two copper centers.
32

    

Similarly, this binding mode is also exhibited in the diazene complex ({
iPr2

TpCu}2(µ-N2H2) 

formed when {
iPr2

TpCu}2(µ-OH)2 reacts with hydrazine (Scheme 1.8).
33

 As mentioned in Section 

1.1.e. (above), {[Me2NN]Cu}2(-
2
:

1
-ONAr) (Figure 1.4) features dinuclear copper hence  

dinuclear systems for HNO should be also considered. 

 

 

 

 

Scheme 1.8.  Possible synthesis of copper nitroxyl species in analogy to peroxo and diazene       

complexes. 
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Computational studies suggest that each dinuclear HNO complex would exhibit a more 

activated NO bond than the structurally related mononuclear complex based on the calculated 

bond distances (1.29 - 1.40 Å) and vibrational frequencies (1256 to 1040 cm
-1

) (Figure 1.8).   

 

 

 

 

 

b a 

[Cu]2(η
1
-η

1
-ONH) 

+1.0 kcal/mol 

N-O bond : 1.29 Å 

      νNO  : 1256 cm
-1 

 

Cu
1
 

N 

O 

Cu
2
 

[Cu]2(µ-ONH) 

+1.5 kcal/mol 

N-O bond : 1.41 Å 

 

[Cu]2(µ-η
2
-η

1
-ONH) 

+10.0 kcal/mol 

N-O bond : 1.38 Å 

      
 

 

[Cu]2(µ-η
1
-η

2
-ONH) 

0.0 kcal/mol 

N-O bond : 1.34 Å 

      νNO  : 1087 cm
-1 

 

d 

Figure 1.8.  DFT calculated binding modes of HNO in dinuclear copper complexes.  

c 
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In these DFT optimized structures, two copper ions are involved in π-backbonding, weakening 

the NO bond relative to free HNO as well as bound HNO in the corresponding mononuclear 

complexes.  This has the effect of strengthening the Cu – HNO interaction. The DFT modeled 

structures only have hydrogen as substituent in the 3 and 5 positions of the pyrazole rings.  

Addition of bulk in these positions will greatly affect the relative energies of the different 

binding modes, especially dinuclear ones since there will be considerable steric repulsion 

between bulky TpCu centers. 

        The strength of binding is also compared against solvents/ligands such as 

acetonitrile NCMe.  Based on calculation, κ
1
-HNO binds more tightly that NCMe by 13.6 

kcal/mol in E. DFT calculations also suggest that the dinuclear [TpCu]2(µ-η
2
- η

1-
HNO) 

complex dissociation to the  [TpCu
I
](

1
-HNO) is favorable in the presence of a moderately 

coordinating ligand such as acetonitrile.     

          

 

Based on these computational studies, the mononuclear species has most likelihood to 

occur with HNO bounded to the copper via a κ
1
-N binding mode. Nonetheless, the dinuclear 

structures are interesting as they would sterically protect HNO against dissociation that is further 

driven via irreversible formation of N2O and H2O.   These considerations indicate that the 

formation of dinuclear complexes may be possible in non-coordinating solvents.   

 

[Cu]2(µ-η
1
-η

2
-ONH) 

0.0 kcal/mol 

N-O bond : 1.34 Å 

      νNO  : 1087 cm
-1 

 

c 

Scheme 1.9. Favorable displacement of NCMe by HNO in TpCu and dissociation of 

[TpCu]2(µ-η
2
:η

1
-HNO). 
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1.2.b. Synthesis of organonitroso 
RR

TpCu(I) complexes 

 Addition of 1 equiv. nitrosobenzene (PhNO) to a solution of tris(3,5-

diisopropyl)pyrazolylborato copper(I) acetonitrile 
iPr2

TpCu(MeCN) (1) gives a purple solution 

from which the nitrosoarene adduct 
iPr2

TpCu(κ
1
-N(O)Ph) (2) can be isolated as purple crystals 

from pentane in 57% yield.   A similar adduct can be also using tris-(3-phenyl-5-

methyl)pyrazolylborato copper(I) acetonitrile complex, 
PhMe

TpCu(MeCN) (3).  Addition of an 

equivalent of PhNO to a solution of 
PhMe

TpCu(MeCN) (3) in dichloromethane resulted to 

formation of dark colored solution.  After removing the solvent in vacuo, the residue was 

recrystallized in pentane and gave 
PhMe

TpCu(κ
1
-N(O)Ph) (4) as green crystals in 56% yield. 

Crystallographic characterization of 2 revealed the PhNO is bound to copper in κ
1
-N in 

each of the two crystallographically independent molecules, which agrees with the predicted 

lowest energy HNO binding mode to the Tp fragment.  The nitroso N-O bond distances of 

1.250(6) and 1.236(7) Å found in molecules 2 are similar to that of Srivistava’s [Cu(κ
1
- 

Scheme 1.10. Synthesis of  
RR

TpCu(
1
-N(O)Ph). 
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N(O)Ar)3]
+
 (1.252 (2) - 1.265(2) Å; Ar = 4-Et2NC6H4).

29
  The NO distance in the κ

1
-N adduct 

indicates activation from free, monomeric nitrosobenzene calculated to have a N=O distance of 

1.22 Å in water solution.
34

  Also consistent with some backbonding to the nitroso ligand are the 

short Cu-N(nitrosobenzene) distances of 1.850(5) and 1.857(5) Å, considerably shorter than 

found in [Cu(
1
-N(O)Ar)3]

+
 which span 1.899(2) - 1.970(2) Å.

29,35
.    

The Xray structure of 4 reveals the same κ
1
-N binding mode with a shorter N-O distance 

of 1.230(3) Å.  The Cu-N(nitrosobenzene) of 4  is slightly longer than that of 2 at 1.880(2) Å.  

These parameters are consistent to the fact that compound 4 has more electron poor copper 

center thus the -backbonding is weaker compared to that of 2. 

 In order to quantitatively determine the extent of -backbonding, we measured the 

infrared (IR) stretching fequency of the NO bond for both compounds.  The stretching 

frequencies, νNO of the NO bond were found to be 1358 (ν15NO = 1336 cm
-1

) and 1365 cm
-1 

(ν15NO 

= 1341 cm
-1

) for 2 and 4 respectively (Figure 1.12 and 1.13).  These results show significant -

backbonding of copper to the NO bond since free PhNO has a stretching frequency for NO is 

1506 cm
-1

.
29,36,37

   

 Dissolving 
iPr2

TpCu(κ
1
-N(O)Ph) (2) in pentane results to a dark purple solution with 

optical absorption at λmax = 489 (ε =1170 M
-1

cm
-1

) and a shoulder at λmax = 676 (ε =594 M
-1

cm
-1

) 

(Figure 1.14). 
PhMe

TpCu(κ
1
-N(O)Ph) (4) has similar optical absorption  profile with λmax = 473 (ε 

=598 M
-1

cm
-1

) and a shoulder at λmax = 637 (ε =319 M
-1

cm
-1

) (Figure 1.15)  giving it dark  green 

color upon dissolution in pentane.  The intense color is brought about by the charge transfer 

excitation to the LUMO which is mostly has NO π* character calculated to have energy to -3.73 

eV for 
iPr2

TpCu(κ
1
-N(O)Ph) (Figure 1.16).  It is expected the 

PhMe
TpCu(κ

1
-N(O)Ph) will have 

higher LUMO orbital energy which reflected by the λmax and the degree of π-backdonation. 
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1 

1 

1 

Figure 1.9. Xray structure of 
iPr2

TpCu(κ
1
-N(O)Ph) (2), molecule 1. Selected bond distances 

(Å) and angles (deg):  Cu1-N7 1.850(5), Cu1-N1 2.088(5), Cu1-N5 2.071(5), Cu1-N3 

1.996(5), O1-N7 1.250(6), N1-Cu1-N3 96.06(19), N1-Cu1-N7 120.3(2). 

 

N7 
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O2 

N14 

N8 

N12 

N10 

Cu2 B2 

Figure 1.10. Xray structure of 
iPr2

TpCu(κ
1
-N(O)Ph) (2), molecule 2. Selected bond distances 

(Å) and angles (deg):  Cu2-N14 1.857(5), Cu2-N8 2.099(5), Cu2-N12 2.083(5), Cu2-N10 

2.009(5), O2-N14 1.236(7), N8-Cu2-N12 87.02(19), N8-Cu2-N14 123.0(2). 
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Figure 1.11. Xray structure of 
PhMe

TpCu(κ
1
-N(O)Ph) (4). Selected bond distances (Å) and 

angles (deg):  Cu-N7 1.880(2), Cu-N1 2.0591(19), Cu-N2 2.2136(19), Cu-N3 2.0220(9), O-

N7 1.231(3), N1-Cu-N3 94.02(7), N1-Cu-N7 123.13(8). 

 

N1 

B 

N2 

Cu N7 

O 

N3 
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Figure 1.12.
  
Infrared spectrum of 

iPr2
TpCu(

1
-
15

N(O)Ph) (blue),  
iPr2

TpCu(
 1

-
14

N(O)Ph) 

(red) and difference spectrum  (
iPr2

TpCu(
 1

-
15

N(O)Ph) -
 iPr2

TpCu(
 1

-
14

N(O)Ph) (green)  

(from evaporated CH2Cl2 on KBr). Calculated ν
15

NO = 1334 cm
-1

 for ν
14

NO = 1358 cm
-1

.  
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Figure 1.13.
  
Infrared spectrum of 

iPr2
TpCu(κ

1
-
15

N(O)Ph) (gray),  
iPr2

TpCu(κ
 1

-
14

N(O)Ph) 

(red) and difference spectrum  (
iPr2

TpCu(κ
 1

-
15

N(O)Ph) -
 iPr2

TpCu(κ
 1

-
14

N(O)Ph) (blue)  (from 

evaporated CH2Cl2 on KBr). Calculated ν
15

NO = 1341 cm
-1

 for ν
14

NO = 1365 cm
-1

.  
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Figure 1.14. Beer’s Law plot for 
iPr2

TpCu(κ
1
-N(O)Ph). at λmax = 489 nm (ε = 1170 M

-1
cm

-1
) 

and λ = 676 nm (ε = 594 M
-1

cm
-1

) in pentane at 298 K. 

 

Figure 1.15. Beer’s Law plot for 
PhMe

TpCu(κ
1
-N(O)Ph). at λmax = 473 nm (ε = 598 M

-1
cm

-1
) 

and λ = 637 nm (ε = 319 M
-1

cm
-1

) in pentane at 298 K. 
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Figure 1.16.
  
DFT optimized geometry of 

iPr2
TpCu(κ

1
-N(O)Ph) (left) and contour plot of the 

Kohn-Sham LUMO (-3.73 eV) (right).  Selected calculated distances (Å): Cu-N1 2.079, Cu-

N3 2.000, Cu-N5 2.134, Cu-N7 1.874, N-O 1.252. 
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1.2.c. Synthesis of organonitroso [PDI]Cu(I) complexes  

The ability of N,N-bis(imino)pyridine (PDI) to coordinate first row transition metals has 

been studied many decades ago but applications of this coordination environment are only being 

discovered this recent years.
38-40

    

 

 

 

 

 

 

 

Bis(imino)pyridine transition metal complexes are used to catalyze olefin polymerization.
38,41

   

The PDI ligand is also reported as a good coordination environment for stabilizing rhodium 

peroxo compounds.
40

  In 2009, Chirik reported preparation of bis(imino)pyridine iron amide 

complexes from bis(imino)pyridine iron dinitrogen species and NH transfer agent.
39

    

In regards to copper chemistry there only few fully characterized structures reported in 

literature. Le Gall reported several crystallographically characterized bis(imino)pyridine 

copper(II) complexes starting with copper(I) precursors (Figure 1.18).
42

   

 

 

Figure 1.17.
  
Structure of 

iPr2
PDI ligand.  
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In this study, bis(imino)pyridine copper(I) acetonitrile is synthesized and characterized to 

provide insight of biologically relevant copper catalyzed reaction  with square planar 

environment such as amyloid Beta (Aβ) precursor protein copper aggregates
3,4

.  This Aβ-copper 

aggregates are redox active that can produce harmful oxidants and radical which cause 

neurodegenerative diseases such as Alzheimer’s disease.
3,4

  We compare the backbonding 

capability of cationic copper(I) complex against neutral copper(I) such as the 
iPr2

TpCu(MeCN).  

The reaction of 2,6-bis[1-(2,6-diisopropylphenylimino)ethyl]pyridine (
iPr2

PDI)  with 

[Cu(CH3CN)4]PF6  in THF resulted in the formation of {[
iPr2

PDI]Cu(NCMe)2}
+ 

(MeCN 

equivalent based on NMR).  Addition of a large counter ion like tetrakis[bis(3,5-

trifluoromethyl)phenyl]borate (BArF4) to form [
iPr2

PDI]Cu(NCMe)2]BArF4 (5) allowed it to be 

easily crystallized. Indeed in the crystallographic characterization, one of the structure in the unit 

cell confirms that there are two MeCN ligands attached to copper. 

    

 

Figure 1.18.
  
Structure of [

iPr2
PDI]Cu

II
(X) complexes.  
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Scheme 1.11. Synthesis of {[
iPr2

PDI]Cu (NCMe)X}
+
. 

 

 

 

 

 

 

 

 

 

 

 Although the copper seems like coordinated to 5 N-donors, the geometry is somewhat 

tetrahedral like rather than a square pyramidal since one Cu-NCMe bond is at a distance of 

2.488(3) Ǻ.  There are four close proximity nitrogen, two from the ligand (Cu1-N2 : 2.089(3) 

and Cu-N3 : 2.182(3) Ǻ)  and two from the MeCN (Cu1-N4: 1.971(3) and Cu1-N5: 2.013Ǻ). 

making is more four coordinate rather than five coordinate.  The N-Cu-N angles also range from 

103.5 to 111.0° which is consistent for a tetrahedral geometry (Figure 1.19).    

  The unit cell also contains {[
iPr2

PDI]Cu(NCMe)}
+
 which has hybrid geometry of a 

tetrahedral and square planar.  Although Cu(I)
 
as a d

10
 metal prefers tetrahedral geometry, the 

rigid structure and planarity of the ligand prevents it from having a fully tetrahedral geometry.  

The Cu-N distances are very similar to that of {[
iPr2

PDI]Cu(NCMe)2}
+
 (Figure 1.20). 

 



29 

 

 

Cu N4 

N5 

N1 

N3 

N2 

Figure 1.19. Xray structure of {[
iPr2

PDI]Cu(NCMe)2}
+
 (5a), BAr

F
4 anion omitted.  Selected 

bond distances (Å) and angles (deg):  Cu1-N4 1.971(4), Cu1-N3 2.182(3), Cu1-N5 2.013(4), 

Cu1-N2 2.089(3), Cu1-N1 2.488(3),  N2-Cu1-N5 103.79(13), N4-Cu1-N5 108.40(14). N3-

Cu1-N5 105.95(12), N3-Cu1-N4 114.50(11). 
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Figure 1.20. Xray structure of {[
iPr2

PDI]Cu(NCMe)}
+
 (5b), BAr

F
4 anion omitted.  Selected 

bond distances (Å) and angles (deg):  Cu2-N9 1.911(4), Cu2-N6 2.226(3), Cu2-N7 2.005(4), 

Cu2-N8 2.291(3),  N6-Cu2-N9 105.93(11), N8-Cu2-N9 149.22(13). N8-Cu1-N9 109.77(11). 

Cu2 

N6 

N7 

N8 

N9 
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Scheme 1.12. Synthesis of [
iPr2

PDI]Cu(κ
1
-N(O)Ph]BAr

F
4. 

Reaction of PhNO with 5 in ether resulted to a formation of a purple solution.  The 

solution was then concentrated and crystals form at -40 °C.  The reaction yield 59 % of   

{[
iPr2

PDI]Cu(κ
1
-N(O)Ph}BArF4 (6) as purple crystals (scheme 1.12). Compound 6 has similar 

geometry as {[
iPr2

PDI]Cu(NCMe)}
+
.  Just like the nitrosobenzene adduct of the TpCu complexes, 

the structure features a κ
1
-N binding mode with a Cu-N(nitrosobenzene) distance of 1.884(7) Ǻ 

which is similar to that of compounds 2 and 4 (Figure 1.21).  The N-O distance is 1.250(9) Ǻ, 

which quite surprisingly longer than 2 and 4.  This results suggest that the [
iPr2

PDI]Cu
I
 is more 

effective in -backbonding to the NO π* orbital.  This finding is further supported by IR 

analyses giving the N-O stretching frequency for 6 is at 1292 cm
-1

 (ν15NO = 1274 cm
-1

) (Figure 

1.22).   

  

  

Table 1.1 Comparison of N-O bond length and vibrational stretching frequency.

Molecule N-O bond length (Ǻ) N-O IR stretch (cm
-1)

HNO 1.21* 1582*

PhNO 1.22 1506
iPr2

TpCu(κ
1
-N(O)Ph) (2) 1.236(7) 1358

PhMe
TpCu(κ

1
-N(O)Ph) (4) 1.231(3) 1365

[
iPr2

PDI]Cu(κ
1
-N(O)Ph]BArF4 (6) 1.250(9) 1292

* DFT calculated value

Table. 1.1. 
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N4 

O 

N1 

Cu 

N2 

N3 

Figure 1.21. Xray structure of {[
iPr2

PDI]Cu(κ
1
-N(O)Ph)}

+
 (6), BAr

F
4 anion omitted.  Selected 

bond distances (Å) and angles (deg):  Cu-N4 1.884(7), Cu-N1 2.133(7), Cu-N2 2.016(9), Cu-

N3 2.318(9), O-N4 1.250(9), N1-Cu-N4 105.49(3), N2-Cu-N4 161.17(3), N3-Cu-N4 

108.37(3), Cu-N4-O 118.38(3). 
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Figure 1.22.
  
Infrared spectrum of {[

iPr2
PDI]Cu(κ

1
-

14
N(O)Ph)}

+
 (red),  {[

iPr2
PDI]Cu(κ

1
-

15
N(O)Ph)}

+
 (blue) and difference spectrum  ({[

iPr2
PDI]Cu(κ

1
-
15

N(O)Ph)}
+
 -{[

iPr2
PDI]Cu(κ

1
-

14
N(O)Ph)}

+
 (green)  (from evaporated CH2Cl2 on KBr). Calculated ν

15
NO = 1271 cm

-1
 for 

ν
14

NO = 1292 cm
-1

.  
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Scheme 1.11. Synthesis of 
iPr2

TpCu(κ
2
-O2N2Ph) (7). 

1.2.d.  Nitric oxide capture by 
iPr2

TpCu(κ
1
-N(O)Ph) 

 The C-nitrosocopper adducts captures NO to form copper(II) diazeniumdiolates
31

.  

Addition of 1 eq. of NO gas to a purple solution of 2 immediately changed the color to light blue.  

Blue crystals of copper(II) diazeniumdiolates are isolated in a concentrated pentane solution at -

40 °C in 64% yield.  

 

 

 

 

 Crystallographic characterization of 
iPr2

TpCu(κ
2
-O2N2Ph) (7) showed a square pyramidal 

copper complex coordinated to three pyrazole N donors and 2 O atoms of the diazeniumdiolate 

moiety (Figure 1.23). Compound 8 has Cu-O1 and Cu-O2 distances of 1.9544(10) and 

1.9666(11) Å with a O1-Cu-O2 angle of 79.55(4)°.   These Cu-O distances are similar to β-

diketiminato copper(II) diazeniumdiolates ([Me2NN]Cu(κ
2
-O2N2Ph) and [(CF3)2NN](κ

2
-

O2N2Ph)) reported by our group.
31

  The square pyramidal geometry of 8 results in two shorter 

equatorial Cu-N distances (Cu-N1: 1.9806(12), Cu-N3: 1.9789(13) Å) with a considerably longer 

axial Cu-N distance (Cu-N5: 2.2472(13) Å). Electron paramagnetic resonance spectrum of  

iPr2
TpCu(κ

2
-O2N2Ph) (7) is a typical 4-line pattern for a copper(II) square planar complexes. 

Simulation allows assignment of giso = 2.13, Aiso(
63/65

Cu) = 161 and Aiso (
14

N) = 20 MHz for the 

3 N donors of the Tp ligand (Figure 1.24).  
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Figure 1.23. Xray structure of  
iPr2

TpCu(κ
2
-O2N2Ph) (7). Selected bond distances (Å) and 

angles (deg):  Cu-O1 1.9544(4), Cu-O2 1.9666(11), Cu-N1 1.9789(13, Cu-N2 1.9806(12), 

Cu-N5 2.2472(13), O1-N7 1.323(3), O2-N8, 1.306(3), N7-N8 1.2841(18), N1-Cu-N3 

87.76(5), O1-Cu-O2 79.55(4), N3-Cu-O1 94.67(5), N1-Cu-O2 96.02(5). 

 

 

 

 

 

 

  

N2 

O2 

Cu 

B 
N1 

N5 O1 N7 

N8 



36 

 

  

 

 

 

 Dissolving 
iPr2

TpCu(κ
2
-O2N2Ph) (7) in fluorobenzene resulted to a very light teal color.  

Optical spectroscopy in fluorobenzene reveals that the teal color is brought about by its weak 

absorption band at λmax = 669 nm (ε = 128 M
-1

cm
-1

) (Figure 1.25).   

Figure 1.24.  Isotropic X-band EPR spectrum and simulation for 
iPr2

TpCu(κ
2
-O2N2Ph) 

(7) (fluorobenzene, RT): 8.916871 GHz, ModWidth = 0.5 mT, Power = 1.0 mW, time 

constant = 1.0 s, Simulation (Gaussian lineshape with 10.0 G linebroadening) gives 

giso = 2.130, A(
63

Cu) = 161 MHz, A(
14

N) ≈ 20 MHz for 3 equiv N atoms (unresolved).  

Quadratic (c2 = 10 G/MHz) and linear ( = 0.022 G
2
/MHz) strain were employed to 

reproduce the copper nuclear quantum number dependence of the linewidth. 

Figure 1.25.  Beer’s Law plot for 
iPr2

TpCu(κ
2
-O2N2Ph) (7) at λmax = 669 nm (ε = 128 M

-1
cm

-1
) 

in PhF at 298 K. 
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Scheme 1.12. Disproportionation of PhNHOH facilitated by 
iPr2

TpCu
I
 producing 

iPr2
TpCu(κ

1
-

N(O)Ph), aniline and azoxybenzene. 

1.2.e.Generation of nitrosobenzene from  trispyrazolyl copper(I) and phenylhydroxylamine 

 Hydroxylamine (NH2OH) is an endogenous by product in HNO synthesis and it can also 

be oxidized to NO via formation of HNO in the presence of copper ions.  We used 

phenylhydroxylamine (PhNHOH) as an analogue of NH2OH and in this study we generate PhNO 

from PhNHOH in presence of trispyrazolyl copper(I) complexes. 

  Dismutation of PhNHOH in the presence of copper has been reported in literature by 

Srivistava.
29

  In the presence of [Cu(MeCN)4]
+
, 2 eq. of PhNHOH dismutate to aniline and 

nitrosobenzene.    

Addition of 2 equiv. PhNHOH to a solution of 
iPr2

TpCu(MeCN) (1) resulted to a formation of 

purple solution which is a characteristic color of the 
iPr2

TpCu(κ
1
-N(O)Ph) and no traces of 

PhNHOH remain in the reaction mixture.  The NMR spectrum also showed a significant amount 

of azoxybenzene (65 % yield), the condensation product of PhNHOH and PhNO.         
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Figure 1.26. 
1
H NMR spectrum (400 MHz, 298K, C6D6) of the reaction 2eq. PhNHOH with 

iPr2
TpCu(MeCN) (3) to produce

 iPr2
TpCu(κ

1
-N(O)Ph) (6), aniline and azoxybenzene. 

 The detection of PhNO indicates the ability of  
RR

TpCu
I 
 could catalyzed dismutation of 

PhNHOH which gains insight on the capability of copper enzymes to oxidize hydroxylamines.  

Addition of NH2OH to 
iPr2

TpCu(NCMe) did not produce any new products analyzed by NMR 

and UV-vis. 
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Conclusion 

 Copper C-nitroso compounds of the tris(pyrazolyl)borato and bis(imino)pyridine ligands 

which feature tetrahedral and square planar geometry of the nitrosobenzene adduct were 

synthesized and characterized.  All of the C-nitroso adducts, 
iPr2

TpCu(κ
1
-N(O)Ph) (2),  

PhMe
TpCu(κ

1
-N(O)Ph) (4) and {[

iPr2
PDI]Cu(κ

1
-N(O)Ph)}

+
 (6) exhibit κ

1
-N nitrosobenzene 

binding mode with similar Cu-N bond distances.   Compound 6  has the most activated N-O 

bond with νNO = 1292 cm
-1

.  The more electron rich 
iPr2

TpCu(κ
1
-N(O)Ph) (2) has more effective 

-backbonding than 
PhMe

TpCu(κ
1
-N(O)Ph) (4) as shown in the N-O distances and stretching 

frequency.  This 
1
-N binding of C-nitroso compounds experimentally observed reflects the most 

energetically favored DFT modeled structure HNO bound to copper.   

 The 
iPr2

TpCu(κ
1
-N(O)Ph) was also generated from PhNHOH via dismuation of 2 

PhNHOH to PhNO and PhNH2.  Compound 2 also captures NO to form the copper(II) 

diazeniumdiolate 
iPr2

TpCu(κ
2
-O2N2Ph) (7). 
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Experimental 

1.3.a. General procedures and instrumentation 

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

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

180 ºC for 24 h.  Dry benzene, THF, and CH2Cl2 were purchased from Aldrich and stored over 

activated 4 A molecular sieves. Diethyl ether was first sparged with nitrogen and then dried by 

passage through activated alumina columns.
43,44

 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 

4 A molecular sieves and stored under nitrogen. Celite was dried overnight at 200 °C under 

vacuum.   

1
H and 

13
C NMR spectra were recorded on a 400 MHz Inova Spectrometer (400 and 

100.47 MHz respectively). All NMR spectra were recorded at room temperature unless 

otherwise noted and were indirectly referenced to residual solvent signals or TMS as internal 

standards.  UV-Vis spectra were measured on a Varian Cary 50 or 100 spectrophotometer, using 

cuvettes with screw-cap tops. GC-MS spectra were recorded on a Varian Saturn 3900 and ESI-

MS analyses was done using Varian 500 Ion Trap LC/MS using positive mode.  

All reagents were obtained commercially unless otherwise noted and typically stored 

over activated 4A molecular sieves.  
iPr2

TpCu(NCMe), 
PhMe

TpCu(NCMe) were prepared using 

literature methods. 
15

N-labeled PhNO was prepared by oxidation Ph
15

NH2. 
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1.3.b. Synthesis of 
iPr2

TpCu(κ
1
-N(O)Ph) (2)  

 Addition of an equivalent of PhNO (44.0 mg, 0.416 mmol) to 
iPr2

TpCu(NCMe) (237 mg, 

0.416 mmol) in 5 mL CH2Cl2 resulted to a dark purple solution. The solvent is removed in vacuo 

and the solid was recrystallized in pentane to obtain a 56.5 % yield (150.0 mg). 
1
H NMR (400 

MHz, 298 K, C6D6 )  δ 8.63 (d, 4H, ArHNO), 6.97 (t, 1H, ArHNO), 6.73  (t, 2H, ArHNO),  5.93 

(s, 3, pz), 3.61 (sept, 3, CHMe2),  3.23 (sept, 3, CHMe2), 1.16 (d, 18, CHMe2), 1.13 (d,18, 

CHMe2); 
13

C{
1
H} (100 MHz, 298 K, C6D6):  δ 163.0, 159.2, 155.1, 131.6, 129.3, 122.9, 97.0, 

22.7, 26.3, 23.3  λmax = 489  nm (ε = 1170 M
-1

cm
-1

);  λ = 676 nm (ε = 594 M
-1

cm
-1

)  IR 

(evaporation of CH2Cl2 solution on KBr): 1358 cm
-1

 (ν
14

NO),  1336 cm
-1

 (ν
15

NO).  ESI-MS (m/z) 

Calculated base peak for C33H51BCuN7O1:   635.4 [M]
+
  Found: 635.6 [M]

 +
 . 

iPr2
TpCu(κ

1
-
15

N(O)Ph).  Was made in accordance with the aforementioned procedure using 

Ph
15

NO producing a 
1
H NMR identical to that of 

iPr2
TpCu(κ

1
-N(O)Ph).  

1.3.c. Synthesis of 
MePh

TpCu(κ
1
-N(O)Ph) (4)  

Addition of an equivalent of PhNO (16.16 mg, 0.17 mmols) to 
MePh

TpCu(NCMe) (100 

mg, 0.17mmol) in 5 mL ether resulted to a dark green solution. The solvent is removed in vacuo 

and the solid was recrystallized in pentane to obtain a 56.0% yield (62.3 mg). 
1
H NMR (400 

MHz, 298 K, CDCl3) δ 7.88, 7.62 (Ar-H of PhNO), 7.37, 699 (
pz

Ph), 6.16 ( 
pz

H), 2.51 (
pz

Me). 

13
C{

1
H} (100 MHz, 298 K, C6D6):  δ 152.5, 144.6, 134.7, 133.2, 130.3, 128.9, 128.2, 127.6, 

126.3, 122.6, 104.6, 13.0  λmax = 473  nm (ε = 598 M
-1

cm
-1

);  λ = 637 nm (ε = 318.9 M
-1

cm
-1

)  IR 

(evaporation of CH2Cl2 solution on KBr): 1365 cm
-1

 (ν
14

NO),  1345 cm
-1

 (ν
15

NO). 
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1.3.d. Synthesis of {[
iPr2

PDI]Cu(MeCN)2}
+
 (5) 

A stoichiometric mixture of [Cu(CH3CN)4]PF6 (1.69 g, 4.53 mmol) and 2,6-bis[1-(2,6-

diisopropylphenylimino)ethyl]pyridine (2.18 g, 4.53 mmol) was transferred into a round bottom 

flask. Diethyl ether (100 mL) was added and the solution was stirred overnight. The solution was 

filtered through Celite, vacuum dried and washed with pentane. Brown solids were isolated  ( 

2.01 g 75.0% yield).  1H NMR (400 MHz,C6D6, ppm): δ  8.27 (s br, 1H,, Py-Hp), 8.07 (d, 2H, J 

= 4.0 Hz, Py-Hm),, 7.07–6.96 (m, 6H, Ar-H), 2.76 (sept,4H, J = 6.0 Hz, CHMe2), 2.02 (s, 6H, N 

CMe), 1.15 (dd,24H, J = 8.0 Hz, CHMe2), 0.42 (s,6H, H-MeCN)  . The dark brown solids was 

redissolved in ether stiochiometric amount of tetrakis[bis(3,5-trifluoromethyl)phenyl]borate was 

added.  Immediately the solution turned dark brown to gray. Recrystallization was done in ether 

at -39 °C.  

 

1.3.e. Synthesis of {[
iPr2

PDI]Cu(κ
1
-N(O)Ph)}

+
 (6) 

In 10 mL ether, {[
iPr2

PDI]Cu(MeCN)2]}
+
 (0.50g, 0.80 mmol) of was dissolved.  In this 

solution was nitrosobenzene (87.5 mg, 0.8 mmol) was added.  A purple solution was produced.  

It was then concentrated, filtered and recrystallized in ether at -39 °C to obtain 315 mg (60.4 %) 

{[
iPr2

PDI]Cu(κ
1
-N(O)Ph)}

+
. 1H NMR (400 MHz,C6D6, ppm): δ  8.46 (s br, 1H,, Py-Hp), 8.14 (d, 

2H, J = 4.0 Hz, Py-Hm), 7.75 (d, 2H, J = 4.0 Hz, PhNO) 7.07–6.96 (m, 9H, Ar-H), 2.82 

(sept,4H, J = 6.0 Hz, CHMe2), 2.03 (s, 6H, N CMe), 1.08 (dd,24H, J = 8.0 Hz, CHMe2).  

 

1.3.f. Reaction of 
iPr2

TpCu(NCMe) with 2 equiv. PhNHOH – in situ monitoring by 
1
H NMR   

 A solution of 
iPr2

TpCu(NCMe) (30.0 mg, 0.053 mmol) in 1.0 mL C6D6 was added to 
 
2 

equiv PhNHOH (11.4 mg, 0.106 mmol) at room temperature. After 60 min, one equivalent of the 
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standard 1,2,4,5-tetrachlorobenzene (respect to 
iPr2

TpCu(NCMe)) was added. Analysis by 
1
H 

NMR spectroscopy indicates a 26% yield of 
iPr2

TpCu(κ
1
-N(O)Ph) (6).  The PhNHOH is fully 

consumed to form 
iPr2

TpCu(κ
1
-N(O)Ph), aniline and azoxybenzene (a known condensation 

product of PhNO and PhNHOH) (Figure 1.26).
5
 

1.3.g. Synthesis of 
iPr2

TpCu(κ
2
-O2N2Ph) (7) 

A solution of 
iPr2

TpCu(κ
1
-N(O)Ph) (60.0 mg, 0.095 mmol) in pentane (10 mL) was 

prepared in nitrogen atmosphere. Nitric oxide gas (1.5 eq, 4.5 mL at 298 K, 1 atm.) was bubbled 

through the solution resulting to a change in color from dark purple to light blue green. The 

solution was concentrated, filtered and stored in the freezer.  The blue crystals were collected 

with a yield of 64% (40.3 mg).   λmax = 669  nm (ε = 127.6 M
-1

 cm
-1 

in fluorobenzene) ESI-MS 

(m/z) Calculated for C33H51BCuN8O2:   665.4 [M]
+
 and 666.4 [M+1]

+
 Found: 665.6 [M]

+
 and 

666.4 [M+1]
+
.
 

1.3.h. EPR spectroscopy 

The EPR measurements were performed in air-tight quartz tubes. Solution EPR spectra 

were recorded on a JEOL continuous wave spectrometer JES-FA200 equipped with an X-band 

Gunn oscillator bridge and a cylindrical mode cavity. Spectral simulation was performed using 

the program QCMP 136 by Prof. Dr. Frank Neese from the Quantum Chemistry Program 

Exchange as used by Neese et al. in J. Am. Chem. Soc. 1996, 118, 8692-8699. The fittings were 

performed by the “chi by eye” approach. Collinear g and A tensors were used (Figure 1.24). 
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1.3.i. DFT calculation details 

The DFT calculations employed the Becke-Perdew exchange correlation functional   

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 Cu atom.  Scalar relativistic effects 

were included by virtue of the zero order regular approximation (ZORA) [3]. The 1s electrons of 

B, C, N, O, and F as well as the 1s – 2p electrons of Cu were treated as frozen core.  The VWN 

(Vosko, Wilk, and Nusair) functional was used for LDA (local density approximation) [4].  

Default convergence (ΔE = 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.
 45-48

 

Experimental X-ray coordinates for 
iPr2

TpCu(κ
1
-N(O)Ph) and were used as the starting 

point for the geometry optimization of these species.  .  ADFview [2a] was used to prepare the 

three-dimensional representations of the structures as well as to render the Kohn-Sham MOs. 

which appear in Figures 1.6-8 and 1.16. 
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1.3.j. Crystallographic details  

Single crystals of compounds were mounted under mineral oil or perfluoroalkyl ether oil 

on glass fibers in a cold nitrogen stream at 100(2) K on a Bruker SMART CCD system at 

Georgetown.  Either full spheres (triclinic) or hemispheres (monoclinic or higher) of data were 

collected (0.3 or 0.5 ώ-scans; 2θmax > 50; 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 suite
a
 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 aniostropic thermal parameters and hydrogen atoms were included in idealized 

positions.
49-51

   

  



46 

 

Table 1.2. Crystallographic data for compounds 2-7.

Compd. 2 4 5a

formula C33H51BCuN7O C36H33BCuN7O
C37 

H49CuN5(C32H12BF24)

Mol. Wt. 636.17 654.55 1480.49

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

crystal description        block plate block

crystal color purple green yellow

crystal size (mm
3
) 0.50×0.47×0.20 0.73×0.43×0.06 0.40×0.40×0.32

system monoclinic monoclinic triclinic

Space group P21/n P21/c P-1

a  (Å) 17.1849(18) 13.953(6) 17.367(4)

b  (Å) 21.743(2) 10.485(5) 18.415(4)

c  (Å) 19.937(2) 21.904(10) 22.510(5)

a (deg) 90 90 87.402(3)

b (deg) 90.539(2) 92.460(6) 76.180(3)

g (deg) 90 90 84.183(3)

Z 4 4 2

q range (deg) 1.39-25.00 2.31-25.61 1.11-28.36

measd reflns 13108 28918 83767

unique reflns 6971 6139 33224

R(int) 0.1161 0.0361 0.038

GOF of F
2 1.09 0.932 1.339

R1 ( I  > 2s(I )) 0.0513 0.0361 0.0556

wR2 (all data) 0.2073 0.1367 0.2196

0.907 and -0.539 0.829 and -0.737 2.04 and -1.36Largest diff. peak and

hole e
-
 ∙ Å

-3
)

  



47 

 

 

Compd. 5b 6 7

formula
C35 

H46CuN4(C32H12BF24)

C39 

H48CuN4O(C32H12BF24)
C33H51BCuN8O2

Mol. Wt. 1440.45 1515.58 666.17

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

crystal description        block block block

crystal color yellow purple blue

crystal size (mm
3
) 0.40×0.40×0.32 0.30×0.30×0.25 0.48×0.30×0.23

system triclinic triclinic monoclinic

Space group P-1 P-1 P21/n

a  (Å) 17.367(4) 13.3439(19) 13.6107(14)

b  (Å) 18.415(4) 16.367(2) 17.7855(19)

c  (Å) 22.510(5) 16.933(2) 16.0916(17)

a (deg) 87.402(3) 80.810(2) 90

b (deg) 76.180(3) 76.319(2) 111.512(11)

g (deg) 84.183(3) 84.183(3) 90

Z 2 2 4

q range (deg) 1.11-28.36 1.23-28.20 1.68-28.0

measd reflns 83767 41869 36585

unique reflns 33224 16505 8753

R(int) 0.038 0.1208 0.505

GOF of F
2 1.339 0.937 1.047

R1 ( I  > 2s(I )) 0.0556 0.3471 0.0431

wR2 (all data) 0.2196 0.3777 0.0887

2.04 and -1.36 4.15 and -0.73 0.39 and -0.46Largest diff. peak and

hole e
-
 ∙ Å

-3
)



48 

 

References 

(1) Aliev, G.; Palacios, H. H.; Lipsitt, A. E.; Fiscbach, K.; Lamb, B. T.; Obrenovich, M. E.; 

Morales, L.; Gasimov, E.; Bragin, V. Neurotox. Res. 2009, 16, 293-305. 

(2) Bush, A. I. Curr. Opin. Chem. Bio. 2000, 4, 184-191. 

(3) Cappai, R.; Cheng, F.; Ciccotosto, G. D.; Needham, E.; Masters, C. L.; Multhau, G.; 

Fransson, L.-A.; Mani, K. J. of Bio.  Chem. 2005, 280, 13913-13920. 

(4) Rauk, A. Chem. Soc. Rev. 2009, 38, 2698-2715. 

(5) Yao, D.; Gu, Z.; Nakamura, T.; Shi, Z.-Q.; Ma, Y.; Gaston, B.; Palmer, L. A.; 

Rockenstein, E. M.; Zhang, Z.; Masliah, E.; Uehara, T.; Lipton, S. A. Proc. Nat. Acad. Sci. 

U.S.A. 2004, 101, 10810-10814. 

(6) Wink, D. A.; Mitchell, J. B. Free Rad. Bio. Med. 1996, 25, 434-456. 

(7) Miranda, K. M.; Ridnour, L.; Espey, M. G.; Citrin, D.; Thomas, D. D.; Mancardi, D.; 

Donzelli, S.; Wink, D. A.; Katori, T.; Tocchetti, C. G.; Ferlito, M.; Paolocci, N.; Fukuto, J. M. 

Prog. Inorg. Chem. 2005, 54, 349-384. 

(8) Thatcher, G. R. J. Curr. Top. Med. Chem. 2005, 5, 597-601. 

(9) Alderton, W. K.; Cooper, C. E.; Knowles, R. G. Biochem. J. 2001, 357, 593-615. 

(10) Miranda, K. M.; Paolocci, N.; Katori, T.; Thomas, D. D.; Ford, E.; Bartberger, M. D.; 

Espey, M.; Kass, D. A.; Feelisch, M.; Fukuto, J. M.; Wink, D. A. Proc. Nati. Acad. Sci. U.S.A. 

2003, 100, 9196–9201. 

(11) Hobbs, A. J.; Fukuto, J. M.; Ignarro, L. J. Proc. Nat. Acad. Sci. U.S.A. 1994, 91, 10992-

10996. 

(12) Schmidt, H. H. H.; Hofmann, H.; Schindler, U.; Shutenko, Z.; Cunningham, D. D.; 

Feelisch, M. Proc. Nat. Acad. Sci. U.S.A. 1996, 93, 14492-14497. 



49 

 

(13) Bartberger, M. D.; Liu, W.; Ford, E.; Miranda, K. M.; Switzer, C.; Fukuto, J. M.; Farmer, 

P. J.; Wink, D. A.; Houk, K. N. Proc. Nat. Acad. Sci. U.S.A. 2002, 99, 10958-10963. 

(14) Irvine, H. C.; RItchie, R. H.; Favaloro, J. L.; Andrews, K. L.; Widdop, R. E.; Kemp-

Harper, B. K. Trends Pharm. Sci. 2008, 29, 601-608. 

(15) Miranda, K. M. Coord. Chem. Rev. 2005, 249, 433-455. 

(16) Paolocci, N.; Katori, T.; Champion, H. C.; John, M. E. S.; Miranda, K. M.; Fukuto, J. M.; 

Wink, D. A.; Kass, D. A. Proc. Natl. Acad. Sci. 2003, 100, 5537–5542. 

(17) Paolocci, N.; Saavedra, W. F.; Miranda, K. M.; Martignani, C.; Isoda, T.; Hare, J. M.; 

Espey, M. G.; Fukuto, J. M.; Feelisch, M.; Wink, D. A.; Kass, D. A. Proc. Natl. Acad. Sci. 2001, 

98, 10463-10468. 

(18) Nelli, S.; Hillen, H.; Buyukafsar, K.; Martin, W. Brit. J. Pharm. 2001, 131, 356-362. 

(19) Sakano, K.; Oikawa, S.; Hiraku, Y.; Kawanishi, S. Free Radical Biol. Med. 2002, 33, 

703-714. 

(20) Southern, J. S.; Hillhouse, G. L.; Rheingold, A. L. J. Am. Chem. Soc. 1997, 119, 12406-

1240. 

(21) Hart, P. J.; Balbirnie, M. M.; Ogihara, N. L.; Nersissian, A. M.; Weiss, M. S.; Valentine, 

J. S.; Eisenberg, D. Biochemistry 1999, 38, 2167-2178. 

(22) Romeo, A. A.; Capobianco, J. A.; English, A. M. J. Am. Chem. Soc. 2003, 125, 14370-

14378. 

(23) Gartner, A.; Weser, U. FEBS Lett. 1983, 155, 15-18. 

(24) Farmer, P. J.; Sulc, F. J. Inorg. Biochem. 2005, 99, 166-184. 

(25) Melenkivitz, R.; Southern, J. S.; Hillhouse, G. L.; Concolino, T. E.; Liable-Sands, L. M.; 

Rheingold, A. L. J. Am. Chem. Soc. 2002, 124, 12068-12069. 



50 

 

(26) Lee, J.; Richter-Addo, G. B. J. Inorg. Biochem. 2004, 98, 1247-1250. 

(27) Chakrapani, H.; Bartberger, M. D.; Toone, E. J. J. Org. Chem., 74, 1450-1453. 

(28) Zuman, P.; Shah, B. Chem. Rev. 1994, 94, 1621-1641. 

(29) Srivastava, R. S.; Khan, M. A.; Nicholas, K. M. J. Am. Chem. Soc. 2005, 127, 7278-

7279. 

(30) Askari, M. S.; Girard, B.; Murugesu, M.; Ottenwaelder, X. Chem. Commun. 2011, 47. 

(31) Kapoor, P.; Wiese, S.; Warren, T. J. Am. Chem. Soc. 2009, submitted. 

(32) Kitajima, N.; Fujisawa, K.; Fujimoto, C.; Morooka, Y.; Hashimoto, S.; Kitagawa, T.; 

Toriumi, K.; Tatsumi, K.; Nakamura, A. J. Am. Chem. Soc. 1992, 114, 1277-1291. 

(33) Fujisawa, K.; Lehnert, N.; Ishikawa, Y.; Okamoto, K. Angew. Chem. Int. Ed. 2004, 43, 

4944-4947. 

(34) Pilepić, V.; Uršić, S. Journal of Molecular Structure: THEOCHEM 2001, 538, 41-49. 

(35) Srivastava, R. S.; Tarver, N. R.; Nicholas, K. M. J. Am. Chem. Soc. 2007, 129, 15250-

15258. 

(36) Lee, J.; Chen, J.; West, A. H.; Richter-Addo, G. B. Chem. Rev. 2002, 102, 1019-1066. 

(37) Calligaris, M.; Yoshida, T.; Otsuka, S. Inorg. Chim. Acta. 1974, 11. 

(38) Chen, J.; Huang, Y.; Li, Z.; Zhang, Z.; Wei, C.; Lan, T.; Zhang, W. J. Mol. Catal. A: 

Chem. 2006, 259, 133. 

(39) Bowman, A. C.; Bart, S. C.; Heinemann, F. W.; Meyer, K.; Chirik, P. Inorg. Chem. 2009, 

48, 5587-5589. 

(40) Haarman, H. F.; Bregman, F. R.; van Leeuwan, P. W. N. M.; Vrieze, K. Organometallics 

1997, 16, 979-985. 

(41) Brookhart, M.; Dias, E. L.; White, P. S. Organometallics 2000, 19, 4995-5004. 



51 

 

(42) Gall, B. L.; Conan, F.; Cosquer, N.; Kerbaol, J.; Kubicki, M. M.; Virgier, E.; Mest, Y. L.; 

Pala, J. S. Inorganica Chimica Acta 2001, 324, 300-308. 

(43) Budzelaar, P. H. M.; Moonen, N. N. P.; de Gelder, R.; Smits, J. M. M.; Gal, A. W. Eur. J. 

Inorg. Chem. 2000, 4, 753-769. 

(44) Budzelaar, Peter H. M.; Moonen, Nicolle N. P.; Gelder, René d.; Smits, Jan M. M.; Gal, 

Anton W. European Journal of Inorganic Chemistry 2000, 2000, 753-769. 

(45) (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. 

(46) (a) http://www.scm.com – last accessed March 5, 2013.  (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. 

(47) (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, 93, 3050. 

(c) van Lenthe, E.; Baerends, E. J.; Snijders, J. G.  J. Chem. Phys. 1993, 99, 4597. 

(48) Vosko, S. H.; Wilk, L.; Nusair, M.  Can. J. Phys. 1980, 58, 1200.  
 

(49) SHELXTL-PC, Vers. 5.10; 1998, Bruker-Analytical X-ray Services, Madison, WI; G. M. 

Sheldrick, SHELX-97, Universität Göttingen, Göttingen, Germany.  

(50) L. Barbour, XSEED, 1999. 

(51) SADABS-2008/1; G. M. Sheldrick, 1996, based on the method described in R. H. Blessing, 

Acta Crystallogr., Sect. A, 1995, 51, 33; SADABS 2.06, 2002, Bruker AXS, Madison, WI; 

U.S.A.  

http://www.scm.com/


52 

 

 

 

 

 

 

 

 

CHAPTER 2 

Conversion of Nitrite to Nitric Oxide at Zinc via S-nitrosothiols 

 

 

 

 

 

 

 

 

 

 

This work appeared as a communication article in Chemical Communications. 

Cardenas, A. J. P., Abelman, R., Warren, T. H.  Chem. Commun. 2013, DOI: 

10.1039/C3CC46102E.  

 

 



53 

 

Abstract 

Nitrite is an important reservoir of nitric oxide activity in the plasma and cells.  Using a 

biomimetic model, we demonstrate the conversion of zinc-bound nitrite in the 

tris(pyrazolyl)borate complex 
iPr2

TpZn(NO2) to the corresponding S-nitrosothiol RSNO and zinc 

thiolate 
iPr2

TpZn-SR via reaction with thiols H-SR.  The rate of nitrosation of the thiols is 

dependent on the acidity of the thiols.  
iPr2

TpZn(OAc) is also prepared to gain insight into acid-

base reactions that may take place at 
iPr2

TpZn(NO2) without the possibility of thiol nitrosation.  

Decomposition of the S-nitrosothiol RSNO releases nitric oxide gas, detected using an NO trap, 

along with the disulfide RSSR.  These studies provide insight into pathways by which nitrite can 

be converted to NO at redox inactive metal sites.   
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Introduction 

2.1. Biochemistry of nitrite 

Nitrite (NO2
-
) serves as an important, air-stable reservoir for nitric oxide activity.

1-6
  Its 

concentration in human plasma and red blood cells is tightly regulated in the ranges of 0.121 ± 

0.009 μM and 0.288 ± 0.047 μM, respectively.
1-5,7

  Beside direct intake of nitrite from food, there 

are many other sources of nitrite that allow constant concentration of nitrite circulating in the 

blood.  Bacteria in oral cavity have reduces nitrate to nitrite via nitrate reductase (NR).
3
  Nitrite 

is also a metabolic product of NO.  NO can be oxidized by oxygen in tissue or catalytically 

oxidized by ceruloplasmin
1,3

.      

 

Nitrite has been known as an undesirable metabolite due to its high reactivity towards 

amine to form nitrosamine, a known carcinogen.
8,9

  In 1994, this view completely changed upon 

the discovery of Lunberg of the involvement of nitrite in nitric oxide synthase independent 

generation of nitric oxide.
3,4

   Conversion of nitrite to NO requires 1-electron reduction that can 

be accomplished by several metalloenzymes such as globins, xanthine oxidoreductase and 

cytochrome c oxidase under hypoxic conditions.
1,3,10-12

  Non-enzymatic conversion of nitrite to 

NO occurs at low pH.
12

  In the stomach where there is a high acidity, nitrous acid (HNO2) can 

disproportionate to generate NO and NO2 which function as cytoprotecting agents in the gut.
12

    

 

 

Scheme 2.1.  Biological production of nitrite. 
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 Besides aiding in the protection against pathogens, nitrite also exhibits vasodiloatory 

effects, especially under low oxygen condition (hypoxia).
2-4

  The reduction of nitrite to NO, also 

known as a vasodilator, is catalyzed by hemoglobin and myglobin.
1,3

  The low concentration of 

oxygen, nitrite reacts deoxyhemoglobin (HbFe
2+

) and a proton to produce NO and HbFe
3+

.  The 

oxidized iron center, methemoglobin (HbFe
3+

), could further bind with nitrite to form HbFe
2+

-

•NO2.  HbFe
2+

-•NO2 react NO to generate N2O3 which a more stable congener of NO (Scheme 

2.3)
1,3

.     

 The lack of oxygen disturbs the electron transport chain and instead of reducing oxygen, 

xanthine oxidoreductase uses nitrite as electron acceptor.  This in turn produces NO that could 

induce vasodilation.
1
 

 

 

 

Scheme 2.2.  Disproportionation of NO
2

-
 at low pH. 

 

Scheme 2.3.  Reduction of NO
2

-
 to NO catalyzed by hemoglobin. 

 

Scheme 2.4.  Reduction of NO
2

-
 to NO catalyzed by xanthine oxidoredcutase. 
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Recently, Fago proposed the vasodilation activity of the zinc-based, non-redox active 

enzyme carbonic anhydrase (CA).
13

  Carbonic anhydrase is one of the fastest enzymes known,
14

 

responsible for maintaining the blood pH by converting carbon dioxide to bicarbonate at a 

His3Zn
2+

 active site (Scheme 2.5).
14

   

Due to the rough structural similarity between bicarbonate and nitrite as well as the 

ability of CA to bind nitrite which inhibits CO2 hydration,
13

 Fago suggested that CA could also 

play an important role in NO production from nitrite via dehydration of acidified nitrite (HONO) 

to N2O3
13

 which readily homolyzes to NO and NO2 (Scheme 2.2).
7
 In the absence of such a 

dehydration / disproportionation sequence, however, reduction of nitrite to nitric oxide at redox 

inactive zinc requires use of an external reductant.   

Biological thiols such as small thiol peptides with cysteine residues like gluthathione can 

act as antioxidants in the body.
15

  These thiols can be also nitrosylated to form S-nitrosothiols 

which are stable reservoirs of nitric oxide.
15,16

  Having a relatively high concentration in the 

blood stream (0.5 mM)
17

, glutathione would be a good candidate for a reductant of nitrite.   

 

Figure 2.1.  Structure of biological S-nitrosothiols. 

 

Scheme 2.5.  Conversion of CO
2
 to HCO

3

-
 via CA. 
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 S-nitrosocyteine and S-nitrosglutathione (Figure 2.1) are relatively abundant in the blood 

stream with concentrations  of 0.2 – 0.3 and 0.02 - 0.2 μM, respectively.
15

  These nitrosothiols 

serve as ready sources of NO, providing many of the biological functions ascribed to NO.
16,18

  

This may be due to the low RS-NO bond strength ranges from 20-32 kcal/mol,
19,20

 indicating 

facile loss of NO from RSNOs.  Nonethless, thermal decomposition of RSNOs based on primary 

alkyl thiols such as cysteine is anticipated to be  is slow.  This decomposition, however, can be 

catalyzed by Cu
+
 ions as shown by the works of William and Butler.

18,20
   Since Cu

+
 ions are 

ubiquitous in the plasma, generation of NO from RSNO could take place more quickly in the 

presence of Cu-containing enzymes.  

2.1.b. Tris(pyrazolyl)borato zinc complexes 

Tris(pyrazolyl)borato zinc (TpZn) complexes have been use to model the coordination 

environment as found at His3Zn
2+

 centers in many zinc enzymes such as carbonic anhydrase and 

matrix metalloprotinases, which are important in degradation of collagen .
21

 If the thiolate is 

 

Scheme 2.6.  Copper catalyzed generation of NO from RSNO. 

 

Figure 2.2.  Active site of human carbonic anhydrase (left) and structure of 
iPr2

TpZn 

complex. (right). 
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bound to the zinc metal (TpZn-SR), it resembles the active site of lactamases which are enzymes 

that enables bacteria to be resistant to antibiotics.
22

 

Lippard reported the syntheses of a number of TpZn-SR complexes and found that the 

thiolate group can undergo disulfide exchange (Scheme 2.7).
22

  In a presence of S-nitrosothiols, 

TpZn-SR does reversible transnitrosation.
23

   TpZn-SR  can also react with nitric oxide in the 

presence of O2 (but not anaerobically) to produce the corresponding S-nitrosothiol RSNO as well 

as the tris(pyrazolyl)borato zinc nitrate (TpZn(NO3)), the same mode of reactivity as with 

anaerobic NO2.
23

   S-nitrosothiols can be also generated from TpZn-SR complexes by reaction 

with  NOBF4, a potent nitrosating agent (Sheme 2.7).
23

   

 

In the same report that Varonka and Warren described the transnitrosation of S-

nitrosothiols at TpZn-SR, he also presented the synthesis of nitrite- (TpZn(NO2) and nitrate-  

(TpZn(NO3) bound TpZn complexes.
23

  Both can be prepared from the potassium salt of the 

tris(pyrazolyl)borate ligand upon addition to a mixture of Zn(ClO4)2/NaNO2 or  to Zn(NO3)2 for 

TpZn(NO2) and TpZn(NO3), respectively (Scheme 2.8).
23

 

 

 

Scheme 2.7.  Reactivity of TpZn-SR. 
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Herein we employ zinc tris(pyrazolyl)borate complexes that possess a similar 

coordination environment as found at His3Zn
2+

 centers in many zinc enzymes
21

 to examine the 

reaction of thiols at zinc-bound nitrite. 

 Results and Discussion 

Reaction of 
iPr2

TpZn(NO2)
23

 (1) with the aromatic thiol H-SAr (Ar = p-MeC6H4) at RT in 

CH2Cl2 results in rapid conversion of 1 to the corresponding zinc thiolate 
iPr2

TpZn-SAr (2) 

(Scheme 2.9). Compound 2 can be isolated in 70% yield from pentane as colorless crystals.  The 

X-ray structure of 2 is similar to that of several related TpZn-thiolates
22-24

 with a Zn-S distance 

of 2.2310(6) Å and  Zn-N distances that span 2.0332(19) - 2.0487(19) Å (Figure 2.3).  These 

distances are very similar to those reported by Lippard for a family of tris(3-phenyl-5-

methylpyrazolyl)borate zinc arylthiolates 
Ph,Me

TpZn-SAr.
22

  

A green color also develops upon reaction of 1 with the aromatic thiol H-SAr which 

indicates formation of the corresponding S-nitrosothiol ArSNO.
25

  The green color is brought 

about the absorption of ArSNO at  = 571 nm.
25

  The high intensity peak at  = 368 is also one  

 

Scheme 2.8. Synthesis of 
iPr2

TpZn(NO
2
) and 

iPr2
TpZn(NO

3
).  
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Zn 

S 

B 

N1 
N4 

N3 N6 

N2 
N5 

Figure 2.3.  X-ray structure of 
iPr2

TpZn-SAr (2). Selected bond distances (Å) 

and angles (deg):  Zn-S 2.2310(6), Zn-N1 2.0332(19), Zn-N2 2.0475(18), 

Zn-N3 2.0486(19), N1-Zn-S 127.55(6), N2-Zn-S 116.95(5), N3-Zn-S 

126.08(5). 
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of the characteristic absorption maxima for ArSNO.
25

 The intensity of this green color decreases 

over  time due to the decomposition of the thermally unstable aromatic S-nitrosothiol
19

 to the 

corresponding disulfide ArS-SAr.  

 

Scheme 2.9.  Reaction of 
iPr2

TpZn(NO
2
) with thiols. 

Figure 2.4.  UV-vis spectrum of the reaction of 
iPr2

TpZn(NO
2
) (1) with ArS-H in CH2Cl2 at 

-10 °C.  
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After 10 min at RT, addition of 2.3 eq H-SAr to 
iPr2

TpZn(NO2) (1) in CDCl3 resulted in a 

45% yield of ArSNO (δ 2.47 ppm for p-Me signal) and a 79% yield of the zinc thiolate 
iPr2

TpZn-

SAr (2) (δ 2.23 ppm for p-Me signal) as monitored by 
1
H NMR spectroscopy. The disulfide ArS-

SAr was also observed (δ 2.31 ppm for p-Me signal), representing the thermal decomposition 

product of the corresponding S-nitrosothiol ArSNO.  After 24 h, no ArSNO was present as it was 

completely converted to the disulfide ArS-SAr observed in 86% overall yield (Figure 2.5).  

 Addition of the less acidic primary alkyl thiol H-SCH2Ph (2.3 eq) to 1 under similar 

conditions in CDCl3 results in a slow conversion of 1 to the corresponding zinc-thiolate 
iPr2

TpZn-

SCH2Ph (3)
23

 (Scheme 2.9).   After about 30 min, there is a faint pink color that develops which 

is the characteristic for the corresponding S-nitrosothiol PhCH2SNO.  After 1 h, the reaction 

afforded a 32% yield of 3 as judged by observation of the 
iPr2

TpZn-SCH2Ph benzylic 
1
H NMR 

resonance at δ 4.03 ppm.  Stirring for 24 h gave an 86% yield of 3 after which time the S-

Concerted nitrosation 
Figure 2.5.  

1
H NMR of the reaction of 

iPr2
TpZn(NO

2
) (1) with ArS-H at 298K after 24 h in 

CDCl3 The inset shows the p-Me resonances for ArSNO, ArSSAr, ArS-H, and 
iPr2

TpZn-SAr 

10 min after the addition of H-SAr to 1. 
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nitrosothiol PhCH2SNO (δ 4.68 ppm) and disulfide PhCH2S-SCH2Ph (δ 3.60 ppm) were present 

in 50% and 12% yields, respectively. Water was also observed in this transformation (64% 

yield).   The bulky alkyl thiol, Ph3CS-H did not produce the corresponding S-nitrosothiol after 

many hours. 

 We proposed two possible mechanisms for this transformation: (a) concerted and (b) 

stepwise nitrosation (Scheme 2.10).   The first mechanism involves direct nucleophilic attack of 

the thiol at the nitrite ligand of  
iPr2

TpZn(NO2) to form 
iPr2

TpZn(OH) and RSNO.  The 

iPr2
TpZn(OH) formed possessing a basic zinc-hydroxide moiety

21,23
 would be susceptible to an 

acid-base reaction with RSH to produce 
iPr2

TpZn-SR  and H2O.   The second mechanism features 

an acid-base reaction between 
iPr2

TpZn(NO2) and RSH in the first step to form 
iPr2

TpZn-SR and 

HONO.  The HONO formed can nitrosate another equivalent of RS-H to from RSNO and H2O.   

Our available experimental evidence suggests that the more plausible mechanism is the 

latter. In situ monitoring of the reaction by 
1
H NMR indicates that 

iPr2
TpZn-SAr formation is 

very rapid and complete while ArSNO formation is still incomplete after 10 mins at RT. Since 

 

 

Concerted nitrosation 

Stepwise nitrosation 

Scheme 2.10.  Propose mechanisms. (Top) Concerted and (Bottom) stepwise nitrosation. 
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the pKa's of HONO and HOC(O)Me are similar (3.3 and 4.7 in water)
26,27

 we examined the thiol 

reactivity of the zinc acetate complex 
iPr2

TpZn(OAc) (4).  This zinc acetate complex 4 may be 

isolated in 73% yield by addition of of 
iPr2

TpK to Zn(OAc)2•2H2O in methanol (Scheme 2.11).   

The X-ray structure of 4 shows highly unsymmetrical binding of the acetate ligand with Zn-O 

distances of 1.9385(17) and 2.578(2) Å (Figure 2.6), similar to other TpZn(OAc) complexes.
28

 

Interestingly, this species bears semblance to 
iPr2

TpZn(NO2) (1) which also exhibits highly 

unsymmetrical binding of the nitrite ligand with Zn-O distances of 1.981(2) and 2.430(2) Å.
23 

 The reaction of ArS-H (pKa = 6.8 (10.8 in DMSO))
29

 with 
iPr2

TpZn(OAc) CDCl3 resulted 

in the formation of 
iPr2

TpZn-SAr in 63% yield after 3 h (Scheme 2.12).  The less acidic PhCH2S-

H (pKa = 9.4 (15.4 in DMSO))
30,31

 yielded 
iPr2

TpZn-SCH2Ph in 41 % yield at RT (Scheme 2.12).  

Unfortunately, the acetic acid produced induces degradation of Tp ligand; hence, traces of free 

pyrazole is also detected by NMR.     

 

Scheme 2.11.  Synthesis of 
iPr2

TpZn(OAc) (4). 

 

Scheme 2.12.  Reaction 
iPr2

TpZn(OAc) (4) with RS-H. 
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Zn 

O2 

O1 

B 

N1 
N4 

N3 
N6 

N2 
N5 

Figure 2.6.  X-ray structure of 
iPr2

TpZn(OAc) (4). Selected bond distances 

(Å) and angles (deg):  Zn-O1 1.9385(17), Zn-O2 2.578(2), Zn-N1  2.042(2), 

Zn-N2 2.038(2), Zn-N3 2.009(2), N1-Zn-O1 107.98(8), N2-Zn-O2 

124.77(8), N3-Zn-O1 133.85(8), C28-O1-Zn 104.46(15) .  

C28 
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Using nitrate (NO3
-
) bound to zinc, a much weaker base than nitrite or acetate, no zinc 

thiolate products were observed upon addition to 
iPr2

TpZn-SR (Scheme 2.13). This indicates that 

the reaction of [Zn]-X complexes is greatly dependent on the pKa’s of the corresponding acids 

HX in addition to the thiols RS-H.  

RSNOs are thermally unstable towards loss of NO to give the corresponding disulfide 

RS-SR, especially S-nitrosothiols with aromatic substituents that have weak ArS-NO bonds (18 - 

21 kcal/mol).
19,20

   Thus, we anticipated the eventual formation of NOgas in the reactions of 1 

with H-SR. The headspace gas of the reaction between 
iPr2

TpZn(NO2) (1) and H-SAr in CH2Cl2 

was collected and bubbled into a solution of the NO-trap Fe(dtc)2 (dtc = bis(N,N-

diethylthiocarbamate). EPR characterization of the NO-trap solution clearly indicated the 

presence of Fe(NO)(dtc)2 (Figure 2.7), 
18,32,33

  demonstrating ultimate formation of NOgas from 

the zinc-bound nitrite in 1 (Scheme 2.14). 

 

 

 

Scheme 2.13.  Reaction of 
iPr2

TpZn(NO
3
) with RS-H. 

 

  Scheme 2.14.  Generation of NO from 
iPr2

Tp(NO
2
) via RSNO and capture of NO  by spin 

trap Fe(dtc)
2
. 
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Conclusion 

S-nitrosothiols result from the reaction of thiols H-SR with nitrite bound to the Lewis 

acidic zinc center in 
iPr2

TpZn(NO2).  The qualitative rate for S-nitrosothiol and zinc thiolate 

formation is greatly dependent on the pKa and size of the thiol H-SR.  Observation of the zinc 

thiolate 
iPr2

TpZn-SR upon addition of thiol H-SR to 
iPr2

TpZn(OAc) (with release of HOAc) 

suggests that RSNO generation may occur via an acid-base reaction between 
iPr2

TpZn(NO2) (1) 

and H-SR, perhaps assisted by the thiophilicity of the zinc center.  Generation of NOgas occurs 

via decomposition of the resulting S-nitrosothiol RSNO, indicating that thiols ultimately serve as 

a reducing agent that enable the conversion of zinc-bound nitrite to NO. Thus, these studies 

suggest that zinc-based enzymes could promote NO formation from nitrite in the presence of 

 

Fe(NO)(dtc)2 

Figure 2.7.
 
X-band EPR spectrum of Fe[(NO)(dtc))

2
] spin trap solution at room temperature 

CH2Cl2 (Frequency = 8.915923000 GHz, Power = 0.50 mW, Mod.Width = 0.01 mT, Time 

Constant = 0.1s, Scans = 10) and Structure of Fe(NO)(dtc)
2
 (top right). 
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thiols such as glutathione (0.5 mM in red blood cells)
17

 via the intermediacy of the corresponding 

S-nitrosothiols RSNOs.  In addition to serving as ready sources of NO in the biological milieu, 

such S-nitrosothiols are involved in post-translational protein modification important in health 

and disease.
16,20

 

Experimental 

2.3.a. General procedures and instrumentation 

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 benzene was purchased from Aldrich and was stored over activated 4A 

molecular sieves. Pentane was first washed with conc. HNO3 / H2SO4 to remove olefins, stored 

over CaCl2 and then distilled before use from sodium/benzophenone.  Dichloromethane were 

purchased anhydrous and stored over 4 A molecular sieves. All solvents were tested before use 

with a drop of sodium benzophenone ketyl in THF solution. All deuterated solvents were 

sparged with nitrogen, dried over activated 4 A molecular sieves and stored under nitrogen. 

Celite was dried overnight at 200 °C under vacuum.   

1
H and 

13
C{

1
H} spectra were recorded on a Varian 400 MHz Spectrometer (400 or 

100.54 MHz). All NMR spectra were recorded at room temperature unless otherwise noted and 

were indirectly referenced to residual solvent signals.  EPR spectra were collected on a JEOL 

FA-200 spectrometer. ESI-MS analyses was done using Varian 500 Ion Trap LC/MS using 

positive mode.  

All reagents were obtained commercially unless otherwise noted. 
iPr2

TpZn(NO2) and 

iPr2
TpZn(NO3)  were synthesized according to a literature procedure.

23
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2.3.b. Synthesis and characterization of 
iPr2

TpZn-SAr (2) 

 

To solution of 
iPr2

TpZn(NO2) (0.200 g, 0.35 mmol) in dichloromethane (4 mL), was 

added as solution of p-toluenethiol (0.0876 g, 0.71 mmol) in dichloromethane (2 mL).  The 

resulting solution was stirred for 1 h and then all volatiles were removed in vacuo. The white 

solid was washed with methanol (2 × 2 mL)  and recrystallized from pentane to provide 0.160 g 

of the product (70% yield). 
1
H NMR (400 MHz, 298 K, CDCl3):  δ 7.36 (d, 2H, Zn-SAr), 6.88 

(d, 2H, Zn-SAr), 5.81  (s, 3H, pz), 3.44 (sept, 3, CHMe2),  3.07 (sept, 3, CHMe2), 2.23 (s, 3, p-

Me), 1.25 (d, 18, CHMe2), 1.09 (d, 18, CHMe2); 
13

C{
1
H} (100 MHz, 298 K, CDCl3):  δ 160.4, 

156.1, 137.0, 132.5, 132.0, 128.9, 97.1, 27.1, 26.1, 23.5, 23.4, 20.7. ESI-MS Calculated:   

653.344 (M
+
 + 1) Found: 653.430 (M

+
 + 1). 

2.3.c. Reaction of 
iPr2

TpZn(NO2) with H-SAr 
 

To a solution of 
iPr2

TpZn(NO2) (50.0 mg, 0.09 mmol) in CDCl3  (1.0 mL), was added 2.2 

equiv. p-toluenethiol (H-SAr; 25 mg, 0.20 mmol).  A CDCl3 solution  (1.0 mL) containing 

1,2,4,5-tetrachlorobenzene (9.4 mg, 0.044 mmol) was added as standard. A green color 

immediately formed. After 10 min, analysis by 
1
H NMR spectroscopy showed signals for

 

iPr2
TpZn-SAr (0.79 eq, 79% yield, δ 2.23 ppm for p-Me group), ArSNO (0.45 eq, 45% yield, δ 

2.47 ppm), ArS-SAr (0.18 eq, 36 % yield, δ 2.31 ppm for p-Me group) and unreacted thiol (0.83 

eq, δ 2.29 ppm for p-Me group).    

After 24 h, analysis by 
1
H NMR spectroscopy showed signals for 

iPr2
TpZn-SAr (0.88 eq, 

88% yield, δ 2.23 ppm for p-Me group), ArS-SAr (0.43 eq, 86 % yield, δ 2.31 ppm for p-Me 

group) and unreacted thiol (0.45 eq, δ 2.29 ppm for p-Me group).   The amount of disulfide (ArS-
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SAr) corresponds to a total conversion of 86% H-SAr to ArSNO which is rather thermally 

sensitive, decomposing to the disulfide ArS-SAr.  

Using an identical procedure, no reaction of H-SAr with 
iPr2

TpZn(NO3) was observed.  

2.3.d. Reaction of 
iPr2

TpZn(NO2) with H-SCH2Ph 

To a solution of 
iPr2

TpZn(NO2) (50.0 mg, 0.09 mmol,) in ) in CDCl3 (1.0 mL) was added 

H-SCH2Ph (27 mg, 0.22 mmol, 2.38 eq wrt to 
iPr2

TpZn(NO2)). A CDCl3 (1.0 mL) solution 

contianing 1,2,4,5-tetrachlorobenzene (9.4 mg, 0.044 mmol) was also added as standard. A pink 

color appeared after 1 h indicating formation of the 1° alkyl S-nitrosothiol PhCH2SNO.  After 24 

h, analysis by 
1
H NMR spectroscopy showed peaks for 

iPr2
TpZn-SCH2Ph (0.86 eq, 86% yield, δ 

4.03 ppm), PhCH2SNO (0.50 eq, 50 % yield, δ 4.68 ppm), PhCH2SSCH2Ph (0.12 eq, 24 % yield, 

δ 3.60 ppm),  unreacted thiol (0.72 eq, δ 3.74 ppm) and water (0.64 eq. 64 % yield, δ 1.56 ppm) 

(Figure 2.8). Using an identical procedure, no reaction of the bulky H-SCPh3 with 
iPr2

TpZn(NO2) 

was observed.  

2.3.e. Synthesis and Characterization of 
iPr2

TpZn(OAc)(4) 

Solid  Zn(OAc)2 • H2O (0.100 g, 0.455 mmol) was added to a solution of 
iPr2

TpK (0.100 

g, 0.20 mmol) in methanol (10 mL).  The resulting solution was stirred for 24 h and the solvent 

was removed in vacuo. The white solid was washed with methanol (2 × 20 mL) and redissolved 

in dichloromethane, filtered, and recrystallized by slow evaporation to provide 0.087 g of the 

product (73% yield). 
1
H NMR (400 MHz, 298 K, CDCl3)  δ 5.81  (s, 3H, pz), 3.43 (sept, 3, 

CHMe2),  3.21 (sept, 3, CHMe2), 2.19 (s, 3, CH3COO), 1.24 (d,18, CHMe2), 1.21 (d, 18, 

CHMe2); 
13

C{
1
H} (100 MHz, 298 K, CDCl3):  δ 155.9, 155.8, 97.3,  
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132.0, 26.6, 26.1, 23.2, 23.1, 23.0. ESI-MS Calculated:   589.330 (M
+
 + 1) Found: 589.488 (M

+
 

+ 1)  

2.3.f. Reaction of 
iPr2

TpZn(OAc) with H-SAr 

To a solution of 
iPr2

TpZn(OAc) (34 mM, 29 μmol) in CDCl3 (0.86 mL), was added a 

CDCl3 solution of p-toluenethiol (H-SAr; 1.72 mL of a 17.4 mM soln, 30 μmol).  A 1,2,4,5-

tetrachlorobenzene standard was also added (1/2 eq). The solution was stirred and then 

monitored by NMR. After 3h, 
1
H NMR indicated the following yields: 

iPr2
TpZn-SAr (B: 63%) 

and acetic acid (C: 77%) in addition to thiol (A: 35%) and trace of free 3,5-diisopropylpyrazole 

due to degradation of the 
iPr2

Tp ligand (Fgure 2.9). 

  

Figure 2.8. 
1
H NMR spectrum (400 MHz, 298 K, CDCl

3
) of the reaction of 

iPr2
TpZn(NO

2
) 

(1) with  H-SCH
2
Ph after 24 h at RT. 



72 

 

 

 2.3.g. Reaction of 
iPr2

TpZn(OAc) with H-SCH2Ph 

To a solution of 
iPr2

TpZn(OAc) (34 mM, 29 μmol) in CDCl3 (0.86 mL) was added a 

CDCl3 solution of H-SCH2Ph (1.72 mL of 17.4 mM soln, 30 μmol).  1,2,4,5-tetrachlorobenzene 

was added as a standard (1/2 eq). The solution was stirred and then monitored by NMR. After 3 

h. 
1
H NMR indicated the following yields: 

iPr2
TpZn-SCH2Ph (A: 41% ) and acetic acid (D: 8%) 

in addition to unreacted thiol (B: 54%) and unreacted 
iPr2

TpZn(OAc) (C: 46%).  A small amount 

of free 3,5-diisopropylpyrazole was observed due to degradation of the 
iPr2

Tp ligand (Figure 

2.10). 

  

 

 

Figure 2.9
 1

H NMR spectrum (400 MHz, 298 K, CDCl
3
) of the reaction of 

iPr2
TpZn(OAc) 

reaction with ARS-H at room temperature after 3 h at RT.  
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2.3.h. Qualitative determination of NOgas produced with the decomposition of ArSNO 

generated from 
iPr

TpZn(NO2) and ArS-H. 

Bis(N,N-diethylthiocarbamato)iron(II) (Fe(Et2(dtc))2) was synthesized using a reported 

procedure.
1 iPr2

TpZn(NO2) (0.100 g 0.18 mmol)
 
was dissolved in dichloromethane (3 mL). The 

resulting solution was stirred in a sealed vial with rubber septum.  Using a syringe, p-toluenethiol 

(50.0 mg, 0.40 mmol) in dichloromethane (2 mL) was added to the vial.  The resulting solution 

was stirred for 15 min until the green color that formed immediately almost completely 

disappeared.  Using a 3 mL syringe, the headspace gas was sampled and bubbled through an air-

free solution of  Fe(Et2(dtc))2 (60 mg, 0.17 mmol) in dichloromethane (5 mL).  The headspace 

was sampled in this manner a total of five times.    The spin trap solution was collected and 

subjected to EPR spectroscopy.  The EPR spectrum showed a triplet signal with giso  = 2.04 and 

A(
14

N) = 12.9 G characteristic of
 
 Fe[(NO)(Et2(dtc))2].

31,32 

Figure 2.10.
 1

H NMR spectrum (400 MHz, 298 K, CDCl
3
) of the reaction of 

iPr2
TpZn(OAc) 

reaction with H-SCH
2
Ph at room temperature after 3 h at RT.  
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2.3.i. Crystallographic details  

Single crystals of compounds 
iPr2

TpZn-SAr (2) and  
iPr2

TpZn(OAc) (4) were mounted 

under mineral oil or perfluoroalkyl ether oil on glass fibers in a cold nitrogen stream at 100(2) K 

on a Bruker SMART CCD system at Georgetown.  Either full spheres (triclinic) or hemispheres 

(monoclinic or higher) of data were collected (0.3 or 0.5 ώ-scans; 2θmax > 50; 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 suite
a
 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 aniostropic thermal parameters and 

hydrogen atoms were included in idealized positions.
34-36 
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  Table 2.1. Crystallographic data forcompounds 2 and 4.

Compd. 2 4

formula C34H53BZnN6S C29H49BZnN6O2

Mol. Wt. 654.09 589.94

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

crystal description        block block

crystal color colorless colorless

crystal size (mm
3
) 0.50×0.40×0.40 0.50×0.50×0.50

system monoclinic monoclinic

Space group P21/c P21/n

a  (Å) 17.0962(11 12.2024(19)

b  (Å) 12.3910(8) 16.263(3)

c  (Å) 17.5534(11) 15.918(3)

a (deg) 90 90

b (deg) 104.637(1) 94.572(2)

g (deg) 90 90

Z 4 4

q range (deg) 1.39-25.00 2.31-25.61

measd reflns 31531 25596

unique reflns 8621 5849

R(int) 0.0417 0.0281

GOF of F
2 1.055 1.078

R1 ( I  > 2s(I )) 0.0446 0.0306

wR2 (all data) 0.1169 0.1076

0.81 and -0.50 0.77 and -0.39Largest diff. peak and

hole e
-
 ∙ Å

-3
)
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CHAPTER 3 

Nitric Oxide Reactivity at Low Coordinate Copper(I):  

An Unusual, Oxidizing Intermediate 
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Abstract 

Nitric oxide is a very important biological signaling molecule that serves many important 

functions in mammals such as neurotransmission and vasorelaxation.  Recently, nitric oxide was 

found to serve another important role as an oxidizing agent in anaerobic methanothrophs that use 

methane their sole carbon atom and energy source.   In this study we investigated the reactivity 

of nitric oxide with electron-rich, low coordinate copper(I) complexes.  Our findings suggest that 

NO undergoes reductive dimerization in the presence of β-diketiminate copper(I) complexes 

producing a reactive terminal copper oxo species and N2O through the formation of a cis-

hyponitrite copper intermediate [Cu](κ
2
-O2N2).  The reactivity of these putative [Cu](κ

2
-O2N2) 

intermediates is also probed.  Ligand design strategies for the stabilization of this unique 

intermediate are also examined.  
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Introduction 

Nitric oxide is small endogenous and ubiquitous molecule which play very important role in 

biology as signaling molecule and vasorelaxing agent.
1,2

  In mammalian cells, free nitric oxide is 

readily converted to its oxidized congeners nitrate and nitrite through interaction with O2, O2-

carrying enzymes, as well as oxidized metal centers.
3,4

  

This activity is somewhat related to the facile oxidation of NO, which serves as an 

environmental pollutant in the atmosphere,
5
 to nitrogen dioxide (NO2) which is a main 

component of photochemical smog.
5
  Industry and automobiles are the primary producers of NO 

besides the natural process.
5,6

  In order to reduce the NO release to the environment,  the NO in 

flu gases and automobile exhaust is reduced to N2 and O2.
6
   Catalytic converter, containing 

expensive metals such as Pt and Rh, are used to convert NO to N2 and O2.
6-8

     In anaerobic 

oxidation of methane to methanol by nitrite, dismutation of NO to N2 and O2 is one of the 

proposed key step on the process.
9,10

    

3.1.a. Particulate methane monooxygenase 

Methylomirabilis oxyfera is a methanotroph that utilizes the oxidizing power of nitric 

oxide to use methane as a source of energy.
9
  Nitric oxide is derived from nitrite and this is a 

well established process facilitated by nitrite reductase.
11,12

  Particulate monooxygenase is an 

oxidoredcutase enzyme that can oxidized strong C-H such methane to C-OH bond producing 

Scheme 3.1. Oxidation on methane by nitrite. 
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methanol.
10,13

  It has three metal sites comprising of, a monocopper, a zinc, and dicopper sites.
10

  

In a report by Rozenwieg et al, they presented experimental evidences that dicopper site is the 

one responsible for its activity to oxidized methane.
10

 The dicopper sites is ligated with three 

histidine residues orienting the two copper is close proximity with a distance of 2.5-2.7 Ǻ.
10,14

      

The second step involves the role of NO in the oxidation of methane to methanol catalyzed 

by particulate methane monooxygenase (pMMO).
9,15

  There are two proposed mechanisms: 1.  

NO undergoes dismutation to produced N2 and O2.  The generated O2 may then be used to 

oxidize methane.  2.  Direct oxidation by NO which could be possibly catalyzed by pMMO.   

Scheme 3.2. Anaerobic oxidation of methane catalyzed by pMMO.  

Figure 3.1. Active site in methane conversion to methanol in pMMO. VMD 

rendered of PDB 1YEW. 

His

33 

His

137 His

139 
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In this study we will employ synthetic modeling assisted by computational studies by 

collaborator Prof. Tom Cundari of the University of North Texas to gain insight into how 

oxidizing intermediates can be generated from nitric oxide.  This behavior runs counter to the 

well-established reductive nitrosylation in Fe and Cu complexes [M
n
]-X that results in the 

formation of X-NO bonds and reduction of the metal center by one electron (Scheme 3.3).
16

  In 

addition to outlining unusual chemistry of NO at copper, this study could provide a new way of 

designing catalyst that could oxidize methane, a vast untapped energy source.  

β-diketiminate ligands are successful to model the coordination of two N-based histidine or 

other N-based donors in a cis orientation.
17

  Since this motif is present at each Cu center in the 

pMMO copper site, we chose to examine the reactivity of NO at [-diketiminato]Cu
I
 complexes. 

Furthermore, this ligand is straightforward to synthetically modify to provide different steric and 

electronic properties.    

Figure 3.2. General structure of β-diketiminate copper(I) complexes. 

 

Scheme 3.3.  Reductive nitrosylation of metals. 
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1.1.d. Nitrite reductase 

Nitric oxide reactivity towards copper(I) has been of great interest due to the likely presence 

of [Cu](NO) intermediates in copper nitrite reductase (NiR).
12

  Copper nitrite reductase is a 

multicopper site enzyme that catalyzes the reduction of nitrite to nitric oxide.  Type 1 copper site 

(T1Cu), which is ligated with cysteine, methionine and two histidines is where electron transfer 

is facilitated.  The three histidine ligated copper, Type 2 site (T2Cu), is where the nitrite 

reduction occurs.  

  There is a number of literature examples of nitrite bound T2Cu copper site such 

trispyrazolylborato copper(II) nitrito (
RR

TpCu(NO2)) complexes which features asymmetric η
2
-

O,O binding mode.
12,18,19

  In the same ligand system (
RR

TpCu), Lehnert and coworkers, reported 

copper(I) nitrosyl complex with bulky  Tp ligand which features a linear end-on binding mode.
20

   

The steric bulk stabilizes the copper(I) nitrosyl against disproportion reaction to NO2 and N2O in 

 

Scheme 3.4.  Reduction of nitrite by NiR to produce NO. 

 
Scheme 3.5. Disproportion of NO mediated by copper(I) complexes and structures of 

isolated TpCu(NO2) and TpCu(NO) complexes. 
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the presence excess NO (Scheme 3.5).
21,22

 

 The formation of N2O has been correlated to the presence of cis-hyponitrite 

intermediates.  Hayton reported  dimerization of [Ni(NO)(bipy)2]
+
 forming a more reduced 

nickel cis-hyponitrite species which eventually releases N2O (Scheme 3.6).
7
  In 2002, Bohle 

proposed the formation of a terminal nickel oxo species from the decomposition of a nickel cis-

hyponitrite complex (dppf)Ni(κ
2
-O2N2) (Scheme 3.7)

8
 Importantly, zero-order kinetics in PPh3 

were observed in the capture of this putative [Ni]=O intermediate with loss of N2O, strongly 

suggesting the formation of [Ni]=O along with its ready reactivity with PPh3.     

 

Scheme 3.6. Dimerization of [Ni(NO)(bipy)
2
]

+
 to generate N2O via [Ni(κ

2
-O2N2)(bipy)] 
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Both reports show the viability of the formation of cis-hyponitrite as a key intermediate en route 

in the reductive dimerization of NO to form N2O.   The formation of the terminal metal oxo is 

interesting finding and provides information of the possible nature of the reactive oxidant in 

pMMO. 

 We are interested in examining role that the coordination environment at Cu plays in the 

structure and reactivity of the corresponding copper nitrosyl complexes. Employing [-

diketiminato]Cu
I
 (Figure 3.2), we will explore the reactivity of nitric oxide in a three coordinate 

Cu center and gain mechanistic insight on how NO is used as oxidant by pMMO.  

 

 

 

Scheme 3.7. Synthesis of (dppf)Ni(κ
2
-O2N2) and it decomposition that generates 

N
2
O. 
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Results and Discussion 

3.2.a. Reaction of NO with [Cl2NN]Cu at room temperature - formation of { [Cl2NN]Cu}2(-

OH)2 

Addition of 2 equiv. NO to a solution of [Cl2NN]Cu(benzene) (1) in toluene resulted to 

immediate development of a red brown colored solution.  After stirring for an hour and drying in 

vacuo resulted in the isolation of a brown powder [Cl2NN]Cu2(-OH)2 (2)  in 82% yield (Scheme 

3.8)   The brown solid can be recrystallized from toluene at -40 °C.  The OH group is confirmed 

using solid state infrared analysis which features a very sharp O-H peak at 3650 cm
-1

 suggesting 

that the OH is well protected towards H-bonding. Using toluene-d8 as solvent for the reaction 

resulted to a disappearance of the O-H peak which suggests that the solvent is the source of the H 

atom (Figure 3.3). 

Scheme 3.8. Reaction of nitric oxide with [Cl2NN]Cu(benzene) (1)    

producing [Cl2NN]Cu2(-OH)2 (2) .  
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  This product is rather curious - we and others have previously reported the reaction of 

copper(I) -diketiminates with O2 which gives [Me2NNCu
II
]2(-OH)2 species via the 

intermediacy of [Me2NNCu
III

]2(µ-O)2 species.
23

  In particular, this ligand framework allowed for 

the isolation of this bis(-oxo) species {[Me2NN]Cu}2(-O)2} with  Resonance Raman of stretch 

at 606 cm
-1

 (
18

O2 = 575 cm
-1

).
23

 

Figure 3.3. Infrared spectra (evaporation of toluene solution on KBr) of 

[Cl2NN]Cu
2
(-OH)

2
  (top) and [Cl2NN]Cu

II

2
(-OD)

 2
 (bottom).  

3650 cm
-1
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Since -diketiminato [Cu]2(-OH)2 species can readily form via [Cu]2(-O)2 species, we 

considered the possibility that Cu-oxo species may be formed in the reaction of [Me2NN]Cu or 

[Cl2NN]Cu with NO. Inspired by the observations of Bohle (Scheme 3.7), we explored the 

possibility of [Cu](
2
-O2N2) formation which upon release of N2O can form a highly reactive 

[Cu]=O species that could explain the formation of [Cu]2(µ-OH)2 products in the reaction of 

[Cu] with NO (Scheme 3.8) 

We do detect N2O upon reaction of [Cl2NNCu](benzene) (1) with 2 equiv. NO (Scheme 

3.8).  Performing the reaction in a vial sealed with a rubber septum and allowing it to stir for 1 h, 

the headspace was collected and  injected into a gas chromatograph.  The chromatogram showed 

two distinct peaks which identified to be air and N2O as compared to authentic standards (Figure 

3.4).   The detection of nitrous oxide in the reaction headspace is a significant finding that 

attests to the reductive NO dimerization process through the copper center (Scheme 3.8) 

 

 

Scheme 3.9. Reaction of dioxygen with [Me2N]Cu(ethylene)  that gives {[Me2NN]Cu}2(-

OH)2 via {[Me2NN]Cu}2(-O)2. 
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Thre are two proposed mechanisms for formation of [Cl2NNCu
II
]2(-OH)2. Immediately 

following the formation of [Cu
III

]=O upon N2O loss from [Cu](
2
-O2N2) , this [Cu]=O species 

could dimerize to form [Cu
III

]2(µ-O)2 which then undergoes HAA of a substrate to form the 

ultimate product [Cu]2(-OH)2 (Scheme 3.10a).  Alternatively, the [Cu]=O intermediate could 

also do HAA first to form [Cu
II
]-OH, followed by dimerization to generate  [Cu

II
]2(µ-OH)2 

(Scheme 3.10b).  Given the likely instantaneous concentrations of [Cu]=O coupled with its 

Scheme 3.10. Proposed mechanisms for the formation of [Cu
II
]2(µ-

OH)2 from [Cu
III

]=O.  

 

Figure 3.4. Gas-chromatogram of the headspace sample of the reaction of 

NO and [Cl2NN]Cu(benzene) at room temperature. 

Time (min) 
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anticipated extreme reactivity for HAA (Scheme 3.10), this pathway seems especially 

reasonable.   

3.2.b. DFT calculations and proposed mechanism of formation of [Cl2NNCu]2(-OH)2 

 DFT calculations performed by Prof. Tom Cundari reveal that displacement of 

coordinated benzene in [Cl2NN]Cu(
2
-benzene) by NO to give [Cl2NN]Cu(NO) is very 

favorable (ΔG(298K) = - 16.8 kcal/mol) (Scheme 3.11).  Interestingly, addition of another 

equivalent of NO to give [Cl2NN]Cu(
2
-O2N2)  is slightly uphill in free (ΔG(298 K) = + 1.3 

kcal/mol ) (Scheme 3.11).   Despite being entropically challenged (S = 46.3 cal/mol K), 

addition of NO to [Cl2NN]Cu(NO) is enthalpically favorable (ΔH = -15.1 kcal/mol), suggesting 

that the [Cl2NN]Cu(
2
-O2N2) species would be favored at lower temperatures.  For instance, 

employing a temperature of -80 °C, the addition of NO to [Cl2NN]Cu(NO) becomes favorable in 

Scheme 3.11. Proposed mechanism of the formation of [Cl2NN]Cu(κ
2
-O2N2) from 

[Cl2NN]Cu(benzene) and NO. 
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free energy (ΔG(193 K) = - 6.1 kcal/mol ). 

The loss of N2O from the cis-hyponitrite complex at room temperature is almost 

thermodynamically neutral (ΔG(298K) = -0.5 kcal/mol), further disfavored at low temperature 

((ΔG(193K) = + 5.0 kcal/mol).  The prediction of thermodynamically facile loss of N2O from 

[Cl2NN]Cu to form [Cl2NN]Cu=O is astounding, since such late metal terminal oxo species have 

never been directly observed owing to their extreme reactivity.  For instance, DFT predicts  

[Cl2NN]Cu
III

=O to be highly reactive toward hydrogen atom abstraction, even for very strong C-

H bonds as found in methane (C-H BDE = 104 kcal/mol).
24

  DFT predicts that HAA of methane 

by [Cl2NN]Cu=O to give [Cl2NN]Cu-OH is only 5.2 kcal/mol uphill in free energy at RT 

(Scheme 3.12).  Facile radical recombination of CH3• and [Cl2NN]Cu-OH (G(298K) = -25.3 

kcal/mol) leads to formation of methanol bound to copper(I) (Scheme 3.13).        

 

Scheme 3.12. Proposed mechanism of the formation of [Cl2NN]Cu=O from 

[Cl2NN]Cu(κ
2
-O2N2) and abstraction of H-atom from methane by 

[Cl2NN]Cu=O.  
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Based on these DFT data, it appears that there may be a competition between loss of NO or 

N2O from [Cl2NN]Cu(
2
-O2N2) to form [Cl2NN]Cu(NO) or [Cl2NN]Cu=O.    Moreover, it is 

highly likely that [Cu]=O formation may be irreversible, especially at higher temperatures, due 

to the extreme reactivity predicted for [Cu]=O.  

3.2.c. Low temperature experiments 

  Performing the addition of 1 or less than 1 equiv. NO to 1.0 mM  toluene solution of  

[Cl2NN]Cu(benzene) (1) at -80 °C gives rise to an intense band at max  = 458 nm ( ≈ 1000 M
-

Scheme 3.13. Radical recombination of methyl radical and [Cl2NN]Cu-OH. 

 

Scheme 3.14.  Competition between loss of NO or N2O from [Cl2NN]Cu(
2
-

O2N2) to form [Cl2NN]Cu(NO) or [Cl2NN]Cu=O. 
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1
cm

-1
) that reaches a maximum upon addition of 1 equiv. NO (Figure 3.5).  This species is stable 

for ca. 1 h under these conditions.   

 

Warming the solution at -40 °C resulted to a decay of the 458 nm peak and a growth of a 

new band at 550 nm.  Curiously, addition of 5 eq. of NO at -80 °C resulted to the formation of 

the same 550 nm band with decreased intensity of the 458 nm band (Figure 3.6).   While still 

highly speculative, such absorption bands between 520 - 550 nm have been observed for square-

planar Cu(III) complexes
25,26

 Low-temperature UV-Vis analysis provide evidences of the 

formation of two unstable intermediate.  Although we cannot unequivocally identify the 

intermediates at 458 nm and 550 nm, we hypothesize these two are the [Cl2NNCu](NO) and 

[Cl2NN]Cu(
2
-O2N2), respectively.  We sought reactivity experiments for the intermediates to 

gain insight on its identities.  

Figure 3.5. Optical spectrum of the reaction solution of 1.0 mM 

[Cl2NN]Cu(benzene) in toluene with 1 eq. of NO at -80 °C. 

Growth of λ =458 nm is shown at 10 s. interval. 

 

458 nm 

A 

λ, nm 
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 Under the assumption that the band at 550 nm is the [Cl2NN]Cu(
2
-O2N2), the species 

was generated at -40 °C using fluorobenzene as solvent using 5 equiv. of NO.  Under nitrogen 

atmosphere, 10 equiv. diethyl sulfide was added as a substrate for oxidation or O-transfer. The 

expected product for the reaction is the formation of diethyl sulfoxide or diethyl sulfone (Scheme 

Figure 3.6. Optical spectrum of the reaction solution of 1.0 mM [Cl2NN]Cu(benzene) in 

toluene with 1 and 5 equiv. NO at -80 °C. 

 

458 nm 

A 

λ, nm 

550 nm 

Scheme 3.15.  Probing the reactivity of [Cl2NN]Cu(κ
2
-O2N2) (λ =550 nm) 

with O-transfer substrate diethyl sulfide.  
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3.15). The solution changed color slowly upon addition Et2S from dark red to yellow orange. The 

550 nm peak that corresponds to the [Cl2NN]Cu(
2
-O2N2) intermediate, decayed upon addition 

of diethyl sulfide as monitored by UV-vis at -40 nm (Figure 3.7).  GC-MS revealed no oxidation 

product of the Et2S.   

 

Fortunately, orange crystals formed after 48 h at -40 °C from the fluorobenzene solution 

layered with pentane. Single crystal X-ray diffraction revealed the formation of a dicopper 

structure  [Cl2NN]Cu(κ
2
-O2N2-[Cl2NN]Cu(SEt2) (3) (scheme 3.16) in which each copper center 

possesses a different geometric structure, oxidation state and coordination environment (Figure 

3.8).  Copper 1 possesses a square planar geometry with a diazeniumdiolate
27,28

 ligand 

coordinated to it giving it a d9 electron configuration at Cu.  The presence of this 

diazeniumdiolate ligand strongly suggests the formation of a cis-hyponitrite core upon reaction 

of [Cl2NN]Cu with NO.    

Figure 3.7. Optical spectrum of the reaction solution of 1.0 mM [Cl2NN]Cu(benzene) in 

toluene with 1 and 5 equiv. NO at -80 °C. 

 

A 

λ, nm 
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Figure 3.8. Xray structure of  [Cl2NN]Cu(κ
2
-O2N2-[Cl2NN]Cu(SEt2)(3), ).  

Selected bond distances (Å) and angles (°): Cu-O1 1.929(2), Cu-O2 1.949(2), 

N6-N7 1.273(4), N6-O1 1.313(3), N7-O2 1.331(3), Cu2-S 2.1586(9), N1-Cu1-O1 

90.79(8), O1-Cu1-O2 79.64(8), N2-Cu1-O2 95.01(8), N1-Cu1-N2 94.55(9), N4-

Cu2-S 139.32(7), N5-Cu2-S 135.04(7). 
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The  diazeiumdiolate  is bound to Cu1 with distances of 1.929(2) and 1.949(2) Ǻ 

respectively for Cu1-O1 and Cu1-O2 respectively. The diazeiumdiolate moiety has N-N distance 

of 1.273(4) Ǻ and almost equal O1-N3 and O2-N4 distances of 1.313(3) and 1.331(3) Ǻ 

respectively.  The other Cu center possesses a trigonal planar geometry with  S atom of the 

diethyl sulfide datively bonded with a Cu2-S bond length of 2.1586(9) Ǻ. This coordination 

environment around Cu2 indicates a copper(I), d
10

 center. This product suggests the formation of 

a very electrophilic Cu
III 

cis-hyponitrite complex that could be attack by even a weak nucleophile 

such at the β-diketiminato ligand through electrophilic substitution.   

Electron paramagnetic resonance of features a typical four line pattern which corresponds 

to a square planar copper complex with giso = 2.103 and coupling constants of A(
63/65

Cu) =210 

And A (
14

N) = 40 MHz (Figure 3.9) .   

 

 

Scheme 3.16.  Formation of copper diazeniumdiolate complex  [Cl2NN]Cu(κ
2
-

O2N2-[Cl2NN]Cu(SEt2) (3) from [Cl2NN]Cu(κ
2
-O2N2) upon 

addition of dietyl sulfide (SEt2). 
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To better understand this system, we prepared [Cl2NN]Cu(SEt2) (4) by addition of 2 

equiv. Et2S to [Cl2NN]Cu(benzene)] in toluene (Scheme 3.17).  Yellow blocks of 4 were isolated 

in 55 % yield from toluene.  X-ray crystallography reveals a trigonal copper center with            

  

 
Gauss 

Figure 3.9.  Isotropic X-band EPR spectrum and simulation for [Cl
2
NN]Cu(κ

2
-O

2
N

2
-

[Cl
2
NN]Cu(SEt

2
) (fluorobenzene, RT): 8.90277440 GHz, ModWidth = 0.4 mT, Power = 

0.5 mW, time constant = 1.0 s, Simulation (Gaussian lineshape with 10.0 G 

linebroadening) gives g
iso

 = 2.103, A(
63

Cu) = 210 MHz, A(
14

N) ≈ 40 MHz for 2 equiv N 

atoms (unresolved).  Quadratic (c
2
 = 10 G/MHz) and linear ( = 0.022 G

2
/MHz) strain 

were employed to reproduce the copper nuclear quantum number dependence of the 

linewidth. 

Scheme 3.17. Synthesis of  [Cl2NN]Cu(SEt2)(4). 
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Figure 3.10. X-ray structure of  [Cl2NN]Cu(SEt2) (4).  Selected bond distances (Å) 

and angles (°): Cu-S 2.1634(9), Cu-N1 1.957(2), Cu-N2 1.936(2), N1-Cu1-S 

119.30(7), N1-Cu1-S 141.89(7), N1-Cu-N2 97.54(10). 

 

Cu1 

N1 

S 

N2 
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 Cu-N-dik distances of X and Y Å and a Cu-S distance of 2.1634(9) Ǻ (Figure 3.10) 

 

Addition of 2 equiv. NO to a solution of [Cl2NN]Cu(SEt2) in at room temperature 

produces a brownish yellow mixture. GC-MS analysis showed no production of any oxidized 

substrate.  The mixture was dried and the solid found is mostly is the mixture of starting material 

and {[Cl2NN]Cu}2(µ-OH)2.  The results suggest that diethyl sulfide inhibits the NO binding to 

copper. 

3.2.d. Reversibility of NO binding 

The thermal instability of the species we assign as [Cl2NN]Cu(NO) (max = 458 nm) 

makes is hard for spectroscopic analysis. [Cl2NN]Cu(NO)] decomposes at temperatures higher 

that -70C.  We performed experiments to get greater insight into its reactivity.  For instance, 

addition of 1 equiv. NO to a solution of [Cl2NNCu](benzene) in toluene at -90 °C to generates 

[Cl2NN]Cu(NO) (max = 458 nm).  Addition of 1 equiv. styrene resulted in the immediate 

bleaching of the  = 458 nm band with formation of [Cl2NN]Cu(
2
-styrene) (Figure 3.11). 

Apparently, styrene binds much more strongly to [Cl2NN]Cu than does NO: addition of 2 

equiv. NO to in situ prepared [Cl2NN]Cu(
2
-styrene) in C6D6 results in no spectroscopic change, 

either at low T (-40 °C) or RT.   
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Figure 3.11. Optical spectrum of showing bleaching of [Cl2NN]Cu(NO) (λ 

= 458 nm) upon addition of styrene. 

458 nm 

A 

λ, nm 

Scheme 3.18.  Generation of [Cl2NN]Cu(styrene) from [Cl2NN]Cu(NO). 
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3.2.e. Examination of ligand modifications on outcome of [Cu] + NO reaction 

 In order to disfavor backbone functionalization of the β-diketiminate ligand as seen in 

[Cl2NN]Cu(κ
2
-O2N2-[Cl2NN]Cu(SEt2) (3) (Scheme 3.19) we replaced the backbone C-H with a 

methyl group.  To do this, we first deprotonated the H[Cl2NN] ligand with 1 equiv. n-

butyllithium in THF at -40 °C.   After cooling to -78 °C to enhance selectivity for the alkylation 

at the central backbone position, 1 equiv. MeI is added to give the free -diketimine H[Cl2NNMe] 

in 58.3 yield.  Reaction of H[Cl2NNMe] with CuO
t
Bu THF at RT followed by recrystallization in 

fluorobenzene at -40 °C gave yellow crystals of {[Cl2NNMe]Cu}2(µ-PhF) (5) in 70% yield.  

Single crystal X-ray analysis reveals that the structure of {[Cl2NNMe]Cu}2(µ-PhF) (5)  is very 

similar to  {[Cl2NN]Cu}2(µ-benzene)
29

 but where each Cu center is to fluorobenzene (Figure 

3.12).  

 

 

Scheme 3.19.  Synthesis of [Cl2NNMe]Cu2(µ-PhF) (5).  
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Figure 3.12. X-ray structure of {[Cl2NNMe]Cu}2(µ-PhF) (5).  Selected bond 

distances (Å) and angles (°): Cu1-C37 2.077(15), Cu1-C38 2.058(15), Cu1-N1 

1.923(13), Cu1-N2 1.917(13), Cu2-C40 2.023(16), Cu2-C39 2.067(16), Cu2-N3 

1.930(12), Cu2-N4 1.913(13), N1-Cu1-C37 139.39(6), N2-Cu1-C38 111.39(6), N1-

Cu1-N2 95.37(5), N4-Cu2-C39 112.23(6), N3-Cu2-C40 112.53(6), N3-Cu2-N4 

95.63(5). 
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Addition of 5 eq. NO to a toluene solution of [Cl2NNMe]Cu(µ-PhF) at -80 °C gave an 

orange solution (λmax = 500 nm) which is stable even at room temperature (Scheme 3.20).  The 

resulting solution was concentrated and equal amount of pentane was added before standing at -

40 °C. Single crystal analysis identified the product as [Cl2NNMe]Cu(κ
2
-O2N2)-[Cl2NNMe] (6)  in 

60 % yield. [Cl2NNMe]Cu(κ
2
-O2N2)-[Cl2NNMe] (6) features a cis-hyponitrite moiety with Cu-O1 

and Cu-O2 distances of 1.938(6) and 1.942(5)Ǻ.  The N-N distance is at 1.301(8)Ǻ (Figure 

3.14).  The structure of product reveals that the methylation did not stop the functionalization of 

the backbone of the β-diketiminate ligand.   

  Similar to [Cl2NN]Cu(κ
2
-O2N2-[Cl2NN]Cu(SEt2) (3), we hypothesize that an equivalent 

of copper-bound [Cl2NNMe] acts as a nucleophile towards [Cl2NNMe]Cu(
2
-O2N2) that then 

undergoes a redox reaction to lose Cu
0
.  There is also a significance shortening on the backbone 

C-N bonds from 1.367(19) and 1.346(19) [Cl2NNMe]Cu(µ-PhF) to 1.279(10) and 1.253(10) Ǻ  in  

indicating the loss of aromaticity in the ligand.  

Scheme 3.20.  Reaction of [Cl2NNMe]Cu2(µ-PhF) (5) with NO. 
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A typical four line pattern is also found in the EPR spectrum of [Cl2NNMe]Cu(κ
2
-O2N2)-

[Cl2NNMe] (6) in fluorobenzene at RT with simulated parameters giving giso = 2.095 with 

A(
63/65

Cu) = 227 MHz and A(
14

N) = 40 MHz for 2N atoms (Figure 3.13).  This is very similar to 

related mononuclear -diketiminato Cu(II) diazeniumdiolate complexes such as [Me2NN]Cu(
2
-

O2N2Ph)
27

 and [Me2NNF6]Cu(k
2
-O2N2Ph)

28
 which have nearly identical EPR parameters.   

 

 
Gauss 

Figure 3.13. Isotropic X-band EPR spectrum and simulation for 

[Cl
2
NN

Me
]Cu(κ

2
-O

2
N

2
)-[Cl

2
NN

Me
] (6) (fluorobenzene, RT): 8.903363 GHz, 

ModWidth = 0.1 mT, Power = 1.0 mW, time constant = 1.0 s, Simulation 

(Gaussian lineshape with 10.0 G linebroadening) gives g
iso

 = 2.095, A(
63

Cu) = 

227 MHz, A(
14

N) ≈ 40 MHz for 2 equiv N atoms (unresolved).  Quadratic (c
2
 = 

10 G/MHz) and linear ( = 0.022 G
2
/MHz) strain were employed to reproduce 

the copper nuclear quantum number dependence of the linewidth. 
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Figure 3.14. X-ray structure of  [Cl2NNMe]Cu(κ
2
-O2N2)-[Cl2NNMe] (6).  Selected 

bond distances (Å) and angles (°):Cu-O1 1.938(6), Cu-O2 1.942(5), N3-N4 

1.304(6), N3-O1 1.306(7), N4-O2 1.331(3), C29-N5 1.279(10), C33-N6 1.253(10), 

N1-Cu1-O1 95.4(2), O1-Cu1-O2 79.2(2), N2-Cu1-O2 94.3(2), N1-Cu1-N2 93.9(3). 
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Conclusion 

 The study of reactivity of nitric oxide with low coordinate β-diketiminate copper complex 

yielded interesting findings that give some insights on how nitric oxide may be used as an 

oxidant by anaerobic bacteria.  At room temperature, nitric oxide undergoes reductive 

dimerization at [Cl2NN]Cu(benzene), to produce  nitrous oxide and  [Cl2NN]Cu2(µ-OH)2.  

Deeper investigation of this process at low temperature, suggest the formation of a very 

electrophilic  cis-hyponitrite copper intermediate [Cl2NN]Cu(κ
2
-O2N2) ( = 550 nm) that is 

formed upon addition of excess NO to [Cl2NN]Cu(NO) ( = 458 nm). The electrophilicity of the 

[-dik]Cu(κ
2
-O2N2) moiety leads to ready reactivity with the central backbone C-atom of [b-

dik]Cu species giving rise to two novel [Cu
II
](

2
-O2N2Ligand) diazeniumdiolate [Cl2NN]Cu(κ

2
-

O2N2-[Cl2NN]Cu(SEt2) (3) and [Cl2NNMe]Cu(κ
2
-O2N2)-[Cl2NNMe] (6).   Efforts are now directed 

to a bulky electron rich copper systems which would stabilize the [Cu](κ
2
-O2N2) moiety.  In 

addition to sterically protecting the [Cu](
2
-O2N2) core against reaction with other -

diketiminato complexes, the resulting [Cu]=O species would be better stabilized against rapid 

dimerization to give less reactive [Cu]2(-O)2 species.  Thus, greater H-atom abstraction and O-

atom transfer reactivity may be observed from such sterically protected [Cu] systems upon 

reaction with 2 equiv. NO. 



109 

 

Experimental 

3.3.a. General procedures and instrumentation 

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 benzene was purchased from Aldrich and was stored over activated 4A 

molecular sieves. Pentane was first washed with conc. HNO3 / H2SO4 to remove olefins, stored 

over CaCl2 and then distilled before use from sodium/benzophenone.  Dichloromethane were 

purchased anhydrous and stored over 4 A molecular sieves. All solvents were tested before use 

with a drop of sodium benzophenone ketyl in THF solution. All deuterated solvents were 

sparged with nitrogen, dried over activated 4 A molecular sieves and stored under nitrogen. 

Celite was dried overnight at 200 °C under vacuum.   

1
H and 

13
C{

1
H} spectra were recorded on a Varian 400 MHz Spectrometer (400 or 

100.54 MHz). All NMR spectra were recorded at room temperature unless otherwise noted and 

were indirectly referenced to residual solvent signals.  EPR spectra were collected on a JEOL 

FA-200 spectrometer. Gas chromatography was done using GowMac Model 355 with column 

10' x 1/8"  SS, HayeSep D and TCD. UV-Vis spectra were measured on a Varian Cary 50 

[Cl2NN]Cu2(µ-benzene) is synthesized based on the published procedure.
29

   For all the 

reaction that required addition of nitric oxide, the amount needed is calculated using the ideal gas 

law using P = 1 atm and T = 298.15 K.  Nitric oxide is delivered through a syringe, after washing 

the syringe 4 times with NO.  Washing is necessary to get rid of air/O2 present in the syringe that 

could react with NO to form NO2.   
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3.3.b. [Cl2NN]Cu2(-OH)2 (2)  from reaction of [Cl2NN]Cu2(µ-benzene) and NO 

  [Cl2NN]Cu2(µ -benzene) (100 mg, 0.103 mmol) was added to toluene (10 mL) to 

produce a yellow slurry.  Nitric oxide (10.0 mL, 0.41 mmol) was added slowly using a syringe at 

room temperature and the mixture change color to red brown. The mixture was let to stir 

overnight (16 h).  The solvent was removed in vacuo and the brown precipitate was collected 

(78.7 mg, 82.4 % yield).  IR (evaporation of CH2Cl2 solution on KBr): 3650 (OH). 

3.3.c. N2O detection from reaction of [Cl2NN]Cu(benzene) and NO  

  In a 22-mL vial,   [Cl2NN]Cu2(µ -benzene) (100 mg, 0.103 mmol) was added to toluene 

(10 mL).  A rubber septum was placed and the vial was secure to be air-tight.  Nitric oxide (10.0 

mL, 0.41 mmol) was added and the mixture was let to stir for 1 h..   Using a 300 µL syringe, 250 

µL of headspace was injected into a   GowMac GC with column 10' x 1/8"  SS, HayeSep D and 

TCD to detect presence of N2O.   

 

 

 

 

 

3.3.d. Generation of [Cl2NN]Cu(NO)  

A stock solution (0.5 mM)  [Cl2NN]Cu2(µ -benzene) was prepared by dissolving  

[Cl2NN]Cu2(µ -benzene) (4.9 mg, 0.50 mmol) in toluene (5.0 mL).  Using a 10 mL volumetric 

Table 3.1. Nitrous oxide detection by gas chromatography.

Sample Retention time

minute

air 0.76

N2O 1.45

sample

trial 1 0.76 and 1.45

trial 2 0.77 and 1.45

trial 3 0.73 and 1.46
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flask, the solution was diluted to 10 mL.  To ensure that all [Cl2NN]Cu2(µ -benzene) are 

dissolved, the mixture was stirred for 1 h.  A 3.0 mL aliquot (1.5 µmol of [Cl2NN]Cu2(µ -

benzene)) of the 1.0 mM  solution in a cuvette was equilibrated at -80 °C.  Nitric oxide (73 µL, 

3.0 µmol, 2 equiv.) was bubbled into the solution.  A new band at  = 458 nm was observed by 

UV-vis.   

3.3.e. Generation of intermediate of [Cl2NN]Cu(κ
2
-O2N2)  

A 3.0 mL aliquot of the 1.0 mM  [Cl2NN]Cu stock solution (1.5 M) in a cuvette was 

equilibrated  at -80 °C.  Nitric oxide (370 µL, 15 µmol) was bubbled to the solution.  A new 

band at 458 nm was observed in the first 40 seconds, (4 scans at 10 sec interval).  After 40 

seconds,  a change in the UV-vis profile was observed.  The peak at 458 nm decayed and a new 

growth at 550 was observed. The solution was warmed to upto -40 °C and no changed was 

observed. 

3.3.f. Synthesis of [Cl2NN]Cu(κ
2
-O2N2-[Cl2NN]Cu(SEt2) (3) 

[Cl2NN]Cu2(µ -benzene) (163 mg, 0.167 mmol) was dissolved in fluorobenzene (10 mL) 

to produce a yellow mixture.  The mixture was place in an acetonitrile-dry ice bath ( -41 °C ).  

Nitric oxide (16.5 mL 0.674 mmol) was bubble through the solution to produce a dark solution.  

Diethyl sulfide (0.40 mL, 3.72 mmol) was added and the solution was warmed up to room 

temperature.  The color turned to light orange brown.   Pentane (~3 mL) added prior placing it in 

freezer (-40 °C).  Orange crystals of [Cl2NN]Cu(κ
2
-O2N2-[Cl2NN]Cu(SEt2)  (42.0 mg, 24% 

yield) were isolated.  EPR sample (1.0 mM) was prepared by dissolving [Cl2NN]Cu(κ
2
-O2N2-

[Cl2NN]Cu(SEt2) (3.0 mg, 3 µmol) in fluorobenzene (3 mL).   

 



112 

 

3.3.g. Synthesis of [Cl2NN]Cu(SEt2) (4) 

   [Cl2NN]Cu2(µ -benzene) (0.100 g, 0.105 mmol) was dissolved in toluene (5.0 mL). 

Diethyl sulfide (220µL , 2.1 mmol, 10 equiv.)  was added and the mixture was stirred until it 

formed a very light yellow orange solution.  The solution was concentrated, layered with pentane 

and allowed to stand at -40 °C.   Yellow crystals of [Cl2NN]Cu(SEt2) (4) were isolated in 55% 

yield (60 mg).  
1
H NMR (400 MHz, 298 K, C6D6):  δ  7.06 (4H,d ,m-

Cl2
Ar-H), 6.40 (2H,t ,p-

Cl2
Ar-H), 5.01 (1H, backbone H), 1.85 (6H, q, (CH3CH2)2S), 1.82 (6H,s ,backbone CH3), 0.73 

(4H, q, (CH3CH2)2S). 
13

C{
1
H} (100.54 MHz, 298 K, C6D6):  δ 164.0, 148.9, 130.5, 128.2, 123.2, 

95.3, 28.2, 23.0, 13.8.   

3.3h. Addition of styrene to [Cl2NN]Cu(NO) 

 A stock solution (2.5 mM) of [Cl2NN]Cu2(µ-benzene) was prepared by dissolving 

[Cl2NN]Cu2(µ -benzene) (97.6 mg, 0.1mmol) in toluene (5.0 mL).  Using a 10 mL volumetric 

flask, the solution was diluted to 10 mL.  The solution was stirred for 1h to ensure dissolution.  A 

3.0 mL (7.5 µmol of [Cl2NN]Cu2(µ -benzene)) of  the 2.5 mM  solution in a cuvette was 

equilibrated  at -90 °C.  Nitric oxide (121 µL, 4.9 µmol) was bubbled to the solution.  The 

growth 458 nm was observed.  Styrene (150 µmol, 0.1 mL of  1.5 M stock solution) was added 

and the disappearance of the 458 nm peak was observed (Figure 3.11).      

3.3.i. Synthesis of H[Cl2NNMe] 

  To a solution of H[Cl2NN] (5.0 g, 13 mmol)  in ether (40 mL) at -40 °C was added 1 

equiv. n-butyllithium (5.15 mL of 2.5 M solution, 13 mmol).  The solution was stirred for 1 h.  

Methyl iodide (1.82 g, 13 mmol) was then added at -78 °C and the resulting solution was slowly 

allowed to warm to room temperature.  The solvent was removed in vacuo and the residue was 
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washed with pentane (2 × 10 mL).   H[Cl2NNMe] was isolated as a white powder in 58.3% yield. 

1
H NMR (400 MHz, 298 K, C6D6):  δ  6.98 (4H,d ,m-

Cl2
Ar-H), 6.35 (2H,t ,p-

Cl2
Ar-H), 3.81 (1H, 

backbone H), 1.74  (6H,s ,backbone CH3), 1.57 (3H, d, backbone CH3). 

3.3.j. Synthesis of {[Cl2NNMe]Cu}2(-PhF) (5) 

    A solution of KO
t
Bu (0.86 g, 8.9 mmol, ca. 10 mL THF) was added to a slurry of CuI 

(1.70 g, 8.9 mmol, in ca. 20 mL THF) and stirred overnight.  The solution started milky white 

and developed a slight gray tint over time.  The reaction was filtered over Celite.  To the filtrate 

was added fluorobenzene (10 mL, 106 mmol) and a solution of H[Cl2NNMe] (3.0 g, 7.4 mmol, in 

ca. 10 mL THF).  The mixture was stirred for 3 hours and stripped to 1/3 of its volume (~15 mL) 

and the precipitate was collected on a frit and rinsed with 4 x 10 mL of pentane to give 2.50 g 

(54.3% yield) of a pale yellow powder. Single crystal was prepared by recrystallization in 

fluorobenzene. 
1
H NMR (400 MHz, 298 K, C6D6):  δ  7.07 (4H,d ,m-

Cl2
Ar-H), 6.40 (2H,t ,p-

Cl2
Ar-H), 1.76 (3H,s , backbone CH3),  1.74 (3H,s ,backbone CH3).

 13
C{

1
H} (100.54 MHz, 298 

K, C6D6):  δ 163.6, 147.9, 131.0, 128.2, 123.4, 95.4, 21.6,18.9. 

3.3.k. Synthesis of  [Cl2NNMe]Cu(κ
2
-O2N2)-[Cl2NNMe] (6) 

 {[Cl2NNMe]Cu}2(-PhF) (5) (200 mg, 0.20 mmol) was added to fluorobenzene (10mL) 

to produce a yellow mixture.  The mixture was placed in an acetonitrile-dry ice bath (-41 °C).  

Nitric oxide (20 mL 0.82 mmol) was bubbled through the solution to produce an orange solution.    

About equal amount of pentane was added (~10 mL) to the orange solution  prior placing it to -

40 °C for 16 h.  Orange crystal of [Cl2NNMe]Cu(κ
2
-O2N2)-[Cl2NNMe] (110 mg, 58.9 % yield) as 

identified using X-ray crystallography. EPR sample (1.75 mM) was prepared by dissolving  

[Cl2NNMe]Cu(κ
2
-O2N2)-[Cl2NNMe] (5.0 mg, 5.33 mmol ) in fluorobenzene (3.0 mL).   
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3.3.l. EPR spectroscopy 

The EPR measurements were performed in air-tight quartz tubes. Solution EPR spectra 

were recorded on a JEOL continuous wave spectrometer JES-FA200 equipped with an X-band 

Gunn oscillator bridge and a cylindrical mode cavity. Spectral simulation was performed using 

the program QCMP 136 by Prof. Dr. Frank Neese from the Quantum Chemistry Program 

Exchange as used by Neese et al. in J. Am. Chem. Soc. 1996, 118, 8692-8699. The fittings were 

performed by the “chi by eye” approach. Collinear g and A tensors were used (Figures 3.9 and 

3.12). 

3.3.m. Crystallographic details  

Single crystals of compounds were mounted under mineral oil or perfluoroalkyl ether oil 

on glass fibers in a cold nitrogen stream at 100(2) K on a Bruker SMART CCD system at 

Georgetown.  Either full spheres (triclinic) or hemispheres (monoclinic or higher) of data were 

collected (0.3 or 0.5 ώ-scans; 2θmax > 50; 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 suite
a
 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.  Non-hydrogen atoms were 

refined with anisotropic thermal parameters and hydrogen atoms were included in idealized 

positions.
30-32 
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  Table 3.2. Crystallographic data for compounds 3-6.

Compd. 3 4

formula C38H35N6Cl8Cu2O2S C21H23N2Cl4CuS

Mol. Wt. 1050.52 540.85

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

crystal description        block block

crystal color red orange yellow

crystal size (mm
3
) 0.4×0.4×0.3 0.5×0.42×0.50

system monoclinic orthorhombic

Space group P21/n Pca21

a  (Å) 14.3429(14) 14.2963(15)

b  (Å) 10.8408(11) 21.442(23)

c  (Å) 28.4642(28) 15.5958(17)

a (deg) 90 90

 (deg) 98.194(1) 90

g (deg) 90 90

Z 4 8

q range (deg) 2.364-27.50 0.95-28.39

measd reflns 37433 39679

unique reflns 10484 11088

R(int) 0.0489 0.0308

GOF of F
2 1.036 1.019

R1 ( I  > 2s(I )) 0.0504 0.0313

wR2 (all data) 0.1007 0.0805

0.66 and -0.49 1.57 and -0.73Largest diff. peak and

hole e
-
 ∙ Å

-3
)
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Compd. 5 6

formula C42H35N4Cl8CuF C37H30N4Cl8CuO2

Mol. Wt. 1025.48 937.86

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

crystal description        block rods

crystal color yellow orange

crystal size (mm
3
) 0.31×0.23×0.20 0.30×0.20×0.20

system monoclinic triclinic

Space group P21/n P-1

a  (Å) 13.7456(15) 10.4947(59)

b  (Å) 25.8361(28) 14.7443(83)

c  (Å) 14.3239(16) 14.9706(84)

a (deg) 90 79.265(6)

 (deg) 110.284 78.581(7)

g (deg) 90 77.012(6)

Z 4 2

q range (deg) 1.71-28.29 1.41-28.23

measd reflns 39337 23757

unique reflns 11246 9966

R(int) 0.1283 0.1284

GOF of F
2 1.203 0.972

R1 ( I  > 2s(I )) 0.1432 0.2124

wR2 (all data) 0.381 0.246

3.82 and -1.28 3.10 and -1.09Largest diff. peak

and hole e
-
 ∙ Å

-3
)
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CHAPTER 4 

Capture and Activation of Nitric Oxide and Nitrogen Dioxide by Frustrated Lewis Pairs 
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Abstract 

Frustrated Lewis Pairs (FLPs) possess steric bulk at individual Lewis base and acid 

components that prevents formation of a strong donor-acceptor interaction.  This “frustration” 

results in a reactive potential that allows for capture and activation of a number of small 

molecule substrates such as H2, CO2, N2O, and other unsaturated species between the Lewis base 

and acid components.   Using the intramolecular PB-FLP [Mes2PCH2CH2B(C6F5)2] developed 

by the Erker group, we demonstrated capture and activation of nitric oxide (NO) to form a PB-

FLP-NO complex possessing new P-N and B-N bonds.  Activation of NO upon binding to the 

FLP dramatically changes its chemical properties.  Unpaired electron density shifts from N to O, 

generating a nitroxide-like species capable of both abstracting allylic and benzylic C-H bonds in 

substrates R-H to form PB-FLP-NOH as well as capturing the generated radical R• as PB-FLP-

NO-R under mild conditions.  Thus, FLP activation opens a new manifold of C-H 

functionalization chemistry for NO, the simplest diatomic free radical.  We will share our recent 

efforts to capture and activate NO2, a significantly more reactive radical relevant to atmospheric 

chemistry.   
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Introduction 

A frustrated Lewis pair (FLP) is a combination of a Lewis acid and base which are 

sterically modified to prevent the pair from forming a very strong interaction or bond.
1
  Their 

size limits their interaction to purely electrostatic, not allowing tight contact for the formation of 

a strong dative bond.  This electrostatic potential difference primes them for cooperative 

reactivity with a third molecule which may be covalently captured as well as activated for 

subsequent chemical reactions.
2-9

 In a short time since its discovery by Prof. Doug Stephan in 

2006
1-3,6,10

, FLP chemistry has gained much attention for the ability to activate small molecules 

without the need for metals.  Currently the most developed FLP systems are based on the 

combination of a phosphorus donor and boron acceptor (PB) system which consists of a very 

electron-rich phosphine and very electrophilic borane.   The PB system can be further subdivided 

 
Scheme 4.1.  Small molecule captured by P/B FLPs. 
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to two major subtypes: intermolecular
11

 and intramolecular/link
1
 FLPs.  Both systems are 

capable of capturing molecules and activation of H2.  An early, key breakthrough in FLP 

chemistry is the metal-free capture of H2 and its activation towards hydrogenation 

reactions.
1,5,6,12

   Importantly, other unsaturated small molecules are also captured by FLPs such 

as CO2
10,13,14

, N2O
15

, ethylene, and nitrosobenzene
16

.   

 In this study, we target the first radical FLP-substrate adducts by through the capture 

nitric oxide (NO).  Nitric oxide is a small, unsaturated radical making it very suitable target for 

FLP capture.  As discussed in previous chapters, it is a stable, free radical that is involved in 

many interesting processed from cellular level to macroscale production of HNO3.  Nitric oxide 

is commonly captured or used as ligand my metals due to its flexibility in terms of 

coordination.
17,18

  There are only few examples of metal-free capture NO.   Radical cations such 

as 1,2-diarylethenes or calix[4]arenes bind NO via electron transfer where NO is formally 

oxidized to NO
+
 which dramatically increases its Lewis acidity.

19,20
   

 Nitric oxide can be also captured irreversibly by o-quinodimethanes to produce an 

organic nitroxide.
21

   This transformation allows the transfer of the spin density more towards the 

oxygen of the N-O rather than in the nitrogen just like in free NO.  This N-O functionality is 

similar to a popular organic nitroxide (2,2,6,6-tetramethylpiperidin-1-yl)oxy (TEMPO) which  

 

Scheme 4.2.  1,2-diarylethenes binding of NO. 
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synthesized by oxidizing 2,2,6,6-tetramethylpiperidine
22

.  The radical character of TEMPO 

makes it useful in radical initiated polymerization.
23

 

 Herein we describe the synthesis, characterization, and O-based reactivity of this novel 

type of N-oxyl radical derived from a frustrated Lewis pair and nitric oxide as well as 

exploratory studies that target the capture and activation of nitrogen dioxide (NO2), the aerobic 

oxidation product of NO. 

Results and Discussion 

4.2.a. Intermolecular PB FLP reactivity towards NO 

 Treatment of 1 equiv. NOg to a bromobenzene solution of 
t
Bu3P and B(C6F5)3 (BCF) 

resulted to a 40% conversion to 1:1 mixture of species 
t
Bu3P-N2O-B(C6F5)3

 
(
31
P δ = 65.8 ppm) 

and 
t
Bu3P-O-B(C6F5)3 (

31
P δ = 92.2 ppm)  determined by 

31
P NMR and X-ray crystallography. 

 

 

 

  
Scheme 4.4.  Reaction of intermolecular FLP with NO. 

  

Scheme 4.3.  Quinodimethanes reacts with NO to form nitroxide (left) 

and  structure of TEMPO (right). 



125 
 

  

Figure 4.1. Xray structure of  
t
Bu3P-N2O-B(C6F5)3.    Selected bond distances (Å) 

and angles (°):N1-N2 1.2598(18), N2-O 1.3268(16), P-N 1.7048(13), B-O 

1.5398(19), P-C1 1.8901(16), P-C5 1.8760(17), P-C9 1.8750(17), B-C13 

1.640(2), B-C19 1.646(2), B-C25 1.639(2), P-N1-N2 113.28(10), N1-N2-O2 

110.79(12), N2-O-B 113.08(11).  
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Figure 4.2. Xray structure of  
t
Bu3P-O-B(C6F5)3.    Selected bond distances (Å) and 

angles (°):N1-N2 1.2598(18), N2-O 1.3268(16), P-O 1.5445(11), B-O 1.6007(19), P-

C1 1.8846(15), P-C9 1.8904(16), P-C5 1.8729(16), B-C13 1.645(2), B-C25 1.652(2), 

B-C191.643(2), P-O-B 176.72(9). 
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The two products, previously reported by Stephan in 2006, are due to disproportionation 

of NO induced by phosphine.
15

  It has been known in literature that trialkylphosphine and 

trialkylphosphite can be oxidized by NO to generate N2O and the corresponding phosphine 

oxide.
24,25

  There are two proposed mechanisms (Scheme 4.5) which mainly differ in the first 

step.  Ford proposed that NO will bind to R3P to form a radical intermediate (Scheme 4.5a).
26

  

The radical intermediate was then proposed to combine with another equivalent of NO to form a 

cis-hyponitrite phosphorus κ1
-N bound product subject to rearrangement to R3P=O with release 

of N2O.    The second possible mechanism proposed by Houk involves dimerization of NO as the 

first step (Scheme 4.5b).
27

  This ONNO dimer oxidizes the R3P to form κ
2
-O,O cis-hyponitrite 

 

bound to phosphorus prior to rearrangement releasing N2O and R3P=O.   

The intermolecular FLP is prone to oxidation hence we opted to use a more structurally 

rigid intramolecular FLP that could stabilize FLP-NO. 

 

 
Scheme 4.5.  Proposed mechanisms for the disproportionation of NO with phosphines. 



128 
 

4.2.b. Synthesis and characterization of P/B-FLP-NO 

The intrameolecular PB-FLP Mes2PCH2CH2B(C6F5)2 (Cmpd 2) is generated in situ by 

hydroboration reaction of dimesitylvinylphosphane (Mes2P(CH=CH2)) with Pier’s borane 

(HB(C6F5)2) (Scheme 4.6).
11

 A bright yellow colors develop as FLP 2 forms and the progress of 

hydroboration is monitored by NMR.  In C6D6 FLP 2 possesses a 
31

P NMR signal at δ = 20.6 

ppm and along with a 
11

B NMR signal at δ = 8.5 ppm.  Mes2PCH2CH2B(C6F5)2 is air sensitive 

and prone to oxidation hence in situ generation in solvents that are non-Lewis basic such as 

benzene, pentane and fluorobenzene.   

Addition of 1 equiv. NO to fluorobenzene solution of 2 resulted to an immediate change 

of color from yellow to green (Scheme 4.7).  From this green solution, blue crystals of P/B-FLP-

NO (3) may be obtained by layering with pentane at -40 °C to give 58 % yield.  X-ray crystal 

structure analysis of P/B-FLP-NO (3) revealed that both the phosphorous and the boron atoms 

have formed bonds to the nitrogen atom of the incorporated NO molecule (P-N: 1.7127(14) Å, 

B-N: 1.592(2)Å, P-N-B: 114.27(10)°) (Figure 4.3). The N-O bond length in 3 of 1.2962(17) Å is 

significantly lengthened relative to that of free NO (1.151 Å)
28

; it is similar to that found in N-

oxyl radicals R2N-O• such as TEMPO (4: 1.284(8) Å)
29

 and 
t
Bu2N-O• (1.28(2) Å (gas phase)

30
) 

(Scheme 4.7). 

 

 
Scheme 4.6.  Synthesis of intramolecular P/B-FLP (2). 
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P 
N 

O 

B 

Figure 4.3.  Crystal structure of P/B-FLP-NO (3). 1.5 fluorobenzene • pentane (solvents 

of crystallization and all H-atoms omitted).  Selected bond distances (Å) and angles (°): 

N-O 1.2962(17), P-N 1.7127(14), B-N 1.592(2), C1-C2 1.552(2), P-C1 1.8189(17), P-C3 

1.8160(17), P-C12 1.8167(17), B-C2 1.630(2), B-C21 1.651(2), B-C27 1.637(2), P-N-B  

114.27(10), P-N-O 119.52(11), B-N-O 126.20(13). 
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The blue color of the P/B-FLP-NO is due to its absorption band at λ = 705 nm (εave = 6.7 

M
-1

cm
-1

) which is quite distinct from typical nitroxides such as TEMPO (λ max = 460 nm (10.6 M
-

1
cm

-1
)) (Figure 4.4).  This band exhibits detailed vibrational fine structure with an average 

spacing of 1109(11) cm
-1

 for the six most intense peaks.  The vibronic spacing observed in the 

visible spectrum likely reflects the excited state of 3.  TD-DFT calculations performed by 

collaborator Stefan Grimme indicate that this weak transition possesses n → π* character.   

Infrared spectra of 3 and 3-
15

NO identify the 


NO) and 


NO) stretches at 1474 and 1457 

cm
-1

, respectively (Figure 4.5), while DFT predicts 


NO) at 1471 cm
-1

. 

 

Scheme 4.7.  Reaction of NO with intramolecular P/B-FLP and common organic nitroxides. 

 

N-O length (Ǻ)  1.2962(17) 
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Figure 4.5.  Optical spectrum and Beer’s Law plot of P/B-FLP-NO (3). 

Figure 4.4. Infrared difference spectrum of P/B-FLP-
14

NO (3-
14

N; down) and P/B-   

                     FLP-
15

NO (3-
15

N; up) (evaporated CH2Cl2 solution of 3 on KBr). 
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 The P/B FLP-
15

NO was synthesized using the same procedure but using 
15

N labeled NO 

generated from the reaction of 
t
BuO

15
NO, Cp2Fe, and TMS-OTf. (Scheme 4.8).  

 

The odd-electron species 3 exhibits an X-band EPR signal at room temperature in 

fluorobenzene solution consistent with coupling of the electron spin to the 
14

N nucleus as well as 

to 
31

P and 
11/10

B nuclei (Figure 4.6).  Simulation of the symmetric pattern about g = 2.0089 gives 

A(
14

N) = 18.5 MHz, A(
31

P) = 48.5 MHz, and A(
11

B) = 9.1 MHz (contribution from 
10

B 

neglected).  While A(
14

N) is markedly lower than in the related nitroxides TEMPO
31

 and 

t
Bu2NO

32
 (43.5 and 43.3 MHz in toluene, respectively), DFT calculations at the TPSS

33
 level 

employing a def2-TZVP AO basis (fully de-contracted for P, N, B atoms) predict very similar 

hyperfine interactions (A(
14

N) = 16.7, A(
31

P) = 46.9, A(
11

B) = 10 MHz) to those simulated. To 

experimentally confirm these assignments, we prepared the isotopomer P/B-FLP-
15
NO• (3-

15
N) 

by addition of 
15

NO (generated from the reaction of 
t
BuO

15
NO, Cp2Fe, and TMS-OTf) to a 

solution of Mes2PCH2CH2B(C6F5)2. The EPR spectrum of 3-
15

N (Fig. 4.4) is best simulated with 

A(
15

N) = 25.5 MHz very close to the anticipated value of 26.0 MHz based on the relative 

gyromagnetic ratios of 
15

N and 
14

N.   

 

 

 

 

 

Scheme 4.8. Generation of 
15

NO
gas

 from 
t
BuO

15
NO. 
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4.2c.  H-atom abstraction reactivity of P/B-FLP-NO 

While NO itself is a very poor H-atom acceptor owing to the very modest H-NO bond strength 

of ca. 47 kcal/mol in nitroxyl (HNO)
34

, the FLP-NO adduct 3 engages readily in H-atom 

abstraction reactions (Scheme 4.9).  Reaction of P/B-FLP-NO (3) with 1,4-cyclohexadiene (C-H 

BDE ~ 77 kcal/mol)
34

 rapidly quenches the blue color of 3 to give the corresponding 

diamagnetic PB-FLP-NOH product (4).   

 

3150317031903210

Magnetic Field Strength

3-15N

Sim

Exp

3-14N

Sim

Exp

3150 3190 3210 Gauss3170

Figure 4.6.  X-band EPR spectra and simulations for P/B-FLP-NO (3-
14

N, bottom; 3-
15

N,         

top). 
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 PB-FLP-NOH  (4) may be isolated in 67% yield as colorless crystals by vapor diffusion 

of heptane into a benzene solution of 4. X-ray crystal structure analysis of 4 reveals a significant 

lengthening of the N-O distance to 1.422(2) Å in 4 (from 1.298(4) Å in 3) consistent with a 

decrease in N-O bond order.  A similar lengthening of the N-O distance occurs upon reduction of 

TEMPO to TEMPO-H (N-O: 1.450(2) – 1.462(2) Å).  The conversion of 3 to 4 accompanied by 

a decrease in the P-N bond distance in 4 to 1.6315(18) Å while the B-N distance of 1.561(3) Å in 

4 remains similar to that found in 3.  The hydroxyl H-atom was refined and shows a close 

contact to one of the F atoms on an adjacent C6F5 ring (H1
…

F6 = 2.218 Å) (Figure 4.5).   

 

  

 
Scheme 4.9.  H-atom abstraction reactivity of P/B-FLP-NO (3). 
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Figure 4.7.  Crystal structure of P/B-FLP-NOH (4). Selected bond distances (Å) and 

angles (°): N-O 1.422(2), P-N 1.6315(18), B-N 1.561(3), C1-C2 1.553(3), P-C1 1.815(2) , 

P-C3 1.818(2) , P-C12 1.828(2), B-C2 1.638(3), B-C21 1.641(3), B-C27 1.657(3), H1
…

F6  

2.218, P-N-B 118.39(15), P-N-O 116.86(13), B-N-O 124.56(17). 
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NMR characterization of the diamagnetic PB-FLP-NOH (4) in chloroform-d1 reveals 

multiplets in the 
1
H NMR spectrum at δ 2.83 and 2.31 ppm corresponding to the backbone PCH2 

and BCH2 groups along with a singlet at δ 4.76 ppm for the NOH group.  
31

P{
1
H} and 

11
B{

1
H} 

NMR spectra possess signals at δ 46.75  (ν1/2 = 40  Hz) and -5.7 (ν1/2 = 150 Hz) ppm, 

respectively.  The IR spectrum of 7 in the solid state shows a relative sharp band for the 

O-

H) stretch at 3581 cm
-1

 along with the 

O) stretch at 1110 cm

-1
 (


O) = 1082 cm

-1
) 

(Figure 4.8).  

 

 

 

Figure 4.8.  . Infrared difference spectrum of P/B-FLP-
14

NOH (4-
14

N; down) and P/B-FLP-
15

NOH (4-
15

N; up) (evaporated CH
2
Cl

2
 solution of 4 on KBr). 
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 The P/B-FLP-NO radical 3 abstracts H-atoms from stronger C-H bonds as well.  

Exposure of 3 to excess cyclohexene (C-H BDE ~ 82 kcal/mol)
34

 results in clean H-atom 

abstraction (HAA) to form 4 along with the new product 5 (
31

P NMR:  47.39 ppm; 
11

B NMR:  

-5.5 ppm)) in a 1:1 ratio (Scheme 4.9).   With excess cyclohexene, the loss of 3 follows clean 

first-order kinetics in which the observed rate constant kobs essentially doubles from 9.5(2) × 10
-5

 

s
-1

 to 2.2(1) × 10
-4

 s
-1

 with a doubling of the concentration of cyclohexene from 2.45 M to 4.90 

M in fluorobenzene to give a second order rate constant kcyclohexene (25 °C) =  4.1(3) × 10
-5

 M
-1

s
-1 

(Figure 4.10, Scheme 4.9).  Isolation of the new product 5 by crystallization of the mixture from 

methanol allows for its characterization as P/B-FLP-NO(2-cyclohexenyl).  This species is similar 

in structure to P/B-FLP-NOH (4) with a N-O bond length of 1.445(2) Å (Fig. 4.9) and similar 

metrical parameters about the P-N-B linkage (P-N: 1.6516(17) Å, B- N 1.586(3) Å, P-N-B 

117.00(13)°). 

Mechanistic studies employing the reactive N-oxyl radical PINO in cyclohexene 

functionalization had revealed two concurrent pathways.  The first is a stepwise HAA / radical 

combination sequence that results in the formation of a new O-C bond.  Addition of the PINO 

radical to the C=C double bond, however, followed by abstraction of an allylic H-atom to give 

the functionalized product represents a competing pathway (Scheme 4.10).
35

   Without such 

mechanistic ambiguity, 3 also undergoes HAA with the significantly stronger C-H bonds of 

ethylbenzene (C-H BDE = 87 kcal/mol)
34

 following clean pseudo first-order kinetics in 3 

employing excess ethylbenzene substrate (4 - 7 M) in fluorobenzene to give kethylbenzene (25 °C) = 

5.5(2) × 10
-6

 M
-1

s
-1

(Figure 4.11, Scheme 4.9). The reaction of 3 with excess ethylbenzene gives a 

1:1 ratio of 4 along with the new O-functionalized product P/B-FLP-NO(1-CH(Me)Ph) (6) as 

monitored via 
31

P NMR ( 48.27 ppm). 
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P 

N 

O 

B 

Figure 4.9.  Crystal structure of P/B-FLP-NOcyclohexenyl (5). The cyclohexenyl group 

is disordered over two sets of positions in a 61 : 39 ratio.  Only the major occupancy is 

shown.  All H-atom are omitted. Selected bond distances (Å) and angles (°): N-O 

1.445(2), P-N 1.6512(17), B-N 1.586(3), O-C33 1.453(3), C33-C34A 1.494(6), C34A-

C35A 1.333(8), C1-C2 1.547(3), P-C1 1.822(2) , P-C3 1.812(2), P-C12 1.841(2), B-C2 

1.636(3), B-C21 1.661(3), B-C27 1.648(3), P-N-B 116.99(13), P-N-O 112.86(12), B-N-O 

122.28(15), N-O-C33 114.68(15), C33-C34A-C35A 123.6(4). 
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Figure 4.10.
   

Kinetic analysis the reaction of P/B-FLP-NO (3) with excess cyclohexene at 

4.94 and 2.47 M with plots of ln(At/A0) vs. time (A = absorbance at λ = 705 nm) indicating 

first order behavior in 3.  UV-vis spectrum at top is from a solution with initial 

concentrations  0.0925 M in 3 and 2.47 M in cyclohexene; the spectral interval is 30 s. 
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Scheme 4.10. Possible mechanisms for the reaction of 3 with cyclohexene: (a) addition 

followed by HAA and (b) HAA followed by radical recombination. 
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Using deuterated ethylbenzene, the kinetic isotope effect was determined.  The rate of the 

reaction with 4.0 M ethylbenzene at 298 K was found to be  kobs= 5.9(2) x 10
-6

 s
-1

. This 

corresponds to a primary kinetic isotope effect (kH/kD) of 3.8 (Figure 4.9). 

 

 

 

 

 

 

 

 

 

 

 The P/B-FLP-NO is much more active with respect to HAA compared to other known 

nitroxides such TEMPO.  TEMPO requires elevated temperatures (120 °C) and several days to 

have a quantitative conversion so TEMPO-H with ethylbenzene.
36

  To better understand the 

reasons for this heightened reactivity, we examined the electronic structure of P/B-FLP-NO with 

the help of collaborator Stefan Grimme. 

  

 

Figure 4.11.
   

Kinetic analysis the reaction of P/B-FLP-NO• (3) with excess ethylbenzene at 

7.14 M and 4.08 M or ethylbenzene-d10 at 4.0 M with plots of ln(At/A0) vs. time (A = 

absorbance at λ = 705 nm) indicating first order behavior in 3.   
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Figure 4.12. Contour-plot (iso-surface value of 0.01 a.u.) of computed (TPSS/def2-

TZVP) spin-densities for TEMPO (left) and 3 (right). The values given for N and O 

atoms refer to the results of a Mulliken population analysis. 

 

 

4.2.d. Unique electronic structure of P/B-FLP-NO 

To better understand the electronic structures of 3 along with the heightened HAA 

reactivity of 3 relative to typical nitroxides such as TEMPO, we examined with the help of 

collaborator Prof. Stefan Grimme, these species by theoretical methods.  The DFT structural 

optimizations have been performed at the dispersion corrected (DFT-D3
37,38

 method) TPSS
33

 

level using very large quadruple-zeta AO basis sets.
39

 The computed structures and predicted 

spectroscopic properties agree very well with experimental data.  For instance, the computed N-

O, P-N and B-N distances for 3 are 1.283, 1.732, and 1.608 Å compared to values of 1.296(2), 

1.713(2), and 1.592(2) Å determined by X-ray.  Single point thermochemical calculations at the 

even higher B2PLYP-D3/def2-QZVP level of theory
40

 reveal the binding of NO to P/B-FLP (1) 

in its closed (quenched) four-membered ring conformation to give P/B-FLP-NO• (3) is quite 

exothermic with E = -24.6 kcal/mol (G(298 = -11.9 kcal/mol)).   
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Analysis of the electronic structure of 3 reveals a basic similarity to TEMPO but also 

some unique features owing to some spin-delocalization along with multi-center bonding 

involving the PR3 and BR3 fragments (Figs. 4.10).  The N-P bond in 3 is essentially a single 

bond with a Wiberg Bond Order (WBO) of 1.07 while the N-B interaction is of donor-acceptor 

type (WBO = 0.73). As in TEMPO, the N-O unit has a singly-occupied * SOMO and a 

concomitantly small WBO of 1.15 (1.21 in TEMPO). The Mulliken spin-density populations at 

O and N in 3 are 0.54 and 0.34 e
-
, respectively, slightly more biased towards O as compared to 

the corresponding values in TEMPO (0.50 and 0.44 e
-
, respectively). Identified through both 

simulation and calculation, the hyperfine couplings present in the EPR spectrum of 3 (Fig. 2) 

clearly reflect the lower spin-density at the N-atom in 3.  This perturbation in electronic structure 

enhances the H-atom abstracting ability of 3 to form 4. P/B-FLP-NOH  (4)  has a calculated O-H 

BDFE and BDE of 83.2 and 77.3 kcal/mol (at 298 K) which is about 10 kcal/mol larger than the 

corresponding values for TEMPO-H at the same level of theory (BDFE = 72.8, BDE = 67.2  

kcal/mol).  These calculated values for TEMPO-H compare well with experimental values in 

benzene (BDFE 70.2, BDE = 65.2 kcal/mol).
41

 

 

Inspired by the nitrosobenzene adduct 2 that features a six-membered ring with a P-N-O-

B linkage (Scheme 4.1) we computationally considered related 

-isomers of 3 and 4 (Figure 

4.11). These species are only 8.1 and 5.1 kcal/mol higher in free energy than the experimentally 

observed species 3 and 4 that feature 
1
-NO units.  Interestingly, 3-k

2
 undergoes a reversal in the 

distribution of unpaired electron density (O: 0.32 e
-
, N: 0.52 e

-
) as compared to 3.   Isomer 4-k

2
 

suggests the possibility of trapping the elusive molecule HNO with 1, supported by calculations 

that reveal a particularly tight interaction to give the experimentally observed P/B-FLP-NOH 

ground state 4 with E = -57.3 kcal/mol (G(298) = -41.9 kcal/mol). 
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Figure 4.13. Computed (TPSS-D3(BJ)/def2-QZVP) structures of 3-
2
 (left) and 4-

2
  

                      (right). 

 

 

 

 

 

 

 

 

 

 

4.2.e. Study of reversibility of NO capture 

The capture of NO by P/B-FLP is irreversible as proven by a crossover experiment using two 

variations of P/B-FLPs.  P/B-FLP-NO (7)
42

 with cyclohexenyl ring backbone was stirred for 16 h 

at room temperature with P/B-FLP (2).    After stirring, 1,4-cyclohexadiene was added the  

 

Scheme 4.11. FLP-NO exchange reaction with  P/B-FLP-NO (7) and P/B-FLP (2) showing 

NO capture is not reversible.  



145 
 

reaction was analyzed by 
31

P{
1
H} NMR (4.14).  Observed peaks in 

31
P{

1
H} NMR spectrum  

correspond to P/B-FLP-NOH (8) (δ = 48.5 ppm)
42

 , P/B-FLP (2) (δ = 26.0 ppm) and 

Mes2P(CHCH2) (δ = - 23.0 ppm)  in  thus there is no exchange of NO occurred.  

4.2.f. Intramolecular PB- FLP reactivity towards NO2 

 Another small radical substrate of interest is nitrogen dioxide (NO)2.  This gas is 

responsible for the faint brown hue of photochemical smog.  Along with NO, NO2 is a reaction 

intermediate in the synthesis of HNO3 which is produced in multi-million ton scale making 

attractive the capture and activation of NO2 towards new synthetic processes.   Nitrogen dioxide 

can reversibly dimerize to nitrogen tetraoxide which is a colorless gas that behaves as a source if 

[NO]NO3.
43

  NO2 can add to both ends of a C=C double bond to form vicinal dinitroalkanes.
44

  

In organic synthesis, NO2 could be use to synthesize nitroalkanes upon reaction with 

Figure 4.14.  
31

P{
1
H} NMR spectrum (162 MHz, C6D6, 298 K) of reaction mixture of 7 and 

1 followed by quenching with 1,4-cyclohexadiene.  No FLP-NOH 4 is present indicating 

that NO exchange between 2 and 7 did not take place. 

8 

2 
PPh3 

Mes2P(CHCH2) 
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fluorocarboxylic acid.
45

  NO2 can be also use as oxidizing agent to convert thiols RS-H to 

disulfides RS-SR via the intermediacy of S-nitrosothiols RSNO (Scheme 4.12).
46

  Similar to 

nitric oxide, o-quinodimethane can also trapped NO2 to form a readical compound. 

Addition of NO2 to a solution of P/B-FLP produced at -40 °C a red orange solution (λmax = 437  

nm)(Figure 4.15) which readily decomposes at higher temperature producing gas (Scheme 4.13).  

EPR analysis of the product reveals a nitrogen centered radical with giso = 2.0061 and A(
14

N) = 

34 MHz.  The triplet signal also show coupling to phosphorus and boron atom with coupling 

constant equal to 10 and 6 MHz respectively (Figure 4.16).  

 

Scheme 4.12.  (a) Examples of NO2 reactions and (b) capture of NO2 by o-quinodimethane. 

.   

 

(a) 

(b) 
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Scheme 4.13. Reaction of NO2 with intramolecular P/B-FLP (2). 
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Figure 4.15. Optical spectrum of the reaction between NO
2
 and P/B FLP (2). 

Figure 4.16. X-band EPR spectrum of the P/B FLP(NO2). 
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Pentane was added to red solution formed upon addition of NO2 to P/B-FLP in fluorobenzene.  

Colorless crystals are isolated at -40 °C.  The X-ray analysis reveals the formation of the oxide 

P/B-FLP-O (9) (Figure 4.18).  This result suggests that theFLP-NO2 decomposed to P/B-FLP-O 

with release NOgas as byproduct,  hence there was effervescence upon warming the solution.  

 High-level DFT calculations were performed by collaborator Stefan Grimme who 

identified that the most energetically favored structure possesses P-O and B-N bonds. The 

structure also features a very long (Mes2P)O---NO(BAr2) interaction (2.16 Å) which indicate that  

 

Scheme 4.14. Proposed P/B-FLP-NO
2
 and its decomposition to P/B-FLP-O (9) and NO

gas
. 

Figure 4.17.  DFT optimized structure of P/B-FLP-NO
2
. 

  
 2.16 Å 
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Figure 4.18. Xray structure of P/B-FLP-O (9).    Selected bond distances (Å) and 

angles (°): P-O 1.556(11), P-C1 1.815(15), P-C2 1.814(15), P-C1 1.813(15), B-O 

1.380(12), B-C4 1.629(2), B-C5 1.653(2), B-C4 1.639(2), C3-P-O 99.50(6), O-P-

C1 113.90(6), C1-P-C2 107.02(6), C2-P-C1- 120.49(7), C4-B-O 102.43(12), O-

B-C6 105.87(12), C6-B-C5 108.27(12), C5-B-C4 111.34(13).  

C3 

C2 

P 

O 

B 

C1 

C4 
C5 

C6 
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this bond can be easily cleaved making the NO group labile (Figure 4.17).  Upon the release of 

NOg, the molecule would just close up to form a 5 member ring P/B FLP-O.    DFT calculations 

also predicts that the NO2 binding is very favorable with ΔG° = -39.1 kcal/mol.  The second step 

which involves the cleavage of O-N bond and release of NO is also energetically favored at ΔG° 

= -32.0 kcal/mol.  The proposed DFT structures also explains the large nitrogen and small 

phosphorus hyperfine couplings shown in the EPR, especially in contrast to the large A(
31

P) and 

comparatively small A(
14

N) seen for P/B-FLP-NO (3).   

Using a more structurally rigid P/B-FLP with cyclohexenyl backbone (Mes2P-C6H10-

B(C6F5)2)
42

 leads to the formations of the corresponding P/B-FLP-NO (7) and P/B-FLP-O (10) 

without detection of any intermediate (Scheme 4.15).  

  

 The diamagnetic cyclohexenyl ring backbone P/B-FLP-O was confirmed using 
31

P{1H} 

NMR at δ = 82 ppm.  X-band EPR analysis of the reaction solution of NO2 and (Mes2P-C6H10-

B(C6F5)2) reveals an spectrum of P/B-FLP-NO (7) with its characteristic giso = 2.0095 and 

coupling constants  A(
14

N) = 20.6 MHz, A(
31

P) = 50.5 MHz, A(
11

B) = 8.8 MHz (Figure 4.19).
42

   

 

 
Scheme 4.15. Reaction of NO

2
 with cyclohexenyl backbone P/B-FLP (Mes2P-C6H10-

B(C6F5)2) . 
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Conclusion 

Our new P/B-FLP-NO species 3 represents a novel addition to the large and important 

family of persistent N-oxyl free radicals which have an especially diverse range of 

applications.
35,47-50

 
 
We anticipate that the properties of related FLP-NO species can be tuned by 

appropriate variation of the Lewis pair components.  For instance, modulation of FLP-NO-H and 

FLP-NO-R bond strength may lead to selective radical addition and/or HAA reactions.  

Moreover, a decrease in the strength of the FLP-NO interaction could lead to the reversible 

binding of NO as well as provide insight into phosphine-based approaches to sense and quantify 

NO
51

 and HNO.
52

 Our study expands frustrated Lewis pair chemistry to radical species providing 

access to unprecedented areas of chemistry by the cooperative action of non-quenched pairs of 

Lewis acid and Lewis base antagonists. 

  Nitrogen dioxide capture by P/B-FLP leads to a formation of an unstable NO2 adduct 

detected by EPR .  High level calculation revealed favorable binding and cleavage of O-NO bond 

leading to formation of P/B-FLP-O and NOg.  New nitrogen-boron FLP, which less prone to 

Figure 4.19.  X-Band EPR spectrum of cyclohexenyl ring backbone P/B-FLP-

NO (7). 
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oxidation, is now being developed that could aid in accessing NO2 adduct as well as different 

biding mode for NO and HNO (discussed in appendix ). 

Experimental 

4.3.a General procedures and instrumentation 

 

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 benzene was purchased from Aldrich and was stored over activated 4A 

molecular sieves. Diethyl ether and tetrahydrofuran (THF) were first sparged with nitrogen and 

then dried by passage through activated alumina columns.
1
 Pentane was first washed with conc. 

HNO3 / H2SO4 to remove olefins, stored over CaCl2 and then distilled before use from 

sodium/benzophenone.  Benzene, toluene, fluorobenzene and ethylbenzene were purchased 

anhydrous and stored over 4 Å molecular sieves. All solvents were tested before use with a drop 

of sodium benzophenone ketyl in THF solution. All deuterated solvents were sparged with 

nitrogen, dried over activated 4 Å molecular sieves and stored under nitrogen. Celite was dried 

overnight at 200 °C under vacuum.   

1
H, 

13
C{

1
H},

19
F, 

31
P and 

11
B NMR spectra were recorded on a Varian 400 MHz 

Spectrometer (400, 100.54, 376.14, 161.84 and 128.27 MHz, respectively). All NMR spectra 

were recorded at room temperature unless otherwise noted and were indirectly referenced to 

residual solvent signals or TMS as internal standards.  Triphenylphosphine ( -6.0 ppm) and 

trifluoroborane etherate ( 0 ppm) were used as standards for 
31

P and 
11

B NMR experiments, 

respectively.  EPR spectra were collected on a JEOL FA-200 spectrometer as described in 

Section 4.  UV-Vis spectra were measured on a Varian Cary 50 or 100 spectrophotometer, using 

air-tight cuvettes with a Teflon stopcock. IR measurements were performed on Perkin Elmer 
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Spectrum One FT-IR Spectrometer. Elemental analyses were performed on a Perkin-Elmer 

PE2400 microanalyzer at Georgetown.   

All reagents were obtained commercially unless otherwise noted. Ethylbenzene-d10 was 

obtained from Acros and purified by passing it through activated alumina.  Cyclohexene was 

filtered through alumina and stored over 4 A molecular sieves.  Na
15

NO2 was obtained from 

Cambridge Isotope Laboratories.   

 Following a literature procedure, 
15

N-labeled 
t
BuONO was prepared from Na

15
NO2 by 

addition to an aqueous solution of H2SO4 containing HOBu
t
.
53

  Mes2PCH=CH2 was synthesized 

using commercially available dimesitylphosphine chloride (Mes2PCl – Strem) and 

vinylmagnesium bromide.
11

 HB(C6F5)2 was prepared using a published procedure.
54

 

4.3.b Synthesis of P/B-FLP-NO (3)  

            Under air-free conditions, dimesitylvinylphosphine (1.00 g, 3.4 mmol) and 

bis(pentafluorophenyl)borane (1.17g, 3.4 mmol) were dissolved in fluorobenzene  (8 mL) and 

stirred for 30 min which resulted in a yellow solution of Mes2PCH2CH2B(C6F5)2.  Using a 

syringe, one equiv. nitric oxide gas (83.0 mL @ 1 atm and 298K, 3.4 mmol) was bubbled 

through the solution which immediately turned green.  After filtering through Celite, the solution 

was cooled to -40 °C and layered with a small amount of pentane (3.0 mL).  After standing 

overnight at -40 °C, blue crystals were isolated by decantation and washed with pentane (1.27 g, 

58.4 % yield). UV-vis (fluorobenzene, 298K), λmax= 704.9 nm , ε = 6.70(10) M
-1

cm
-1

. IR 

(evaporation of CH2Cl2 solution), νNO = 1474 cm
-1

  Anal. Calcd for C32H26BF10NOP: C, 57.17; 

H, 3.90; N, 2.08%. Found: C, 57.32; H, 3.88; N, 1.90 %. 

EPR (X-band, fluorobenzene, RT) – simulation gives g = 2.0089 with A(
14

N) = 18.5, A(
31

P) = 48, 

A(
11

B) = 9.1 MHz.  See Figure 4.6.   
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4.3.c. Generation of 
15

NOgas from 
t
BuO

15
NO  

 Under air-free conditions, a solution of 
t
BuO

15
NO (0.25 g, 2.4 mmol) and Cp2Fe (0.90 g 

4.8 mmol) was prepared in dichloromethane (5.0 mL).  Upon addition of TMS-OTf (0.60 g 2.4 

mmol), generation of 
15

NOgas occurred that may be directed into a separate reaction flask 

(Scheme 4.8). 

 

4.3.d. Synthesis of P/B-FLP-
15

NO (3) 

  Under air-free conditions, dimesitylvinylphosphine (0.25 g, 0.85 mmol) and 

bis(pentafluorophenyl)borane (0.30 g, 0.85 mmol) were dissolved in fluorobenzene  (5 mL) and 

stirred for 30 min which resulted in a yellow solution of Mes2PCH2CH2B(C6F5)2. Generated 

15
NO gas was added through a rubber tubing with a glass pipette connected to a side arm of a 

pressure vessel containing 
t
BuO

15
NO (0.25 g, 2.4 mmol), and Cp2Fe (0.9 g, 4.8 mmol) in 

CH2Cl2.  TMS-OTf (0.60 g, 2.4 mmol) was added to the pressure vessel and it was closed 

immediately with a Teflon plug.  The 
15

NO gas generated was bubbled into a yellow solution of 

N-O 

Figure 4.20. Infrared spectrum of P/B-FLP-NO (3) (evaporated CH2Cl2 solution of 3 on KBr) 

with strong (NO) stretch at 1474 cm
-1

. See Figure 4.4 for 
14

N / 
15

N difference spectrum   . 
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Mes2PCH2CH2B(C6F5)2 (0.85 mmol) in fluorobenzene (5 mL) to give a green solution 

containing 3-
15

N.  The solution was chilled and pentane was added.    The blue product was 

isolated by decantation and washed with pentane to obtained 80.0 mg of P/B-FLP-
15

NO (14 % 

yield). IR (evaporation of CH2Cl2 solution), ν(
15

NO) = 1457 cm
-1

.   

 EPR (X-band, fluorobenzene, RT) – simulation gives g = 2.0093 with A(
15

N) = 25.3, A(
31

P) = 

45.5, A(
11

B) = 9.1 MHz.  See Figure 4.6. 

4.3.e. Synthesis of P/B-FLP-NOH (4)   

Excess 1,4-cyclohexadiene (1.0 mL, 8.8 mmol) was added to a blue solution of P/B-FLP-

NO (3) (0.10 g, 0.15 mmol) in fluorobenzene (5 mL).  The solution instantly turned colorless and 

was stirred for 5 min at RT.  The volatiles were removed in vacuo to produce a white residue that 

was dissolved in benzene (3 mL) and filtered.  Vapor diffusion of heptane into this benzene 

solution at RT resulted in the formation of colorless crystals (0.067 g, 67% yield) of 7 suitable 

for X-ray diffraction.  
1
H NMR (400 MHz, 298 K, CDCl3):  δ 6.90 (4H, d, 

4
JPH  = 3.9 Hz m-Mes), 

4.76 (1H, br s, OH), 2.83 (2H, m, PCH2), 2.31 (6 H, s, p-CH3Mes), 2.22 (12H, s, o-CH3 Mes), 

1.74 (2 H, td, CH2B). 
13

C{
1
H} (100.54 MHz, 298 K, CDCl3):  δ 147.9 (dm, 

1
JFC = 237 Hz, C6F5), 

143.2 (d, 
4
JPC = 2.8 Hz, p-Mes), 141.9 (d, 

3
JFC = 10.6 Hz m-Mes), 139.0 (dm, 

1
JFC = 250 Hz, 

C6F5), 137.1 (dm, 
1
JFC = 253 Hz, C6F5), 131.8 (d, 

2
JPC = 11.3 Hz, o-Mes) 123.9 (d, 

1
JPC = 84 Hz, 

i-Mes), 122.9 (br, 
1
JFC = 237 Hz, i-Mes), 31.56 (d, 

1
JPC = 66 Hz, PCH2), 22.6 (d, 

3
JPC = 5.0 Hz, o-

Mes), 21.2 (d, 
5
JPC = 1.3 Hz, p-Mes), 17.72 (br, BCH2).  

11
B{

1
H} (128.27 MHz, 298 K, CDCl3): 

δ -5.7 (ν1/2 = 139 Hz).  
31

P{
1
H} (161.84 MHz, 298 K, CDCl3): δ 46.75 (ν1/2 = 39 Hz). 

19
F{

1
H} 

(376.14 MHz, 298 K, CDCl3): δ -134.6 (4F, o-F), -160.0 (2 F, p-F), -164.3 (4 F, m-F).  IR 

(evaporation of CH2Cl2 solution on KBr): 3527 (OH), 1110 (


NO).  Anal. Calcd for 

C32H26BF10NOP: C, 57.11; H, 4.27; N, 2.08%. Found: C, 57.11; H, 4.04; N, 1.87 %. 



156 
 

The P/B-FLP-
15

NOH analogue was prepared analogously from P/B-FLP-
15

NO.  IR (evaporation 

of CH2Cl2 solution on KBr): 1082 (


NO). 

 

4.3.f. Reaction of P/B-FLP-NO (3) with excess cyclohexene – monitoring by 
31

P NMR 

   350 equiv. cyclohexene (1.0 mL, 0.867 g, 8.16 mmol)  was added to a solution of P/B-

FLP-NO (3) (15 mg, 0.023 mmol) in 1 mL fluorobenzene and diluted with fluorobenzene to a 

total of 2 mL to give an aggregate solution 4.9 M in cyclohexene and 0.012 M in 3.  After 

allowing the solution to stand at RT for 24 h after which time it turned colorless, all volatiles 

were removed in vacuo.  The residue was redissolved in CDCl3 and analyzed by 
31

P{
1
H} NMR 

to reveal a 1.0 : 1.0 solution of P/B-FLP-NOH (4) ( 46.75 ppm) and P/B-FLP-NO-2-

cyclohexenyl (5) ( 47.38 ppm). 

4.3.g. Isolation of P/B-FLP-NO-2-cyclohexenyl (5)   

658 equiv. cyclohexene (10.0 mL, 98.7 mmol) was added to a blue solution of P/B-FLP-

NO (3) (0.10 g, 0.15 mmol) in fluorobenzene (5 mL).  The solution was stirred overnight at RT 

N-O 

Figure 4.21.
  

Infrared spectrum of FLP-NOH (evaporated CH
2
Cl

2
 of 4 on KBr) with 

sharp ν(OH) stretch at 3527 cm
-1

.  See Figure 4.8 for 
14

N/
15

N difference spectrum. 
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over which time it turned colorless.  The volatiles were removed in vacuo to produce a white 

residue. The white solid was recrystallized from a 1:10 CH2Cl2 : CH3OH solution.  The solids 

were isolated by decantation and washed with cold methanol to produce 40.0 mg (71.4 % yield). 

Vapor diffusion of pentane into this benzene solution at RT resulted in the formation of colorless 

crystals 5 suitable for X-ray diffraction.  
1
H NMR (400 MHz, 298 K, CDCl3):  δ 6.85 (4H, br), 

5.29 (1H, br , HC-CO), 5.06 (1H, br , HC=CH(CO)), 4.50 (1 H, br, i-Cy), 3.08, 2.77 (each 1H, 

each s, PCH2), 2.30, 2.28 (each 3 H, each s, p-CH3
Mes

), 2.22, 2.14 (each 6 H, each br s, o-

CH3
Mes

), 1.70, 0.81 ( br, BCH2), 1.73-1.24 (br m, (CH2)3 –Cy) 
13

C{
1
H} (100.54 MHz, 298 K, 

CDCl3):  δ 148.2 (dm, 
1
JFC= 247 Hz, C6F5), 147.8 (dm, 

1
JFC= 242 Hz, C6F5) 142.5, 141.7  ( p-

Mes), 138.6 (dm, 
1
JFC= 249 Hz, C6F5), 136.8 (dm, 

1
JFC= 249 Hz, C6F5) 131.5, 131.3, 131.2, 

131.1 (each s, p-Mes and o-Mes) 130.1, 130.0 (CH=CH), 126.5, 126.3 (i-Mes), 74.8 ( s, i-Cy), 

30.4 (d,
 2

JPC = 66Hz), 29.53, 24.93 (CH2’s Cy), 23.1, 22.3, 20.8 (CH3’s Mes) 18.9 (s BCH2).  

11
B{

1
H} (128.4 MHz, 298 K, CDCl3): δ -5.5 (ν1/2 = 146 Hz).  

31
P{

1
H} (400 MHz, 298 K, 

CDCl3): δ 47.38 (ν1/2 = 38 Hz). 
19

F{
1
H} (400 MHz, 298 K, CDCl3): δ -132.7 (4F,br, o-F), -160.4, 

161.1 (each 1 F, p-F), -165.3, 166.8 (each 2 F, m-F).  Anal. Calcd for C32H26BF10NOP: C, 60.67; 

H, 4.68; N, 1.86%. Found: C, 59.00; H, 5.08; N, 1.63 %.  (isolated product 5 contains small 

amount of P/B-FLP-NOH (4), lowering %C value) 

4.3.h. Reaction of P/B-FLP-NO (3) with excess ethylbenzene – monitoring by 
31

P NMR   

3560 equivalents of ethylbenzene (8.7 g, 81.9 mmol) was added to a solution of P/B-

FLP-NO (3) (15 mg, 0.023 mmol) in 1 mL fluorobenzene and diluted with fluorobenzene to a 

total of 2 mL to give an aggregate solution 4.1 M in ethylbenzene and 0.012 M in 3.  After 

allowing the solution to stand at RT for 24 h after which time it turned colorless, all volatiles 

were removed in vacuo.  The residue was redissolved in CDCl3 and analyzed by 
31

P{
1
H} NMR 
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to reveal a 1.0 : 1.0 solution of P/B-FLP-NOH (4) (ppm  and P/B-FLP-NO-CH(Me)Ph 

(6) ( 48.06 ppm). 

4.3.i. Isolation of P/B-FLP-NO-CH(Me)Ph (6)   

540 equiv. ethylbenzene (10.0 mL, 81.6 mmol) was added to a blue solution of P/B-FLP-

NO (3) (0.10 g, 0.15 mmol) in fluorobenzene (5 mL).  The solution was stirred overnight at RT 

after which time it turned colorless.  The volatiles were removed in vacuo to produce a white 

residue. The white solid was recrystallized from a 1:10 CH2Cl2:CH3OH solution by storing 

overnight at -40 °C.  The solids were isolated by decantation and washed with cold methanol to 

give 35 mg (61 % yield) of the product. The needle-like crystals were not suitable for X-ray 

analysis.  
1
H NMR (400 MHz, 298 K, CDCl3):  δ  7.14 (3H,br , EBz), 6.97 (2H, EBz), 6.90, 6.80 

(each 2H, br, Mes) 5.08 (1H, quart,CH-Ph), CDCl3):  δ 6.85 (4H, br), 5.29 (1H, br , HC-CO), 

5.06 (1H, br , HC=CH(CO)), 4.50 (1 H, br, i-Cy), 3.17, 2.53 (each 1H, each s, PCH2), 2.34-2.07 

(br m CH3’s Mes), 1.80, 1.45 ( br, BCH2), 0.82 (3H, d, CH3-Ebz)  2.30, 2.28 (each 3 H, each s, 

p-CH3
Mes

), 2.22, 2.14 (each 6 H, each br s, o-CH3
Mes

)  
13

C{
1
H} (100.54 MHz, 298 K, CDCl3):  δ 

148.2 (dm, 
1
JFC= 250 Hz, C6F5), 147.6 (dm, 

1
JFC= 234 Hz, C6F5) 143.1  ( p-Mes), 143.0, 142.0 (i-

Mes) 138.6 (dm, 
1
JFC= 249 Hz, C6F5), 136.7 (dm, 

1
JFC= 248 Hz, C6F5) 131.7, 131.5, 131.4, 131.3 

(each s, , p-Mes and o-Mes) 127.4 (p-Ph), 126.7 (m-Ph), 125.5 (o-Ph),  81.27 (i-Ph), 30.0 (d, 
2
JPC 

= 68Hz ) 23.62, 22.11, 22.07, 20.96(CH3’s Mes),  22.3 (br BCH2), 21.0 (CH3-EBz).  
11

B{
1
H} 

(128.27 MHz, 298 K, CDCl3): δ -5.7 (ν1/2 = 180 Hz).  
31

P{
1
H} (161.84  MHz, 298 K, CDCl3): δ 

48.06 (ν1/2 = 32 Hz). 
19

F{
1
H} (400 MHz, 298 K, CDCl3): δ -132.5 (br, o-F), -160.1, 161.0 (each t, 

p-F), -164.9, 165.3 (each m, m-F).  Anal. Calcd for C32H26BF10NOP: C, 61.79; H, 4.54; N, 

1.80%. Found: C, 58.15; H, 4.16; N, 1.68 %. (isolated product 6 contains small amount of P/B-

FLP-NOH (4), lowering found %C value.) 
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4.3.j. Kinetic analysis of reactions of 3 with cyclohexene and ethylbenzene monitored by UV-

vis spectroscopy 

Kinetic studies of the reaction between P/B-FLP-NO (3) and cyclohexene in fluorobenzene.  

A 10.0 mL stock solution of P/B-FLP-NO (3) (1.24 g, 1.85 mmol) in fluorobenzene was 

prepared from freshly synthesized 3. To a 1.0 mL portion of this stock solution (0.185 mmol of 

3) was added cyclohexene (1.0 mL, 0.811g, 9.87 mmol) to give a 2.0 mL solution in a 2.0 mL 

volumetric flask that is 0.0925 M in 3 and 4.94 M in cyclohexene.   This solution was transferred 

to UV-vis cell thermostated at 25.0 °C and the absorbance of the λmax = 705 nm signal was 

followed over time. A plot of ln [At] vs. time gave a straight line indicating first order behavior 

in 3 with kobs = 2.16 × 10
-3

 s
-1 

(Figure 4.10). 

Kinetics on a second sample that was 0.0925 M in 3 and 2.47 M in cyclohexene 

(prepared by diluting 0.5 mL (0.405g, 4.94 mmol) cyclohexene to 2.0 mL with fluorobenzene)  

were followed analogously to give kobs = 9.04 × 10
-3

 s
-1 

   
rate = k1[P/B-FLP-NO][cyclohexene] 

          =  kobs[P/B-FLP-NO]  where  Kobs = k1[cyclohexene] 

Since kobs (cyclohexene = 4.94 M) ~ 2 × kobs (cyclohexene = 2.47 M), we obtain second 

order rate constants k1 = 2.16 × 10
-3

 s
-1

 / 4.94 M = 4.37 × 10
-4

 M
-1

s
-1

 and k1 = 9.04 × 10
-3

 s
-1

 / 

2.47 M = 3.66 × 10
-4

 M
-1

 s
-1

. 

Thus, k1(25°C) = 4.0(4) × 10
-4

 M
-1

s
-1

. 

Kinetic studies of the reaction of P/B-FLP-NO (3) with ethylbenzene in fluorobenzene.  A 

10.0 mL stock solution of 3 (1.24 g, 1.85 mmol) in fluorobenzene was prepared from a freshly 

synthesized sample of 3. To a 1.0 mL portion of this stock solution (0.185 mmol of 3) was added 

ethylbenzene (1.0 mL, 0.867 g, 8.16 mmol) to give a solution with final volume of 2.0 mL in a 
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2.0 mL volumetric flask that is 0.0925 M in 3 and 4.08 M in ethylbenzene.   This solution was 

transferred to UV-vis cell thermostated at 25.0 °C and the absorbance of the λmax = 705 nm 

signal was followed over time. A plot of ln [At] vs. time gave a straight line indicating first order 

behavior in 3 with kobs = 2.18 × 10
-5

 s
-1 

(Figure 4.11). 

Kinetics on a second sample that was 0.023 M in 3 (0.25 mL of stock solution) and 7.14 M in 

ethylbenzene were followed analogously to give kobs = 4.14 × 10
-3

 s
-1

(Figure 4.9). We obtain 

second order rate constants k1 = 2.18 × 10
-5

 s
-1

 / 4.08 M = 5.34 × 10
-6

 M
-1

s
-1

 and k1 = 4.14 × 10
-5

 

s
-1

 / 7.14 M = 5.80 × 10
-6

 M
-1

 s
-1

. 

Thus, k1(25°C) = 5.6(3) × 10
-6

 M
-1

s
-1

. 

Performing the reaction analogously at 25 °C with a 4.0 M solution of ethylbenzene-d10 

(prepared by dilution of 1.07 mL ethylbenzene-d10 (0.92 g, 7.98 mmol) with fluorobenzene) in 

fluorobenzene gives kobs = 5.92 × 10
-6

 s
-1

 (Figure 4.9).  Conversion of these observed rate 

constants into true second order rate constants allows for the determination of the primary kinetic 

isotope effect kH / kD: 

 

k1(ethylbenzene)   5.6(3) × 10
-6

 M
-1

s
-1

 

_________________     =     __________________ =  3.8(3)  

 

k1(ethylbenzene-d10)  5.92 × 10
-6

 s
-1

 / 4.0 M 

 

 

4.3.k. Kinetic studies for decay of P/B-FLP-NO (3) in fluorobenzene in absence of substrate 

 A 2.0 mL aliquot of a 10.0 mL stock solution of 3 (0.572 g, 0.851 mmol) in 

fluorobenzene was transferred to UV-vis cell thermostated at 25.0 °C and the absorbance of the 

λmax = 705 nm signal was followed over time. A plot of ln [At] vs. time gave a straight line 

indicating first order decay of 3 with kobs = 3.4 × 10
-6

 s
-1

 (Figure 4.22). 
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Figure 4.22.
   

Kinetic analysis of the decay of  P/B-FLP-NO• (3) with an initial concentration 

of 0.185 M in fluorobenzene monitored by the loss of its UV-vis absorbance at λ = 705 nm at 

25 °C.  Linear plot of ln(At/Ao) vs. time indicates decay is first order in 3. 
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4.3.l. Reaction of intermolecular FLP system 
t
Bu3P / BCF with NO 

  To a solution of B(C6F5)3 (0.200 g, 0.391 mmol) in 10 mL bromobenzene was added a 

solution of 
t
Bu3P (0.079 g, 0.391 mmol) in 2.0 mL bromobenzene to form a yellow solution.  

Addition of 1.5 equiv. NOgas (14.8 mL @ 298K and 1 atm) decreased the intensity of the yellow 

color.  A few drops of pentane were added and colorless crystals of 
t
Bu3P-N2O-B(C6F5)3  and 

t
Bu3P-O-B(C6F5)3  formed upon standing overnight.  Crystals of 

t
Bu3P-N2O-B(C6F5)3  and 

t
Bu3P-

O-B(C6F5)3 possessed different habits and were each analyzed by single crystal X-ray diffraction 

to unambiguously reveal their identities.  

NMR data for 
t
Bu3P-N2O-B(C6F5)3: 

1
H NMR (400 MHz, 298 K, C6D6):  δ 0.63 (12 H, d, 

C(CH3)3);  
31

P{
1
H} NMR (161.84 MHz, 298 K, C6D6): δ 61.85 ppm. 

NMR data for 
t
Bu3P-O-B(C6F5)3: 

1
H NMR (400 MHz, 298 K, C6D6):  δ 0.81  (12 H, d, C(CH3)3); 

31
P{

1
H} NMR (161.84 MHz, 298 K, C6D6): δ  92.18 ppm. 

4.3.m. Reaction of intermolecular FLP system 
t
Bu3P / BCF with NO – in situ monitoring by 

31
P{

1
H} NMR    

To a solution of B(C6F5)3 (0.063 g, 0.123 mmol) in 1.0 mL C6D6 was added a solution of 

t
Bu3P (0.025 g, 0.124 mmol) in 1.0 mL C6D6 to form a yellow solution.  Addition of 1.0 equiv. 

NOgas (3.0 mL @ 298K and 1 atm) decreased the intensity of the yellow color. Analysis by 

31
P{

1
H} NMR spectroscopy indicates a 40% conversion to 10 (65.75 ppm) and a 46% 

conversion to 11 ( 92.18 ppm) along with unreacted 
t
Bu3P ( 62.05 ppm) (Figure S9). 

Compounds 
t
Bu3P-N2O-B(C6F5)3  and 

t
Bu3P-O-B(C6F5)3have reported chemical shifts of  68.5 

and 93.5 ppm, respectively in CD2Cl2.   
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 4.3.n. Reaction of NO2 with intramolecular P/B-FLP (2)  

        Under air-free conditions, dimesitylvinylphosphine (0.10 g, 0.34 mmol) and 

bis(pentafluorophenyl)borane (0.110 g, 0.33 mmol) were dissolved in fluorobenzene  (5 mL) and 

stirred for 30 min which resulted in a yellow solution of Mes2PCH2CH2B(C6F5)2.  Using a 

syringe, one equiv. nitrogen dioxide gas (8.0 mL @ 1 atm and 298K, 0.34 mmol) was bubbled 

through the solution which immediately turned red orange.  After filtering through Celite, the 

solution was cooled to -40 °C and layered with a small amount of pentane (3.0 mL).  After 

standing overnight at -40 °C, colorless crystals were isolated by decantation and washed with 

pentane.  The colorless crystals was identified to be the P/B-FLP-O (9) (81.3 mg) with 36 % 

yield.    

Figure 4.23.
 31

P{
1
H} NMR spectrum (161.84  MHz, 298K, C6D6) of the reaction NOg with 

t
Bu3P (δ 62.05 ppm) and B(C6F5) to produce 

t
Bu3P-N2O-B(C6F5)3  (δ 65.75) and 

t
Bu3P-O-

B(C6F5)3  (δ 92.18)   
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P/B-FLP-O (9) 
1
H NMR (400 MHz, 298 K, C6D6):  δ  6.41 (4H, s , m-Mes), 2.41 (2H, m, CH2), 

2.11 (12H, s, o-CH3), 1.86 (6H, s, p-CH3)  
13

C{
1
H} (100.54 MHz, 298 K, C6D6):  δ 143.38  

143.35, 142.04, 141.93, 131.65, 131.53, 123.48, 32.76, 22,12, 22,17, 20.68. 
1
P{

1
H} (161.84  

MHz, 298 K, CDCl3): δ 80.0 (ν1/2 = 35 Hz). 
19

F{
1
H} (400 MHz, 298 K, C6D6): δ -33.89 (dd, o-F), 

-159.53 (t, p-F), -164.60 (t, m-F). 

EPR samples were prepared using  20.0 mg (0.065 mmol) of dimesitylvinylphosphine and 22.5 

mg (0.065 mmol) of  bis(pentafluorophenyl)borane dissolved in 10 mL of Fluorobenzene.  

Nitrogen dioxide (~ 1.60 mL)  using syringe was bubbled to the solution in an ice bath.  

Approximately 1 mL aliquot was taken for EPR analysis.  Similar procedure was done for 
15

NO2 

reaction with (2).  The 
15

NO2 was generated by exposing 
15

NO with O2.  NMR sample was 

prepared the same way only using 1.0 mL of C6D6 was used as solvent.  

4.3.o. FLP-NO exchange reaction 

A solution of 1 (0.030 g, 0.0047 mmol) in 1.0 mL C6H5F was added to a solution of 7 

(0.030 g, 0.0041 mmol) in 1.0 mL C6H5F.  The resulting solution was stirred overnight at room 

temperature.  1,4-cyclohexadiene (2.0 mL, 0.02 mol) was then added to convert any FLP-NO 

species into the corresponding diamagnetic FLP-NOH (8) species for analysis by 
31

P{
1
H} NMR 

spectroscopy.  After 1 h, the excess 1,4-cyclohexadiene and solvent was removed in vacuo. The 

resulting white solid was analyzed by 
31

P{
1
H} NMR spectroscopy and showed a peaks for 

compound 8 and 1 (See Figure 4.14). 
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4.3.p.  EPR spectroscopy 

 Solution EPR spectra were recorded on a JEOL continuous wave spectrometer JES-

FA200 equipped with an X-band Gunn oscillator bridge and a cylindrical mode cavity at 

Georgetown. For all samples, a modulation frequency of 100 kHz was employed.  All spectra 

were obtained from freshly prepared fluorobenzene solutions (~ 0.06 M).  At least 2 

independently synthesized batches were checked carefully for reproducibility. Spectral 

simulation was performed using the program QCMP 136 by Prof. Dr. Frank Neese from the 

Quantum Chemistry Program Exchange as used by Neese et al. in J. Am. Chem. Soc. 1996, 118, 

8692-8699. The fittings were performed by the “chi by eye” approach. Collinear g and A tensors 

were used.  Coupling to 
10

B (I = 3; 19.9% abundant) was neglected in all simulations.  

Experimental spectra were insensitive modulation widths from 0.25 mT to 0.03 mT and time 

constants = 0.01 – 0.1 s. 

 

X-band EPR spectrum and simulation for P/B-FLP-NO (3-
14

N) (fluorobenzene, RT): 8.9618140 

GHz, ModWidth = 0.25 mT, Power = 1.00 mW, time constant = 0.01 s.  Simulation (Gaussian 

lineshape with 2.85 G linebroadening) gives giso = 2.0089, A(
14

N) = 18.5 MHz, A(
31

P) = 48.5 

MHz, A(
11

B) = 9.1 MHz  (Figure 4.6 bottom).   

 

X-band EPR spectrum and simulation for P/B-FLP-NO  (3-
15

N) (fluorobenzene, RT): 8.948494 

GHz, ModWidth = 0.01 mT, Power = 5.00 mW, time constant = 0.1 s.  Simulation (Gaussian 

lineshape with 3.1 G linebroadening) gives giso = 2.0091, A(
15

N) = 25.5 MHz, A(
31

P) = 45.5 

MHz, A(
11

B) = 9.1 MHz (Figure 4.6 top). 
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X-band EPR spectrum and simulation for P/B-FLP-NO2   (fluorobenzene, RT): 8.948494 GHz, 

ModWidth = 0.01 mT, Power = 1.00 mW, time constant = 0.1 s.  Simulation (Gaussian lineshape 

with 1.4 G linebroadening) gives giso = 2.006, A(
14

N) = 33 MHz, A(
31

P) = 8.0 MHz, A(
11

B) = 6.0 

MHz (Figure 4.16). 

X-band EPR spectrum and simulation for 7 (fluorobenzene, RT): 8.9609410 GHz, ModWidth = 

0.01 mT, Power = 5.00 mW, time constant = 0.1 s.  Simulation (Gaussian lineshape with 1.48 G 

linebroadening) gives giso = 2.0095, A(
14

N) = 20.6 MHz, A(
31

P) = 50.5 MHz, A(
11

B) = 8.8 MHz 

(Figure 4.19).  

4.3.q. Crystallographic details  

 

Single crystals of compounds P/B-FLP-NO (3), P/B-FLP-NOH (4), P/B-FLP-

NOcyclohexenyl (5), P/B-FLP-O (9),  
t
Bu3P-N2O-B(C6F5)3  and 

t
Bu3P-O-B(C6F5)3 were 

mounted under mineral oil or perfluoroalkyl ether oil on glass fibers and immediately placed in a 

cold nitrogen stream at 100(2) K on a Bruker SMART CCD system.  Either full spheres 

(triclinic) or hemispheres (monoclinic or higher) of data were collected (0.3 -scans; 2max = 

56; monochromatic Mo Ka radiation,  = 0.7107 Å) depending on the crystal system and 

integrated with the Bruker SAINT program. Structure solutions were performed using the 

SHELXTL/PC suite
a
 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 aniostropic 

thermal parameters and hydrogen atoms were included in idealized positions.
55-57
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Table 4.1. Crystallographic data forcompounds.

Compd. 3 4 5

formula C32H26BF10NOP C32H27BF10NOP C38H35BF10NOP

Mol. Wt. 672.32 673.33 753.45

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

crystal description        block plate block

crystal color blue colorless colorless

crystal size (mm
3
) 0.35×0.33×0.32 0.37×0.31×0.25 0.33×0.13×0.12

system triclinic triclinic triclinic

Space group P-1 P-1 P-1

a  (Å) 12.345(12) 11.0942(19) 10.8365(17)

b  (Å) 12.3548(12) 11.7331(19) 11.0137(17)

c  (Å) 14.1177(13) 13.137(2) 15.534(2)

a (deg) 89.692(1) 73.439(3) 93.969(2)

b (deg) 76.741(1) 74.332(3) 109.855(2)

g (deg) 74.619(1) 67.758(2) 100.102(2)

Z 2 2 2

 range (deg) 2.332-26.66 1.64-28.25 1.41-28.24

measd reflns 24163 17796 20176

unique reflns 7030 4537 7942

R(int) 0.0678 0.0909 0.0813

GOF of F
2 1.08 1.005 1.062

R1 ( I  > 2s(I )) 0.0459 0.0507 0.049

wR2 (all data) 0.1199 0.1191 0.11

0.405 and -0.231 0.589 and -0.274 0.849 and -0.324Largest diff. peak and

hole e
-
 ∙ Å

-3
)
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Compd. 9
t
Bu3P-N2O-B(C6F5)3

t
Bu3P-N2O-B(C6F5)3

formula C32H26BF10OP C31H27BF10N2OP C30H27BF10N2OP

Mol. Wt. 658.33 758.5 730.3

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

crystal description        chunk chunk chunk

crystal color colorless colorless colorless

crystal size (mm
3
) 0.42×0.39×0.39 0.35×0.29×0.24 0.35×0.29×0.24

system monoclinic monoclinic monoclinic

Space group P21/n C2/c P21/c

a  (Å) 10.971(11) 33.694(3) 10.1679(4)

b  (Å) 14.3492(14) 8.8968(8) 17.4735(8)

c  (Å) 18.7565(18) 24.042(2) 17.6467(8)

a (deg) 90 90 90

b (deg) 101.00(1) 100.3230(10) 104.0320(10)

g (deg) 90 90 90

Z 4 8 4

 range (deg) 1.80-28.21 1.72-28.26 1.67-28.29

measd reflns 25882 30096 26896

unique reflns 6961 8501 0.0476

R(int) 0.0290 0.0384 0.0384

GOF of F
2 1.069 1.382 1.075

R1 ( I  > 2s(I )) 0.0285 0.0362 0.0377

wR2 (all data) 0.1073 0.339 0.1007

0.48 and -0.32 4.95 and -0.85 0.40 and -0.35Largest diff. peak and

hole e
-
 ∙ Å

-3
)
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Appendix  

Nitrogen-Boron Frustrated Lewis Pair  
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 Due to the ease of oxidation of phosphorous in the P/B system we targeted nitrogen-born 

frustrated Lewis pair (N/B FLP).  The nitrogen is less prone to oxidation that will aid in the 

capture and stabilizing the NO2-adduct.  The N/B-FLP  may also access different biding of NO 

and HNO.  In 2010, Stephan reported born amidates as motif for N/B-FLP.  The boron 

amidinates FLP is synthesized by hydroboration of bulky carbodiimides.  The resulting N/B-FLP 

can bind a number of substrates including CO, CO2 and tertbutylisocyanide (Scheme 4.15). 
1
 

 

Scheme A.1. Synthesis and reaction of boron amidinates N/B-FLP. 
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 Addition of NO to a solution of the boron amidinates (HC(
iPr2

N)2B(C6F5)2 in 

fluorobenzene did not produce any new products as analyzed by UV-vis and NMR.  Inspired by 

the boron amidinates we synthesize a new N/B FLP brought about by the hydroboration of bulky 

isocyanates.  Addition of 
iPr2

ArNCO (
iPr2

Ar = 2,6-
i
Pr2C6H3) to a fluorobenzene solution 

HB(C6F5)2
  
(HBCF) gives the isocyanate bound FLP (1)  (Scheme A.2).     

Using 2 equivalence  of 
iPr2

ArNCO increases the yield to 72%.  The structure of 1 features a 6-

membered ring at center with following bond distances : N1-C1 1.454(4),Å  O1-C1  1.274(4), 

N1-C2  1.313(5) , N2-C2  1.266(4) and C2-O2  1.316(4) Å (See Figure A.1).   

 

  

Scheme A.2. Synthesis 
iPr2Ar

N/B-FLP(ArNCO) (1). 
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Figure A.1. Xray Structure of  
iPr2Ar

N/B-FLP(ArNCO) (1). Selected bond distances (Å) and  

angles (°) N1-C1 1.454(3),  O1-C1  1.274(4), N1-C2  1.313(3) , N2-C2  

1.266(3),  C2-O2  1.316(3), N1-C1-O1 125.87(17), C1-O1-B- 120.38(17), O1-

B-O2 107.88(18), B-O2-C2 125.54(17) C1-N1-C2 128.87(18). 

C2 
O2 

N1 

N2 

B 

C1 O1 

H 
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  Carrying the reaction in acetonitrile and using 1:1 ratio of HBCF and 
iPr2

ArNCO yielded 

iPr2Ar
NB-FLP-

2
-MeCN (2), where an acetonitrile is bound instead  of 

iPr2
ArNCO. 

 
iPr2Ar

N/B-FLP(ArNCO) (1) and 
iPr2Ar

NB-FLP-
2
-MeCN (2) was subjected to nitric oxide 

binding studies.  Compound 2  did not produce any new product suggested by EPR and NMR 

analysis.  Addition of nitric oxide to 
iPr2Ar

N/B-FLP(ArNCO) (1) yielded a metastable radical 

compound as detected by EPR.  The EPR spectrum feature a four line pattern with simulated 

couplings of A(
14

N) 13 (NO) and 6 (FLP-N) MHz.  Unfortunately, attempts in isolating the radical 

compound have been unsuccessful.  

 

Scheme A.3. Synthesis of 
iPr2Ar

NB-FLP-
2
-MeCN (3). 

Scheme A. 4. NO addition to 
iPr2Ar

N/B-FLP(ArNCO) (1). 
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Figure A.2. Xray structure  of 
iPr2Ar

NB-FLP-
2
-MeCN (2). Selected bond distances     

(Å) and  angles (°) N1-C1 1.313(2),  O-C1  1.265(2), N1-C2  1.487(2) , 

N2-C2  1.241(2),  B-N2  1.498(2), B-O 1.572(2) , N1-C1-O1 

125.20(18), C1-O1-B- 120.54(15), O1-B-O2 110.10(15), B-N2-C2 

124.11(18), N2-C2-N1 120.10 (18), C1-N1-C2 119.16(18) . 

C2 
N2 

N1 
B 

C1 O 

H 
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 In the absence of X-ray structure, high-level DFT calculation was done by our 

collaborator, Minh Dao.  DFT modeling suggests that displacement of the 
iPr2

ArNCO by NO is 

favorable by 8.5 kcal/mol.  Calculation also indicates the accessibility of the 2 different binding 

modes, κ
1
-N(O) and κ

2
-NO.  The difference in energy is just 0.4 kcal/mol favoring the  κ

2
-NO.  

Figure A.3. X-Band EPR spectrum of 
iPr2Ar

N/B-FLP(ArNCO) (1) solution 

fluorobenzene at RT after addition of NO. 

 

 
Gauss 

Figure A. 4. DFT optimized structure of 
iPr2Ar

N/B-FLP(NO). 

 

 

κ
1
-N(O)                                                                       κ

2
-NO 
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 Although the difference in energy between the binding modes is very minimal, there is a 

significant different on the spin density distribution.  DFT structure predicts spin densities of  N: 

0.34 e
-
,
 
O: 0.50 e

-
 and  N: 0.51 e

-
,
 
O: 0.21 e

-
 for κ

1
-N(O) and κ

2
-NO respectively.  Based on the 

relatively low hyperfine coupling for A(
14

N) of N(O) we tentatively assign κ
1
-N(O) binding 

mode. More detailed spectroscopic analysis should be done to distinguish one from the other. 

 Prelimnary results seems promising with respect to binding NO.  For future directions, 

variation of isocyanated will be used that could help in stabilizing the NO adduct as well as 

favoring one binding mode over the other. 

Experimental  

Synthesis of 
iPr2Ar

N/B-FLP(ArNCO) (1) 

 2,6-diisopropyl iscocyanate, 
iPr2

ArNCO (255 mg, 1.25 mmol) was dissolved in 

fluorobenzene (2.0 mL).  HB(C6F5) (230 mg, 0.66 mmol, in ca ~5 mL fluorobenzene) was added 

and the solution was stirred for 3h.  Pentane (10 mL) was added to precipitate to 
iPr2Ar

N/B-

FLP(ArNCO) (400 mg, 71.9% yield) (1) as a white powder.  Single crystal was isolated in a 

concentrated solution of to 
iPr2Ar

N/B-FLP(ArNCO) in 1:1 fluorobenzene:pentane solution at -40 

°C.
 1

H NMR (400 MHz, 298 K, C6D6):  δ 7.21 (1H, s, N(CH)O) 7.08, 7.03, 6.91 (6H, Ar-H), 

2.91 (4H,td CH(CH3)2), 1.11, 1.05, 1.03 (24, d, CH(CH3)2) 
13

C{
1
H} (100.54 MHz, 298 K, C6D6):  

δ  166.1, 145.5, 138.3, 131.2, 124.9, 122.8, 28.9, 28.4, 24.7, 23.2, 22.3  
11

B{
1
H} (128.27 MHz, 

298 K, C6D6): δ 37.6 (ν1/2 = 129 Hz).  
19

F{
1
H} (376.14 MHz, 298 K, C6D6): δ -135.2 (4F, o-F), -

154.9 (2 F, p-F), -163.3 (4 F, m-F). 
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EPR samples were prepared by dissolving 
iPr2Ar

N/B-FLP(ArNCO) (10.0 mg, 13 µmol) in 

fluorobenzene (1.0 mL) to produce a 13 mM solution.  Nitric oxide (0.5 mL, 20µmol) is bubbled 

into the solution at room temperature. 

Synthesis of 
iPr2Ar

N/B-FLP(MeCN) (2) 

 2,6-diisopropyl iscocyanate, 
iPr2

ArNCO (55 mg, 0.27 mmol) was dissolved in acetonitrile 

(~3.0 mL).  HB(C6F5) (230 mg, 0.66 mmol, in ca ~5 mL dichloromethane) was added quickly 

and the solution was stirred for 5h.  The solution was let to sit at -40 °C for 16h.  
iPr2Ar

N/B-

FLP(MECN) (59 mg, 36.8% yield) (2) as light yellow crystals. 
 1

H NMR (400 MHz, 298 K, 

C6D6):  δ 8.72, (1H, s, N(CH)O) 6.95 (6H, Ar-H), 2.99 (2H,td CH(CH3)2), 1.14, (12, d, 

CH(CH3)2)  not yet fully characterized. 

EPR spectroscopy 

X-band EPR spectrum and simulation for
 iPr2Ar

N/B-FLP(NO) (13 mM) (fluorobenzene, RT): 

8.98791GHz, ModWidth = 0.1 mT, Power = 1.00 mW, time constant = 0.01 s.  Simulation  gives 

giso = 2.0052, A(
14

N) N(O) = 13.5 MHz, A(
14

N) N(
iPr2

ArNCO) =5.8 Mhz.  
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Crystallographic parameters 

 

Table A.1 Crystallographic data forcompounds 1 and 2.

Compd. 1 2

formula C40H35N2F10O2B C27H21N2F10OB

Mol. Wt. 776.5 590.27

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

crystal description        block block

crystal color colorless colorless

crystal size (mm
3
) 0.52×0.50×0.41 0.30×0.30×0.20

system triclinic triclinic

Space group P-1 P-1

a  (Å) 10.9775(38) 10.5287(42)

b  (Å) 11.8525(41) 11.8789(47)

c  (Å) 15.9073(55) 12.1176(48)

a (deg) 94.168(4) 68.551(5)

b (deg) 93.509(4) 65.415(4)

g (deg) 109.27(4) 87.651(5)

Z 2 2

q range (deg) 1.29-28.36 1.86-28.31

measd reflns 23252 12948

unique reflns 9099 5863

R(int) 0.0397 0.038

GOF of F
2 1 0.991

R1 ( I  > 2s(I )) 0.0594 0.0626

wR2 (all data) 0.1937 0.1158

2.09 and -0.46 0.25and -0.25Largest diff. peak

and hole e
-
 ∙ Å

-3
)
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